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Analytical study of the turns of bridge machines

Abstract. The research is devoted to the topical problem of the efficiency of turning wide-span bridge machines in the
track farming system. The research aims to study the curvilinear movement along the soil traces of a constant technological
track of an arbitrary multi-supported bridge machine, considering its design and method of turning, parameters, modes
of movement and loading. Experimental studies were conducted, involving the use of a modern strain track and specially
designed equipment for electrical measurements of non-electrical quantities. The processing of research data was carried
out on a personal computer. A methodology for compiling private models of turning off the bridge vehicle moving along the
soil trace of the constant technological track was developed. As a result of the joint solution problem of the bridge machine
turning, it is possible to determine all output parameters of curvilinear motion: trajectory, tractive forces, turning radius,
slipping, and actual speeds. The force interaction of the bridge machine’s undercarriage with the soil trace of a constant
track is presented based on flat sliding with a variable anisotropic friction coefficient of adhesion ¢, depending on the
properties of the track. As the radius of the wheel, the width of its tire and the air pressure in it, as well as the vertical
load that acts on it, the coefficient of traction of the bridge machine ¢ , increases, which may cause higher slippage. The
adequacy of the model of stationary turning of the overhead machine is confirmed by experimental estimation of the
resistance coefficient of the power onboard turning. The convergence of the theoretical and experimental values of this
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Analytical study of the turns of bridge machines

coefficient is within the confidence interval * ¢ in the whole investigated weight range of the bridge machine prototype.
This allows us to assess the influence of design parameters and schemes on the turning characteristics as early as the
design stage of a new bridge machine, thus optimizing the design process. The results of the research can be applied to
the organization of the process of turning the existing models of bridge machines

Keywords: controlled traffic farming, gantry systems, curvilinear motion, coefficient of traction, coefficient of adhesion,

front steered wheels

INTRODUCTION

The movement of bridge machines along the tracks of a
permanent technological track creates somewhat differ-
ent conditions and requirements for the operation of its
pneumatic tire than for a traditional tractor moving along
the agricultural background. As such, one of the require-
ments for the parameters of the technological track is
their sufficient compaction, which improves the traction,
coupling, and operational properties of bridge agricultural
vehicles moving along them (Lou et al., 2021; Tamirat et
al., 2022; Kerup et al., 2022). According to M.N. Thom-
sen et al. (2018), the restrictions on the permissible norms
of the impact of undercarriage systems on the soil in the
area of the tramline can be neglected. On the other hand,
it has been established that the width of the bridge wheel
should be as small as possible. This reduces the loss of
field area under the technological zone.

Wide-span tractor (vehicles) for controlled traffic
farming, like any vehicle, is a rather complex control ob-
ject that can be adapted to manual or automatic control
and is built according to the kinematic or power princi-
ple of turning. D.L. Antille et al. (2019) pointed out that
kinematic rotation is implemented by turning the steered
wheels (front, rear, or both front and rear) relative to the
car frame. Wide-span tractors (vehicles) with steerable
wheels are the most widely used.

S.Z.S. Al-khayyt (2018) presented studies aimed at
optimizing the trajectory of curvilinear motion (PSO) by
replacing the LSPB (linear segment with parabolic blend)
trajectory when building an array of points on the trajec-
tory. The PSO parameters were thus obtained to ensure
that the LSPB trajectories accurately display the given
waypoints. Interaction of the optimal trajectory of LSPB
with PSO was demonstrated using mathematical mod-
elling. The aforementioned method for the operational
planning of the curvilinear turn of the bridge machine is
quite simple and is used to solve such problems. However,
the influence of the mass-geometric and structural-tech-
nological parameters of the wheeled vehicle on the pro-
cess of its curvilinear movement is not considered.

M. Melnik et al. (2017) obtained parametric equations
for the trajectory of the unsteady movement of a wheeled
vehicle with front-steered wheels as a function of the an-
gle of rotation of its body, which allows describing the
processes of entering a left or right turn and exiting it. Us-
ing the models presented by the authors, it is possible to
investigate the process of turning a wheeled vehicle as a
function of time.

As such, many studies are devoted to the curvilinear
movement of traditional wheeled and tracked vehicles,
although, concerning bridge vehicles, this process has not
been studied enough. The rotation of aggregates during
fieldwork is also actively studied by scholars. A. Start-
sev et al. (2023) presented a mathematical model built to
assess the rectilinear stability of the tractor unit in the
uncontrolled turn mode. M. Song et al. (2013) attempted
to optimize the point trajectory and simulate the creation
of a given path for mowers as they turn. The authors pro-
posed an algorithm based on experimental path-planning
operation models for an autonomous mower. The results
of production tests showed a certain convergence of the
turning points.

Numerous global studies also aimed to study the
movement of mobile units on a wheeled caterpillar mov-
er. For example, M. Fashutdinov et al. (2020) considered
the theoretical prerequisites for modelling the dynamics
of the rotation of agricultural units with a wheel-caterpil-
lar mover. The authors obtained mathematical models for
determining the indicators of the turning of agricultural
units. However, during modelling the process of curvilin-
ear motion of a traditional tractor unit, the main assump-
tion underlying the force interaction of the mover with
the soil is the independence of the resulting force and
friction moment. This limits the scope of models in this
direction to large and medium turning radii and move-
ment without loads.

The studies aimed to develop a model for turning a
bridge machine moving along a compacted soil track of a
constant tramline based on the theory of flat slip with a
variable anisotropic coefficient of friction, which makes it
possible to substantiate all the output parameters of its
curvilinear movement.

MATERIALS AND METHODS
Experimental studies were carried out throughout 2020-
2021 in a specially created laboratory for testing a bridge
machine at Dmytro Motornyi Tavria State Agrotechnologi-
cal University (Ukraine).

To conduct experimental studies, a four-wheeled
overhead vehicle prototype was used (Fig. 1). Wheel
track width was 3.5 m, base length was 2.3 m, and 9.5R32
tires were used.

Experimental studies were conducted in a special-
ly equipped laboratory for testing with a test section
length of 50 m.

Machinery & Energetics. Vol. 14, No. 3
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Figure 1. Experimental bridge machine

Source: V. Bulgakov et al. (2021)

When conducting experimental studies, modern meth-
ods of strain measurement were used with a tense-resistive
torque sensor. Transmission and fixation of strain gauge
signals through transducers were transferred to a person-
al computer (PC). The results of strain measurement data
were processed by statistical methods using a PC. The
torque on the wheels of the axle machine was measured
with a TW-2T-60K-S sensor, production — China, the char-
acteristics of which are as follows:

Max Torque Capacity — 81 kKN-m; Nonlinearity (% of
Full-Scale Output) — 1%; Configuration — Heavy Duty Sin-
gle or Dual Wheel.

The signal received from the torque sensor through an
analogue digital converter was received and processed by
a PC in the Excel software environment, discussed in de-
tail by D. Zhuravel et al. (2020) and V. Borysov et al. (2020).

Modern methods of mathematical modelling of the
behaviour of complex dynamic systems, agricultural
machines and machine units were used. These meth-
ods involve modelling the movement of these objects
by developing their equivalent circuits for both the en-
tire machine-tractor unit and its element (wheel), as well
as compiling differential equations of motion based on
them. The resulting analytical dependencies were solved

a) ASA-Lift WS 9600 WS

using well-known application programs on a PC. The
results obtained are presented in the form of graphical
dependencies.

RESULTS AND DISCUSSION

The operation of any wheeled vehicle occurs under many
outside factors (forces and their moments), which change
its position in space and deviate the movement from a
given trajectory. The quality of processing one or another
dynamic system of input variables depends on its charac-
teristics. Relatively wide-span tractors (vehicles) such is its
scheme, as well as design and other parameters. Therefore,
the correct choice of the latter, from the standpoint of the
necessary controllability and stability of its movement,
provides it with the optimal transformation of the control
and perturbing effects acting on it.

In the design of complex and expensive bridge ma-
chines (Fig. 2), the simulation process is becoming in-
creasingly common, allowing to reduction, and sometimes
eliminating, various types of in-situ testing (Pedersen et
al., 2016). In the operational cycle of any bridge machine
a curvilinear motion (turning), the characteristics of which
are often decisive in the design of new or evaluation of ex-
isting models of equipment, must be considered.

RO e
TN

b) ETC CTBE

Figure 2. Agricultural bridge machines

Currently, there are many steering models, most of
which have been developed for fast-wheeled and tracked
machines (Hac et al., 2009; Shahgoli et al., 2010; Nastasoiu
& Ispas, 2014). The steering of such machines is adapted
to manual steering and is built according to the kinematic
or force principle of rotation. However, the application of

these models to bridge wide-span machines is not always
justified, due to the peculiarities of their technological cy-
cle. Furthermore, some scientists recommend using exactly
the power (onboard) rotation of the axle machine, which is
implemented by rotating the wheels of the different sides
of the machine at different speeds. Alternatively, combined
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kinematic-force diagrams are proposed for use, improving
the controllability of overhead machines.

The specific features of the bridge machine sometimes
pose additional problems in the study of curvilinear mo-
tion, not all of which have been solved until today. The idea
of the scientific approach is to consider the bridge machine
as a controlled object, the curvilinear motion of which is
determined by the links imposed on it, provided by the de-
sign and control system, and interacting with the soil track
of a constant technological track.

Traditional turning of wheeled machines is performed
on a certain area, the size of which depends on the mini-
mum radius of the turn, and includes several phases: en-
tering the turn, the turn itself and exiting from the turn
(Nadykto et al., 2015). Due to the presence of elasticities
in the “wheel-supporting surface” system, the trajectory of
the mobile machine when turning does not depend unam-
biguously on the turn of the steering wheel. All this makes
it difficult to automate the process of turning (Nastasoiu
& Ispas, 2014). The most widespread methods for turning
mobile machines are those that involve rotating the steered
wheels (front, rear or both front and rear) relative to the
body or by changing the position of one part of the mobile
machine relative to the other in the horizontal plane (artic-
ulated frame). In this case, if the machine has all the steer-
ing wheels, they can turn simultaneously on the front and
rear axles in different directions (full-return mode or “path
in the track”) or to one side (crab mode). Considering the
general structure of its chassis and steering drive, a pure-
ly on-board (power) turn in the horizontal plane, which is
carried out by different rotation speeds of the wheels of the
right and left side, is considered a promising way to turn
the overhead machine. In this case, a four-wheeled axle
machine with a sideways turn is turned around the abso-
lute centre of turn of the intersection of the extension of
the front and rear axles. The lateral displacement of the
machine relative to the trajectory line is possible only as a
result of uncontrolled sideways drift.

There are two main theoretical methods for wheeled
machine rotation in terms of describing the force interac-
tion between the propulsor and the supporting surface.

First — for machines with steerable wheels and articu-
lated frames, the lateral departure method is widely used
(Pascuzzi, 2015). The description of force interaction is
based on the Rocard hypothesis of linear dependence of lat-
eral force on the angle of wheel departure, explained by the
elastic properties of the tire and applicable in the absence
of sliding (Wang et al., 2016). Attempts to account for wheel
slip of a machine within the theory of lateral guidance run
counter to the underlying assumptions, and sometimes vi-
olate the laws of mechanics. Models of this type have prov-
en themselves well in describing the rotation of fast cars on
a solid base with large turning radii, where there is virtually
no slip of the wheels and, the transverse force can be easily
explained by the action of the normal acceleration. Howev-
er, the movement of a bridge vehicle with wheels that do not
have large hooks, due to their lack of use when driving on

the constant hard track, will inevitably slip when turning.
Therefore, models based on lateral guidance cannot be ap-
plied to describe the curvilinear motion of a bridge machine.

Another type of mobile machine with non-swivelling
wheels and power sideways rotation, where the interac-
tion of the propulsor with the ground is characterized by
increased slip (Wang et al., 2008). The elastic properties of
the tire are neglected in these models. Following those, the
basic forces in contact are reduced to a single equilibrium
force applied at the centre of pressure, which corresponds
to progressive sliding, incompatible with curvilinear mo-
tion. Adding a friction torque to the result traction limit
will exceed the traction limit of the machine. When a ma-
chine turns, with the friction torque present, the value of
the resultant force must be less than its traction limit. The
larger the torque, the smaller the final force, which makes
it unpredictable and does not allow the ground reaction to
be explicitly noted.

Different methodological approaches in describing
the interaction of wheeled and tracked movers with the
soil complicate their application to a bridge vehicle, espe-
cially with a combined mover. In the theory of turning of
wheeled and tracked machines, models of passive turning,
which takes place in the technological cycle of many bridge
machines, are insufficiently studied.

At the beginning of the study, the assumption that the
turning of the bridge machine, regardless of the type of its
mover, is accompanied by sliding within the soil trace of a
constant track was considered. The elementary tangential
friction (adhesion) forces caused by the contact of the pro-
pulsor with the bearing surface of the soil track of a con-
stant technological track are determined by the direction
of relative motion and the anisotropy of the interaction
between the propulsor and the soil. In this case, in the pro-
cess of turning the bridge machine, its propulsor performs
a flat motion (Fig. 3).

At each point of contact of the axle-motor with the con-
stant track (Fig. 3), a basic friction force dT=¢-q- dF (where
¢ — adhesion coefficient, g — the normal pressure at the ele-
mentary site dF of the bearing surface) is present, directed in
the opposite direction to the linear velocity V, which in turn
is perpendicular to the radius r, connecting the point with
theinstantaneous centre of the sliding (adhesion) velocities.

Combining all basic forces (Fig. 3) to the instantane-
ous centre of velocities (point C), and adding them over the
contact area, expressions for the projections of the result-
ant force (in the longitudinal T, and transverse T, direc-
tions) and the moment M are obtained:

y-n
=_ ————d&dn,
Ty fn ff q%x (x=8)2+(y-n)? §dn

b=l a9y mpmge 4 40 M

<ﬂx(y—n)2+q)y(x—€)2)

= =¥ )dédn,

M=l J; q( Teomome ) %

where g - the normal pressure at the contact point with

coordinates &, ; ¢,, ¢, — transverse and longitudinal coeffi-
cients of adhesion at the point with coordinates ¢&, 7.
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Figure 3. Formation of forces in the contact of the wheel of a bridge machine with the constant track
Note: dT - basic friction force; ¢ — friction coefficient; g — normal pressure; dF — elementary area of the support surface;
V - linear velocity; r — radius connecting the point with the instantaneous centre of sliding (adhesion) velocities;
C - instantaneous centre of velocities; T,, T, - projections of the resulting force in the transverse and longitudinal directions;
M - moment; a — angle of inclination of the elementary friction force in the longitudinal direction

Source: developed by the authors

Dependence (1) considers the relationship between
the force and the friction (adhesion) moment, as well as
the anisotropy of the interaction through different adhe-
sion coefficients ¢,, ¢ . The force factors in it are formed
in the contact of each propulsor support with the soil. The
integration limits can be used for any shape and size of the
contact surface. However, in describing the rotation of a
bridge vehicle, dependence (1) does not consider the defor-
mation of the soil in the traces of the constant technologi-
cal track and the elastic properties of pneumatic tires.

Elastic properties of the soil trace of a constant track will
be considered by variable coefficients ¢, ¢,. To determine
them, the maximum tangential traction force, which is de-
veloped by the wheel of a bridge machine, is assumed to be:

N, @)

Pkmax = ¢yd '

where ¢ , - longitudinal coefficient of traction at full slip,
N, - vertical operating load, which acts on the wheel of the
bridge machine. From tractor theory, it is known that the
maximum tangential traction force that a tractor wheel de-
velops can be determined from the expression (Nadykto et
al., 2020):

=5 S

kmax  Omax Ok k ' L’ (3)

0

where § - slip ratio (maximum) of the axle machine
wheels, S, — sum of the vertical projections of the bearing
surfaces of the wheel sprocket submerged in the soil, k; -
sum of the vertical projections of the bearing surfaces of
the wheel sprocket submerged in the soil, L — is the length
of the arc of traction of the wheel hitches with the bearing
surface (the trace of the permanent tramline), the value of
which find from the expression (Nadykto et al., 2020):

L=ry <arctanM +2 -f,f), 4

0.5—f2

where r, — wheel radius, f, -
coefficient.

wheel rolling resistance

The rolling radius r, of the wheel of a bridge machine
can be determined by its static radius r, and normal tire
deflection h,:

)

r,=ryth,.

The normal tire deflection of a mobile machine or trac-
tor wheel can be determined from the expression (Mitkov
etal., 2021):

NE
he = oy )
where p - tire pressure, r,, b, - static radius and wheel di-
ameter of the bridge machine.

The sum of the vertical projections S, of the bearing
surfaces of the wheel axles of the bridge machine, buried
in the soil, determined from the expression (Mitkov et
al., 2021):

Se =1y (21— hy) - (bo — h)Te, )

By substituting the values of S,, L, r, (4-7) into (3) and
equating the expressions (2) have:
1
Omax Thy [(2:79 — hy)-(bg — hy)]2(ro + hy)
1
fre(1=£)?
0.5—f

(arctan (8)

+2 fk2> = @Pya * Ny

From the analysis of the obtained equation (8) it fol-
lows that with the increase of the coefficient of adhesion
9,4 of the bridge machine under the contact of its wheels
with the bearing surface of the constant track, the maxi-
mum slip coefficient 6__increases. With the increase of the
wheel radius r,, the width of the tires b, and air pressure p_,
as well as the vertical load N, exerted, the wheel grip ¢,
with the bearing surface of the permanent technological
track increases as well. Hence the conclusion is that the
greater the traction of the wheel of the bridge machine
with the bearing surface of the constant technological
track, the more slipping can be achieved. The nature of this
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relationship is determined by the parameters of the bridge

machine, the mode of its movement and the properties of

the bearing surface of the traces of a constant track.

Results of studies of the maximum slip coefficient esti-
mation d___of the wheel of a bridge machine from the value
of its friction coefficient ¢ , are shown in Figure 4.
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Figure 4. Dependence of the maximum slipping ratio of the bridge machine ¢

max

from the coupling coefficient ¢ , with the bearing surface of the soil trace of the permanent technological track

Note: o - slip coefficient; ¢ , - adhesion coefficient
Source: developed by the authors

The result obtained in Figure 4 can be explained as
follows. The phenomenon of slipping of the bridge ma-
chine wheels is caused by the displacement of the sup-
port surface of the trace of the constant track by the
tires until the necessary amount of tangential stress is
formed in it. The higher the strength of the bearing sur-
face on which the wheel of the bridge machine moves,
the less the slippage affects the connection between the
soil particles. As a result, the depth of the wheels sink-
ing into the soil is reduced and, accordingly, the energy
consumption for the formation of a groove by the star-
shaped hooks is reduced. Therefore, the degree of wheel
slip is determined by the amount of horizontal deforma-
tion (shearing) of the soil, which is carried out by the
star gears. The specified horizontal deformation of the
soil depends on the specific pressure on the bearing sur-
face of the permanent trace of the technological track
and on its ability to resist deformation.

The force factors T, T,M in the contact of the wheel
of the bridge machine with the bearing surface of the con-
stant trace of the technological track depend on the un-
known coordinates of the instantaneous velocity centre,
which reduces the force problem to the kinematics of its
motion. Next, it was investigated the kinematics of the
curvilinear motion of the constant track system — mover—
bridge machine, and describe the connections arising in
the process of its rotation. It was introduced a stationary
coordinate system (xOy), the machine’s motion system
(x,0,y,) and local frames of reference (x; y,), associated
with each of the thrusters of the bridge machine (Fig. 5).

Yeij

Figure 5. Diagram of unsteady rotation of an

arbitrary multi-support bridge machine
Note: xOy - system of fixed coordinates; x,O,y, — system
of moving coordinates coinciding with the centre of rotation
of the machine; x , y , a - current coordinates of the centre
of mass and the angle of rotation of the machine body in
the fixed coordinate system; P, — resistance to movement
ij of the supporting wheel; m, ] — mass and moment of
inertia of the machine relative to the vertical axis passing
through its centre of mass; P, P, M- external forces
and external moment, reduced to the centre of mass of
the machine; T, T, ., M, — force factors in contact ij of the
support wheel with the trace of the constant technological
track; y, — angle of rotation ij of the support relative to the
vertical axis in the machine system

Source: developed by the authors
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To describe the unsteady motion of an arbitrary mul-
ti-support bridge machine with n axes (i = 1, ..., n) and m

L Beloev et al.

supports on each axis (j = 1, ..., m) a generalized model of
its controlled rotation should be formulated:

m¥, =N Z}n:l[Txij-cos(yij +a)— Tyij-sin(yl-j +a) +fL-j-Gl-]--sin(yl-j +a)|+P,
MY = Nieq Z}"zl[Txif sin(y;; + @) +Ty;;- cos(yij + a) — fi;-Gij-cos(yi; + @)| + P,
Jia =Ny X [Ty sinyij —Toije cos vy (Lij — Ym + Xyj-sinyy; + vy cosyy;) — ®)
—fi]-~G,-j~Cosyij'(Bij - xm) — fijGij-siny;;- (LL-]- - xm) - M;; +
+(Tyi]--cosyl-j + Txij~sinyij)-(3ij — X + X;j°COS Y — yl-j~sinyij)] +M,

where x , y , a — the current coordinates of the centre of
mass and the angle of rotation of the machine body in a
fixed Cartesian system, f, - G, =P, - resistance of support
wheel movement ij, m, ] — mass and moment of inertia of
the machine relative to the vertical axis passing through its
centre of mass, P, P,M- external forces and external mo-
mentum applied to the centre of mass of the machine, T,
T, M, - force factors in the contact of the support wheel ij
with a constant technological track. The initial conditions
of motion of the bridge machine (coordinates of the instan-
taneous velocity centre) are taken from the solution of the

moving-away problem. Next, it was written down the cou-

pling reactions of the bridge machine for the considered
diagram (Fig. 5). In the case of the power (onboard) rota-
tion of the bridge machine, when the supports of its thrust-
ers are unguided, it is sufficient to consider its stationary
rotation, according to which the beginning of the moving
system x,0,y, coincides with the turning centre of the turn-
ing machine. In this case, the kinematics of the unguided
randomly positioned support wheel of the bridge machine
is shown in Figure 6. Based on Figure 6, the actual speed
V,,; of the contact patch points (point A) of each arbitrarily
positioned support wheel ij of a bridge machine is the sum
of the theoretical speed V, and sliding speeds V.

Figure 6. Kinematics of an unguided randomly positioned support wheel of a bridge machine
Note: C; - point of the wheel body located above it; V,, - theoretical speed of movement directed along the rolling plane
ij of the support wheel; A, - point of the contact spot of any ij arbitrarily located support wheel of the bridge machine;
V,,; — actual speed of the contact spot point; V,, - theoretical speed; V. - sliding speed; x , y; — coordinates of the
instantaneous centre of speeds of the propeller support in the machine system; V., - theoretical speed of the axis ij of the
support; O,C; - distance from the centre of rotation of the machine to the instantaneous centre of speeds ij of the support;

y; — angle of rotation i of the support relative to vertical axis in the machine system

Source: developed by the authors

The only point in Figure 6 without slip is the instanta-
neous velocity centre, therefore the wheel body point (C)),
located above it has only theoretical velocity V,,, directed
along the rolling plane of the support wheel ij. Using the
orthogonality theorem for the unguided thruster support,
according to which, when the machine rotates, the instan-
taneous centre of velocities of the support area of an arbi-
trarily located thruster support lies on the perpendicular
dropped from the centre of rotation of the machine to the
plane of its rolling, write the bond equations for each sup-
port wheel in the form:

X+ sin ;- ycij- cosy, =0, (10)
and

V,=0-(0,C), (11)
where x_, y,, - coordinates of the instantaneous veloci-
ty centre of the thruster support in the machine system,
V,,; — theoretical speed of the ij axis of the support, O,C; -
distance from the centre of rotation of the machine to the
instantaneous centre of velocities ij of the support, y, - ro-
tation angle ij of the support relative to the vertical axis in

the machine system.
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The geometric relation equation (10) reflects the de-
sign scheme and parameters of the bridge machine (base,
track, number of supports and their mutual positioning)
since the transformation of coordinates of the instantane-
ous centre of speeds (x,, y,;) for any design of the support
and running system (with steerable or nonrotating support
wheels) is performed by consecutive shifting and turning.

The kinematic relationship equation (11) is deter-
mined by the turn control scheme and reflects the mode of
motion of each support (driven, leading, braking). In some
cases, it is more convenient to write equation (11) through
force factors, since the latter are functions of instantane-
ous velocity centre coordinates:

O driven wheel (flange) of a bridge machine:

T,;=0, (12)
O brake wheel (side) of an overhead machine:

x;=0, (13)

O individually driven motor-wheel:
Vrij

w=——t 14

X2ty a9
O individually driven motor-wheel:
_ Vmjs1 _ Xo+BHXjiq

k= Yoy = merm (15)

A different combination of geometric (10) and kine-
matic equations (12-15) allows for a description of restric-
tions imposed by the design scheme of the bridge vehicle
(number of propulsor supports, their mutual arrangement,
steering scheme, base, and track) and control system on its
curvilinear motion parameters. As a result of solving the
system of equations (9) considering the unknowns x_, y,,
o and the coordinates of the instantaneous velocity centre
(x;, ¥,), all force and kinematic characteristics of curvilin-
ear motion of the bridge machine were acquired, namely
angular velocity, trajectory of motion, longitudinal and
transverse components of the velocity of the centre of
mass, actual turning radius, normal acceleration, traction
forces and slipping on the leading supports, distribution of
normal reactions on the supports, power losses and their
change in time, depending on the control parameters.

