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Introduction.

In modern conditions of
development of mechanization means, the harvesting
of fodder from grasses is aimed at increasing the
productivity of technological processes, obtaining
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RESEARCH OF PHYSICAL AND
MECHANICAL PROPERTIES OF CUT
GRASS DURING HAY HARVESTING
BY ROTARY WORKING BODIES

In the process of harvesting feed from the interaction of the
working bodies of machines and tools with plants, resistance arises,
which entails certain energy costs. Therefore, for the development of
technological processes, it is necessary to know the mechanical and
physical properties of the processed environment under the influence of
the working bodies of machines and tools.

Insufficient study of the properties of materials does not allow a
more rational transition to new methods of work, hinders the development
of fundamentally new technological processes and machines.

Knowledge of the physical essence of technological processes
allows for a more reasoned development of machines, to apply rational
methods of influencing their working bodies on the environment, to
qualitatively improve the performance of the technological process.
Knowledge of the physical and mechanical properties of agricultural
materials is a necessary condition for the correct organization of the
technological process and the creation of a rational design of the
machine.

Agricultural materials are distinguished by a great variety and
variability of their properties. Technological processes carried out by
agricultural machines are aimed at changing the structure of agricultural
materials. During processing, the harvested plant material undergoes a
number of changes and is brought to a state that meets predetermined
requirements.

Using the physical and mechanical properties of materials, they
can be directed towards the construction of rational technologies and
processing methods. In this case, various principles of the influence of the
working bodies of machines on the material being processed can be
applied. The need to study the properties of materials in different
conditions, to clarify their impact on technology and mechanization is
urgent. Knowledge of the properties of plant materials helps to choose the
most economical methods of its processing.

The choice of the type of working body and the justification of its
parameters depend on a large number of factors, in particular on the
required productivity, nature, degree and state of material processing,
coefficients of useful action of the machine, its energy needs. The article
considers the theoretical and calculation bases of the working bodies of
machines in the sequence of their impact on plant material when
harvesting fodder from grasses. At the same time, the theory and
calculation of the parameters of the working bodies are related to the
physical and mechanical properties of the processed material and
agrotechnical requirements for work processes and machines.

Keywords: fodder grasses, hay, drying, technology, harvesting,
physical and mechanical properties, moisture content, density, rotary
working bodies, rakes.

high-quality products using new types of influence of
working bodies on the material. All this requires a new
approach to the design of technological processes,
the use of modern materials in the design of working
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bodies of forage harvesting machines, and increasing
energy consumption. Therefore, the theory of
operation of both existing working bodies of fodder
harvesting machines and new ones should be based
on knowledge of the physical, mechanical and
technological properties of the material that needs to
be processed to obtain high-quality final products with
the maximum reduction of losses of nutrients and
vitamins contained in the grown harvest of grass
fodder crops [1].

Theoretical analysis of the processes of
harvesting fodder from stem crops shows the
possibility of establishing calculated dependences of
productivity on energy consumption and design
parameters of working bodies of machines, if the
physical, mechanical and technological characteristics
of the processed material are known [1].

Further progress in promising technologies
and technical means for harvesting fodder from stem
crops requires the generalization of theoretical and
computational developments of known processes,
which will allow giving impetus to the creation of such
means of mechanization that will ensure high
productivity with the lowest costs of material and
energy resources per unit of quality of fodder being
harvested [2].

Analysis of recent research and
publications. The desire to increase productivity,
quality of technological process execution, reduce
metal consumption, increase reliability,
universalization and consideration of natural and
climatic conditions led to the creation of a large
number of machines for stirring, raking and turning
over mowed grass, which differ in purpose, design
features of working bodies, method of aggregation,
principle of windrow formation and a number of other
distinctive features [3]. The research of many
scientists [1, 3-10] highlights theoretical developments
on the main working bodies of machines for mowing
grass, their flattening, stirring, raking into windrows,
pressing, crushing when harvesting forage crops for
making hay, silage, silage.

By purpose, machines for stirring, raking and
turning over grass can be divided into the following
groups: tedders, windrow rotators, transverse rakes,
hay rakes. Tedders are rotary-type machines
designed for stirring and spreading rolls of mowed
grass. The working elements of the tedders are rotors,
each of which is a disk with rakes, at the ends of
which spring teeth are fixed. As a rule, tedders have
an even number of rotors, each of which rests on a
running wheel. The rotors of each pair rotate towards
each other, driven by the tractor's power take-off shaft.
During operation, the rakes of each pair of rotors
perform a rotational movement towards each other.
The rake teeth capture the grass lying in front of them
and spread it behind the rotors. The rolls are spread in
a similar way [4-6].

The purpose of research. The purpose of
this study is investigation the influence of the design
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parameters of rotary working bodies on the quality of
hay harvesting.

Presentation of the main material.

Rotary rakes with rakes controlled during
operation have one or more rotors that rotate around
vertical axes. Each rotor consists of a disk, in the
radial plane of which 6...12 rods are hingedly
mounted. The end of the rod, directed towards the
axis of rotation of the rotor, has a crank with a cam
that moves along a curved profile track. At the
opposite (outer) end of the rod, rakes are fixed, made
in the form of double spring teeth [4]. When the rotor
rotates, the rods, thanks to the cam mechanism,
rotate around their longitudinal axis, as a result of
which the spring teeth occupy a vertical or horizontal
position. In the vertical position, the spring teeth rake
the grass, the transition to the horizontal position,
which occurs when the rod is turned by an angle a = 17
ensures the release of the teeth from the grass and
the formation of a swath [9, 10].

The relationship between the kinematic and
design parameters of the rake is presented in the
calculation diagram (Fig. 1), which shows one of the
rotors of the rake, which moves translationally with the
machine speed V and rotates with an angular velocity .

Fig. 1. Calculation diagram of a rotary
rake with controlled rakes [11]

Let us place the origin of the moving
coordinate system in the center of the rotor at the
inital moment t = 0, and direct the Y axis in the
direction of the machine's forward motion. At the ends
of each of the rods are rakes with a gripping width of
b. The first rake rakes the grass in the square aa'd'd,
and the second rakes it out of the area - cc'’k’k. For
high-quality implementation of the technological
process by the rake, it is necessary that there are no
untreated gaps between these areas. This is achieved
with certain ratios of the translational and circular
speeds of the rotor, its diameter D=2R, the number of
rods z and the rake grip width b. To fulfill the specified
condition, the trajectory of the end of the first rake
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(point a) must touch the trajectory of the beginning of
the second rake (point k), i.e. be as equal as possible
to each other [10]:

Yamax= Ykmax- (l)

When analyzing the operation of the rakes,
we will make the following assumptions. We will
assume that the angular and translational velocities
are constant, and the movement of the machines is
rectilinear.

Let us examine the projections onto the XOY
plane of the cycloidal curves that describe the ends of
the rake fingers under these assumptions.

The end of the outer finger of the first rake
(point a) describes a curve in the projection onto the
XOY plane, which is given in parametric form by the
following equations [10]:

Xa = Rcosat, 2
Ya =Vt + Rsinat, (3

where X, i Ya - projections on the X and Y
axes of the absolute movement of the point a;

V - translational speed of the machine.

The parameters of the motion of the end of
the outer finger of the second rake (point k) are
determined by the following equations [10]:

Xk = (R-b)cos(at-27z), 4
Yk =Vt + (R-b)sin(wt -24z), (5)
where Xy, Yn - projections on the X and Y axes
of moving a point b;

z — the number of rakes installed on the rotor
rim.

To determine the maxima of the curves that
describe the points a i k differentiate equations (2 - 5)
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with respect to time and equating the resulting
expressions to zero and solving them with respect to
the independent variable t, we will have [10]:

dy, _ V+wRcosat _
dx, Rsin ot ’
t= iarccos(— Lj (6)
w oR

2r 1 \
——+—arcco§ ————— |
oL @ { o(R - b)}

Maximum ordinates of both trajectories [10]:

Yamax = —arcco§ ——— [+ Rsinj arcco§ ——— || ,(8)
) oR @R

Yame = —arccog —— [+ Rsinf arcco§ —— | [,(9)
W oR aR

Based on condition (2.1):

—arcco§ —— |+ Rsin| arcco§ ——

w oR R
—arcco§ —— |+ Rsin| arcco§ —— ||.
10} oR oR

After simplification, we get:

t (7)

2 2
\Larccos(— i) +R, {1—% V|2 Yaccod - — ||+ (R-b) 1—% .
@ @R @R WL (R -b) ®°R
LN iy N Py ﬂ,arccos[%(/iz +1- 2AKE - 22 )} (10)
z
vV R-b the trajectory of the inner finger (point k) of the next bar
Having marked R =Ai R =K', we touches the trajectory of the outer finger (point a) of the

obtain the condition for the contact of the trajectories:

larcco{—éj 1—12:27;1+/1arcc0{— L j+K\/1—7.