Considering that when turning, the bridge machine
moves within the boundaries of the trace of a constant
track, its curvilinear movement must occur with a constant
radius. Therefore, the generalized model of controlled cur-
vilinear motion requires a transformation to build partial
models of the system solution (9). For this, it is enough to
consider the stationary and statistical stationary modes
of the turning of the bridge machine. A stationary turn is
characterized by a constant radius and acceleration of the
bridge machine and is realized with constant control pa-
rameters:

7,=0,i=0. (16)

The model of the stationary rotation is made in the
natural coordinates of the moving trihedron (a =0). The
unknowns are the coordinates of the centre of rotation in
the machine system of its angle speed y,, its angle speed
o and the coordinates of the instantaneous velocity cen-
tre x,, y,. The stationary rotation model is a system of
2nm coupling equations (10-15) and three equations of
motion:

—mw?y, = 2{'=1Z;”=1(Txij-cos Yij — Tyij-siny;; +fij-Gij-sinyij) + P,
—mw?xy = Zz‘ﬂZ}":l(Txij‘sinyij + Tyij-cosyy; + fl-j*Gij*cosyij) +P,

0=, X5 [_Mij + Ty %G + Y& = fiy Gy (,”‘?ij +y%4 - xij)] +M.

Static stationary rotation is characterized by low op-
erating speeds (@ =0) of the bridge machine, with the cen-
trifugal forces being so small that they can be neglected.
This reduces by one the number of unknowns and converts
equations of motion (17) to equilibrium equations (the left
parts are zero). The number of geometric coupling equa-
tions (10) is equal to the number of bridge machine propul-
sor supports, and the number of kinematic coupling equa-
tions (11) is reduced by one due to the exclusion of angular
rotation speed w:

17

Yij
Ryj

(18)

w =

The adequacy of partial models (17) was tested using
the force and kinematic parameters of the bridge machine
prototype movement (Fig. 2). Experimental verification
of the main theoretical provisions was performed on the
example of a stationary force (on-board) rotation of the
prototype of a bridge vehicle, which allowed to exclude the
influence of various random factors. The experiment con-
sisted of 6 trials with different weights of the bridge ma-
chine with three times the number of repetitions of each
trial. A simulation of the bridge machine loading was car-
ried out by placing additional mass on it (Ostanin, 2022).
During the experiment, the driving radius and torques
on driving wheels were measured, with their subsequent
recalculation to the moment of resistance to turning:

M,=0.5B-(T,-T). (19)

The power diagram of the on-board turning prototype
of the bridge machine is shown in Figure 7.

Following Figure 7, the turning model of a bridge vehi-
cle consists of:

O three equations of motion (17):

0 = X7 X7y (Teyj cosyyj = Tyyy-sinyy; + fiy Gy siny;) + Py,
0 = X1y 37y (Tagj sinyi; + Tyij cosyy + fijGij- cosy;) + Py,

0=%r, Y7, [Mij + Ty %%+ v&; — fijGij: (,Ixczij + yczij)] -M,

O two equations of geometric relations (10):

(20)
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Figure 7. Diagram of forces acting on the bridge machine, when it performs a force (onboard) turn
Note: T, T ., M, - force factors reduced to the centre of mass of the left and right sides of the bridge machine in contact
ij of the support wheels with traces of a constant tramline; P, P,, M - external forces and external moment reduced to the
centre of mass of the machine; P - resistance movement ij of the supporting wheel; » — angular speed of rotation

Source: developed by the authors

Yoty = 0'}’ 1) The obtained research results allow to assess the im-

Y1 =Dy, pact of design parameters and schemes on the characteris-

O one equation of kinematic connections with one of the tics of turning at the design stage of a new bridge machine,
sides of the bridge machine disconnected: thereby optimizing its design. Issues related to the study
T =0. 22) of the traction qualities of wheeled vehicles are considered

" by A. Panchenko et al. (2019), and V. Bulgakov et al. (2021).

The adequacy of the model was evaluated by the force  They noted that for the machine as a whole, traction and

parameter — the coefficient of resistance to rotation: dynamic properties are usually estimated by the traction
n efficiency and dynamic factor. However, each of the wheels
u= G—L” (23)  of the bridge machine operates under certain conditions

in terms of vertical load, input torque, and driving condi-

The analysis of the convergence of theoretical and tions. Therefore, the traction properties of the wheel of the
experimental values showed that the theoretical depend-  bridge machine depend on a large number of parameters.
ence u(G) lies within the confidence interval #¢ through-  These include its design parameters, on the one hand, and
out the investigated weight range G of the prototype the physical and mechanical properties of the surface of

bridge machine (Fig. 8) (Aghbalyan & Simonyan, 2022). permanent tramline tracks, on the other.
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Figure 8. Theoretical dependence and experimental values of the coefficient u from the weight G of the bridge machine
Note: 1 - turning resistance coefficient; G — weight of the bridge machine
Source: developed by the authors

The obtained research results significantly supplement  research basis. The obtained mathematical models consid-
the known knowledge about the turning of wheeled vehi-  er the passive rotation of bridge machines in the process of
cles, for example, presented by V. Nadykto et al. (2015) and  their curvilinear movement without a control action from
S.P. Pozhidaev et al. (2016), who used the theory of active  the operator. In particular, the uneven traction resistance
controlled movement (under the action of an operator) asa  that the bridge machine experiences along the width of its
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span; uneven vertical load on the support wheels from the
left and right sides of the machine; the presence of support
wheels for agricultural implements located in the area of
the width of the span of the bridge machine and anoth-
er, which redistributes its traction and coupling properties
unevenly from its left and right sides. S.P. Pozhidaev et al.
(2016) studied the kinematics and force interaction of the
wheel or caterpillar of a traditional tractor with the soil at
the moment of turning in detail. However, the issues of the
curvilinear motion of a wide-gauge wheeled vehicle with a
power (on-board) method of its control were not consid-
ered in this study, which makes it impossible to use the
obtained theoretical and experimental studies to simulate
the curvilinear motion of a bridge vehicle.

At the same time, the movement of the bridge ma-
chine along the soil tracks of a permanent tramline cre-
ates such conditions under which the modelling of forces
in the contact of the mover with the surface of the tramline
leads to the disappearance of the boundary between the
wheeled and caterpillar mover and suggests the possibility
of a unified approach to describing their force interaction
with the support surface. Therefore, following M. Fashut-
dinov et al. (2020), greatly simplifies the process of stud-
ying the turning property of a bridge machine, even with
a wheeled-caterpillar mover, as was considered, where the
machine turn models are based on various methodological
approaches when describing the interaction of the mover
with the soil.

The obtained mathematical models of the curvilinear
motion of bridge machines consider the variety of their de-
sign schemes and control systems, which impose certain
restrictions on the characteristics of the curvilinear mo-
tion, manifested in the form of superimposed kinematic
and geometric relationships. This significantly distin-
guishes the well-known theories of unsteady motion of a
wheeled vehicle with front steered wheels, presented, for
example, by V. Melnik et al. (2017).

T. Szakdcs (2010), I. Demsar et al. (2012), and
M.Z. Song et al. (2014) researched large external loads act-
ing on the bridge machine and the use of propulsion de-
vices with small lugs on it was considered the presented
studies to characterise their significant slip when turning
within the boundaries of the permanent tramline track on

Thus, the results of the study and its analysis showed
that with an increase in the weight of the bridge machine
due, for example, to an increase in its size or the use of heav-
ier technological equipment on it, when moving along the
soil track of a constant tramline, the resistance coefficient
p of its rotation tends to decrease. The obtained research
results allow to address the problem of power rotation of
a wide-span bridge machine, considering the slight defor-
mation of the soil in the traces of a permanent tramline.

CONCLUSIONS

As a result of this research, a methodology for compil-
ing private models of turning the bridge vehicle moving
along the soil trace of the constant technological track
was created. As a result of the joint solution problem of
the bridge machine turning, it is possible to determine all
output parameters of curvilinear motion: trajectory, trac-
tive forces, turning radius, slipping, and actual speeds.

The force interaction of the bridge machine’s under-
carriage with the soil trace of a constant track is presented
based on flat sliding with a variable anisotropic friction co-
efficient of adhesion ¢ , depending on the properties of the
track. As with the radius of the wheel, the width of its tire
and the air pressure in it, as well as the vertical load that acts
on it, the coefficient of traction of the bridge machine ¢,
increases, and more slippages can be achieved in doing so.

The adequacy of the model of stationary turning of
the overhead machine is confirmed by experimental esti-
mation of the resistance coefficient of the power on board
turning. The convergence of the theoretical and experi-
mental values of this coefficient is within the confidence
interval * ¢ in the whole investigated weight range of the
prototype of the bridge machine. This allows to assess the
influence of design parameters and schemes on the turn-
ing characteristics as early as the design stage of a new
bridge machine, thus optimizing the design process.

The prospect for further research is the development
of static and dynamic models of the turn of the bridge ma-
chine and, on their basis, to substantiate the parameters
of the influence of structural and technological parame-
ters on the dynamics of its turn, as well as the wear pro-
cesses of its wheel tires.

the headland. Such an approach to describing the interac- ACKNOWLEDGEMENTS
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tion of the propeller of a wide-span machine with the soil
is absent when describing the movement of traditional mo- CONFLICT OF INTEREST
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AHaniTM4yHe pocnip)XeHHs HOBOpOTiB MOCTOBUX MaLllUUH

AHoTauiqa. Po60oTa npucBsyeHa BUPIlIEHHIO aKTyalIbHOI Mpo6ieMu eheKTUBHOCTI TOBOPOTY MOCTOBMX MAIIMH Y KOMiliHi i
cuctemi 3eMepobcTBa. MeTo0 pobOTH € TOCTiIKeHHSI KPUBOIIHITHOTO pyXYy IO C/Iiax IPYHTY MOCTiTHOI TeXHOIOTiUHO1
KOJTii MOCTOBOI MaIllMHY 3 ypaxXyBaHHSIM i1 KOHCTPYKTMBHOI CXeMM Ta CIiocoby IMOBOPOTY, MapaMeTpPiB, peskUMiB pyxy Ta
HaBaHTaXeHHs. EXcriepyMeHTaabHi AOCTiAKeHHS IPOBOAUINCH 3 BUKOPUCTAHHSIM Cy4acHOI TEH30MeTPUYHOI JOPiIXKKU
Ta CrenialbHO PO3PO6IEHOro 06IaJHAHHS IJIs1 eIeKTPUIHMX BUMipIOBaHb HeeJTeKTPUUHNUX BenuuuH. O6pobKy TaHmX
IOCITiIKeHHSI TPOBOAVIIM Ha ITePCOHATbHOMY KOMIT I0Tepi. B pe3ynbTaTi poBeieHnxX AOCTiIKeHb pO3p06IeHO MEeTOLMUKY
CKJIaJaHHSI MaTeMaTUUYHMUX MOJeseil TIOBOPOTY MOCTOBOI MalllMHMY, SIKa PYXa€ThCS 10 IPYHTOBOMY CJIiy MOCTiiiHOI
TeXHOJOTiuHOi Kouii. [Ticjst cIiibHOTO PO3B’sI3aHHSI MOoJesielt MOBOPOTY MOCTOBOI MalllMHM MOXKHA BU3HAUUTH BCi
BUXiIHi mapaMeTpu ii KpUBOMIHITHOTO PyXy: TPAEKTOPIIO, CYIIU TSTH, PaZiiyC TIOBOPOTY, KOB3aHHS, HaKTUYHI MIBUAKOCTI.
IIpencraBieHO CMIOBY B3a€EMOZil0 XO[JOBO1 YaCTMHM MOCTOBOI MalllMHU 3 IPYHTOBUM CJIiJOM OCTi/iHO1 KOJIii Ha OCHOBI
TIJIOCKOTO KOB3aHHS 3i 3MiHHMM KOedillieHTOM aHi30TPOITHOTO TePTs 3UerIeHHS ¢, 3AJIEXXHO Biz BiacTMBoOCTe KOMii. 3i
36i/bIIIeHHSM pafiyca Koeca, IMPUHM IIVHY Ta TUCKY MTOBITPSI B HbOMY, a TAKOXK BepTUKAIbHOTO HABAaHTaKEHHS, 10 Jii€ Ha
HBOTO, 30UIbLIYETHCS KOEDILiEHT 34ETIIeHHS] MOCTOBOT MAILVHN @, , TPV LIbOMY MOXKHA JJOCSITTH GLIBILIOTO MPOGYKCOBYBAHHS.
AnekBaTHICTh MOJei CTalioHapHOI'0 MMOBOPOTY MiABiCHOI MalllMHM MiATBEP/KeHO eKCIIepUMeHTaJIbHOIO OI[iHKOI0
KoedillieHTa OmIopy CUI0BOTO 6GOPTOBOTO MTOBOPOTY. 3613KHICTh TEOPETUUHMX Ta €KCIIepUMeHTaTIbHUX 3HAUeHb LIbOTO
KoeillieHTa 3HaXOOUTHCS B Meskax JOBipUOTo iHTepBaty o y BCbOMY IOC/TiIKyBaHOMY BaroBOMYy [Jiaria3oHi MPOTOTUITY
MOCTOBOi MauIMHu. Lle 103BOJIsI€ OLiHUTY BIUVIMB KOHCTPYKTUMBHMX IIapaMeTpiB i cxeM Ha OBOPOTHI XapaKTePUCTUKU
111e Ha eTarli IPoeKTyBaHHSI HOBOI MOCTOBOI MalllMHY, TAKMM UMHOM ONTMMi3yl0uM Npoliec MpoeKTyBaHH. Pe3ynbraT
JOCTiP)KeHb MOYXKHA 3aCTOCYBaTH 1O OpraHisallii mpolecy oBOpoTY Ail0uMX Mojiesieli MOCTOBUX MalllH

KniouoBi cnoBa: kepoBaHe 3eMJepOOCTBO; IMOPTaAbHI CUCTEMM; KPUBOMiHIMHMIT pyX; KoedillieHT 3uerieHHS;
KoedinieHT aaresii
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Experimental studies of the quality of root crop heads
residue cleaning using a new cleaner

Abstract. Given the high technical requirements for cleaning root crop heads from residues, the development of new,
more advanced cleaners is an important and urgent issue. The research aims to improve the quality of the cleaning process
by determining the optimal kinematic, structural, and operational parameters of a new root crop head cleaner from
root residues. A new design of the root crop head cleaner was created, which allowed the use of cleaning elements with
different mechanical properties and sizes, and changing its kinematic parameters depending on the crop it processes. A new
experimental setup was also made to install this cleaner and change its operational parameters. A new mathematical model
of a multifactorial experiment was developed for the study. Based on the results of the field experimental study, correlation
analysis, and statistical numerical calculations using a computer, the optimal design, kinematic, and operational parameters
of the improved cleaner were determined, at which the highest quality of cleaning (the lowest amount of stover residues
per linear metre) is observed. Based on the results of the correlation analysis, the following optimal parameters of the
improved root crop head cleaner were obtained: the location of the ends of the rubber cleaning blades relative to the soil
surface, i.e., the parameter h should not exceed 1.5 cm. The angular velocity w of the counter-rotating movements of the
cleaning shafts should correspond to the following range of values — 36.4...76.6 rpm. The translational speed V of the
cleaner should not exceed 2.0 m-s~!. The obtained structural, kinematic, and operational parameters can be successfully
used in design bureaus when designing advanced machines for harvesting various root crops, and in research institutions
and universities when conducting modern research in the field of agricultural engineering

Keywords: stubble; residues; plan matrix; optimal parameters; rubber blades

INTRODUCTION

For harvesting commercially grown root crops, which in-
clude sugar beet, fodder and table beet, carrots, etc., the
most common technology is separate harvesting, i.e.,
when a separate unit harvests the tops on the root and
then uses a root harvester to dig the roots out of the soil.
Previously, the technology for harvesting the tops of the
heads involved preliminary continuous cutting at an el-
evated height and then mechanical cutting of the upper
parts of the heads together with the residues. In this case,
the cut parts of the heads were not collected, but rather
scattered over the surface of the field, and later ploughed
into the soil as fertiliser. V. Bulgakov et al. (2021a) thor-

oughly investigated and found that the useful parts of root
crops are irretrievably lost along with the cut-off parts of
the heads. This is especially noticeable when harvesting
sugar beet when up to 14% of sugar can be lost along with
the cut-off root heads. In addition, mechanical cutting of
root crop heads almost immediately causes the loss of juice
from their bodies, and the cut part becomes a place through
which microbes and viruses begin to penetrate the body,
causing further decay and loss. In general, it is impossible
to store such root crops, even for a short period, and they
must be processed immediately. In this case, short-term
storage results in an intensive loss of their presentation.
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Modern foreign-made topsy-turvy harvesting machines
are designed not only to cut but also to grind the entire
array of cut green topsy-turvy and spread it over the field
as a plant fertiliser.

As such, the technology of harvesting the tops was fur-
ther improved and included a preliminary continuous cut
of the green mass of tops, and then a separate operation
was performed to clean the heads of root crops from the
remains of tops on the root without damage and to knock
the bodies of root crops out of the soil. Almost everywhere,
root crop tops are now collected, removed from the fields,
and used effectively for biogas production. Sugar beetroots
themselves, even with uncut heads, are widely used in
many countries for bioethanol production.

L. Pogorely (1983), L. Pogorely & M. Tatyanko (2004)
not only present different types of peelers (sickle, chain,
impact, etc.) but also investigate the principles of oper-
ation used in machines for cutting tops and peeling root
heads from residues by the world’s leading manufacturers.
However, in most designs, cleaning forces are applied to
the heads of root crops from one side, which, given the
current trend towards increasing the speed of transla-
tional movement, does not always lead to high-quality
cleaning. The creation of theoretical foundations for me-
chanical combing and crushing of the residual tops from
sugar beet root heads on the root were thoroughly stud-
ied by V. Martynenko (1997), V. Martynenko & B. Kuch-
er (2002) and V. Bulgakov et al. (2021b). They developed
the fundamental scientific basis for removing top residues
from root crop heads utilizing milling, shaft cutting, im-
pact on the residues, as well as the use of a cleaner with
blades mounted on a vertical drive shaft (such as a dai-
sy). However, even in this case, the cleaning forces are
applied to the residues on the root heads from one side
only, and during the forward movement of the cleaner, the
front and rear parts of the heads may not be processed at
all. If the speed of the forward movement of the peeler is
increased, the quality of work of such peelers is signifi-
cantly reduced. The development of various designs of
root crop head cleaners for removing tops from the root
and the theoretical and experimental substantiation of
their parameters are reflected in numerous works. In par-
ticular, A. Borys (2011) studied a combined copying and
cancelling cleaner. M. Khelemendyk (2001) examined in
detail the combination of shaped bar drums that slide
onto each head. B. Shabelnyk (1998) investigated a head
cleaner for fodder beetroots; M. Borys (2013) reviewed a
combined paddle cleaner. O. Gurchenko (2007) investi-
gated a combined paddle cleaner equipped with a passive
head trimmer; I. Storozhuk & V. Pankiv (2015) — a com-
bined cleaner with a rotary shaft and a passive head trim-
mer; Ye. Thnatiev (2017) — a flanged cleaner with separate
cleaning heads; O. Syplyvets (2001) — conducted a study of
a combined cleaner and a separate aftercut. The creation of
new cleaners has been the subject of design developments
in recent years (Patent of Ukraine No. 115404..., 2017,
Berezhenko, 2020).

However, despite this design diversity and the theo-
retical and experimental studies of them, the results ob-
tained indicate that they are unfortunately not able to
achieve high-quality cleaning since almost all cleaners
provide cleaning forces to root crop heads, albeit in differ-
ent planes, but at high forward speeds they cannot clean all
parts of the heads.

Thus, the search for the most effective design solu-
tions for root crop head cleaners from root residues is
relevant and should consider their kinematic, structural
and operational characteristics, which should ensure the
high-quality performance of this technological process.

The research aims to determine the optimal param-
eters of a new root crop head cleaner for removing root
residues that can significantly improve the quality of the
cleaning process.

MATERIALS AND METHODS
Experimental studies were carried out in 2022 in the field,
using a new experimental setup manufactured at the Na-
tional University of Life and Environmental Sciences of
Ukraine at the Department of Mechanics, Faculty of Con-
struction and Design. A new root crop head cleaner was
developed at the Institute of Mechanics and Automatics
of Agroindustrial Production of the National Academy of
Agrarian Sciences of Ukraine under the direction of Prof.
V. Bulgakov, which consists of two cleaning shafts with
pivotal cleaning elements in the form of pairs of rubber
blades mounted on hubs. The design of the two-shaft root
crop head cleaner and the experimental setup for its study
are new, and experimental studies using pairs of cleaning
blades on each of the cleaning drive shafts were carried out
for the first time. The cleaning shafts in this design cov-
er each row of root crops on both sides and, due to coun-
ter-rotating movements, simultaneously strike the heads
of root crops from both sides with the ends of their work-
ing cleaning elements, combing off the remains of the tops.
The ends of the pairs of rubber blades on each of the two
drive shafts are staggered, forming a cleaning channel with
mutual overlap on the symmetry axis of the cleaner, which
covers a row of root crops on both sides. The bulk of the
green tops from the heads of root crops had to be cut off
by a top harvester beforehand. But after that, they were left
with residues in the form of uncut green tips, as well as dry
and dead thin stems of considerable length, which lie on
the soil surface. The root crops themselves are in the soil
and firmly connected to it. After cleaning the heads of root
crops from the remains of the tops on the roots, the next
step is to dig the root crops out of the soil.

To simulate the functioning of this cleaner in real
field conditions and, accordingly, to study the quality of
its operation under different parameters and modes, a new
design of a field experimental installation was developed
and manufactured, which can be used only for the study
of a two-shaft cleaner with pairs of cleaning rubber blades
mounted pivotally on several hubs of each shaft, having
counter-rotational motion, inside which it is installed. The
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experimental setup has the following features: it provides
for the study of the quality of cleaning the heads of root
crops from one row of crops, is aggregated by a wheeled
row crop tractor of class 1.4, which sets the cleaner, dif-
ferent speeds of translational movement along the row
of root crops, and different angular speeds of rotational
movements, provides conditions for the counter-rotation-
al direction of its cleaning shafts, and also makes it possi-
ble to change and fix different angles of inclination of the
cleaning shafts in the horizontal and vertical planes. It is
also possible to set different heights of the ends of the pairs
of flexible cleaning blades relative to the soil surface.
Figure 1 shows a diagram of the experimental setup
for studying the quality of cleaning root crop heads from
the remains of tops on the root. The experimental setup
is a root crop head cleaner mounted on frame 3, which is
single row. The frame 3 is mounted behind the wheeled
aggregating tractor 1 with the help of the hitch 2. At the
same time, frame 3 in its front part rests on two supports
and copies wheels 5 with mechanisms for changing the
distance of frame 3 to the soil surface. In the rear part of
frame 3, there is a cleaner consisting of two horizontal

7
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cleaning shafts 6. The shaft 6 is driven in counter-rotating
movements by drive elements 4 from the rear PTO of the
tractor 1. The cleaning shafts 6 are mounted horizontal-
ly in the transverse plane, and their longitudinal axes in
this plane are located at an angle a. At the same time, five
hubs 8 are mounted on each cleaning shaft 6 with a cor-
responding pitch using a keyed connection 9. Each hub 8
contains on its outer surfaces, mounted utilizing leashes
pivotally on the axes, pairs of rubber blades 7, of which
it contains four (located at the ends of mutually perpen-
dicular axes). In this case, the ends of the rubber blades
of one cleaning shaft are located in the gaps between the
blades of the second cleaning shaft. The angle at which
the cleaning shafts are installed ensures an appropriate
root crop capture zone in the front part of the cleaner
and is of little importance. The directions of translational
movement of the experimental setup and the rotational
movements of its components are shown in the diagram
by arrows.

Figure 2 shows a non-exhaustive view from the end of
the cleaning shaft 6 with pairs of rubber cleaning blades 7
mounted on hubs 8.

Figure 1. Diagram of a field experimental setup for studying the quality
of cleaning root crop heads from the remains of tops on the root
Note: a) side view; b) top view, 1 — aggregating tractor; 2 — hitch; 3 — frame; 4 — elements of driving the cleaning shafts
in counter—rotating motion; 5 — support and copy wheels; 6 — driving cleaning shafts; 7 — pairs of rubber cleaning blades;

8 — hubs with hinged cleaning blades

Figure 2. Installation of rubber blade pairs on the drive cleaning shaft
Note: 6 - cleaning shaft; 7 - rubber blade; 8 - hub; 9 - keyed connection of the shaft and hub; 10 - leash; 11 - hinge axis
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Figure 3 shows a general view of one element of the
cleaning working body, which consists of a pair of side-by-

side rubber blades 1 mounted pivotally on axis 2 on the hub
of the cleaning blade with two leads 3.

1 3

}

Figure 3. General view of the cleaning element

Note: 1 — rubber blades; 2 - hinge axle; 3 — hub leads

This cleaner uses conventional rubber blades used on
the OGD-6A type cleaner (Root head cleaner, double-shaft,
capable of cleaning 6 rows of root crops, “A” — modernised,
can be separately aggregated with a tractor of class 1.4
or 2.0; Manufacturer: Ternopil Harvester Plant, Ukraine),
which have standard dimensions: length 25...33 cm; width
6...8 cm, thickness 1.5...2.0 cm. At the outer ends of each
blade, along their entire width, there were staggered rubber
protrusions, 0.3...0.5 cm high and hemispherical in shape.
The hinge point of each blade was reinforced with a thin
metal - tin. All blades are made of solid moulded rubber.

Figure 4 shows a general view of the experimental set-
up attached to a wheeled aggregating tractor during the
field experimental studies.

Figure 4. Experimental setup
during field experimental research

Figure 5 shows a view of a field of root crops prepared
for the head cleaner, in which a linear metre is highlight-
ed, from which the main bulk of the tops has already been
cut with a standard top harvester, but the tops remain. This
field area is bordered by a wooden frame, which is the size
of a running metre with a width equal to the sum of half the
standard row spacing from the crop row axis. All residues
were collected from the area bounded by the frame after
passing through the stubble harvester. However, before

passing the cleaner, the frame was removed from the scor-
ing area, but its boundaries were fixed with wooden stakes
that were driven into the soil.