R-b

Transforming this expression, we arrive at an
equation that relates in dimensionless form the
geometric and kinematic parameters of rotary rakes
with steerable rakes [10].

This equation makes sense when A<1 i K>>A.
In the opposite case, the trajectories of the forks
degenerate into curves that have no maxima relative to
the Y axis. An example of such a trajectory is indicated
in Fig. 1 by a thin line.

The required width of the bar can be
determined based on the following. According to
agrotechnical requirements, the total grass loss during
raking should not exceed 2.5% [1]. To achieve this, it is
necessary that the maximum ordinates of the
trajectories of adjacent bars are equal to each other, i.e.

33

previous bar [2].

Energy consumption for the rake drive. When
observing the work of the rake, it was found that during
the raking process, hay gradually accumulates in front
of the rake in the form of separate portions. The first
ones are firmly attached to the teeth, and the
subsequent ones are kept from mutual displacement
only by friction forces.

We will assume that after filling the rake with
hay, its entire width b takes part in the work (Fig. 2).

The following forces act on a portion of hay
with a mass m, which are applied to its center of gravity:
G - weight force, G = mg; F:- friction force on stubble,

F1= fimg; R - friction force on stubble, R = ma7r,

Q - Coriolis force, Q = 2mar’% F, - the friction

force of one portion of hay against another, F»

2f;mar f1i f, — coefficients of friction of hay on stubble

and hay on hay, r’- the speed of radial displacement of
a portion of hay on the stubble [11-13].

The normal and radial components of the
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friction force of hay on the stubble:

Fin = FicosyiFw = F1 siny, where y - the
angle between the direction of the hay movement
speed vector (tangential to the movement path) and
the perpendicular to the rake.

-

Fig. 2. Diagram of the forces acting on the
rake [11]

The equation of motion of the hay relative to
the moving radius can be written in the form of a linear
inhomogeneous differential equation of the second
order:

mr”’=R-F,-Fqfo-Fep (11)
r”7+ 2fax '+ 19 - =0 12

The general solution r is the sum of the
solutions of the corresponding homogeneous
equation r; and one of the partial solutions r»:

r,=Ce" +C,e",
where C:i C; — arbitrary steels;
p1 i p2 —roots of the characteristic equation.

13)

f, f
r=r,+r,=Cae"™ +C,a™ + —lwgg . (14)
Radial displacement speed of hay:
r=C,nae"* +C,n,ae™*. (15)
2

o ry— f,f f, f
=—>0 12° 29 (nzenla’t —~ nle”Z“") L §g . (16)

’(n,—n,) )

The movement of the portion of hay will
continue until its center of mass moves beyond the
rake, that is, by the value r=R. During this time, the
rake will rotate at an angle a =at.

The limiting angular speed of rotation of the
rotor mmax, at which a high-quality roll is formed is:

e [ 28
2R+ —
1-Q
na nya
where Q, = Ll
n,—n

The maximum load on one rake will be:

Frnax= qbzz(R - gj{ f,+ ZZ)r j . (19

Let's determine the total drive torque required
to perform the technological process with one rotor:

M =(F, +Q)R. (19)
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M :bﬂqR(R—Ej(Z t2 ) 2or j.(ZO)
2 4 g

The power required to drive one rotor is:

N=Mo= bana)(R —%)(£+2%J (21)

4

Conclusions. An integral stage of hay
harvesting technologies is the drying of mowed grass in
field conditions. This process is accompanied by losses
of nutrients, the magnitude of which is proportional to its
duration. An effective way to reduce the duration of field
drying of grass is to flatten, stir, rake and turn it over. To
perform these operations, it is advisable to use rotary
mower-conditioners and rake-tillers.