Figure 5. The field area prepared for the cleaner

The methodology for conducting field experimen-
tal studies to determine the quality of cleaning root crop
heads from the remains of tops on the root was in line with
modern requirements in some respects (V. Nadykto, 2017,
H. Beloev, 2021).

From the beginning, a field area with root crops was
carefully prepared (the area with sugar beet crops was the
most suitable for this purpose), which was (in terms of
timing and agrophysical crop assessment) suitable for har-
vesting. The physical and mechanical properties of the soil
with the crops, as well as the biological condition of the
root crops themselves, were measured and comprehensive-
ly analysed. Then, the operation of cutting the tops from
the heads of root crops was performed using a convention-
al tops harvester, type BM-6A (a tops harvester capable of
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harvesting tops from 6 rows of root crops, manufactured by
the Ternopil Harvester Plant, Ukraine). At the same time,
the harvester itself did not have a head cleaner, which was
previously disconnected from it. After the passage of the
six-row pumpkin top harvester, the plantation was as-
sessed based on the results of the first main continuous
cut of the green mass of the pumpkin top. Here, the main
indicator in assessing the performance of the top harvest-
er was the quality of the cut of the heads (the presence of
highly cut root bodies, chips, cracks, and root bodies being
knocked out of the soil) and the presence of those residues
of tops that the tops harvester was unable to cut and collect
properly. Such a thorough assessment of the quality of the
top harvester gave every reason to further compare and re-
liably assess the quality of cleaning the heads of root crops
from residues on the root with the improved cleaner itself,
i.e., to actually “separate” the quality of cleaning during
the first and second cleaning.

Subsequently, the process of cleaning the heads of root
crops with this cleaner took place, while two adjacent rows
were immediately selected, and similar conditions were de-
termined using a frame with the contours of one running
metre. Next, all residues were manually cut off both after
passing through the stubble harvester alone and after si-
multaneous passage through the stubble harvester and the
cleaner. In both cases, all residues were carefully collected
and weighed on an electronic balance with an accuracy of
0.1 g. The obtained weighing results in both cases, i.e.,
before and after the passage of the cleaner, made it possi-
ble to assess the quality of cleaning the heads of root crops
from residues.

The degree of cleaning of root crop heads from resi-
dues on the root was then calculated using the following
formula:

§ =M » 100, 1)
M

where J - root crop heads cleaning degree, %; M — weight of

residual tops before the cleaner passage, g; M, — weight of

residual tops after the cleaner operation, g.

The conditions for conducting field experimental stud-
ies of the improved cleaner were as follows: soil type and
name by mechanical composition — black soil, low-humus,
medium loamy; average soil hardness — 2.0...2.8 MPa; av-
erage soil moisture — 12.1...14.5%; surface relief - flat; root
crop yield - 53.4 t-ha™!; tops yield — 13.3 t-ha™!; plant den-
sity — 82.9 thousand pcs.t-ha™!; average distance between
root crops - 8.8 cm; type of tops by shape: “rosette” —
21.1%, “semi-rosette” — 50.8%, “cone” — 28.1%; location
of root heads relative to the soil surface level: from 0 to
20 mm - 36.4%.

The following instruments and equipment were used
in the field experimental studies: the angular velocity of
rotational movements of the drive cleaning shafts was
measured and recorded using a strain gauge (Fig. 6), the
translational speed of the experimental unit was measured
using a measuring wheel (Fig. 7).

M. Budzanivskyi

Figure 6. Load cell for measuring the angular speed of
rotation of cleaning shafts

\\

Figure 7. The track wheel mounted on the cleaner

The strain gauge was mounted on the rear PTO shaft
of the aggregating tractor, which made it possible to im-
mediately record and measure the angular velocity of its
shank using the developed program and connected to a PC
using an electronic converter. Next, the angular velocity of
the cleaner’s drive shafts was converted to the angular ve-
locity of the cleaner, and the required variable angular ve-
locities of the rotational movements of the cleaner shafts
themselves were set using interchangeable sprockets in
the drive. The design of the drive of the cleaning shafts in
the experimental setup was made using cardan shafts, a
gearbox and chain gears, which ensured their counter ro-
tation in the direction of the axis of the row of root crops.
The measuring wheel, which was connected to the cleaner
frame, also provided accurate values of the translational
movement of the cleaner during field experimental stud-
ies in different modes of its operation using the developed
program and connection to a personal computer (PC)
through a converter. The exact location of the ends of the
rubber blades relative to the field surface was determined
each time using a metal ruler, which allowed the screw
mechanisms of the cleaner frame copy wheels to accurate-
ly set different values of the height of the location. These
measurements were made with an accuracy of 1 mm.

To determine the influence of independent factors on
the quality indicators of the investigated root crop head
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cleaner from the residues of tops on the root, a compara-
tive multifactorial experiment was planned and conduct-
ed, or a full-factorial experiment (FFE) of the FFE type P,
where P — the number of levels of variation of the factor;
k — the number of factors present in the experiment (Du-
shynsky, 2000). An indicator that characterises the quali-
ty of the cleaner’s operation is the residue of stubble per
linear metre (g-™!) that occurs after it passes through the
scoring section of the row. This parameter in the model of
the multifactorial experiment was chosen as an optimisa-
tion function, i.e. a dependent variable that can be taken as
a functional: Y=f(x ; x,; x,), where Y - residues of stubble
from the first to the i-th case; x, X,,..., x, — natural inde-
pendent variable factors.

These natural independent factors were selected fol-
lowing the relevant conditional plan of the multivariate
experiment, which was implemented in the following se-
quence. To determine the amount of stubble residue Y on
each running metre, the following independent variables
were taken as the independent variables:

O is the speed of translational movement V, which was
encoded by the index X;

O is the angular speed of rotation of the cleaning
shafts o, which was coded by an index X,;

O the height of the rubber blade ends relative to
the horizontal soil surface h, which was coded by the
index X..

When coding the factors, the factor space is linearly
transformed - the origin is moved to the centre of the ex-
periment, and the scale on the axes is chosen in units of
factor variation. The factors were coded using the follow-
ing relationship:

2 (x;—x;

K= @
where X, - the coded value of the factor (dimensionless
value); x, — the value of the factor in named (natural)
units; x,, — the natural value of the factor at the zero level;
X ., X . — the maximum and minimum values of the fac-
tor, respectively.

When constructing the planning matrix of the full-fac-
torial experiment, coded designations of the upper, low-
er and zero levels of variation by each factor were intro-
duced, which were respectively designated as (+1), (-1),
(0). The factors that determine the quality of the tech-
nological process under consideration were selected and
coded, and the levels of their variation were established
simultaneously in natural and coded forms (Table 1).

Table 1. Results of coding factors and their levels of variation FFE 33

Factor Markings iation level 1 ded
actors Coded Natural Variation levels, natural / code

Translational speed V, m-s™! X, X, 0.9/-1 1.6/0 2.1/+1

Angular velocity of rotational movements _

of the cleaning shafts o, rad-s™! X, % 36.6/-1 56.5/0 76.6/+1

Height of the blade ends relative .

to the soil surface h, cm X, = 0/-1 2/0 4/+1

Source: compiled by the author

The natural variables were then coded based on the
data in Table 1 and their values were set as follows:

X=1.67-V-2.67,
X,=0.05-w-2.81, 3)
X=0.5-h-1.

After coding the factors, a planning matrix of the cor-
responding multivariate experiment of the FFE 3° type was
compiled for the total number of experiments N=35.

To reliably assess the quality of the root crop head
cleaner’s operation from the residues of tops on the root
during field experimental studies, the required number of

measurements of the controlled parameters (repetition of
experiments) was determined according to the methodolo-
gy outlined in (Hailys, 1992). In this case, the experiments
were conducted in six replications.

When implementing the compiled plan matrices, to
eliminate the influence of uncontrolled and unregulated
factors on the results obtained, the plan matrix was ran-
domised by the random balance method, which was imple-
mented by randomly drawing the serial numbers of exper-
iments, i.e., randomly.

The randomized design matrix of the multivariate ex-
periment FFE 3% is shown in Table 2.

Table 2. Randomised design of a FFE-type experiment 3°

No. Factor levels Factor interrelation

Optimisation factor

Average

. Repetitions values
experiment X, XX, X XXX, X XXy XXXy X XXX 1 2 3 4 5 6 T, gm™!
1 #1 -1 -1 -1 +1 +1 +1 -1 14.6 12.8 14.5 26.6 28.8 24.6 20.3167
2 +1 +1 -1 -1 -1 -1 +1 +1 12.2 13.9 12.8 9.8 16.2 15.5 13.40
3 +1 0 -1 -1 0 0 +1 31.6 37.2 38.4 28.4 37.3 36.8 34.95
4 +1 -1 +1 -1 -1 +1 -1 +1 2.8 2.7 6.1 5.8 5.1 2.7 4.20
5 +1 +1 +1 -1 +1 -1 -1 -1 4.1 9.3 9.2 10.4 8.9 11.1 8.8333
6 #1 0 +1 -1 0 0 -1 4.7 6.2 5.8 8.1 8.7 9.7 7.20
7 1 -1 0 -1 0 +1 0 5.9 10.3 12.6 13.5 8.2 114 10.3167
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Continued Table 2.
No. Factor levels Factor interrelation Optlmlsat}ctn factor Average
experiment Repetitions values
8 +1 +1 0 -1 0 -1 0 0 8.9 13.7 10.8 10.7 14.5 12.8 11.90
9 +1 0 0 -1 0 0 0 0 9.7 17.3 16.8 21.7 31.6 30.4 21.25
10 +1 -1 -1 +1 +1 -1 -1 +1 124.8 156.1 1562 111.4 120.3 120.8 131.60
11 +1 +1 -1 +1 -1 +1 -1 -1 167.8 156.3 154.1 110.7 1069 121.4 136.20
12 +1 0 -1 +1 0 0 -1 0 68.4 72.3 70.9 70.5 90.1 84.3 76.0833
13 +1 -1 +1 +1 -1 -1 +1 -1 6.2 6.0 8.8 7.9 9.9 10.1 8.15
14 +1 +1 +1  +1 +1 +1 +1 +1 90.1 87.0 64.7 54.7 58.7 58.4 68.9333
15 +1 0 +1  +1 0 0 +1 0 34.1 435 431 53.6 341 443 42.1167
16 +1 -1 0 +1 0 -1 0 0 15.8 18.2 21.7 22.4 21.6 22.3 20.3333
17 +1  +1 0 +1 0 +1 0 0 99.0 110.8 125.3 130.1 128.6  131.5 120.8833
18 +1 0 0 +1 0 0 0 0 60.1 71.0 80.8 827 88.6 91.4 79.10
19 +1 -1 -1 0 +1 0 0 0 88.1 106.7 100.7 85.3 132.5 89.1 100.40
20 +1 +1 -1 0 -1 0 0 0 102.5 994 1128 999 943 1103 103.20
21 +1 0 -1 0 0 0 0 0 42.2 52.6 59.6 59.1 66.8 59.5 56.6333
22 +1 -1 +1 0 -1 0 0 0 4.1 4.2 9.1 7.6 7.2 8.8 6.83333
23 +1 +1 +1 0 +1 0 0 0 647 61.6 446 433 505  50.1 52.4667
24 +1 0 +1 0 0 0 0 0 10.9 12.3 11.2 13.9 13.1 12.3 12.2833
25 +1 -1 0 0 0 0 0 0 8.0 13.2 18.8 19.6 15.5 20.0 15.85
26 +1  +1 0 0 0] 0 0 0 66.7 73.1 74.1 76.1 83.8 78.5 75.3833
27 +1 0 0 0 0 0 0 0 69.4 84.8 91.6 95.5 42.2 61.8 74.2167
Source: compiled by the author
Statistical processing of the results of experimental  which was determined as follows:
studies obtained after the implementation of the multifac- G=(5,,) (1, S), )

torial experiment was carried out in the following sequence.

Thus, the response function (i.e., the optimisation
parameter) was taken as an approximating mathematical
model of a full square polynomial (Hailys, 1992), which
describes the real experimental process:

Y=b0+b1 -X1+b2-X2+b3-X3+b12-X1 'X2+b13'X1 Xt

e X . eX eX . . y2 cy2 . y2
+b23 XZ X3+b123 Xl XZ X3+b11 X1+b22 X2+b33 XSZ’

“)

where Y - experimentally obtained values; b, b, b,, b., b,,,
b, b,, b, b, b, and b, — regression coefficients of the
corresponding values of the input factors x; x,, x, and x, —
initial coded factors.

The coefficients of the approximating polynomial, rep-
resented as a full quadratic equation, were determined by
the corresponding general formulas (Hailys, 1992), subject
to orthogonality and symmetry:

O free term b, and coefficients b, i-th factor will be:

bi:(Zﬁ=1xiu'yu)'(Zﬁ=1 xizu)_lz (Zg=1xiu' yu)'(N)_ly (5)

Q) interrelation coefficient b,-,- can have two such values
under the influence of two and three variable factors:

bij = (Zhl=1 X Xij Fu) - (N)7Y
(SN a3 ) - (N)-L (6)
buk - (Zu:lxlu xu Xku yu) (N) ’

where x,, x; and x,, - the value of the coded variable in the
corresponding column of the experiment plan; y - average
value of u-th experiment; u — serial number of the experi-
ment; i — factor number; j, k — factor number other than i;
N - number of conducted experiments.

The reproducibility of the obtained values of the ex-
perimental array with an identical number of repetitions

for each experiment was checked by the Cochrane criteria,

where G - Cochrane’s calculated value of the criterion;
S, ... — humerical value of the maximum variance in u-th
point; S - variance, which characterises the dispersion of
research results of u-th experiment.

The variance of the reproducibility of the experiments

was determined according to the following expression:
SV =[ZN(Y, - Y)’I-[N-(m-D)]", ®)

where Y, - numerical values of i-th response of u-th
experiment; 17; — average response value of u-th experi-
ment; m — repetition values of each u-th experiment.

The calculated value of the Cochrane criterion
G=0.0702. The calculated values of the Cochrane criteri-
on were compared with the table values G,=0.1327 with a
limit of &=0.05. Condition G< G, is true and variances are
assumed to be homogeneous, which means that the pro-
cess is reproducible.

Statistical significance of the coefficients of the regres-
sion equation b, was tested by t-Student’s test and was de-
termined in the following sequence:

O is the variance of experimental errors in the lines of
the FFE plan:

2(p) = . §2(Y) -
§2(b) = - 5%(Y) ; 9
O reproduction error:
Sb) =yS*(Y); (10)
O condition of coefficients significance b, :
by > tr S(b), (11)

where ¢ - the table value of the Student’s coefficient, which
is selected from the table depending on the degree of free-
dom of correspondence f and significance level o, t,=1.96.
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The degree of compliance freedom equals:

f=@m-1)-N. (12)

If the significance condition is not met, the following
coefficient b, of regression equation was assumed to be in-
significant (equal to zero), and the corresponding term x, of
regression equation was excluded.

Thus, the following regression equation was obtained:

Y=48.6309+10.1185-x,-17.1025-x,+20.4086 -
-X,+4.0951-x,-x,-6.5278-x 2-x.+6.1716-
-X, X, +1.6531-x -x,-x.-2.207 - X2.

(13)

The adequacy of the chosen mathematical model
to the experimental data, i.e., the correspondence of the
mathematical model to the real process, was checked by
the F Fisher’s criteria by calculation:

O variance of adequacy:

Sc%g = Nl—g ) Zﬁ=1(?u - 371;.)2 ’ (14)
where N-g — number of degrees of freedom of the variance
of adequacy; g'— number of significant coefficients in the
regression equation; }7u — average response value in u-th
experiment; y, - response value in u-th plane point, calcu-
lated by the regression equation;

O calculated Fisher’s conformity criteria F,:

_ Sk
P~ s2(y)’

(15)

where S,(Y) - experiment reproduction variance;

O tabulated value of the Fisher’s criteria F, per set var-
iance levels a and two degrees of conformity were defined
using the following expressions (Dushynsky, 2000):

f,=N-g (16)

and
f,=N-(n-1). (17)
The condition for the adequacy of the chosen mathe-
matical model was tested using the following inequality:

F <F, (18)

The obtained value F, was compared with the table
value F,. The calculated value of Fisher’s criteria is equal
to F = 1.48, and, according to F,=1.88 at the 5% level of
significance. Thus, the condition of adequacy of the chosen
mathematical model is met, i.e., the regression equation of
the multivariate experiment is adequate to the experimen-
tal data. The multiple correlation coefficient R was then
determined using the following expression:

1 — Bt Fu=9)?
25:1(}711_‘7)2 ’

(19)

where Y is the average value of the function determined
from the experimental data.

The calculations have established that the value of the
multiple correlation coefficient is R=0.85. Accordingly, in

natural coordinates, the regression equation after transfor-
mation and simplification of expressions will be as follows:

Y=63.498-4.9527-V-0.8498 -» +19.5504-h-0.2723-w-h+
+1.2733-V-h+0.2026- V-0 +0.0688-V-w-h-0.5518-h% (20)

Thus, the obtained regression equation (20) describes
the dependence of the residues Y of tops on the heads of
root crops when they are cleaned by the improved design of
the cleaner on its translational speed V, the angular speed
of rotational movement w of its two cleaning shafts when
they move in the opposite direction, and the height h of
the ends of the rubber blades relative to the soil surface,
which separate the residues from the heads of root crops.

The use of the regression equation (20) allowed us to
process and analyse the results of the experimental studies
using the Statistica 13.0 software package for PC.

RESULTS AND DISCUSSION

Based on the results of statistical calculations, three-di-
mensional spatial dependences of the response surfaces
of the top residues per linear metre during the operation
of the root crop head cleaner and their two-dimensional
cross-section were constructed to visualise the results of
the experimental field studies.

The obtained regression dependencies of the residues
of tops per linear metre during the operation of the root crop
head cleaner in the form of a functional characterised the
effects of single factors (speed of translational movement
of the cleaner V, angular speed w of rotation of the cleaning
blades and height h of the blades relative to the soil sur-
face) and their interaction on the optimisation parameter.

Figures 8-10 show the response surfaces of the resi-
dues of tops per linear metre during the operation of the
root head cleaner and their two-dimensional cross-sec-
tion as a function of two variable factors x,, , with the con-
stant unchanged corresponding third factor x,; = const,
the value of which was at the zero level. The response
surfaces of the residues of tops per linear metre were also
constructed for the minimum and maximum levels of the
third factor x, ; = const and, respectively, the two variable
factorsx,, ,.

According to the obtained graphical dependencies, the
range in which the minimum values of tops residues Y are
observed when cleaning root crop heads and the optimal
values of the translational speed of the cleaner and the
angular velocity V of rotational movements of its cleaning
shafts is the zone where the angular velocity w of rotations
is almost maximum and should be within 65...80 rad-s!,
and the translational speed of the cleaner should be with-
in 1.0...1.8 m-s! (Fig. 8). Physically, this is explained by
the fact that almost maximum values w provide a greater
number of blows to each head of the root crop. As for the
speed V, it’s not a high enough value, for example, 1.0 m-s~!
or even less, significantly increases the processing time of
each head, which will naturally improve the quality of their
cleaning from residues.
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Similar results are observed from the graphical de- rubber blades should not touch the soil surface at all.
pendencies shown in Figure 9. Thus, the minimum resi-  Physically, this results in their initial impacts not on the
dues Y on the heads of root crops are in the zone when root crop heads themselves, but on the soil. This signif-
the height h of the ends of the rubber blades above the icantly reduces the quality of cleaning of the root crop
soil surface should have minimum values and be in the  heads themselves. Furthermore, when the corresponding
range of 0.3...2.5 cm. In this case, the forward movement  rotational movements are set to the cleaning shafts, the
speed V of the cleaner can be in a wider range of values, rubber blades are capable of stretching (i.e., their length
namely 1.0...2.0 m-s’'. However, it should be noted that increases under the influence of inertial forces), which
the minimum heights of the ends of the rubber cleaning can lead to their contact with the soil surface, the capture
blades relative to the soil surface level are not very de-  ofits particles and, as a result, a decrease in cleaning per-
sirable. This results from the fact that these ends of the  formance and premature wear.
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The dependence of residues Y on the heads of root
crops on the height h of the cleaning blades above the soil
surface and the angular velocity  of the rotational move-
ments of the cleaning shafts indicates that the zone of op-
timal values of these parameters is at the maximum values
® and minimum values h, which is rather natural (Fig. 10).

In general, the analysis of the above regression equa-
tion and the graphical dependencies obtained show that
the factors that increase the amount of stubble residue
per linear metre are the height of the blades relative to
the soil surface h and the speed V of forward movement.
An increase in the angular velocity o of the rotation of
the cleaning shafts leads to a decrease in the amount of
stubble residue.

Changing the forward speed of the cleaner V in
the range of 0.9 to 2.1 m-s’!, the amount of stubble resi-
due increases by 1.55 times, when changing the angular
speed of rotation of the cleaning shafts @ in the range of
36.4...76.6 rpm, the amount of stubble residue decreases by
2.09 times, and in the range of changes in the height of the
blades relative to the soil surface h from 0 cm to 4 cm, the
amount of stubble residue increases by 2.58 times.

It should be noted that during the field experimental
studies to determine the quality of cleaning the heads of
root crops from residues, the heads themselves were not
damaged by rubber blades. After the run of the head har-
vester, which made a continuous cut of the green mass of
the tops, there were cases of cutting off the upper parts of
the heads, but only those that were high above the soil sur-
face. No noticeable damage in the form of chips, cracks, or
tearing of surfaces was observed after the cleaner passed
through. There were also no cases of root crops being
knocked out of the soil.

Comparing the results of the field experimental studies
of the new cleaner with similar results of previous studies

by other authors, certain difficulties arise. For example, no
experimental studies have been conducted using a meth-
odology that would allow evaluating the quality of head
cleaning only by the cleaner itself, separating the indica-
tors of continuous cutting by a stump harvester. Almost
all known previous studies of recent years (Zithak & Ko-
renko, 2011; Berezhenko, 2020) concerned the assessment
of the quality of head cleaning in general, i.e., the initial
continuous cut (and root crop head cleaners, of whatever
design, can clean the heads only after the main cut of the
tops), then additional cleaning from residues and even me-
chanical cutting of the upper part of each head. In other
words, the quality of the entire technological process of
harvesting the tops was investigated and evaluated.

However, comparing the quality indicators of this
root crop head cleaner with similar indicators of other
types (albeit in terms of the general indicators of the en-
tire process of simultaneous cutting and cleaning), there
is reason to believe that the amount of residual tops is re-
duced by almost 1.8 to 2.2 times compared to the clean-
ers with horizontal rotation shafts and flexible cleaning
blades mounted on them, which move across the rows of
root crops (Pogorely, 1983; Martynenko, 1997; Martynenko
& Kucher, 2002) and almost 1.25 to 1.28 times compared
to the cleaners with vertical cleaning shafts with flexible
elements moving along the rows of crops (Pogorely, 1983;
Borys, 2012).

Comparing the results achieved in our field experi-
ments, they are even better than in the cases when the blade
root head cleaners are used in conjunction with the top
head cutters. Thus, the results presented by I. Storozhuk
& and V. Pankiv (2015) are almost similar to ours, and the
results presented by E. Berezhenko (2020) show that in our
case, the number of residual tops on the heads of root crops
is reduced by about 5%.
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It is possible to make a detailed and, to the extent fea-
sible, comprehensive analysis of the high-quality indica-
tors obtained by us and to make general comparisons with
the results achieved by other authors. First of all, there is
every reason to believe that this is since in our cleaner, the
coverage of each root crop head during residue cleaning
from both sides creates conditions under which the ends
of the rubber cleaning vanes, acting simultaneously from
both sides, can apply forces to the front of the heads and
their rear, despite the straightforward forward movement.
The ends of the rubber cleaning vanes achieve this due to
their overlapping and the fact that they can enter the gaps
between the root crops on both sides. In other words, the
ends of the rubber blades of the two cleaning shafts, which
are directed towards each other, first enter the space be-
tween the adjacent root crop heads, and then, in their for-
ward movement, touch the front and rear parts of the heads
located in the row.

Furthermore, in this particular case, since the ends
of the rubber blades of one shaft are located between the
ends of the blades of the second shaft, conditional zones
of application of cleaning forces to each head are provided,
which overlap. In other words, the cleaning rubber blade
located on one side of the head first starts to interact with
the side surface of the head located on the other side. This
means that virtually all surfaces of the root crop heads,
which have both spherical and flat external shapes, fall
within the action zone of the ends of the rubber blades of
both cleaning shafts. This not only ensures that the root
bodies that are high above the surface level are not knocked
out of the soil, but also covers all the surfaces of the heads.

It is the installation of four rubber cleaning blades on
each hub that guarantees more intensive and consistent
interaction of their ends with the surface of each root crop
head. In addition, the presence of four hubs on each clean-
ing shaft carrying cleaning elements in the form of rubber
blades significantly prolongs the time of their interaction
(contact), which significantly affects the quality of cleaning.

Since two rubber cleaning vanes are mounted on each
axis of the hinge, each hub, with two leads, the effect is that
the first of the blades strikes the short green stalk of the
chaff first and can capture it (if the stalk has not separat-
ed) and bend it, After that, the second rubber blade (after
a very short period) immediately strikes again, but on the
bent part of the green stalk, which guarantees its absolute
separation. Gripping and bending are also facilitated by
the fact that the outer (working) ends of each rubber blade
have hemispherical rubber protrusions staggered along
their entire width. Their position and shape facilitate the
capture and bending of short and strong residues. In addi-
tion, the width of the ends of the rubber blades, their shape
and the presence of protrusions contribute to the effective
capture and detachment of dry and dead residues, which
can be located both in the rows of crops and the gaps be-
tween the root crops themselves in the row. Moving in a
bent position along the root crop head, the rubber cleaning
vane can move along it with its narrow, end part. In this
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case, the sharp edges of the blade cut off the remaining
tops. They effectively cut off both green, strong residues
and dry, fallen stalks that are located on the spherical sur-
faces of the heads. Such design features of the advanced
peeler contribute to a significant increase in the quality of
cleaning of each root crop head, regardless of its shape and
the presence of residues.

Even the small angle o at which the two cleaning shafts
intersect in the horizontal plane creates favourable condi-
tions so that at the end of the cleaning zone, i.e. at the very
ends of the drive cleaning shafts, the cleaning rubber blades
completely cover the entire upper part of each root head,
which guarantees complete separation of the green and
strong residues of the tops (green stem ends), which are also
located here. It is in this part of the peeler that the cleaning
force is significantly increased, as the blade ends strike the
heads with direct, central blows from top to bottom. And, as
this occurs while the cleaner is moving forward, the ends of
the rubber blades are very effective in gripping and simul-
taneously dislodging the residue on the top of the heads.

Thus, the new design of the cleaner has a longitudi-
nally located active cleaning channel, in which cleaning
forces are applied to each root crop head from virtually all
sides (from above, due to the counter-rotating movement
of both cleaning shafts) and both sides. The provided ad-
justments allow to adjust the functioning of the cleaner for
high-quality cleaning of any root crop. This not only signif-
icantly improves the quality of cleaning, but also ensures
that root crops are not knocked out of the soil. No other
known design that performs a similar technological pro-
cess has such features and technical characteristics.

CONCLUSIONS

An improved design of a root crop head cleaner from root
residues and a new mathematical model of a multifactorial
experiment to assess the quality of its operation have been
developed. According to the results of the field experimen-
tal study of the root crop head cleaner from root residues,
equipped with pairs of rubber cleaning blades mounted on
driven horizontal shafts with appropriate length pitches
that cover the row on both sides, it was found that it is pos-
sible to significantly improve the quality of cleaning.

The regression analysis and numerical calculations us-
ing statistical methods with the help of a PC allowed us to
establish the optimal design, kinematic and operational pa-
rameters of the improved cleaner, which ensure the highest
quality of cleaning (the lowest amount of stubble residue
per linear metre). For example, the position of the ends
of the rubber cleaning blades relative to the soil surface,
i.e. the parameter h should not exceed 1.5 cm. The angular
speed w of the counter-rotational movements of the clean-
ing shafts should be between 36.4 and 76.6 RPM. The trans-
lational speed V of the cleaner should not exceed 2.0 m-s™'.

The next stage of research is the experimental deter-
mination of the power and force characteristics of the de-
veloped design of the root crop head cleaner, depending
on the external conditions of harvesting the tops and the
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condition of the plantation where they are grown, as well ~ that these oscillations will further improve the quality of
as on the different geometric and physical and mechani-  cleaning root crops from residues on the root in any con-
cal characteristics of its cleaning blades. In the future, itis  dition of both the crop and the plantation on which they
also necessary to consider the issue of constructive chang-  are grown.
es to this cleaner. In particular, it provides its drive clean-

ing shafts with vibratory movements in different planes.

The greatest ability to do this, which will not require avery ~ None.
complicated improvement, will be the creation of forced

oscillatory movements of the drive cleaning shafts in the CONFLICT OF INTEREST
directions of their longitudinal axes. It should be assumed  None.
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EKcnepuyMeHTalNbHi AOCNif)YXeHHSA IKOCTi OUMLLIEHHS roJIOBOK
KopeHeniaHUX KynbTyp Bif, pelTOK Ha KOpeHi HOBUM OYNCHUKOM

AHoOTaUiqa. YV 3B’I3KY 3 TUM, 1[0 10 OUMCTKM TOJIOBOK KOPEHEIUTIAHMX KY/IbTYP Bifl PEIIITOK BMCYBAIOThCSI BUCOKI TeXHiUHi
BUMOTHU, pO3p0OKa HOBUX, OGiJIbIIl BIOCKOHAJIEHUX OUMCHMKIB, € BaXKJIMBUM i aKTyaJIbHUM MTUTAaHHSIM. MeTOI0 TaHOTO
IOCJTiIKEHHS OYJ10 IMiIBUIIIEHHS IKOCTi TEXHOIOTIYHOTO IPOLIECY OUYMCTKYM LIIITXOM BM3HAUEHHS ONITUMAaIbHUX KiHEMaTUYHMX,
KOHCTPYKTUBHMX Ta €KCIUTyaTalliifHMX TapamMeTpiB HOBOTO OYMCHIKA TOJIOBOK KOPeHeIUTiHMX Ky/IbTYP BiJl peIITOK Ha KOpeHi.
Inst 11boro GyJ1a BUTOTOBJIEHA HOBA KOHCTPYKIIiSI OUMCHMKA TOJIOBOK KOPEHEIUTiIHMX KYJIbTYD, SIKa 03BOJISI/Ia BUKOPUCTOBYBATH
pi3Hi 32 MexaHiUHMMM BJIACTMBOCTSIMM Ta PO3MipaMM OUMCHi eJieMeHTH, Ta 3MiHIOBATH 110ro KiHeMaTUYHi mapameTpu B
3aJIEXKHOCTI Bif Ti€l Ky/IbTYpH SIKY BiH 00po6sisie. Takox Oyia BUTOTOBJIEHA HOBA eKCIIEPYMEHTAIbHA YCTAHOBKA, B sIKili Oy/10
BCTAHOBJIEHO 1€} OYMCHMUK i 3a IOTTOMOTOI0 SIKO1 3MiHIOBAJIM 110T0 eKCIuTyaTalliliHi mapamMeTpu. [jis TpoBeeHHS TOCTiIsKeHHST
Oysia po3pobiieHa HOBa MaTeMaTMYHa MOJIe/Tb 6araTo(hakTOPHOTO eKCIIEPMMEHTY. 3a pe3yJibTaTaMy ITPOBEIEHOT0 ITOJIbOBOTO
eKCIIepUMMeHTaTbHOTO0 AOCTiAKeHHSI, KOPeJISILIifiHOTO aHa/li3y Ta CTaTUCTUYHUX UMCJIOBMUX PO3PAxXyHKIB 3a JOMTOMOTOI0
I1K BcTaHOB/IEHI ONTUMAaIbHI KOHCTPYKTUBHI, KiHEMaTUYHi Ta eKCIUTyaTalliliHi mapamMmeTpy BIOCKOHA/JIEHOTO OUMCHMKA,
MIPU SIKMX CIIOCTEePIra€ThCsl HaMBUIIA SIKiCTh OUMCTKM (HaliMeHIIa KiJIbKiCTh 3a/MUIKiB TMUKM Ha IOTOHHOMY MeTpi). 3a
pesyJibTaTaMy IPOBEIEHOr0 KOPEISIIiiiHOTO aHasli3y 6y/i1 OTpUMMaHi Taki ONTHUMaJbHi TapaMeTpy BIOCKOHAJIEHOTO
OUMCHMKA r'0JIOBOK KOPeHeIUTIAHUX KYAbTYP BiJ, pellITOK Ha KOPeHi: po3TalllyBaHHS KiHIiB T'YMOBUX OUMCHUX JionaTeli
BiIJHOCHO TTOBEpPXHi I'PYHTY, TOOTO mapaMeTp h He TTOBMHEH TepeBuiryBaTu 1.5 cm. KyroBa mBUAKICTh @ 3yCTPiuHO
0b6epTaqbHUX PYyXiB OUMCHUX BaJliB MOBMHHA BiAIIOBiIaTy TAKOMY iHTepBaay 3HaUeHb — 36.4...76.6 rpm. lIBuaKicTs V
MOCTYMaJbHOI'O PYXY OUMCHMKA ITOBMHHA OYTY He 6inbinoo Hixk 2.0 m-s~!. OTpuMaHi KOHCTPYKTUBHI, KiHeMaTU4Hi
Ta eKCIUTyaTalliiiHi mapaMeTpy MOXYTb OYTHU YCHIIIHO BUKOPYUCTAaHI B KOHCTPYKTOPChKMX GIOPO MPYU MPOEKTYBAHHI
MepPCIeKTUBHMX MalIVH 111 36MpaHHs PisHUX KOPeHeIUTiJHMX KY/IbTYP, B HAYKOBO-AOCIIAHMX YCTAHOBAX Ta YHiBEpCUTETaX
MpY IPOBeHeHHi CyJyaCHUX JOCTiIKeHb B Taly3i arpoiHkeHepHUX HayK
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The screw-type electrothermomechanical converter as a source
of multiphysical influence on the technological environment

Abstract. In ensuring the reliability of electromechanical converters in harsh conditions, the problem of increasing
the energy efficiency of their application through structural, functional, and thermal integration with the technological
environment is present. Thus, the research aims to determine the conditions of the direct multiphysical impact of a screw-
type electromechanical converter on the technological environment. The method used is based on determining the list
of features of screw-type electromechanical converters using the Comsol Multiphysics software, and a combination of
three-dimensional and two-dimensional finite element models limited to the rotor with the inclusion of blades in the
computational domain. Two variants of forming an algorithm for the multiphysical impact on the technological environment
were studied: local concentration of the impact in certain areas of the rotor and uniform distribution along the rotor surface
of temperature, pressure, magnetic induction, and electric field strength. The regularities of the distribution of magnetic
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induction on the outer surface of the ferromagnetic rotor at different azimuthal locations of the frontal parts of adjacent
stators have been established. The distribution of the normal component of the magnetic flux density at the contact
with the process medium in the form of rutile product or ilmenite concentrate is determined. The consumed electric
energy is distributed in the stator tooth zone and the zone of electromagnetic field penetration into the rotor. Eddy
currents are concentrated at the penetration depth from the rotor’s inner surface, with the penetration depth depending
on the thermal state and sliding mode. The electric field intensity on the rotor’s outer surface reaches 0.8 V/m in the
areas opposite the stator crowns and depends on the current activity of the phases at a given moment. Controlling the
thermal and speed regime of the rotor can be used to create conditions for bioenergy stimulation on its surface in places
of contact with the medium or to support the process of electrode heating of the technological medium. The adequacy
of the mathematical models proposed for numerical modelling to the experimental data of the prototype of the screw
electromechanical converter was confirmed, with deviations not exceeding 9.5%. The obtained results can be used to predict
the optimal indicators of electromagnetic and heat transfer processes in screw electromechanical converters associated
with the technological environment

Keywords: magnetic induction; eddy currents; temperature field; electromagnetic field; thermogram, magnetic

permeability

INTRODUCTION

Most electromagnetic devices (EMDs) are characterised
by the simultaneous action of electromagnetic, thermal,
vibration, mechanical and acoustic fields not only on the
electromagnetic core of the device but also on the tech-
nological environment. These EMDs contain continuous-
ly moving or stationary parts with the required electrical
conductivity and magnetic properties that are in direct
contact with the process medium - solid, liquid, gaseous
and multiphase objects that are actively or passively used
in the technological process of production or use of prod-
ucts. An urgent problem is the drying and processing of wet
dispersed waste from food production, which can then be
effectively used as fertiliser, livestock feed or biofuel (Bul-
gakov et al., 2020).

A special category of EMDs is represented by solid
rotor induction motors (SRIMs), which, due to their rigid
construction and integrity, can operate at the highest re-
quired rotational speeds. These machines can be used in
aggressive and humid environments and integrate design
and functionality with the process. All types of energy dis-
sipation in such machines are used to process raw mate-
rials. For example, in screw electromechanical converters
(SEMCs), an external massive rotor can contact the pro-
cessing medium and create multiphysical processes for
processing raw materials (Zablodskiy et al., 2021).

T. Wolnik & T. Jarek (2022) compared the losses, pow-
er factors, and efficiency of induction motors with a solid
and shielded rotor magnetic circuit. It was found that the
increase in total losses of the solid rotor is primarily due to
the growth of eddy current losses in the presence of high-
er harmonics and subharmonics in the magnetic flux har-
monic spectrum. The comparison of design parameters and
weight reveals that the solid rotor has a simplified design
and manufacturing technology and a lower weight, espe-
cially for motors with an external rotor.

To increase the power factor, V. Kaplun et al. (2022)
suggested using internal capacitive compensation of the
reactive power of an induction motor. A winding with two

parallel windings in each phase is used, one of which forms
the main winding that is connected to the power supply
network. The other parallel winding in the core slots is off-
set relative to the main winding and forms an additional
winding that is switched on according to the scheme of a
rotary autotransformer to an electric capacitance. A com-
parison of the modelling results of the basic and improved
motors indicates the possibility of increasing energy effi-
ciency and torque when using internal capacitive reactive
power compensation.

C.A. Wengerkievicz et al. (2022) analysed the possibil-
ities of determining the loss distribution of an induction
machine with a two-phase stator winding and a massive
groove-less rotor by testing according to standard meth-
ods used for squirrel-cage induction motors. Even if a high
operating frequency is required, the tests are carried out
at a reduced frequency and voltage to avoid the influence
of time harmonics. It is proposed to adjust the loss distri-
bution to take into account the effect of high slip without
load, as well as to analyse parasitic losses during load tests.
The final test results are extrapolated to establish nominal
conditions. According to C. Mellak et al. (2022), motors with
a solid rotor have higher mechanical and thermal stability,
and better stator current to electromagnetic torque ratio at
high slip, which makes them suitable for compressor pro-
duction, railway electric transport, and medicine.

However, there are applications where efficiency may
not be the most important parameter. In this case, the tech-
nological environment may have high temperature, pres-
sure and humidity or a limited volume. To predict losses,
A. Laidoudi et al. (2020) proposed an analytical model that
is combined with a thermal model to predict the tempera-
ture in different parts of the machine and the effect of tem-
perature on parameters important for EMD performance.

A wide range of technological processes with heavy
temperature loads exist that require the direct coupling
of rotating parts of EMDs with actuators. M.M. Mazlan et
al. (2019), and F. Campuzano et al. (2019) proved the
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effectiveness of using a screw converter in the processing
of bulk and plastic substances. The influence of hydroly-
sis parameters on the mixing torque was investigated for
single- and twin-screw electromechanical converters by
C. Feng et al. (2019). In these studies, regression models
were developed to establish a correlation between system
parameters and time-varying parameters. M. Mushtruk et
al. (2020) investigated the issue of high energy consump-
tion associated with machining in an electromechanical
screw converter.

A feature of the considered methods and results of
studies of electromechanical converters is the stationary
temperature conditions of the surrounding cooling medi-
um. However, for screw-type electromechanical converters
(SEMCs) for technological purposes, studies with nonlinear
changes in the load-cooling medium become relevant. The
second important feature of the design and application con-
ditions of the SEMC is that the presence of a wide range of
harmonics in the distribution of its resulting magnetic field,
which forms eddy current losses, is a useful component for
ensuring the temperature regime in the rotor-technological
environment system. At the same time, the electromagnet-
ic system of the SEMC should provide the required electro-
mechanical characteristics and overall efficiency. As such,
along with solving the problem of ensuring the reliability
of electromechanical converters in harsh environments, a

axial magnetic flux circuit

scientific demand for improving the energy efficiency of
their use through structural, functional, and thermal in-
tegration with the technological environment is present.
Thus, the research aims to determine the conditions of
the direct multiphysical influence of an electromechanical
screw-type converter on the technological environment.

MATERIALS AND METHODS

The research was carried out at the Educational and Re-
search Institute of Energy, Automation and Energy Sav-
ing of the National University of Life and Environmental
Sciences of Ukraine in 2020-2022. The object of the study
was electromagnetic, electromechanical, and thermal pro-
cesses in the electromagnetic system of the screw elec-
tromechanical converter (SEMC) and the areas of direct
contact of the external massive rotor screw with the tech-
nological environment. Two variants of forming an algo-
rithm for the multiphysical influence on the technological
environment in accordance with the technological process
were considered: the first variant is the local concentration
of such impact in certain areas of the rotor; the second
variant is the uniform distribution along the rotor surface
of temperature, pressure, magnetic induction, and electric
field intensity. Numerical modelling was carried out for the
SEMC, a fragment of the electromagnetic system design
which is shown in Figure 1.

screw spiral

stator

fixed shaft

rotor

Figure 1. The SEMC electromagnetic system
Note: blue contours show the circulation of the longitudinal magnetic flux in the intermodule zone; G — outer surface of

the rotor with the rotor helical blades (ribs)
Source: compiled by the authors

A method based on the numerical determination of
the characteristics of the SEMC using a combination of
three-dimensional and two-dimensional finite element
models, limited by the rotor with the inclusion of blades
in the computational domain is applied. Considering the
identity of electromagnetic and thermal processes occur-
ring on the stator-common rotor modules of the electro-
magnetic system of the SEMC, the simulation was carried
out for one of them in the Comsol Multiphysics software
environment (AC/DC Module User’s Guide, COMSOL Inc.,
Burlington, MA, USA, 2018). The numerical analysis of the

electromagnetic field was carried out using a mathemati-
cal model (MM) and the spatial distribution of the grid of
an electromechanical screw-type device for the hydrolysis
processing of feathers (Fig. 2).

The operating loading and cooling medium are in di-
rect contact with the screw rotor. Depending on the loading
mode of the SEMC, the process medium can be represented
in the following types: at idle (system warm-up mode) - air;
at the main operating mode - a continuous heterogeneous
medium using averaged characteristics (specific conductiv-
ity, magnetic and dielectric constant).
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Figure 2. Finite element mesh in the design domain

Source: N. Zablodskiy et al. (2021)

Considering these properties of the technological envi-
ronment, other vectors of electric induction and magnetic
field strength were introduced to account for all the induced
currents, namely: polarisation current of bound charges;
free carrier current; eddy current of magnetisation:

D(r, t)=E(r, t)+4mP(r, t); H(r, t)=B(r, t) +41M(r, t), (1)

where P(r,t)=["_j(r, t) dt — a polarisation density vector that
combines induced currents of all types; M(r, t) — the mag-
netisation vector of the operating environment.

When modelling the main mode of operation of the
SEMC, ilmenite and rutile with a specific electrical conduc-
tivity of 10" < p< 10, S/m were considered as a heterogene-
ous medium surrounding the screw rotor, which differs in
magnetic properties: ilmenite is weakly magnetic (specific
magnetic susceptibility 24 - 107 m%/kg), and rutile is non-
magnetic (specific magnetic susceptibility 0.25 - 107/kg).

Considering the factor of the discrete location of the
stators, an important stage of research was to determine
the electromagnetic and thermal characteristics of the
intermodule section of the rotor. For the second variant
of forming an algorithm for the multiphysical impact on
the technological environment, namely, the uniform dis-
tribution along the rotor surface of temperature, pressure,
magnetic induction, and electric field strength, a method
based on the numerical determination of the transverse
and longitudinal edge effect of a common rotor for two
SEMC stators using a combination of three-dimensional
and two-dimensional finite element models was proposed.
These effects, by matching the magnetic fluxes of the
frontal parts of adjacent stators, are used in the numeri-
cal model of the SEMC to ensure uniformity of the rotor
temperature field in the intermodule zone and increase the
energy performance of the SEMC.

The distribution of a plane electromagnetic wave in
the intermodule zone during the passage of an alternating
magnetic flux d)m along a steel rotor cylinder was consid-
ered (Fig. 1). Since the average diameter of the hollow cy-
lindrical rotor of the screw SEMC is an order of magnitude

greater than its thickness, and the rotor thickness b of the
SEMC prototype exceeds the penetration depthA_, the in-
fluence of wave curvature and reflection can be neglected,
and a flat electromagnetic field can be assumed to pene-
trate the rotor in the intermodule zone from both sides.
To verify the modelling results, two prototypes of the
SEMC with different azimuthal arrangements of the fronts
of adjacent stators were tested: the prototype — an arbitrary
azimuthal arrangement of the fronts of adjacent stators;
the second prototype - magnetic fluxes of the fronts of ad-
jacent stators coordinated in space and time. The nominal
data of the SEMC are power consumption P=1900 W; sup-
ply voltage U=280 V; current consumption =30 A; power
factor cos ¢=0,65; number of poles - 6; rotation frequency
n=180 rpm. Figure 3 shows the components of the proto-
type SEMC with the definition of the zones for measuring
electromagnetic and temperature parameters.

B - Measurement zones on the surface of the rotor

Figure 3. Distribution of measurement zones of
electromagnetic and temperature parameters on the surface
of the outer rotor of the mock-up sample of the SEMC
Note: the figure shows the corresponding arrangement
of the system of adjacent stators placed in the outer rotor

cavity
Source: compiled by the authors

Measurements of electromagnetic and temperature
parameters on the prototypes were performed in short-cir-
cuit mode (braked rotor) with the supply voltage reduced to
the level at which the rated current is achieved.
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The following measuring devices were used in the
empirical studies: Tenmars TM-191 Magnetic Field Meter
(manufactured in Taiwan), designed to measure ultra-low
frequency electromagnetic fields from 30 Hz to 300 Hz;
Tenmars TM-190 Multi-Field EMF Meter (Taiwan) — a
device for measuring high-frequency electromagnetic
fields in the frequency range from 50 MHz to 3.5 GHz and
low-frequency electric and magnetic fields in the frequency
range of 50-60 Hz; infrared, optical pyrometer BENETECH
GM533A (China), measuring range -50-530°C, visibility
index 12: 1, thermal radiation coefficient 0.1-1, spectrum
5-14 pm; thermal imager Xintest HTI HT-18 (country of or-
igin China), thermal sensitivity 0.07°C, temperature range:
-20°C--300°C, image capture frequency 8 Hz, wavelength
range 8-14 pym.

RESULTS AND DISCUSSION

The research methodology allowed us to establish a wide
range of parameters and regularities through modelling
and experimental measurements, but this section presents
primarily the results of determining the conditions for the
direct multiphysical influence of the screw-type electro-
mechanical converter on the technological environment.
Figure 4 shows the distribution of magnetic field induction
in the stator plane of a separate SEMC module. The levels
of magnetic induction in the stator tooth zone do not ex-
ceed 1.4 T, which indicates the absence of saturation zones
and is explained by the low voltage value on the winding
phases. The highest values of magnetic induction (up to
2.8 T) are observed on the side of the inner surface of the
rotor at the depth of penetration A of the electromagnetic
field into the rotor array. In the array and on the outer sur-
face of the rotor, which is in direct contact with the process
medium, 6 wide and 6 narrow zones are formed in a circu-
lar pattern alternating in a circle following the number of
poles. On the outer surface, the magnetic field induction
levels for the wide (opposite the poles) and narrow zones
are 0.6 T and 0.1 T, respectively.

Figure 4. Induction of a magnetic field
in the stator plane of a single module of an SEMC
Note: scale dimension — T
Source: compiled by the authors

The distribution of the normal component of the mag-
netic flux density of the SEMC coincides with the results of
modelling electromechanical converters of the submersi-
ble type for oil production technologies in terms of the lev-
els of magnetic induction in the stator tooth zone, on the
inner and outer surfaces of the rotor, and at the depth of
electromagnetic wave attenuation in the rotor ferromag-
netic body (Zablodskiy et al., 2014).

With an increase in the supply voltage, the magnet-
ic flux penetrates much deeper into the rotor, as noted by
C.A. Wengerkievicz et al. (2022), but in this case, the study
concerns a massive hollow rotor with helical blades (fins)
external to the stator. Since the array of the external solid
rotor of the SEMC is simultaneously conductive for mag-
netic flux and eddy currents, the nature of the distribution
of electromagnetic parameters in it differs significantly
from induction machines with a shielded rotor.

Figure 5 shows the distribution of the normal com-
ponent of the magnetic flux density for the cross-section
of the SEMC module in the presence of contact with the
process medium in the form of rutile product or ilmenite
concentrate.

A 3.07

a) ¥ -
—_— V¥ 2.12x107°
A322
3
2.5
2
15
1
0.5
b) ¥ 2.11x107°

Figure 5. Magnetic flux density during SEMC operation
Note: scale dimension - T; a) — with rutile product; b) - with
ilmenite concentrate
Source: compiled by the authors

Rutile product slightly weakens the external magnet-
ic field in the rotor surface area and deviates from the ro-
tor surface, while ilmenite concentrate, on the contrary,
strengthens the magnetic field and adheres tightly to the
rotor surface.
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The SEMC can be used for heating up to 110°-120°C
and transporting it to the production of commercial rutile
concentrate, as well as preheating non-conductor industri-
al products before feeding them to an electrostatic separa-
tor to produce zircon product.

Figure 6 shows a three-dimensional image of the mag-
netic induction distribution on the outer surface of the
ferromagnetic rotor at different azimuthal locations of the
stator fronts. The magnetic induction on the surface of the
rotor sections covered by the corresponding stator magnet-
ic cores is 0.6 T. The magnetic field induction levels on the
outer surface of the SEMC rotor in the intermodule zone
are much lower and are in the range of 0.2-0.35 T.

mls
a)

||||||I||| 05
b)

Figure 6. Three-dimensional image of the magnetic field
induction distribution on the rotor surface with different
azimuthal arrangements of the stator frontal parts
Note: scale dimension — T}; a) — arbitrary azimuthal loca-
tion of the frontal parts of adjacent stators; b) — magnetic
fluxes of the frontal parts of adjacent stators coordinated

in space and time
Source: compiled by the authors
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At the same time, the length of the section with this
level of magnetic induction is half as long for the variant of
the magnetic fluxes of the frontal parts of adjacent stators
coordinated in space and time compared to the variant of
the arbitrary azimuthal arrangement of the frontal parts
of adjacent stators. This indicates that the coordination in
space and time of the magnetic fluxes of the frontal parts
of adjacent stators creates conditions for the formation
of a variable magnetic flux along the steel rotor cylinder
(Fig. 1) and, accordingly, the excitation of eddy currents in
the intermodule zone. It is necessary to determine the reg-
ularity of changes in the intensity of the electric and mag-
netic fields along the rotor cross-section, in which the out-
er surface has a lateral branch corresponding to the screw
turn cross-section. The position of this branch changes

S. Junge et al.

no more than the screw turn pitch, making one revolu-
tion around the rotor circumference. Following Figure 7,
the electromagnetic wave propagates perpendicular to the
hollow rotor surface between the outer and inner surfaces
in the intermodule zone. In the same direction, through the
inner and outer surfaces, energy flows into the rotor array,
which is given by the Poynting vector P, caused by the elec-
tric and magnetic field components perpendicular to it and
tangent to the surface.
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Figure 7. Distribution of electromagnetic field
components and density of eddy currents in the array
of the intermodule zone of the SEMC rotor
Note: E i H — amplitude values of the electric and magnetic
field intensity vectors, respectively; H - axial component
of the magnetic field strength; P — Poynting vector; d)m -
magnetic flux; b — rotor thickness; A - electromagnetic
wave penetration depth; ], - eddy current density along the

rotor thickness
Source: compiled by the authors

The electric field causes conduction current and heat-
ing of the rotor mass, and the field amplitudes decay as the
electromagnetic wave propagates deeper into the metal.
The final conductivity of the rotor causes the presence of a
tangential component of the electric field E, when current
flows on its surface. The electric field strength and eddy
current density decrease according to the law:

JO)=YE () =YE (y)exp(-ay), @)

where g, — wave propagation constant.