Studies of the mechanisms of harvesting
fodder from grass crops have confirmed the importance
of optimizing the design and kinematic parameters of
the working bodies of rotary machines. The results of
the analysis show that the efficiency of the technological
process depends on the physical, mechanical and
technological properties of the processed material, as
well as on the characteristics of the working bodies,
which ensure the quality of operations with the lowest
energy costs.
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AOCHNIIMKXEHHA PISUKO - MEXAHIYHNX
BITACTUBOCTEW CKOLLEHMX TPAB MPU
3AroTIBNI CIHA POTALIMHUMW POEOYMMU
OPrAHAMM

BriposadxeHHsi nepedosux mexHosnoait y

Cy4YacHUX yMogax € KItoHo8UM Orist OOCS2HEHHS 8UCOKOI

rpodyKmMueHOCMIi ma 36epexeHHs1 MOXUBHOI LiHHOCMI

Kopmie. Hesid’emHoro oriepaujero byOb siKoi mexHosioail

3azomigni CiHa € CKOWly8aHHsI mpasu, 8i0 sKocmi
BUKOHaHHS1 IK020 3anexump 36ip ciHa 3 00UHUU) o,
a makox  ei0pocmaHHs omasu ma epoxalHicmb
mpasu 8 HacmyriHi poku. PomaujitiHi eopywiurnku, epabri
ma obepmadi earkie 0ogesiu C80 egheKmuUBHICMb y
3azomigni CiHa ma iHWUX KOPMOBUX Kynbmyp 3a80siKu
iHHOBaujtHUM ridxo0am G0 MPOEKMy8aHHs iX poboyux
opeaHis.
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lModanbwuti  possumok  e2arny3i  nompebye
y3azarnbHeHHs meopemuyHUx moderiel, POo3pobKu
Hosux  mMemodis  po3paxyHKy  napamempie i
800CKOHarEHHs1 KOHCMpyKUitl MawuH. Lle dossorums
cmeopumu  binbw  yHigepcarneHi,  HadilHi  ma
eHep2oeheKmUBHI MEXHIYHI 3acobu, SKi
3abesnedysamumyms  cmabinbHy — SKICmb  KiHUE8OT
npodykuii ma eidrnosidamumymb 8UMO2aM Cy4acHO20
CinbCcbK020Cr00apcbKo20 8UpobHULMEaA.

Bukopucmosyrodu  ¢bisudHi  ma  MexaHidHi
enacmueocmi Mamepiariie, MOXHa Harpasumu ix Ha
rnobydosy paujoHarbHUX MexHoso:it ma rnpuomie
06pobku. lNpu uboMy MOXymb Bymu 3acmoCco8aHi Pi3Hi
fpuHyUnU  ennusy poboyux opeaHie MawuH Ha
Mamepian, wo o0bpobrisembcs.  AkmyarnbHUM €
HeobXiOHICMb 8UBHEHHSI enacmusocmel Mamepiaris y
PIBHUX yMoeax, 3%CyeaHHs IXHbO20 ernusy Ha
MmexHOorIo2it0 ma MexaHidauito. 3HaHHs enacmusocmel
POCNUHHUX Mamepianie cripusie eubopy Halbirbw
E€KOHOMHUX riputiomia tio2o 06pobimKy.

Bubip murnly poboyozo opeaHy ma
0bIpyHmMysaHHs1 (020 napamempie 3anexamb 6i0
8€eJIUKOI Kirlbkocmi gbakmopie, 30Kpema 6i0 HeobXiOHOI
MPOOYKMUBHOCMI, Xapakmepy, CMyrneHo ma cmaHy
06pobku  mMamepiarny, KoegbiuieHMie  KOPUCHOI  Oif
MawuHu, i eHepeemuyHOi nompebu. Y cmammi
pO32/15IHYyMO meopemuyHi ma po3paxyHKosi OCHO8U
pObOoYUX Op2aHie MalUH y rocido8HOCMI iX ennusy Ha
POCNUHHUL Mamepian npu 3azomierni Kopmig i3 mpas.
lpu uboMy meopisi ma po3paxyHOK Mnapamempie
poboyux opeaHie nos's3aHi 3 hiBUKO-MexaHIHHUMU
eriacmusocmsamMu  06pobriroeaHozo  Mamepiany ma
azpomexHiYHUMU sumMozamu 6o pobo4ux rpouecie ma
MaLUUH.

Kmrovoei crioea: kopmosi mpasu, CiHo,
CYWIHHS, mexHorioais, 3a2omiersi, Qbi3UKO-MexaHIYHI
eracmusocmi, 80s10208Micm,  WiNbHICMb,  pomauitHi
poboyi opaaHu, 2pabrii.
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