The amplitude values of the electric E and magnetic
H field intensity vectors, as well as the wave propagation
constant a, will be different when the wave penetrates the
boundaries of the hollow rotor surfaces in the presence of
a lateral branch in the form of ribs on the outer surface of
the rotor. The temperature distribution T is determined as
a solution to the equation as follows:
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AAT — cpz—: = -0, 3

where /, ¢, p — respectively thermal conductivity, heat ca-
pacity and density of the material; Q — specific heat emis-
sions. The heat emission in the rotor array is calculated
by the formula:

_Jz
0=/ 1y @

where the electrical conductivity of the rotor iron at each
point depends on the temperature T. For a two-dimen-
sional modelling problem, equation (3) is presented in the
following form:

o
0x?

2
+A§—y§—cp2—f=o. (5)

The interconnection of electromagnetic and thermal
processes is manifested in the mutual influence of tem-
perature, electrical conductivity, eddy current density and
specific heat emissions, which is reflected in formulas (3-
4). Boundary and initial conditions are set for equation
(5). When constructing the mathematical model, it was
assumed that the main heat transfer from the rotor to
the bulk material was carried out in the form of heat flow
through the outer surface G (Fig. 1). This assumption is
met by the second-order boundary condition, which sets
the average value of the heat flux at the boundary of the
computational domain:

alg =$IS,st =$Is, []ZZ/(},)T] ds, 6)

where R, - outer rotor radius; S’ - outer radius of the rotor
area of integration. Expression (6) also determines the re-
lationship between the electromagnetic and thermal tasks.

The study considers the effect of temperature on the
nature of electromagnetic processes. Approximately, the
process of penetration of an electromagnetic field wave
into the rotor array along the y-coordinate with a harmon-
ically varying magnetic flux in time can be represented by
the following expression:

JO) =], e, (7)

where k = \/wu/2p; o is the angular frequency of the field
change; p is the magnetic permeability; p is the resistivity,
which varies with temperature according to the known law
p=pll+a(T-T,)], where p, is the resistivity at tempera-
ture T,. The dependence of the magnetic permeability of
steel on temperature is more complex and is determined
by empirical dependencies. The differential equation for
determining the temperature increase of the surface of a
ferromagnetic rotor and the corresponding temperature
increase of the medium AT, is as follows:

d(ATy)
dt

R, + AT = ATenm, )
where R_is the thermal time constant of the rotor design
zone; AT, isthe temperature increase of the medium; AT,

en.m

is the temperature increase of the rotor. The thermal time
constant of a ferromagnetic rotor:

=er )

T 2:Grer’
where m, ¢ — mass and specific heat capacity of the rotor
material, respectively; G, - rotor thermal conductivity.
The thermal conductivity G, is calculated for a homoge-
neous cylindrical wall with heat sources and heat dissipa-
tion through the outer wall, considering the helical rotor
blades (fins):

G _ 2mr?l,
TCR — 1  12-T71, 1 )
a2

(10)

" az[1+A9s5(kos=1)]

where [~ rotor length; r, r, — inner and outer radii of the
cylindrical rotor, respectively; A — thermal conductivity of
the rotor material; a, a, - are, respectively, the heat trans-
fer coefficient on the un-finned surface of the rotor wall
and the finned surface of the rotor; A ( - finning efficiency
factor; k, — the coefficient of finning of the rotor surface,
equal to the ratio of the total area of the finned surface to
the area of the smooth rotor surface. The proposed method
for calculating the magnetic field and thermal parameters
is advisable to implement for an end-arc squirrel-cage in-
duction motor with an electrically conductive rotor. Un-
like the method used by A.P. Rashchepkin et al. (2017), the
modularity of the rotor design and the combination of the
rotor with the working body were considered.

The rotor of the SEMC performs the functions of an
actuator and is used as a direct drive, in which a wide range
of rotational speeds can be formed without a semiconduc-
tor converter. Similar results were achieved in the works
of P.J. Holik et al. (2007), and B. Virlan et al. (2013), which
present a comprehensive study of the performance of an
induction motor (IM) with an external rotor and a multi-
pole stator winding.

In recent years, a large number of studies have focused
on methods to improve the energy efficiency of SRIM. In
comparison with the results of V.M. Sundaram et al. (2015),
and M.V. Cistelecan et al. (2010), the proposed design, mod-
elling, and experimental studies of the SEMC provide compa-
rable performance at high slip in terms of average/pulsating
torque with a significant reduction in the total copper con-
sumption, considering the spatial harmonics of the mag-
netomotive force in the air gap, including saturation effects.

The magnetic field created on the outer surface of the
rotor must be rotating. Therefore, this effect can be con-
sidered as a kind of electromagnetic stirrer (Zablodskiy et
al., 2021). In the case of using such a field, for example, in
liquid media, eddy currents arise that create their magnetic
field and interact with the rotating stator field, which con-
tributes to more intense heat and mass transfer in the lig-
uid (Smith, 2015).

Figure 8 shows thermograms of the outer surface of the
rotor of the SEMC prototype with an arbitrary azimuthal
arrangement of the fronts of adjacent stators and with the
magnetic fluxes of the fronts of adjacent stators coordinat-
ed in space and time.
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Figure 8. Thermogram of the outer surface of the rotor of the prototype SEMC
Note: the thermograms were recorded after 7 minutes of operation in the short-circuit mode at a voltage of U=73V. 2;
a) prototype with an arbitrary azimuthal arrangement of the frontal parts of adjacent stators; b) prototype with magnetic
fluxes of the frontal parts of adjacent stators coordinated in space and time

Source: compiled by the authors

It is noticeable that in the case of magnetic fluxes of
the frontal parts of adjacent stators coordinated in space
and time, a certain uniformity of temperature field distri-
bution along the rotor length, including the intermodule
zone, is achieved. Figure 9 shows the distribution of current
density (z-component) in the cross-section of the SEMC
module. The eddy currents are concentrated at the pene-
tration depth from the rotor inner surface, with the current
penetration depth A =1/k depending on the thermal state
and sliding mode of the SEMC:

A= \2po[1 + a(T = Tp)l/wp. (11)

In contrast to C. Wengerkievicz et al. (2022), who ac-
quired results using two-dimensional finite element mod-
elling, our work considers the regime of large slips up to
80%. The difference in the distribution of eddy currents at
slips close to the idle stroke and slips corresponding to the
full screw loading regime was noted. The magnetic perme-
ability p of the rotor material is not constant, so its mag-
netic saturation is considered. For structural carbon steels,
the values are in the range of strong fields (H=2-1073-
-12-103 A/m) have slight fluctuations when heated to tem-
perature 400°C, and then begin to decrease, reaching unity
at the Curie point temperature.

Figure 9. Distribution of current density (z-component) in the cross-section of the SEMC module, A/m?

Source: compiled by the authors

The determination of the current density distribution
in the end regions is problematic due to the lack of special
methods and models. The method proposed by M. Jagie-
la et al. (2012), which is based on the numerical determi-
nation of the dimensionless rotor end coefficient using a
combination of three-dimensional and two-dimensional
finite element models, was developed for high-speed in-
duction motors with a solid rotor and does not consider the

operation of an electromagnetic system with several sta-
tors and a common rotor. To form an analytical method for
calculating the magnetic field and electromagnetic field
energy distribution in the intermodule space of the SEMC,
it may be advisable to use Maxwell’s system of equations
for the quasi-stationary regime and integral transforma-
tions into Fourier series along the azimuthal coordinate
(Rashchepkin et al., 2017).
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The distinctive feature of the SEMC is the conversion of
the concept of “power losses”, which are determined by stand-
ard loss allocation procedures, for example, for induction
motors, into the concept of “dissipative energy component”.

In the SEMC, all types of dissipative energy (electrical
and magnetic) are attributed to useful (in this case, ther-
mal) energy. Figure 10 shows the distribution of electrical
energy density for the cross-section of a SEMC module.

x10712

45
40
/1 35
30

Figure 10. Electric energy density for the cross-section of the SEMC module, J/m?

Source: compiled by the authors

It can be seen that the main electrical energy con-
sumed is distributed in the stator tooth zone and the zone
of electromagnetic field penetration into the rotor. The
methods of loss segregation proved to be appropriate by
tests with a locked rotor and no load, which was used by
C. Mellak et al. (2022) in experimental studies of induction

Table 1. Experimental data of the prototype sample of the SEMC

motors with smooth solid rotors. Table 1 shows the ex-
perimental data of the prototype of the SEMC. Magnetic
induction, electric field intensity, and electromagnetic
radiation flux density were measured in the short-circuit
mode at the minimum possible distance of 1 mm from the
rotor surface of the SEMC.

Measurement Parameters
— . . . . Density of electromagnetic Temperature,
Magnetic induction, mT  Electric field strength, V/m radiation flux, mW,/m? (Fig. 3)
1 60 0.03 0.7 48
2 100 0.03 0.9 51
3 170 0.03 1.8 62
4 400 0.2 523 74
5 380 0.15 520 76.2
6 410 0.15 525 76.3

Note: the temperature distribution is given for the variant with the magnetic fluxes of the frontal parts of adjacent stators

coordinated in space and time
Source: compiled by the authors

A. Wasak et al. (2019) noted that a rotating magnetic
field is used as a tool to improve the properties of en-
zymes. At the interfaces of matter, the Hall effect in the
presence of a magnetic field promotes intense interac-
tion of the electric fields of bulk ion charges and electric
charges of the interface. Therefore, it was important to
determine the distribution of the normal component of
the electric field strength for the cross-section of the
SEMC module, especially on the rotor’s outer surface.
Figure 11 shows the distribution of the normal compo-
nent of the electric field intensity for the cross-section
of the SEMC module.

The electric field intensity on the rotor’s outer sur-
face reaches 0.8 V/m in the areas corresponding to the
location of the stator crowns and depends on the current

activity of the phases at the moment. Thus, the control of
the rotor thermal and speed regime makes it possible to
create conditions for bioenergy stimulation on its surface
in places of contact with the medium or to maintain the
process of its electrode heating.

Considering the objective reason for the remote lo-
cation of the device sensors, we extrapolated the data for
measuring magnetic induction, electric field strength, and
electromagnetic radiation flux density of the SEMC proto-
type. The adequacy of the mathematical models proposed
for the numerical modelling of the experimental data of
the SEMC prototype was confirmed (Table 1). The devia-
tions do not exceed 9.5%. Based on the results of the simu-
lation, Figure 12 shows the distribution of electromagnetic
forces acting in the air gap of the SEMC.
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Figure 11. Distribution of the normal component of the electric field intensity
for the cross-section of the SEMC module, V/m3

Source: compiled by the authors
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Figure 12. Distribution of electromagnetic forces

Source: compiled by the authors

The frequency range of electromagnetic forces is
90-120 Hz and significantly exceeds the frequency of the
stator supply current. The data of the study by V. Bulga-
kov et al. (2020) also indicate that under the influence of
vibration, materials undergo transformations whose prop-
erties depend on the vibration intensity, and, for example,
keratin materials go into a state of fluidisation. In addition,
the determination of the distribution of electromagnetic
forces and, accordingly, electromagnetic moments allow, in
comparison with the calculations of P. Singha & K. Muthu-
kumarappan (2016) to improve the accuracy of estimating
the effect of hydrolysis parameters on the mixing torque
for single- and twin-screw electromechanical converters.

The found regularities of the distribution of surface
parameters and characteristics of the electromagnetic field
of the SEMC are confirmed by the results of the study by
T.Y. Chen et al. (2017) create the basic conditions for the
formation of the necessary modes of processing substances,

substrates and the technological environment. A certain
part of biopolymers does not have a strictly ordered crystal
structure but has a dissipative fractal structure or a cer-
tain level of relative order, for example, the paramagnetic
downy mass of birds. High molecular weight compounds,
such as lignins and their substrates, have a structure of sev-
eral interconnected levels.

The regularities of the distribution of eddy currents
and components, of the electromagnetic field under varia-
tions in the length of the intermodule zone and the param-
eters of the helical winding require careful study. However,
consideration of real processes of electromagnetic interac-
tion with the medium, which include not only the process-
ing of the technological environment utilizing electromag-
netic disturbances, but also the processes of destruction of
its structure, generation of its electromagnetic oscillations,
and ion exchange, can be demonstrated in future work on
metrologically and hardware-improved laboratory samples.
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CONCLUSIONS

Using the proposed research methodology and the results
of modelling and experimental studies, it was confirmed
that the screw-type electromechanical converter can be
considered as a source of multiphysical influence on the
environment in the formation of technological operations
for the processing of substances and technogenic waste.
Depending on the loading mode of the SEMC, the techno-
logical environment can be represented in the following
types: at idle (system warm-up mode) — air; at the main
operating mode — a continuous heterogeneous environ-
ment using averaged characteristics (specific conductivity,
magnetic and dielectric constant).

To consider the properties of the technological envi-
ronment, it is proposed to introduce into the mathematical
model vectors of electric induction and magnetic field in-
tensity, which are different in content, and consider all the
above currents, namely: eddy current; polarisation current
of bound charges; free carrier current. To form an algo-
rithm for the multiphysical influence on the technological
environment, namely, the uniform distribution along the
rotor surface of temperature, pressure, magnetic induction,
and electric field strength, a method based on the numeri-
cal determination of the transverse and longitudinal edge
effect of a common rotor for two stators of a SEMC using
a combination of three-dimensional and two-dimensional

finite element models is proposed. The regularities of the
magnetic induction distribution on the outer surface of a
ferromagnetic rotor at different azimuthal locations of the
stator frontal parts are established. In the case of coordi-
nated space and time magnetic fluxes of the frontal parts
of adjacent stators, a certain uniformity of the temperature
field distribution along the rotor length, including the in-
termodule zone, is achieved.

The electric field intensity on the rotor’s outer surface
reaches 0.8 V/m in areas corresponding to the location of
the stator tooth crowns and depends on the current activity
of the phases at the moment. Controlling the thermal and
speed regime of the rotor makes it possible to create con-
ditions for bioenergy stimulation on its surface in places of
contact with the medium or to support the process of elec-
trode heating of the technological medium. Further research
will be devoted to the development of designs and control
systems for industrial models of screw electromechani-
cal units and energy-saving technologies based on them.
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EneKTpoMexaHiuYHU NepeTBOpIOBaY LUHEKOBOro TUNYy
fIK AKepeno MynbTudisnyHoro BNMBY Ha TeXHONOriYHe cepeaoBuLle

AHoTauiqa. [Ipu 3a6esneyeHHs HaAiHOCTI pO6GOTH €IeKTPOMEXaHIUHMX MTEPETBOPIOBAUIB Y BAKKMX YMOBAX, BUHMKAE
npobieMa MigBUIeHHS eHeproe@ekTUBHOCTI iX 3aCTOCYBaHHSI IIISIXOM CTPYKTYpPHO1, QYHKITIOHANIbHOI i TeT/IOBO1 iHTerparii
3 TeXHOJIOTIYHMM cepeioBuieM. TOMy MeTOI0 LOCTiIKeHHS Oy/I0 BU3HAUEHHST yMOB 6e31ocepelHbOro MynbTidiznuyHOTro
BIUIMBY €/IeKTPOMEXaHiUHOI0 IIepeTBOpIoBaya IIHEKOBOI'O TUITY Ha TEXHOJIOTIUHe cepeloBuIle. 3aCTOCOBAHO MEeTO/I, SIKMit
3aCHOBAHMII Ha YMCeTbHOMY BM3HAUEHHI B TporpamHoMy cepemosuiii Comsol Multiphysics xapakTepucTUK IHEKOBUX
eJIeKTpOMeXaHiUHMX IIepeTBOPIOBaUiB 3 BUKOPUCTAHHSIM KOMOiHALil TPMBUMIPHMX i ABOBMMIpHUX MOZeIeii KiHI[eBUX
eeMeHTiB, 00MeXXeHMX POTOPOM 3 BHECEHHSIM JIOTIaTe 10 po3paxyHKoBOi o6sacTi. JJoc/iasKyBaauch gBa BapiaHTa
dbopmyBaHHS AITOPUTMY MYIbTUGI3MUHOrO BIUIMBY Ha TEXHOJIOTiUHE cepeloBUIle: JIOKaAbHA KOHII@HTpallis BIUIMBY Ha
MeBHMX A/ITHKaxX poTopa i piBHOMipHMIi pO3MOJIiJl B3OBX [IOBEPXHi pOTOpa TeMIepaTypy, TUCKY, MarHiTHO1 iHIyKIIii,
HaIpy>KeHOCTi eJIeKTPUYHOrO NoJ1sl. BcTaHOB/IEHI 3aKOHOMiIPHOCTI pO3MOJiTy MarHiTHOI iHAYKIIi1 Ha 30BHIlLIHil TOBEPXHi
(bepomaruiTHoOro poTopa npu pisHOMy a3MMyTaJIbHOMY PO3TAIlyBaHHi T0O0BUX YACTUH CYMisKHMX CTaTOPiB. BU3HAUEHO
PO3I0/Ii/1 HOPMaJIbHOI CKJIa0BOI IiIJIbHICTi MarHiTHOTO MOTOKY IIPY HasIBHOCTi KOHTAKTa 3 TEXHOJIIOTIYHMM CepefOBUILEM
Y BUIVISIAI PYTLIOBOTO MPOAYKTY ab0 iIbMeHITOBOTro KOHIeHTpaTy. CIIOKMBaHA e/TIeKTPUYHA eHeprist po3nojiieHa B
3y611eBiii 30Hi cTaTopa Ta 30Hi MPOHMKHEHHSI e/IeKTPOMATHITHOTO I0JISI B pOTOP. BUXpOBi cTpyMM CKOHIIEHTPOBAHI Ha
IMOMHI TPOHMKHEHHS Bif, BHYTPIIIHbOI TOBEPXHi POTOPA, IIPU I[bOMY MIMOMHA TTPOHMKHEHHSI 3aIeKUTh BiJ] TEIJIOBOTO
CTaHy Ta PeXXUMy KOB3aHHS. HanmpyXeHicTh eIeKTPUYHOTO I0J1s1 Ha 30BillHil moBepxHi poTopa gocsrae 0,8 V/m Ha
BiJIMOBiJHMX [0 PO3TAIIYBAaHHS KOPOHOK 3yOlIiB CTATOpA Ai/ISTHKAX i 3a7€KUTD Bifl CTPYMOBOI aKTMBHOCTI Ga3 B JaHMit
MOMEHT. Pery/toBaHHS TeMIIepaTypHOTO Ta UIBUIKICHOTO peXXUMy POTOpPa Ja€ MOX/IMBICTb Ha /i0ro MMOBEPXHI B MiCLSX
KOHTAKTY 3 CepelOBUILeM CTBOPIOBATY YMOBM 6ioeHepreTMYHOI CTUMYJISILiT abo MiATPUMMYBaTH MPOLieC HU3bKOAMIIEPHOTO
eJIeKTPOJIi3y iMITysbcaMy HEBMCOKOI Hallpyru B TOHKOMY wiapi. [TigTBepakeHa aleKBaTHICTh MaTeMaTUYHUX MOJeNe,
SIKi 6y/IM 3aITPOTIOHOBAHI JJ1s1 YMCeIbHOTO MOJEMIOBAHHSI, eKCIIepUMEeHTaTbHUM JaHMM MaKeTHOTO 3pa3ka ITHeKOBOTO
eeKTPOMEeXaHiYHOTO MepeTBOpIOBaYa, BigXMIEHHS He MepeBUILYIOTh 9,5%. OTpuMaHi pe3yabTaTy LO3BOSIOThH
MIPOrHO3YBATH ONTUMAaJIbHI TOKa3HMKM e/IeKTPOMAarHiTHUX Ta TEIJIO0OMiHHMX MTPOLECiB Y ITHEKOBUX eIeKTPOMeXaHiuHMX
MepeTBOPIOBAYAX, MMOB'SI3aHUX 3 TEXHOIOTIUHUM CepeOBUIIEeM

Knio4oBi cnoBa: MarHiTHa iHOYKIliS; BUXPOBi CTPyMM; TeMIlepaTypHe T0Jie; eJIeKTPOMAarHiTHe Iojie; TepMorpama;
MarHiTHa IPOHMKHICTb
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Design of centrifugal radial fans using regression analysis methods

Abstract. With the development of scientific and technological progress in agriculture, the use of operational
and mathematical modelling for effective solution of problems and resource conservation in the field of agricultural
engineering is relevant. Therefore, the purpose of the study was to determine the optimal parameters of the centrifugal
radial fan of a pneumatic precision seed drill by constructing a new mathematical model of the process of its operation.
This was achieved by applying mathematical modelling methods when planning multi-factor experiments. As a result,
a complex of automated experiments has been defined, which leads to a significant increase in the productivity of
scientific work. A statistical representation of the experiment is established, which allows moving to a multi-factor active
experiment, in which it is possible to separate the influence of factors from the noise background and make a transition
to statistical methods for analysing the results. This allowed predicting the optimal characteristics of the centrifugal
radial fan of the precision seed drill. In the course of this study, a new regression equation was compiled in the form
of a first-degree polynomial, which determines the influence of each of the factors on the magnitude and value of the
response. The coefficients of the polynomial are determined, the significance of the coefficients is estimated, and the
adequacy of the proposed model is checked. After obtaining the regression equation, it became possible to graphically
construct the dependence of the response function on impact factors. A fractional factor experiment was also performed,
which determined the values of the parameters of the object’s state Y for all possible combinations of levels of variation
of the factors X.. Based on the established functional relationship between the output parameter of the fan, a regression
equation of the following form is obtained: P,=P, (n, S, §,, z). This predicted the receipt of the total pressure P (Pa), when
setting different values of independent quantities n, #,, #, and z. The application of the obtained analytical dependencies
significantly simplified the determination of optimal design parameters of pneumatic systems for the development and
construction of modern technical seed drills
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INTRODUCTION

Improving agricultural products and optimising the use of
resources is an urgent issue. Pneumatic seed drill systems,
in particular fans, play an important role in the sowing
process, affecting seed distribution and crop cultivation.
Optimisation of their operation involves selecting the op-
timal geometric parameters of various system components,
including the impeller, stator, pipes, and other elements.
D.C. Montgomery et al. (2023) define a model as an artificial
system that reflects, with a certain degree of accuracy, the
main properties of the object under study - the original.
The model is in a certain correspondence with the object
under study can replace it during research, and allows get-
ting information about it. The paper notes that when stud-
ying an object, two problems are set: extreme and interpo-
lation. When solving an extreme problem, the conditions
of the process are determined to ensure that the optimal
value of the selected parameter is obtained (the existence
of an extremum of a certain function). When studying a
multi-factor process, setting up all possible experiments
to obtain a mathematical model is associated with a huge
complexity of the experiment, since the number of all pos-
sible experiments is large.

Methods of mathematical planning of an experi-
ment allow simultaneously considering the influence of
several factors on the object under study. They are based
on the mathematical theory of the experiment, which
determines the conditions for optimal behaviour of the
object under study, including incomplete knowledge of
the physical essence of the phenomenon. Mathematical
methods of experiment planning allow considering and
optimising complex systems and processes, ensuring high
efficiency of the experiment and accuracy in determining
the factors under study. These methods were used by such
researchers as J. Frost (2020), who made significant con-
tributions to the interpretation of experimental results
and verification of the correctness of initial prerequisites,
planning techniques in laboratory and industrial settings,
as well as block planning in the methodology for building
scientific research.

F. Tanzim et al. (2022) present the developed model
for predicting the width of the fan used in the sprayer. The
researchers developed a complete factor experiment with
a broad analysis of factors affecting the dynamic sputter-
ing index. Based on this, a linear regression model was
obtained to calculate the fan width, which varies within
2.5 cm to maintain the production tolerance. The model
was tested statistically and experimentally so that it could
eliminate trial and error to save time and money. However,
the technical parameters of the working bodies that per-
form this technological process are not considered. Effec-
tiveness is evaluated only by the final result, and therefore,
research and the suggestion of broad boundaries are rather
questionable here.

Y. Wang et al. (2022) applied the Fourier random fea-
ture method to detect nonlinear relationships between
data samples. In addition, when studying the regression

coefficient matrix, the low-rank components of this explic-
it feature space are simultaneously extracted to reduce the
redundancy effect. It is also not possible to use this method
to study the optimal parameters of technical systems. The
possibility of introducing an appropriate surrogate model
for modelling objective functions, subject to its solution,
was presented by V.T. Nadikto (2019), S. Nitri Asomani et
al. (2020). In this study, a sampling method was used to ob-
tain the values of the objective function, and an artificial
neural network and a generalised regression neural net-
work were used as surrogate models for approximating the
objective function in the design space. This study has all
the features of modern analytical research, but it will be
quite difficult to optimise the parameters of any technical
system using a surrogate model.

And only in the paper by X. Ping et al. (2021), based
on experimental studies, theoretical analysis, and machine
experiments, a controlled model for predicting isoentropic
efficiency for a multi-stage centrifugal pump is construct-
ed. The S-fold cross-validation algorithm is used to improve
model data analysis and control capabilities. In addition,
the accuracy of model prediction is improved by smooth-
ing coefficient circulation screening technology. Based on
this, the prediction accuracy of the optimised model and
the unoptimised model is determined. Thus, the results of
the study presented in this paper can be partially applied to
the analytical study of centrifugal fans.

Thus, a brief analysis of literature sources indicates the
widespread use of methods for constructing mathematical
models that work based on random processes and the use
of correlation analysis in the study of complex technical
systems. The purpose of the study was to obtain by con-
structing a new mathematical model of a computational
experiment to determine the optimal parameters of the
studied workflow carried out by a centrifugal radial fan.

To build a new mathematical model of the fan, it was
necessary: to determine the design and analyse the opera-
tion of the pneumatic system of the seed drill, in particular
the fan; to substantiate the choice of the most influential in-
put factors and the most significant output variables of the
experiment; to make a choice of the mathematical model by
which experimental data will be provided; to substantiate
the choice of the optimality criterion; to substantiate the
choice of the experiment plan; to conduct an experiment
and process the results; to analyse the work performed.

MATERIALS AND METHODS

An experimental factor mathematical model was used to
optimise the parameters. The experimental factor math-
ematical model, unlike the theoretical ones, is not based
on physical laws describing the processes that occur in ob-
jects, but represents some formal dependences of the ini-
tial parameters on the internal and external parameters of
design objects (Nadikto, 2019).

When constructing the experimental factor model, the
technical system that was designed was presented in the

Machinery & Energetics. Vol. 14, No. 3

4



form of a cybernetic system, the so-called “black box” sys-
tem (Fig. 1), which was fed with some vectors X=(X, X,, ..,
X)) and W=(W,, W,,.., W) of independent values, and vari-
able values were observed and recorded at the outputy,, y,,
..., ¥,, of vector components Y=(Y, Y, .., Y ) of dependent
values, where k, [, m — number of elements, respectively, of
vectors X, Wand Y.

W, Wy W W,
F i

) —

X, —— —Y

| ap—

Figure 1. “Black box” system
Source: H. Beloev et al. (2021)

During experiments, changes in the values of x, x,, ...,
x,and W, W,, ..., W, of the quantities X , (a=1, 2, ..., k) and
w, (=1, 2, ..., 1) led to a change in the original dependent
values y,, y?, ..., y, of components Y, (y=1, 2, ..., m) of vec-
tor Y. To build a factor model, these changes were recorded
and their necessary statistical processing was performed to
determine the model parameters.

During a physical experiment with variables X , it
was possible to control them by changing their values x,
according to the specified law. Variables W, - unmanaged
ones that acquired random values W,. Values x, and W,
of variables X, and W, can be monitored and registered.
Variables X, (a=1, 2, ..., k) are actually controlled man-
ageable factors, and the parameters W, (6=1, 2, ..., I) are
controlled unmanageable factors. Factors X_are controlled
and changed as deterministic variables, factors W, — un-
manageable and randomly changed over time. Space of
controlled variable factors X, («a=1, 2, ..., k) and uncon-
trolled w, (=1, 2,...,1) created a factor space as a result of
the study (Arkes, 2023).

Output vector Y was a vector of dependent variables
of the modelled object, i.e., it is a vector of response func-
tions. Dependency of each component Y, (y=1, 2, ..., m)
vector Y from factors X , (a=1, 2, ..., k) and w, (=1, 2,...,D)
was a response function. The geometric representation
of the response function in this paper forms the response
surface. Accordingly, the number of response functions was
equal to the number of vector components Y.

In computational experiments, the object of this re-
search was a theoretical mathematical model, based on
which it is necessary to obtain an experimental factor mod-
el. To determine it, the type of mathematical relations be-
tween factors X , W, and a review Y were determined, and
numerical parameter values were set. Here, the parameters
are coefficients of the equations of the factor model. The
problems of determining model parameters were fully for-
malised and solved by regression analysis methods.

To obtain an adequate mathematical model, certain
experimental conditions were met. It was assumed that
the model will then be adequate, due to the fact that in a
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reasonable interval of variation of factors X , (a=1, 2, ..., k)
obtained using the value model y, response functions Y,
(y=1, 2, ..., m) differ from the true ones by no more than
a given amount. The purpose of planning the experiment
was also to obtain maximum information about the prop-
erties of the object under study with a minimum of experi-
ments (time and resources spent).

In addition, the following provisions were immediate-
ly noted: a complete picture of the properties of the re-
sponse surface can only be obtained if a dense discrete grid
of factor values is used, covering the entire factor space.
The choice of the structure of the factor model is based on
postulating a certain degree of smoothness of the response
surface. Therefore, to reduce the number of experiments, a
small number of points of the plan were taken, according to
which the implementation of the experiment is carried out.

However, the sets {y }, {y,}, ..., {y, } of values of response
functions Y, (y=1, 2, ..., m) in experiments conducted at
one point of the plan (with fixed values X, X,, ..., X, factors
X ,(a=1,2,...,k),with a large level of random disturbanc-
es, can have large discrepancies. Therefore, the lower the
perturbation level, the more accurate the factor model is.
In other words, y,, y,, ..., y,, is not the same as Y, (a=1, 2,
..., m). Value w,, w,, ..., w, ov unmanaged parameters Wﬁ,
B=1, 2, ..., ]) are inherently random. So for fixed values
X,, X,, ..., X, due to variation w,, w,, ..., w, in each repetition
of the experiment, it is possible to get different values y,,
Yy > ¥, of response functions Y, (y=1, 2, ..., m). That is, a
fixed set of parameters {x }, (a=1, 2, ..., k) will correspond to
two sets of sets {w,}, {w,,} ..., {w}and {y }, {y,}, ..., {y,}, where
the number of elements in each set {w } and {y } is equal to
the number of repeatability of the experiment.

Here, separately, it was necessary to focus on the fea-
tures of computational and full-scale experiments. Un-
managed parameters in a field experiment W, (=1, 2,..., 1)
change in accordance with objective processes, and there-
fore, at the same fixed values of input factors {x }, (=1, 2,...,
k) in each new repetition of the experiment, a new unique
set of values {w } and {y } will be obtained. Moreover, there
are two possible options in a computational experiment.
The first option is implemented if, first, the values of {w}
are justified in a certain way and always remain fixed, and,
secondly, the algorithm of the computational experiment
itself is completely deterministic and does not contain a
pseudo-random component. In this case, the repetition of
the experiment did not make sense, because the random
component was completely excluded. The second option
was implemented when at least one condition was met, or
an algorithm of a computational experiment containing a
pseudo-random component or values {w,} are modelled in
a pseudo-random way. In this case, the second option was
implemented, although the specifics of applying methods
of mathematical modelling of random variables were not
considered separately.

Further, these provisions of the improved methodolo-
gy were implemented for their further application in solv-
ing a specific problem. First of all, in the general case, it can
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be argued that there is a functional relationship between
independent variables and the output of the process of the
following type:

Yy=fX, W), y=1,2,...,m). M

The least squares method was used to solve this prob-
lem (to approximate experimental data). This method al-
lows constructing an optimal estimate of the moments of
the distribution of the experimental error in a certain sense
and solving the question of whether the resulting model
is adequate (i.e., one that properly corresponds to reality).

Since the study introduced restrictions in the context
of searching for only one response function YE{Y'} from the
full set of functions {Y}, (v=1, 2, ..., m) vector components
Y, and given that the parameters W, (8=1, 2, ..., ]) are not
manageable and, moreover, it was not planned to fix them,
it became possible to further simplify the idea of functional
dependence (1) to the following form:

Y=£(X). (2)

Thus, the number of objective functions was limited to
one and a limit was introduced on the number of parame-
ters that were considered and, accordingly, included in the
mathematical model that was planned to be obtained.

A mathematical model of the process was constructed
from experimental data. The process of determining the
explicit type of regression equation is called regression
analysis. For different mathematical plans of the experi-
ment, regression equations may contain different compo-
nents. Namely:

1) for first-order plans, the regression equation in-
cludes effects and paired interactions:

K k=1 vk
y =bo+ X b x; + X5 X i byj xixg,

3
Lj=12 ..k i<j, ®

2) for second-order plans, the regression equation in-
cludes effects, pairwise interactions, and quadratic effects:

y =bo+ X by x; + Xy B by xix;,

4
Lj =12 ..k i<j, )

where b, - free term of the regression equation; b, b, - co-
efficients of the regression equation; x,, — value of factors;
k — now and in the future, in accordance with the Pareto
principle, this is the number of significant controlled man-
ageable factors considered during the experiment, which is
less than the total number of controlled manageable fac-
tors, according to the previous definition k.

The resulting expressions (3) and (4) were analysed.
Thus, coefficients for independent variables indicate the
strength of the influence of factors. The larger the numer-
ical value of the coefficient, the more the factor affects.
If the coefficient has a plus sign, then the optimisation
parameter increases as the factor value increases, and if it
is negative, then, on the contrary, it decreases. The value
of the coefficient corresponds to the contribution of this fac-
tor to the value of the optimisation parameter when the fac-
tor moves from zero to the upper or lower level. Sometimes

it is convenient to evaluate the contribution of a factor dur-
ing the transition from the lower to the upper level. The
contribution defined in this way is the effect of a factor
and is sometimes referred to as the main or main effect.

RESULTS AND DISCUSSION

Initially, a physical model of the impeller of a centrifugal ra-
dial fan was built, which has an outer diameter of 400 mm,
the inner diameter of the impeller air inlet - 135 mm, and
the width of the impeller itself — 35 mm. The direction of
rotational movement with the angular speed of the impel-
ler is shown by an arrow. The blades of the impeller itself
have a curved shape, which is regulated by the angles at the
inlet and outlet of the blade. These angles were measured
between two tangent lines: the first — to the contour of the
blade, and the second - to the circle of rotation. Figure 2
shows the angles, respectively, at the input, which is 70°
and the output is equal to 140°. The thickness of the blades
was 1 mm. In the future, in the process of constructing a
regression model of a centrifugal radial fan, the angles of
installation of the impeller blades, the number of blades
installed on it, and the speed of rotational motion were
supposed to change.

140., 70°

2140

2400

Figure 2. Centrifugal radial fan impeller
Source: compiled by the authors

Next, a mathematical model of the fan impeller was
constructed. According to the above method, the following
factors were selected as independent variables to investi-
gate the operation process and the dependence of the ge-
ometric parameters of a centrifugal radial fan: X, - fan im-
peller rotation frequency, rpm; X, — blade installation angle
at the impeller inlet, deg.; X, - blade installation angle at
the impeller outlet, deg; X, —number of impeller blades, pcs.

Now, when considering the operation of a centrifu-
gal radial fan, the influence of many factors {X }, (a=1, 2,
..., k) on the response function Y was first analysed (2). The
Box-Wilson method was chosen to solve this optimisation
problem. Among the plans of an extreme experiment, the
simplest is the plan of a complete factor experiment, the
implementation of which determines the value of the re-
sponse function Y for all possible combinations of levels
of variation of factors X, (i=1, 2, ..., k). First, the number of
experiments that needed to be conducted in order to carry
out a pilaf factor experiment was determined. It is equal to:
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N=2k=24=16, (5)

where k — the number of experimental factors that are con-
sidered in the developed model, 2 — the number of levels.

Two values were set for each factor: maximum and
minimum. In this value field, each factor can change con-
tinuously or discretely. The boundaries of factor values
form a region in a multidimensional space — a hyper-
cube, i.e., the value x, of factors X; lie inside this area. For
the convenience of processing the results of the study,
coding of independent input factors was introduced X::

x-x©

xi:A_X,-' i=1,2,...,k, (6)

where X© - basic level.
XO=0.5(Xmin+ Xmex), j=1,2, ..., k, )

whereX™® and X" — the lower and upper values of the
input factors of the experiment; AX, - variation interval
of i-th factor:

max min
Xi X

AX; = 2 ,i=1,2,.. k. 8)

Variation interval AX; of input factors X, was selected
within 0.05...0.3 of the possible range of variation of the
i-th factor. In encoded form, the value of factors x, acquire
normalised values: +1 or —1. It is established that in order
to build a response surface, it is necessary to conduct N (5)
experiments. For the convenience of planning the exper-
iment, it was necessary to draw up a plan and a planning
matrix for the four-factor experiment in accordance with
which the research was conducted.

At the beginning, a detailed study of the process was
not required, and the local area of the experiment around
the main level was used as a start for moving to the extrem-
um region. Therefore, initially, instead of a complete factor
experiment, a fractional factor experiment was used. Using
a fractional factor experiment, the linear terms of the re-
gression equation were estimated. The plan of a fractional
factor experiment is actually a fractional replica of a com-
plete factor experiment. The number of experiments that
needed to be performed for semi-replicas was determined
using the following expression:

N=2kr=241=8 9
where p — number of linear effects. Thus, the number of ex-

periments is reduced by half compared to the full factor ex-
periment, according to calculations based on expression (5).

V. Melnik et al.

To obtain a linear model, it was recommended to
choose fractional replicas with a higher resolution, i.e.,
replicas that have linear effects mixed with interaction
effects close to zero. When choosing a fractional replica,
it is important to consider the saturation of the plan, that
is, the ratio between the number of experiments and the
number of coefficients that are determined based on the
results of these experiments. The number of experiments
in the matrix of a saturated fractional replica is equal to
the number of coefficients of the linear model. Next, a
semi-replicas of the fractional factor experiment type 24!
with a generating ratio x, =x x,x, was used. Then the de-
fining contrast and the corresponding score were given by
the following relations:

1=xxx.X, X =X XX,
Xy T XXXy X5 =X XKy (10)
X4 = X1X2X3’ XIXZ = X3X4’
XX, =XX,, XX, =X X,

This planning provided a rating system of this type:

b1_’ﬂl +ﬁ234’ bz_’ﬁ2+ﬁ134’
bz_’ﬂ3+ﬁ124’ b4_"34+ﬁ123’ (11)
blz_’ﬁlz +ﬂ34’ b13_>1813 +/’)24’

b14_’ﬁ14+ﬂ23’

where the sample coefficients of the process model pa-
rameters b, b,, b,,b,, b ,, b, and b, are only estimates for

theoretical coefficients f,, 5,, 5, B, By P> Pras Brgss Prow Bisws
B> oy Boss s, Which are the mathematical expectation for
the relevant factors.

Triple and higher-order interactions are much more
likely than double interactions to be zero, and they are
usually ignored, respectively. The semi-replication of the
type 21, defined by the generating relation x, = x x,x,, al-
lowed obtaining separate estimates of four linear effects
and three joint estimates of paired interactions. Separate
estimates are b, b,, b,, and b,, and triple interactions - §8,.,
Bisw By, @nd S, are neglected due to their insignificance.
In the future, such a replica will be designated as for a frac-
tional factor experiment 2*! .

The initial conditions of the experiment were es-
tablished and, accordingly, the intervals of variation of
independent variables (input factors) were set (Table 1),
which were used to determine the transition from natu-
ral variables X, X,, X, and X, to code variables x, x,, x,,
and x,, which were accepted at the ends of the value in-
tervals +1 or —1.

Table 1. Intervals of variation of independent variables, initial conditions of the experiment

Name and designation

Controlled parameters (factors): actual and encoded value

of values
Variation AX, 350 - 20 - 30 - 6 -
interval i
Upper level Xmax 5,350 1 70 1 140 1 26 1
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Continued Table 1.

: . Controlled parameters (factors):
Name and designation actual and encoded value

of values

Main level XO 5,000 0 50 0 110 0 20 0

Lower level Xjnin 4,650 -1 30 -1 80 -1 14 -1

Source: compiled by the authors

After selecting the experiment plan, the main levels are recommended to be conducted randomly. However, to
and intervals of varying factors, the transition to the ex- reduce the time spent on conducting experiments, they
periment was made. Each row of the matrix is an exper- are sometimes grouped, that is, several experiments are
imental condition. To avoid systematic errors, it is rec- performed simultaneously. Conditions for conducting ex-
ommended to conduct experiments provided for by the periments (experiment plan) for a fractional factor exper-
matrix in a random sequence. The procedure for conduct-  iment 2, , are shown in Table 2. In this table, according
ing experiments should be selected from the table of even-  to the sequence of experiments u, combinations of factors
ly distributed random numbers. In general, experiments  are ordered at two levels.

Table 2. Conditions for performing a fractional factor experiment 2+! -
combinations of factor values (encoded and actual) for all experiments

u X X X, X, X, X X, X
1 -1 4.650 -1 30 1 140 1 26
2 1 5.350 -1 30 1 140 -1 14
3 -1 4.650 1 70 1 140 -1 14
4 1 5.350 1 70 1 140 1 26
5 -1 4.650 -1 30 -1 80 -1 14
6 1 5.350 -1 30 -1 80 1 26
7 -1 4.650 1 70 -1 80 1 26
8 1 5.350 1 70 -1 80 -1 14

Source: compiled by the authors

The results of the experiments are shown in Table 3,  (optimisation parameter) for the experiment by number u;
where y , .,V andy - value of the response function ¢, {y,} - sample variance for the experiment by number u,
Y (2) for n=4 repetitions of experiments (parallel ob-  which is calculated using the equation:
servations) in each u-th point in the experiment plan-
ning matrix; y - average value of the response function o*{y,} = ﬁ Y G = vu)?. (12)

Table 3. Results of the fractional factor experiment 2**

] Y Yoz Vs Vs Y. oy}
1 10.020 10.060 10.780 10.920 10.445 222.233
2 12.860 12.390 12.270 11.980 12.375 134.167
3 10.160 10.530 10.240 10.650 10.395 54.166.7
4 13.350 14.030 14.160 14.420 13.990 208.333
5 9.730 9.279 9.089 8.970 9.260.25 103.317
6 12.900 12.530 12.440 12.100 12.492.5 108.092
7 8.588 8.276 8.190 7.986 8.260 62.605.3
8 13.290 13.770 13.920 14.020 13.750 104.600
L 997.514
max— 222.233

Note: X - the sum of sample variance values for all experiments; max — the maximum value of the sample variance
Source: compiled by the authors

Values ¢*{y_} were calculated for all points of the ma-  planning of the experiment is the same and equal to n, then
trix plan, and the calculation results were entered in Ta-  the uniformity of variance at each level of factors can be
ble 3. Since the number of repetitions of experiments (par-  checked by the Cochrane criterion. To do this, it was nec-
allel observations) in each u-th point in the matrix, the essary to compare the calculated value G* of the Cochrane
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criterion with its tabular value G?, which is found from the
reference table for known values of the total variance value
N and the number of degrees of freedom. If the following
condition:

G'<@, (13)
is performed, then there are grounds to assert that the var-
iances are homogeneous and, accordingly, the experiments
are reproducible. The calculated value G“ of the Cochrane
criterion was calculated by the formula:

Ga = max o’}

TN e’ (14)

where N - total number of points in the plan of the exper-
iment matrix (u=1, 2, ..., N); max {¢*{y }} - maximum val-
ue of the sample variance from the set N of experiments;

N oy} — sum of sample variances for N experiments. As

a result, the following numeric value G* of the Cochrane
criterion was obtained:

G*=0.22279. (15)

Tabular value G* could also be approximated by the
Fischer distribution. To determine the tabular value G’ of
the Cochrane criterion, p level of significance was initially
selected. The following value is obtained:

p=0.05 16)

and the calculated number of degrees of freedom fhas the
following value:
f=n-1=3. (17)
Further, considering that the number of experiments
(points in the plan of the experiment matrix) is:

V. Melnik et al.

N=8, (18)

the corresponding value G of the Cochrane criterion was
calculated or selected from the reference table:

G*=G(p; f: N)=0.43075. (19)

Given the value G according to expression (15) and G*
according to expression (19), it was found that the condi-
tion G*< G? according to expression (13) is fulfilled, which
means that there is every reason to assert that the vari-
ances are homogeneous and, accordingly, the experiments
are reproducible. Further, according to Table 3, the overall
average variance was determined, that is, the variance of
the reproducibility of the experiment:

oy} = L N1 0%y} = 124,689, (20)

The error of the experiment (root-mean-square devia-
tion) was determined as follows:

o7} = L N1 02{y,} = 124,689. 1)

The coefficients of the desired regression equation (4)
were calculated using the following equations:

1 —

by = ;Zﬁﬂ Yus (22)

b; = %Zﬁ:ﬂ_’uxi, 1=1234, (23)
1 onN = .

by; = ﬁZuzl Yuxixi, 1= 2,3,4, (24)

where x, — encoded values of experimental factors.
The calculation results are shown in Table 4.

Table 4. Calculated values of the coefficients of the regression equation, according to expression (4)

b, Value b, Value
b, 11,370.97 b, -74.09
b, 1,780.91 b, 490.34
b, 227.78 b, -390.66
b 430.28 b 163.47

3

Source: compiled by the authors

Further, it was defined that: ¢*{b} - variance of the re-
gression coefficient error b, provided that (i=0, 1, ..., 14),
and also considering that the number of experiments n
(number of repetitions) at all points of the plan of the ex-
periment matrix are the same and are equal to:

Uz{bi} =

U _ 3896.54. 25)
Nn

Standard deviation o{b } of the error variance of regres-
sion coefficient b, was determined by the equation:

olb}= |70 = 6242, (26)

calculated value of the root-mean-square deviation of the
variance o{b } is the same applies to all regression coefficients.

The significance of the regression coefficients was
determined using t* — the Student’s tabular t-test and its
value is compared with the calculated value t*. Values were
calculated for each regression coefficient t“ using equation:

b

a __
b= oy

i=01,..,4,12,13,14, 27)
where |b| - calculated values of the regression coefficient
(Table 4), which were taken modulo; o{b} - root-mean-

square deviation of the variance of regression coefficients.
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Tabular t* value of the Student’s t-test for the level of sig-
nificance q=5% and the degrees of freedom were deter-
mined using the following expression:

f,=Nn-1)=24, (28)

next: t?=2.1199. For each regression coefficient, the values
t* were determined and compared to t°. It was found that

if the calculated value is t* > t*, then the regression coeffi-
cient is statistically significant and can be used in the fu-
ture calculations. If the calculated value is t“< t?, then the
regression coefficient is statistically insignificant and is
discarded without recalculating other coefficients. Calcu-
lated values t* of the regression coefficients according to
expression (27) were entered in Table 5.

Table 5. Calculated values t*

te Value te Value

t 182.162 t 1.18698
t 28.53 t, 7.85527
t 3.649 £, 6.40246
t 6.89307 t 2.61876

Source: compiled by the authors

From the data in Table 5, it can be seen that all cal-
culated values of the regression coefficient t¢, except for
t4, are significant. Instead, t¢=1.18698 is an insignificant,
and therefore, corresponding term b, x, in equation (4) was
ignored. Statistical insignificance of the regression coeffi-
cient b, can be caused by the following factors:

1) factor variation interval AX; is selected small;

2) main level of the factor X, is close to the point of
partial extremum;

3) big error of the experiment due to unaccounted
factors;

4) there is no connection of factors with the initial
valuey .

Interpretation of the regression equation is impor-
tant both for understanding the process and for making
decisions during optimisation. A special case occurs when
using saturated plans. With the significance of all regres-
sion coefficients, nothing can be said about the adequacy
or inadequacy of the model. A function whose coefficient
values do not differ significantly is called symmetric with
respect to the coefficients. However, it should be noted that
a successful choice of variation intervals can make any lin-
ear function symmetric for significant factors. But at the
first stage of planning, it is not always possible to get a
symmetric function. If the function is sharply asymmetric
(the coefficients differ by an order of magnitude), then it is
more profitable to run the experiment again, changing the
variation intervals, rather than moving along a gradient. As
a result of the conducted research, the regression equation
is further obtained in the form of a polynomial of the fol-
lowing form:

¥=11,370.97+1,780.91-1+227.78 -x, +
+430.28 -x,+490.34 - x x,-399.66 X, - X +
+163.47-x, X,

29)

where Y - mathematical expectation of the optimisation
parameter indicator; x,, x,, X, and x, — process factors that
were studied. The mathematical model obtained has the

form of a first-degree polynomial (29) (Kononyuk, 2010).
The coefficients of the polynomial, according to expres-
sion (29), are known. Next, the adequacy of the model was
checked in accordance with the obtained regression equa-
tion according to the form of expression (29). For this pur-
pose, the variance of the adequacy of the model was deter-
mined using the following equation:
sag = 7 2u=1(Fu — Ju)* = 326,594.47,  (30)

where N — total number of points in the plan of the ex-
periment matrix; [/ - number of significant coefficients;y —
arithmetic mean with n experiments (Table 3) at the point
with the number (u=1, 2, ..., N); 5/u — the mathematical ex-
pectation of the optimisation parameter calculated by the
regression equation according to expression (29).

The adequacy of the model was checked by comparing
the calculated value F* of Fischer’s criterion with a tabular
value P according to this equation (Kononyuk, 2010):

F'<P(f; f,),

where f, and f, - degrees of freedom. Further, the degrees of
freedom were determined using the following expressions:

(1)

f,=N-1=1,
f,=N(n-1)=24.

(32)
(33)

Calculated value F* and tabular value F* of the Fischer
criterion, respectively:

F'=2.619267. F’=4.259677. (34)

As can be seen from the numeric values of expressions
(34) calculated value of the Fischer criterion F* turned out
to be less than the tabular value F’ and, accordingly, the
hypothesis of adequacy of the model according to expres-
sion (29) is accepted. After substituting expressions (6) into
equation (29), the return to natural variables X, was made,
and the obtained regression equation in explicit (decoded)
form, which has such a relationship between the factors:
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Y=-11,817.78 +4.21-X, - 338.61- X, + 204.34- X, -390 X, +
+0.07-X,-X,-0.038-X,- X, +0.078-X,-X,.  (35)

The regression equation (35) was rewritten, consider-
ing that: Y corresponds to the pressure generated by the
fan P (Pa); X, - fan impeller rotation frequency n (rpm);
X, - blade installation angle at the impeller inlet 8, (deg.);
X, - blade installation angle at the impeller outlet f,
(deg.); X, — number of impeller blades z (pcs). As a result,
the following equation was obtained:

P =-11,817.78+4.21-n-338.61 -4, +204.34-
-B,-390-2+0.07-n-p,-0.038-1p,+0.078 n-z. (36)

Further, it was established to what extent each of the
factors n, 8, 5, and z affects the pressure generated by the
centrifugal radial fan P,. The value of each coefficient in
equation (36) is a quantitative measure of this effect. The
higher the coefficient, the stronger the influence of the
factor. “Plus” sign at n indicates that with an increase in
the values of this factor, the value P, increases, and the
“minus” sign at #, and z indicates that when they increase,
the pressure P, decreases. The effects of the interaction of
factors are important. In the obtained equation (36), such
an interaction is significant and has a positive sign for the
interaction (n- ) and (n-z). With the effect of interaction
of factors (n-$,), there is a negative sign that reduces the
final pressure value P.,.

The condition was accepted that P, according to ex-
pression (36), is a function n, that is P, =P (n), where n — an
independent variable, and g, f, and z - parameters. From
the full set of properties, the common between the variable
n and parameters f,, §, and z is that they can all change,
and the difference is that n changes continuously, and § , 5,
and z - discretely. In this case, expression (36) was rewrit-
ten as a linear equation of the following form:

P(n)=A-n+B, (37)

where
A=4.21+0.07-4,-0.038-5,+0.078 -z, (38)
B=11,817.78+338.61- 5, —204.34-5,+390-z, (39)
{B,, B,z }=const. (40)

Now previously independent variables 3, 5,, and z have
all the features as parameters included in linear equation
(37) and, accordingly, determine the value of the coeffi-
cients A according to expression (38) and B according to
expression (39). Expression (37) was then analysed. The
coefficient A according to expression (38) indicates that:
firstly, P, grows regardless of its size B according to expres-
sion (39), it is proportional to growth n provided that A>0;
secondly, P, decreases regardless of the value B according
to expression (39), it is proportional to growth n provided
that A <0; and finally, thirdly, P, does not depend on the
value n provided that A=0, and the value B according to

V. Melnik et al.

expression (39), it indicates the value of P,. It can be con-
cluded that the first option is physically justified and it was
further considered. To investigate the relationship between
f, and P, the regression equation (36) was rewritten in the
same way as the previous case (38-40) in the following form:

Pv(ﬂl)zcl'ﬂ1+D1’ (41)
where:
C,=0.07-n-338.61, (42)
D, =-11,817.78+4.21-n+204.34-5,- 390z~
-0.038-n-4,+0.078-n-z, (43)
{n, B,, z}=const . (44)

The calculations performed have established that in
the case when C, =0 according to the expression (42) n will
have the following meaning:

n|._=4,837.286 rpm. (45)

C1=0

Value P, does not depend on f, and it is fully defined by
a set of parameters:

n,f, 2} (46)

When:

n<nl_,and C,<0, (47)

relationship between f, and P, is inversely proportional,
and in the case when:

n>n|

and C, >0, (48)

C1=0
— directly proportional.

Further, a graphical dependency analysis was per-
formed using a personal computer (36). For this purpose,
a number of surfaces were considered that illustrate the
dependence P, from n, f,, /5, and z, provided that two of the
four factors listed remain fixed. When considering the first
option, when the value of factors $,=110° and z=20 pcs.
remain fixed, values n varies from 4,650 to 5,350 rpm, and
f, varies from 30° to 70° (Fig. 3).

From expression (36) and from the surface shape
Pn, By i1 5 - 0 (Fig. 3) it follows that within the full
range of angle values /3, € [30;70] deg, value P, monoton-
ically increases and proportional to the value n € [4650;
5350]. When g, is fixed, the relationship between n and P,
is linear. A fixed speed of rotation of the impeller within
n€[4,650; n|. ] increasing the angle g, €[30; 70] leads to a
decrease in the value P , and at n € [n| €10 5,000], and when
the g, € [30; 70] increases, P, also incleases. Therefore, the
surface P(n, B),, 11, ,-p0 (Fig. 3) has a rectilinear product
parallel to the plane (P n), but its angle of inclination rela-
tive to the horizontal varies depending on /3, € [30; 70] and
is defined as follows:

arctan (i Pv) = arctan((,) . (49)

on
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Figure 3. Dependence of the pressure generated by the fan on the impeller rotation speed and the angle
of installation of the impeller blades at the inlet, with a fixed value of the angle of installation
of the impeller blade at the outlet, and the number of blades
Note: P, (Pa) - pressure, n €[4,650; 5,350] (rpm), 5, €[30;70] deg, #,=110°,z=20 pcs

Source: compiled by the authors

The second option was considered, when the val-
ue of factors 5, =50° and z=20 pcs. remain fixed, value n

14500 4
<
A 125004
m}
[}
2 105001
12}
[5]
=
&
B
< 8500 1
6300
s°
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20 o
qlle ), 5‘.&%
2,
Py

varies from 4,650 to 5,350 rpm, and g, varies from 80° to
140° (Fig. 4).

130

Y0 deg

5 Ul
Angle By

Figure 4. Dependence of the pressure P, (Pa) generated by the fan on the impeller rotation speed and the angle of the
impeller blades at the outlet at a fixed value of the impeller blade angle at the inlet, and the number of blades
Note: P, (Pa) - pressure, n €[4,650; 5,350] (rpm), f, € [80;140] deg, §,=50°,z=20 pcs

Source: compiled by the authors

From the expression (36), as well as from the shape of
the surface P (n, B))|, .. .., (Fig. 4) it follows that the value
P, monotonically increases in proportion to the growth of
n € [4,650; 5,350] for each fixed g, € [80; 140]. In this case,
the relationship between n and P, is linear. The surface
P(n, Bl o0 150 (Fig. 4) has a straight line parallel to the
plane (P n), as in the previous case.

Next, the regression equation (36) is rewritten in linear
form as before:

PB)=C,p,+D, (50)

where
C,=204.34-0.038-n, (51)
D,=-11,817.78+4.21-n-338.61-5,-390-z+
+0.07-n-$,+0.078-n-z, (52)
{n, B,z }=const. (53)

In the case when C, =0, equation (50) and, accord-
ingly, nl., ,=5,377.368 rpm value P, is independent of
B, €[80; 140]. When n<n|,_, and C, >0, the relationship
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between f, and P, is directly proportional, and in the case
of n>n|,_,and C,<0 - inversely proportional (Chobal et
al., 2023). This is exactly the picture shown in Figure 4.
Comparing the current situation with the previous Fig-
ure 3, it can be seen that the influence of angles #, and §,

12400 4

Air pressure P,, Pa

V. Melnik et al.

by the amount of P, in a qualitative sense, it is a mirror
image. Further, the third option was considered, when
the value of factors n=5,000 rpm and z=20 pcs. remain
fixed, values g, change from 30° to 70°, and g, - varies
from 80° to 140° (Fig. 5).

150

130

9 deg

0 110
Angle B>

Figure 5. Dependence of the pressure P (Pa) generated by the fan on the angle of the impeller blades at the inlet and
outlet at a fixed value of the fan impeller rotation frequency, and the number of blades
Note: P (Pa) - pressure, P, deg, 3, € [80;140] deg, n=>5,000 rpm, z=20 pcs

Source: compiled by the authors

From the expression (36) and from the shape of the
surface P (B,, B,), - s000: 120 (Fig. 5) it follows that the value
P, monotonically increases in proportion to the increase
in both angles f, €[30; 70] and f3, € [80; 140]. This situation
fully corresponds to the patterns that were identified dur-
ing the analysis of the surfaces shown in Figures 3 and 4.

14000 4

12500 1

11000 1

Air pressure P,, Pa

9500 1

6
: Number of bt

In the current case, the surface P (8,, B,)|,, - 500, -5 N@S @ reC-
tilinear line parallel to the plane (P, ). The fourth option
was considered as follows, when the value of factors 5, =50°
and f,=110° remained fixed, values n varied from 4,650
to 5,350 rpm, and the number of blades z changed from
12 to 28 pcs. The results obtained are shown in Figure 6.

B
ades n, pCS

Figure 6. Dependence of the pressure P (Pa) generated by the fan on the impeller rotation speed and the number of
blades at fixed values of the installation angles of the impeller blades at input and output
Note: P (Pa) - pressure, n € [4,650; 5,350] rpm, z€{12, 16, ..., 28}, #, =50°, #,=110°

Source: compiled by the authors

From the expression (36) and from the shape of the
surface P(n, 2)|,, _ 5. 5, - 140 (Fig. 6) it follows that in the

qualitative sense, the nature of the influence of quantity z
of impeller blades by the amount of pressure generated by it
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P, is similar to the regularities of the relationship between
the angle §, and P, shown in Figure 3. At n< 5,000 rpm, the
effect of the number of blades z on the pressure generated
by the fan P, is inversely proportional, and at n>5,000 rpm -
directly proportional. At n=5,000 rpm, the impact of zon P,
is not observed.

Ultimately, the presented analysis of the obtained graph
dependencies shown in Figures 3-6 gives grounds to assert
that the obtained regressive model (36) is adequate to the
working processes of a centrifugal radial fan of the consid-
ereddesign.Thus, preciseand aggregated analytical depend-
encies and their graphical interpretations are found, which
allow efficient and low-cost selection of optimal parame-
ters of a centrifugal radial fan for any pneumatic seed drill.

Building a theoretical model involves conducting
large and long-term research, since it is necessary to find
out the nature of the microprocessors that the object has
and describe them mathematically. R.B. Darlington &
A.F. Hayes (2016) present the process model as a complex
system of equations (a system of algebraic, ordinary differ-
ential equations, or partial differential equations). These
systems of equations allow describing the processes occur-
ring in the object very accurately and allow extrapolation at
apointinthefactor space where direct observationisimpos-
sible. Statistical models are obtained as a result of statistical
processing of experimental data collected during the study.

Comparing the obtained scientific results with the re-
sults of known previous studies, it should be noted that
G.J. Peng et al. (2021) also optimised the geometric param-
eters of the impeller of a multi-stage fan (pump) based on
a rather complex and expensive experimental study. The
obtained similar parameters, such as a smaller impeller di-
ameter and fewer blades, require the use of a multi-stage
design, which significantly increases the complexity and
cost of the design.

H.C. Ding et al. (2020) also took a centrifugal fan as the
object of research and installed five models of an impeller
with different angles of release of the blades. Here, using
computational hydrodynamics, the external characteristics
of a centrifugal fan and the internal characteristics, includ-
ing velocity, pressure, and turbulent energy distribution
were obtained and compared in the middle plane of the
fan impeller. In addition, pressure fluctuations around the
impeller outlet as a function of external parameters were
also analysed. However, there is no reason to consider the
indicators obtained in this paper optimal, since the main
methods of regressive analysis are not used here.

S.Q. Zhou et al. (2019) and Z.H. Li et al. (2020) consid-
ered a multi-blade centrifugal fan, which is characterised
by a large number of blades (>48) and their spiral instal-
lation on the drive shaft. It is established that the fluidity
and noise characteristics of such a centrifugal fan depend
on the type of spiral line and the geometry of the tongue
at the spiral outlet. The origin and influence of a complex
vortex structure near the spiral outlet of a multi-blade
centrifugal fan are also investigated here. Due to the wide
blade and short blade channel, the air flow maintains a
large radial velocity in the blade channel. This continuous

radial partial velocity causes vortices to form in the spiral
release zone. A secondary flow close to the impeller is then
generated from the centre to the sides along the volume. It
is obtained that the current lines are divided into two parts
(reverse and output) at the exit of the spiral. Although vor-
tices near the spiral exit are complex, the main features of
the flow behaviour caused by the vortex are clear. However,
these obtained design and kinematic parameters of fans
are not optimal, since they were also calculated without us-
ing correlation analysis. It is likely that even when develop-
ing specific designs of these centrifugal fans based on the
application of the obtained parameters, it is necessary to
conduct additional thorough experimental studies. And the
application of the results obtained no longer requires any
additional theoretical or experimental studies. This greatly
simplifies obtaining fairly accurate design and kinematic
parameters of the fan under study.

Many bladed centrifugal fans with different designs
of impellers, blade profiles, grooves at the tip of the blade,
etc., are considered in the papers by M. Kharati-Koopaee &
H. Moallemi (2019), Z.Q. Xu et al. (2022) and F.N. Meng et
al. (2023). Although correlation analysis methods are used
here, their application is quite complex, expensive, and
does not guarantee a fairly simple and accurate method
proposed in this study. S. Tong et al. (2020), E.O. Aydin et
al. (2022) considered a method for optimising the hydraulic
efficiency of a ten-stage centrifugal pump. In accordance
with the hydraulic loss model, a multi-criteria method for
calculating optimisation based on constructed surrogate
models is proposed. To determine the nonlinear relation-
ship between key design variables and values of external
characteristics of a centrifugal pump, this paper construct-
ed a quadratic response surface, a radial basis Gaussian
response surface, and three Kriging surrogate models us-
ing computer hydrodynamic modelling analysis. It is quite
possible to switch from the study of a centrifugal pump to
a centrifugal fan, but it still gives the effect that is used in
this particular study. The authors of this well-known study
have also built several models, but they are overwhelmingly
based on hydraulic losses and applying them to generate air
pressure will require significant additional transformations.

Based on the conducted comparative analysis, it can be
argued that the developed method of designing centrifugal
radial fans allows quite simply but also accurately deter-
mine the optimal design and kinematic parameters, which
can be effectively used in the development and construc-
tion of various pneumatic systems that are widely used in
the field of agricultural mechanisation.

CONCLUSIONS

The dependence of the total pressure P, of the pneumat-
ic system of the seed drill on the parameters of the main
external factors present in its main body — the impeller —
is analytically determined. For this purpose, a regression
equation was derived that obeys the law of the first-degree
polynomial equation. The high efficiency of applying the
statistical theory of experiment planning in conducting
computational studies instead of full-scale ones is proved.
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In particular, the method of interpolation computational
experiment is given. As a result, a functional relationship
was established between the value of the total pressure
generated by the fan P, and independent variables: n - fan
impeller rotation frequency; angles , and f, of installa-
tions of each blade, respectively, at the inlet and outlet of
the impeller; z — the number of impeller blades.

The resulting regression equation P, =P (n, 3, f,, 2),
Pa, shows that within the studied intervals, changes in in-
dependent quantities (n € [4,650; 5,350], rpm; /3, € [30; 70],
deg; p, € [80; 140], deg; z€[12, 16 ,..., 28], pcs.) function
P,=P(n, B, p,, z) retains monotony, and therefore, the
minimax optimisation experiment does not make sense.
To obtain the required value of the total pressure generat-
ed by the fan P, is enough to assign the corresponding val-
ues of independent values n, §,, §, and z. Such a regression
equation allows predicting response values based on the
specified values of factors. The obtained analytical results
allow effectively designing and constructing centrifugal
radial fans with various technical indicators. In the future,
the proposed methodological approach provides for the

V. Melnik et al.

use to study and optimise processes in pneumatic systems
not only in seed drills of various purposes and design in
their development or improvement, but also in the study
and design of pneumatic systems of other agricultural
machinery and equipment of modern technical level.

The next stages in further research are the devel-
opment of new physical models of pneumatic systems
used in machines of various branches of agriculture and
a fairly correct and accurate formalisation of their func-
tioning depending on the input and output parameters,
which will form the basis of their regression models built
in the future. At the same time, there is a primary need to
detail and establish the significance of individual factors,
depending on the specific goals and features of further
mathematical modelling.
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MpoeKTyBaHHSA BiALEHTPOBUX paAia/lbHUX BEHTUNATOPIB

i3 3aCTOCyBaHHAM MeToAiB perpecmuBHoOro aHani3y

AHoTauiqA. 3 PO3BUTKOM HAayKOBO-TEXHIUHOTO MPOrpecy B Ci/IbCbKOMY TOCIIOaPCTBi aKTyaJIbHUM € 3aCTOCYBaHHS
omepaliifHo-MaTeMaTUYHOTO MOJe/TIOBaHHS )i e(eKTMBHOTO BMUPIllleHHS 3aBIaHb Ta pecypco3bepeskeHHS B Taysi
CiIbCHKOTOCIIONAPCHKOr0 MalIMHOGYIyBaHHSI. TOMYy MeTOI0 JOCTiIsKeHHS OY/I0 BU3HAUEHHST ONITMMA/IbHUX TTapaMeTpiB
BiZLIeHTPOBOro pajiaJbHOTO BEHTW/ISITOPA MHEeBMATUYHOI CiBaJIKM TOUHOTO BUCIBY HIJISIXOM MMOOYIyBaHHS HOBOI
MaTeMaTMUHOI MoJelli Impo1iecy i1oro poboTu. [JoCATHEHHSI LIbOTO 6YJI0 37ilicHeHe MUISIXOM 3aCTOCYBaHHSI METOLiB
MaTeMaTMYHOTO MOJIeTIOBAaHHSI MPY TUIaHyBaHHiI 6araToakTopHMUX eKCIiepMMeHTiB. B pe3ynbTaTi BU3HAYeHO KOMILIEKC
aBTOMATM30BAHOI'O €KCIIEPUMEHTY, 1[0 IPU3BOAUTD 4O CYTTEBOTO MiJBUIIEHHS MPOLYKTUBHOCTI HAYKOBOI pO6OTH.
BCcTaHOB/IEHO CTATUCTUUHE YSIBAEHHS PO eKCIIepUMEHT, 110 T03BOJISIE TTepeiiTu 10 6araTroakToOpHOTO aKTUBHOTO
eKCIIePUMEHTY, B SIKOMY € MOXK/IMBICTb BilOKpeMUTH BILTMB (GaKkTOPiB BiJ 1ryMoBoro GoHy Ta 34iiiICHUTY TIepexif Ao
CTaTUCTUYHMX METO/iB aHasi3y pe3yabTaTiB. Came 11e 103BOIMIO OTPUMATU MOXK/IMBICTb IPOTHO3YBaHHS ONTUMAaTbHUX
XapaKTePUCTUK BiJLIlEHTPOBOIO paiialbHOTO BEHTU/ISITOPA CiBaJIKM TOYHOTO BUCIBY. Y NpoLeci JaHOTO JOCTiIKeHHS
CKJIaJIeHO HOBe PiBHSIHHS perpecii y BUIVISII MTOJIiIHOMA MePUIOTOo CTYIIeHs], sike BM3Haua€e BIUIMB KOKHOTO i3 pakTopiB
Ha BeJIMUMHY Ta 3HAYEHHS BiAryKy. BusHaueHo KoedillieHTM MoiHOMA, TPOBEEeHO OLiHKY 3HAuyIIoCTi koedillieHTiB Ta
nepeBipKy Ha a[IeKBaTHICTb 3aIIPOTIOHOBAHOI Mozei. ITic/is oTpuMaHHS PiBHSHHS perpecii BUHMKIA MOXKIUBICTh rpadiuyHOi
no6ynoBu 3ayiexkHOCTI GYHKIIT BiATYKY B YMHHMKIB BIUIMBY. TaKOX IIPOBeleHO Np0o60BUit GaKkTOpHMIT eKCIIepUMEHT,
peasni3yioun sIKuit BU3HaUeHO 3HaUeHHSI MapaMeTpiB CTaHy 00’ekTa Y Mpu BCiX MOKIMBUX IMOETHAHHSX PiBHIB BapilOBaHHS
dbaxropis X.. Ha migcTaBi BCTaHOBIEHOTO (PyHKLiOHAIBHOIO B3a€MO3BA3KY MiXX BUXIIHMM [IapaMeTpPOM BEeHTUIATOPa
ozepkaHe PiBHAHHA perpecii HacTymHoro Bursny: P =P (n, B, f,, z). e nano mincrasyu IporHo3yBaTit OTPUMAaHHS TIOBHOTO
TUCKY P, (Pa), Ipy 3amanHi pisHMUX 3HaUeHb He3alIEeXHMX BeIMUMH 1, f,, f, Ta Z. 3aCTOCYBAHHS OTPUMAaHMUX aHATI TUYHMX
3aJIEXKHOCTEN CYTTEBO CIIPOCTMUIIO BM3HAUEHHS ONITMMaIbHMX KOHCTPYKTUBHMX [IapaMeTpiB MHEeBMAaTUUYHUX CUCTEM JJIsI
PO3pOOKM Ta KOHCTPYIOBAHHS CiBaJIOK Cy4aCHOTO TEXHIUYHOI'O PiBHS
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Optimisation of transport and technological system parameters
of an agricultural enterprise in conditions of partial uncertainty

Abstract. At the stage of production of a wide range of agricultural products, to ensure the smooth operation of agricultural
enterprises, it is necessary to solve the problems of fast and efficient delivery of relevant equipment, spare parts, and
consumables with the rational use of available production resources. The research aims to improve the transport and
technological system for the supply of orders in the form of consignments to meet the needs of the production activities
of an agricultural enterprise. For this purpose, an simulation model was developed in the AnyLogic University Researcher
environment using the Java compiler, since this toolkit allows simultaneously combining discrete-event and agent-
based approaches. The model was implemented on the example of an enterprise of a separate subdivision of the National
University of Life and Environmental Sciences of Ukraine “Agronomic Research Station”. As a result, a comprehensive,
optimisation mathematical model of the supply of goods on an extensive network of road routes using the agricultural
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Optimisation of transport and technological system parameters...

enterprise’s fleet of vehicles under conditions of partial uncertainty was obtained. In the course of experiments and
calculations based on the real process of an agricultural enterprise, a range of values of the size of the truck fleet that meets
the optimisation conditions has been found. It has been determined that the range of values close to the optimal size of
the unloading truck fleet varies from 9 to 14 units. It has been established that the values of the optimisation criterion
describing the average delivery time from the beginning of the need for an order to the moment of its delivery vary from
9.96 to 12.78 hours. The limit level of load of the transport and technological system is determined, at which the limit level
of technological fault tolerance is ensured. It is 135 or more orders per year for each supplier with an estimated fleet of 12
trucks. The results of the study, such as the use of analytical tools and algorithms to optimise routes and allocate resources,
can be used to improve transport efficiency, and help companies choose the most profitable and environmentally friendly
routes for transportation

Keywords: agent-based simulation; vehicle fleet composition; technological fault tolerance; distribution logistics;

component supply

INTRODUCTION

Global agricultural supply chains play a crucial role in
ensuring the availability and accessibility of food for the
world’s population. As the world’s population grows, de-
mand for agricultural products is increasing, putting pres-
sure on existing supply chains. By adopting technological
innovations such as blockchain, vertical farm integration
strategies, and precision agriculture, these supply chains
will be better able to meet the needs of a growing global
population and contribute to a more sustainable and equi-
table future (Latest agri-food trade report..., 2023).

The efficiency and performance of global agricultural
supply chains are ensured by infrastructure components:
transport systems, including road, rail and maritime net-
works, storage and warehousing systems, communications
and connectivity that allow for information exchange, co-
ordination, and digitalisation. Agricultural supply chains
are complex networks that involve many stakeholders,
including agricultural associations, farmers, cooperatives
and agricultural processing organisations, wholesalers, re-
tailers, and consumers.

M. De Bok & L. Tavasszy (2018) noted that modern
agro-industrial enterprises are powerful high-tech indus-
tries with complex equipment that requires special and
timely maintenance. To ensure the proper working condi-
tion of such equipment, enterprises periodically purchase
spare parts from planned and unplanned deliveries, expend-
ables and components, and other materials representing
small and medium-sized consignments. The supply network
through a variety of different suppliers is usually quite ex-
tensive. Coordinating and managing the movement of goods
from the point of origin to the end customer is critical to
success. R. Granillo-Macias (2021) argues that to ensure the
efficiency and effectiveness of distribution logistics opera-
tions, several factors must be considered, including delivery
efficiency, real-time tracking and visibility, regulatory com-
pliance, technology, sustainability, and customer service.

The provision of transport services on an extensive
network of routes, due to the need for unscheduled pro-
curement, can be considered partially unpredictable. At the
same time, according to L. Leng et al. (2020), and A. Bekrar et
al. (2021), it can be seen that with significant volumes of

deliveries, it is advisable to maintain its fleet of vehicles.
In such cases, the issue of fleet optimisation always arises,
both in terms of size and equipment. Thus, there is a cer-
tain scientific and applied task of developing models and
methods for planning distribution logistics on the network
of planned and unplanned purchases and deliveries under
conditions of partial uncertainty. P.T.W. Lee et al. (2022),
and G. Zhang (2023) have sufficiently covered the issues
of improving the efficiency of transport processes and
systems, optimising the technological parameters of sup-
ply chains, improving technological schemes and models
of cargo flow management. A. Prokhorchenko et al. (2019)
study the problem of the safe operation of critical trans-
port infrastructure in conditions of partial uncertainty of
the occurrence and elimination of the consequences of
unauthorised interference. At the same time, these studies
do not study the intra-technological conflicts inherent in
the stochastic phenomena of transport processes. Stress
test modelling, in particular agent-based simulations, is a
fairly common practice in various fields of activity (Cicho-
sz, 2020; Munoz & Iglesias, 2021). However, such studies
have not been conducted for transport and technological
systems due to the accepted “safe” reliability threshold.
Thus, the issue of distribution logistics has been suf-
ficiently studied, including with the help of agent-based
simulation. However, there are not enough examples of op-
timisation of vehicle fleet parameters under conditions of
partial uncertainty and stochasticity of transport process-
es. In addition, the issue of stress tests of the functioning
of transport and technological processes has not been suf-
ficiently studied. Therefore, the purpose of the study was
to develop measures to improve the transport and tech-
nological system for the delivery of small consignments
of goods under the condition of centralised fleet manage-
ment. To achieve the goal of the plan, it was necessary to
solve the following tasks: to develop a simulation model of
the process of small consignments distribution under the
condition of centralised management of the vehicle fleet;
to optimise the parameters of the transport and technolog-
ical system for small consignments distribution under the
condition of centralised management of the vehicle fleet.
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MATERIALS AND METHODS

One of the main indicators of the efficiency of logistics sys-
tems is the regularity and timeliness of delivery with the
rational use of available production resources. The criteri-
on for optimal planning and implementation of technolog-
ical processes of cargo delivery is the average delivery time
from the moment the order is required to be delivered to
the moment it is delivered:

T,.=f\a,..,a;p@,),..,pa,)—min, (1)

where a, ..., a, - set of possible parameters of the fleet of
vehicles, delivery routes, order conditions, suppliers work-
ing hours, etc.; p(a, ), ..., p(a, ) - probabilistic description of
the conditions for the use of the corresponding production
resource and the conditions of the organization of supply.
The focus of optimisation was to reduce the selected
indicator. The average delivery time was broken down into
fixed and variable components:
Tavg = troute +t

+
technological downtime. tunproductive downtime.? (2)

where ¢, - truck driving time; ¢, ... - techno-
logical downtime of trucks during scheduled operations:
loading, unloading, etc.; € snproductive downtime time of unpro-
ductive downtime in the form of delays arising from tech-
nological conflicts due to the stochastic nature of transport
and technological processes and the discrepancy between
the processing capacity of the transport system and its
loading volumes.

Elements troute and ttechnolugical downtime depend on the phys_
ical and technical characteristics of the transport system
parameters, and therefore can be considered constant dur-
ing operation. Whereas the element ¢, . .. oumine 1S @ VaI-

iable component, which in most cases arises due to the un-
predictability of the situation. Therefore, the optimisation
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of the objective function was to minimise the component
t which theoretically, depending on the level
of conflict, can vary withint, . . mime = [0, -

Given that the process of ordering components, spare
parts, and other materials for the needs of agricultural com-
panies is partially unpredictable, and this applies to both
the possible delivery route and the time of the order, the
entire technological process of order delivery and the use of
vehicles was considered quasi-stochastic. Under such con-
ditions, the request for the use of existing production re-
sources (vehicles, staff time) should be optimal, and there-
fore their degree of use (utilisation) should be within limits:

unproductive downtime

érS (ptruck(al’ s an)’
£~'u > (ptruck(al’ s an)’ (3)

where ¢, . - the average load of vehicles, which corre-
sponds to the part of the time of direct use of the vehicle
relative to the total time of its operation; &, - the limit of
rational use of the selected production resource; & — limit
of reliability (fault tolerance) of the use of the selected pro-
duction resource.

At that time, the optimisation model was as follows:

Eroui.‘e + Et,‘echnological downtime + Eun;r)roductiw—z downtime =
= fpr(al, v, @ p(ay), ...,p(an)) - min @

{fr < Qeruck (@, s Ap),
& 2 Oeruck(ay, ..., ay).

Since the objective function had a significant set of
parameters and was presented in an implicit form, one of
the possible solutions to this problem was to develop and
implement a simulation model. The simulation model rep-
resented the interaction of agents, most of which had a dis-
crete-event formalisation (Table 1):

Table 1. Simulation model agents

Agent Name Agent function Agent task
Main Base model agent The main window of the model presentation.
Suppliers The population of “Suppliers” agents with a set of ~ Simulation of the work of suppliers of goods for the
pp coordinates on the suppliersPoints GIS map needs of agricultural production
Simulation of the process of receiving an order,
BusinessProcess Agent of the technological process of order delivery planning, and organising the delivery of an order by
a fleet of own trucks
Truck The population of agents “Truck fleet” Simulation of a fleet of vehicles ready for dispatch
Simulation of an information order for the delivery
Order The population of agents of the “order” type of goods with a set of required characteristics:

supplier, quantity of goods (cargo), terms of
delivery.

Note: GIS - geographic information system
Source: compiled by the authors
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The entire technological process of supplying own
truck fleet begins with the receipt of an order, which can be
formalised as an information message with a set of char-
acteristics:

M={m,...,m}, ©)

where m,, ..., m - a set of information characteristics:
point of departure, time of departure, amount of cargo,
conditions of transportation, etc.

The information message is received by the dispatcher,
after which the transport is planned as a sequence of or-
ganisational measures:

N={n,...,n}, (6)

where n,, ..., n - a set of organizational actions of the dis-
patching point, which is mostly associated with the choice
of the required (according to the technical conditions of
the M, order) truck among currently available vehicles,
documenting the route, etc.

The simulation model was implemented in the Any-
Logic 8.7 environment using the Java compiler. The chosen
development environment allows to implementation of
business processes of goods supply through a combination
of agent-based and discrete-event approaches. The main

enter

tools for modelling dynamic transport processes and re-
cording changes in the state of system elements in each
agent were the units of the Enterprise and Ststchart libraries
built into AnyLogic.

The adequacy of the model was checked by comparing
the results of the baseline experiment with the normative
indicators of the work performed by the enterprise of the
separate subdivision of the National University of Life and
Environmental Sciences of Ukraine “Agronomic Research
Station”. The reliability of the results was ensured by de-
termining the minimum number of replications and the
minimum required modelling time. A level of reliability of
at least 95% (with an error probability of no more than 5%)
will be achieved with a minimum of ten replications and six
months of simulation time.

RESULTS AND DISCUSSION

The Enterprise library allowed us to model various stag-
es, such as the arrival of vehicles for loading, transpor-
tation to the unloading point, unloading, return with
empty mileage, as well as all inter-operational downtime
(Fig. 1).

Initial conditions and key parameters are summarised
in Table 2.

Built-in GIS mapping technology was used to create a
network of possible supply routes (Fig. 2).
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Figure 1. Discrete-event simulation of the technological process of order supply and turnover of trucks

Source: compiled by the authors

Table 2. Initial parameters of the simulation model implementation

Parameter

Vinnytsia,
Dnipro,
Zhashkiv,
Zhytomyr,
Kyiv,

Lviv,
Kharkiv,
Odesa,
Sumy,
Kherson,
Zaporizhia,
Khmelnytskyi,
Cherkasy.

Supplier locations

Value

Note

Location of the company’s cargo terminal

Pshenychne, Vasylkiv district, Kyiv region.

The average intensity of orders from each
supplier

1in a week 52 in a year.

Exponential distribution

Drivers’ working week, working conditions

5 days, irregular working hours.

Average vehicle speed on the route

50 km/h
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Continued Table 2.

Parameter Value Note
Time spent by the vehicle at the loading 8 hours The distribution of the indicator is
point triangular [0.95t; t; 1.25t].
Average time spent at the unloading point 8 hours The distribution of the indicator is

triangular [0.95t; t; 1.25¢].

Source: compiled by the authors
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Figure 2. General view of the GIS map with supply points and possible routes at the presentation of the agent’s Main
Source: compiled by the authors

The modelling of the emergence and formation of that simulates the random occurrence of the need to pur-
purchase orders is carried out by a population of Supplier  chase goods according to an exponential distribution with
agents (Fig. 3) using a discrete transition at a set intensity = an average intensity of n orders per week.
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Figure 3. Discrete-event process of forming (generating) new supply orders in the agents of the population Suppliers
Note: a — agents of the population Suppliers; b — the process of forming new orders
Source: compiled by the authors
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When the need for an order arises, a new agent of the
Order type is generated using the corresponding Java code:

“Order order = new Order ( this );
send ( order, main.businessProcess);”.

An instance of the Order class is passed to the Busi-
nessProcess agent for processing. The simulation of the
technological process of supplying goods by own car fleet
is carried out in the BusinessProcess agent. The seize block
simulates the processing of an order and the “seizure” of
the necessary resources to process the order. The resource
is a free truck that is located in the resource pool block - a
fleet of vehicles.

In a situation where there are no available trucks, the
order waits for its turn. If there is a free truck, control is
transferred to the first subprocess, which simulates the
first part of the truck’s production cycle - driving to the
loading point and loading: resourceTaskStart — the start of
using a resource of the truck type.

The second subprocess begins with the release block
and corresponds to the second half of the truck’s produc-
tion cycle - the return route and unloading of the order at
its cargo terminal. To make the model more adequate, the
simulation implements a scenario for scheduling access to
the fleet of vehicles through the scheduling tool. This ap-
proach allows you to set the working hours of drivers dur-
ing the days of the week.

To establish the optimal value of the number of trucks,
an optimisation experiment was created in AnyLogic, based
on the optimisation model (4). The model delivery time is
defined as the time interval between the time a new order
leaves the Unloading block and the time this order enters
the entered block:

“dataTimeOrderIn.add(time() — timelnOrder);”

The validation of the software code was carried out
step by step with the compilation of the Java code of all
agents separately. The developed simulation models ad-
equately simulate the transport and technological pro-
cess of supplying orders from a plurality of suppliers on
an extensive network of transport links. As a result of
the development of the simulation model, it was possible
to consider the variability of delivery routes in the con-
ditions of the existing road transport infrastructure of
Ukraine, as well as the Poisson nature of the receipt of
orders for transportation.

As a result of the optimisation experiments and calcu-
lations based on the real process of an agricultural enter-
prise, a range of values of the indicator that meets the con-
ditions of the optimisation model (4) was obtained (Fig. 4):
from 9 to 14 trucks. At the same time, the average order de-
livery time, which is the optimisation criterion, varies from
9.96 to 12.78. For calculations, the option corresponding to
the middle of the range was chosen, i.e., 12 trucks.
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Figure 4. Dependencies of order delivery time and vehicle fleet loading on the working vehicle fleet

Note: delivery time is limited to 100 hours
Source: compiled by the authors

To determine the limit level of load, namely the in-
tensity of orders, at which the transport and technological
system of the enterprise will provide an appropriate level
of fault tolerance, a sensitivity experiment of the model
was conducted, in which the intensity of delivery orders

was gradually increased with the estimated fleet of trucks
(Neyrgo = 12). As a result of a series of experiments, it was
found that the queue of unfulfilled orders begins to grow
significantly after the intensity of 140 orders per year

(about 2.7 orders per week) (Fig. 5).
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A detailed analysis of the formation of the order back- At the same time, the value of the waiting time for an

log during the simulation period indicates a gradual in-  application for a free truck has an exponential distribu-
crease in unfulfilled orders with an order intensity of 135  tion density, which confirms the naturalness of the process
orders per year or more (Fig. 6). (Fig. 7).
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Thus, it can be assumed that the maximum load of the
transport and technological system of an enterprise with
an estimated fleet of 12 trucks is 135 or more orders per
year for each supplier. At the same time, the experimen-
tal models presented in these studies do not consider the
complexity of multimodal transport, as noted by V. Shra-
menko et al. (2020). Only the last stage of delivery, the “last
mile” stage, was considered. Therefore, it is impossible to
state that the study of cargo delivery is complete, system-
atic and comprehensive, which, if possible, will be taken
into account in further research.

Thus, the study systematically studied the problems of
improving the efficiency of the transport and technological
line using computer simulation, which made it possible to:

O consider the process as a single, complex and large
transport system;

O to consider the slope of processes and phenomena,
which minimised the abstractness of the model;

O to investigate the centralised management of the
vehicle fleet and the issue of process resilience;

O establish the optimal parameters of the transport and
technological process, considering a systematic approach.

However, the study could not consider:

O branching of delivery routes, considering the num-
ber of delivery points within each route;

O the process of transporting goods within the entire
transport and technological line of multimodal supply
chains.

Optimising transport routes is key to improving sup-
ply chain efficiency. One of the most modern and powerful
tools for comprehensive optimisation of all key parameters
of transport and technological systems of various types and
levels is agent-based simulation (Liu et al., 2022), includ-
ing in the study of distribution logistics implementation
conditions (Tang et al., 2022; Alimohammadi & Behnami-
an, 2023), as well as based on GIS (geographic information
system) components of the spatial orientation of transport
infrastructure facilities on the ground (Chen et al., 2021).
At the same time, such models do not fully use the dis-
crete-event approach, which allows for modelling techno-
logical subprocesses with a sufficient level of reliability.

In addition, the main feature of the developed model is
the consideration of centralised fleet management. In oth-
er words, the model dynamically considers the possibility
of changing the routes of trucks when organising the next
flights and cargo delivery. A similar problem was solved by
V. Matsiuk et al. (2021), where mainline locomotives were
optimised for the delivery of iron ore concentrate. Howev-
er, unlike these studies, this paper modelled the centralised
management of trucks.

To study the resilience of the transport system, similar
tools to the methods of queuing theory were used, as de-
scribed by D. Ziemke et al. (2021). The methods of queuing
theorywere used to solve the scientific task of increasing the
efficiency of processes to counter illegal and unauthorised
interference with critical infrastructure. While the process-
es are similar, fleet management has certain differences,

starting with greater discretion in events, sequencing (ve-
hicles are serviced in a certain order) and less variation in
the intervals of service requests and the duration of the
service itself. Thus, the main value of this research is the
focus on the problem of road transport of small consign-
ments of goods in a wide variation of delivery routes under
conditions of stochastic processes and systematic research.

At the same time, another rather powerful research
tool, agent-based simulation, is gaining popularity. Simu-
lation models developed based on this paradigm allow for
the most comprehensive study of a wide range of activities,
production, service, etc. For example, E. Derkenbaeva et
al. (2023) presented the results of experiments with spatial
microsimulation to predict the development of residential
areas in one of the European countries. The agnostic ap-
proach made it possible to consider specific factors in hu-
man behaviour, such as the role of tenants and investors in
shaping demand in the country’s regions, and to forecast
electricity consumption in the near future. Based on the
study’s findings, the researchers presented an effective de-
cision-making support tool for the country’s political lead-
ership, including local authorities in the regions.

In another example, R. Faia et al. (2023) successfully
addressed the problem of optimising the daily energy con-
sumption of a region with intensive use of electric vehi-
cles. With the help of the developed agent-based computer
simulation, the researchers solved the problem of the opti-
mal location of charging stations in the selected area. This
problem successfully combines the approaches of linear
programming and integral calculations in the process of
parameter search.

The most similar results are obtained by O.V. Horbo-
va & N.S. Murkovych (2021), as they present the results of
experiments with agent-based simulation in the delivery
of small consignments. At the same time, these studies are
based on the task of a salesman and do not fully consider
the simultaneous operation of several vehicles in the cen-
tralised organisation of transportation work.

In summary, the problem of distribution logistics is a
complex and multifaceted issue that requires an integrat-
ed approach to overcome. By adopting a holistic approach,
companies can ensure the success of their business and
meet the ever-increasing demands of their customers.

CONCLUSIONS

A comprehensive optimisation (simulation) model for the
delivery of orders on an extensive network of road routes
by a truck fleet under conditions of partial uncertainty
has been developed. The model is based on agent-based
and discrete-event principles, considering the stochastic
nature of the receipt of orders for transportation and the
duration of the technological elements of the transpor-
tation process. The model was tested based on one of the
operating units of the National University of Life and En-
vironmental Sciences of Ukraine. This allowed the mod-
el to be adapted to the specific requirements and features
of the enterprise in question, which contributed to higher
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efficiency and accuracy of the results. The adequacy of the
model was determined by comparing the performance in-
dicators of the enterprise and the modelling results. The
degree of reliability is 89%.

The results of the optimisation and sensitivity experi-
ments of the model have established that, according to the
criterion of the average delivery time of order and under
the given initial conditions, there is a range of close to op-
timal values of the size of the truck fleet, namely from 9 to
14, while the optimisation criterion itself ranges from 9.96
to 12.78 hours. The average value of the specified range,
namely 12 vehicles, was chosen as the calculated value.

The sensitivity experiment of the model, with the se-

V. Matsiuk et al.

160% more than the existing level of orders of 52 per year.
The density of the distribution of the waiting time for the
fulfilment of transportation orders is approximated by an
exponential distribution, which indicates sufficient fault
tolerance of the process and, as a result, is evidence that
the transport and technological supply system of the en-
terprise has a sufficient margin of safety.

Further research is needed to improve the simulation
model since it did not consider the randomness of the
formation of consignments of different sizes (weight and
mass) and the different intensities of order formation in
the supplier network.
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OonTuMisauia napamMeTpiB TPAaHCMNOPTHO-TEXHONOrYHOI CUCTEMM
arpapHoro nianpueMcTBa B YMOBaX YaCTKOBOi HEBU3HAUYEHOCTi

AHoTauif. Ha eramni BUpOGHMIITBA IIMPOKOTO CIIEKTPY CiTBCHKOTOCIIONAPCHKOT POAYKIIii 115 3a6e3meueHHs 6e3nepebiitHol
po6OTM arpapHMX MiAIPUEMCTB HEOOXiAHO BUPIIMTY 3aaui IBUIKOI Ta e(eKTUBHOI JOCTaBKM BiATIOBiMIHOTO 06/IaHAHHS,
3armyacTyH, po3XiIHMUX MaTepiasiB Ipu parioHATIbHOMY BUKOPUCTaHHI HAIBHUX BUPOOHUUMX pecypciB. MeTOI0 TOCTiIsKeHHS
OyJI0 BAOCKOHAIEHHS TPAHCIIOPTHO-TEXHOJIOTIYHOI CMCTEeMM MOCTAYaHHS 3aMOBJIEHb Y BUIVISIZI MapTiii BaHTaxKiB Ha
noTpeby BUPOOHUUOI HisVIbHOCTI arpapHOro miAnpuemMcTsa. [Jis 1boro 6y/10 po3pobiieHo imMiTaliiiHy Mozenb y cepemoBuIii
AnyLogic University Researcher i3 BUKOpUCTaHHSIM KOMITIJISITOpA Java, OCKIIbKY 1ieft iHCTpyMeHTapiii [03BOJISIE OMHOYACHO
MOENHYBATU IMCKPETHO-TIOAIEBUI Ta areHTHMIA TTigxoan. Mozenb peani3oBaHO Ha IPUKIIAJi MiIIPUEMCTBA BilOKPEMJIEHOTO
nigposziny HaioHambHOro yHiBepcuTeTy 6iopecypciB i mpupomokopucTyBaHHs YKpaiHu «ArpOHOMIUHA JOCTiIHA CTAHIIiS».
B pesysbrati 6y/a oTprMaHa KOMILIEKCHA, OTITUMi3allifiHa MaTeMaTUYHa MOJe/lb ITOCTaYaHHsI TOBapiB Ha PO3TraTyyKeHiii
Mepexki aBTOMOOIbHYUX IUISIXiB CIIOMyYeHHS BIACHUM ITapKOM aBTOTPaHCIIOPTHUX 3aC06iB arpomiAIpueMCcTBa B yMOBax
YaCTKOBOI HeBM3HaUeHOCTi. ITiJ] yac mpoBeIleHHSI eKCIIEPMMEHTIB Ta 064MC/IeHb HA OCHOBI peajbHOTrO MPOIeCy arpapHOTro
nianpuemMcTBa Oy/I0 3HalIeHO Aiana3oH 3HaueHb PO3Mipy MapKy BaHTaKHUX aBTOMOOIIB, 110 BifMOBigae yMOBaM
onTuMi3alii. BusHaueHo, 0 fiana3oH 6JIM3bKUX 10 ONTUMAIBHOTO 3HaUeHb PO3Mipy IapKy BUBAHTasKHUX aBTOMOOIJIB
3MiHIOETbCS B Meskax Bif 9 no 14 oguHuilb. BcTaHOB/IEHO, 110 3HAUEHHST KPUTEPilo ONTUMIi3allii, 1[0 OTIUCY€E cepenHiii
Yyac JOCTaBKM BiJl TOUAaTKy BUHMKHEHHS TOTPe6 B 3aMOBJIEHHI 10 MOMEHTY /10T0 IOCTaBKM, 3MiHIOIOTbCSI B MeXKax Bif,
9,96 no 12,78 rogyH. BusHaueHO rpaHMYHMI piBEHb HaBaHTaXKEHHS TPAaHCIIOPTHO-TEXHOJIOTIUHOI CUCTEMM, TIPU TKOMY
3abe31evuyeThbCsl TPAHNMYHMIT PiB€Hb TEXHOIOTIYHOI BiZMOBOCTiiiKOCTi. BiH ckiagae 135 Ta 6iybliie 3aMOB/IeHb Y PiK y
KO’KHOTO TIOCTavaabHMKA MTPU PO3PaXYHKOBOMY ITapKy BaHTaKHMX aBTOMOOIIIB y 12 oguHUIIb. Pe3yabTaTy LOCTiIsKeHHSI,
TaKi K 3aCTOCYBaHHS aHATITUUHMX IHCTPYMEHTIB Ta aJITOPUTMIB AJ151 OIITUMi3allii MapuIpyTiB Ta PO3IIOLiTy Pecypcis,
MOKYTb OYTV BUKOPUCTaHI 1151 MigBUIIEeHHS e(eKTUBHOCTI TPAHCIIOPTY, /ISl JOTIOMOTH MiANPUEMCTBAM y BMOOPi HAMOIIbIIT
BUTiJHMX Ta €KOJIOTIYHMX MaplIPyTiB JJ1s1 IepeBe3eHb

Knio4yoBi cnoBa: areHTHa CUMYJSINSI; CKIa[ [MapKy TPAHCIIOPTHUX 3aco6iB; TEXHOIOTiYHA BiMOBOCTIlKiCTb;
OUCTPUOYTUBHA JIOTICTUKA ;) TTOCTAYaHHST KOMIUIEKTYIOUMX
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Propeller thrust tower crane slewing mechanism model identification

Abstract. Any study of the dynamics and control of mechanical systems is based on adequate mathematical models
that contain the dynamic parameters of the system under study. Their evaluation, in particular for the tower crane
boom system, is a particularly relevant scientific and practical problem, the solution of which will provide the basis
for further calculations of the optimal modes of movement of the tower crane slewing mechanism. The research aims
to determine the dynamic parameters of the installation (moment of inertia of the slewing mechanism J, torque of
dry friction forces M, driving torque coefficient K,) and to plan experimental studies. The experimental method,
numerical optimization methods (in particular, the modified Rot-Ring-PSO method), and statistical methods were used
to conduct the research. Based on the results of the experiments, the dynamic parameters of the mathematical model
of the laboratory installation of the tower crane slewing mechanism with propeller thrust were identified. The criterion
that evaluates the identification error of the parameters K|, M, and ] was formed and minimized using the Rot-Ring-
PSO algorithm. Plots of the kinematic characteristics of the movement of the boom system in terms of the angle of
rotation of the boom and the speed of rotation of the boom were constructed. When processing the experimental data,
the dependence of the error values on the supply voltage of the propeller drive was revealed. The error in the boom
rotation speed at the drive supply voltage of 90% (compared to the voltage variant of 40%) decreased by almost 15%,
and the error in the boom rotation angle at the drive supply voltage of 90% (compared to the supply voltage variant of
40%) decreased by almost 3 times. The regularity has been confirmed that with an increase in the supply voltage, the
error value of the system decreases. In the course of processing the experimental studies, the dynamic parameters of the
installation were identified: K, =4.80-10® V/(rpm)?, M, =34.519 Nm, /= 24.21 kgm®. The obtained results will be used to
optimise the plant’s motion modes, and the developed identification algorithm can be used for other similar problems

Keywords: error; criterion, equipment; algorithm; crane

INTRODUCTION

Tower cranes are used in the construction of high-rise  characteristics of tower cranes and optimising their oper-
buildings and to move various loads on construction sites.  ation for improving production processes.

These cranes must, first and foremost, be reliable, and One of the mechanisms of a tower crane is the slewing
have sufficient performance and high safety standards. mechanism. Many scientists studied the optimal move-
This determines the relevance of studying the dynamic = ment modes of this mechanism. As such, Patent of Ukraine
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No. 131788 “The method of controlling the movement of
the slewing mechanism of the tower crane” (2019) syn-
thesises the optimal mode of movement of a tower crane.
The peculiarity of this study is determined by the change
in the speed of the crane’s slewing mechanism being im-
plemented using the derived optimal law of movement of
the mechanism, which eliminates pendulum oscillations of
the load and increases the reliability and capacity of the
tower crane. V. Loveikin et al. (2020) analysed the process
of starting the tower crane slewing mechanism, provided
that the crane moves at a steady-state speed, and identified
the most significant factors that affect the energy, dynam-
ic, and kinematic processes of the system. A. Trabka (2016)
presented a comprehensive method for determining the pa-
rameters characterising the main structural components of
cranes. Its novelty lies in the fact that the analysis ensures
the detection of deficiencies even before the installation of
components on the crane structure. F. Liu et al. (2021) de-
termined the oscillation and oscillation characteristics of a
tower crane. They proved that the mass of the load has lit-
tle effect on the spatial angle of slewing during the lifting
and tilting motion and that the intensity of the change in
the angle of rotation increases with the height of the tower
crane. M. Zhang et al. (2020) developed an adaptive crane
motion controller based on a dynamic model of a tower
crane that ensures accurate load positioning while elim-
inating pendulum oscillations of the load. R. Capkova et
al. (2019) presented a study that considers the control of
crane motion using a PID controller. R. Gao et al. (2013)
presented a method for evaluating the braking process of a
tower crane. It was based on a model of the dynamics of an
elastic system. V. Loveikin et al. (2023) considered a method
for minimising the driving torque of the trolley movement
mechanism during a steady-state crane slewing. It is based
on the developed mathematical model of the “tower crane-
load” system and minimization of the optimisation criteri-
on by synthesising optimal control. V. Loveikin et al. (2022),
based on a dynamic system, investigated a method for min-
imising trolley motion oscillations during a steady crane
slewing using the movement duration criterion. W. Chen et
al. (2020) studied a tower crane scheme to assess the sta-
bility of the structure under variable wind loads using CFD
(Computational Fluid Dynamics) and time-domain anal-
ysis of wind reactions. O. Grigorov et al. (2020) analysed
the use of a hydrodynamic drive for the movement and
slwing mechanism. As a result, compared to other drives,
they proved that it is effective in operation. I. Gorbatyuk
& O. Bulavka (2022) presented a method for determin-
ing dynamic loads during load hoisting using calculation
schemes that reflect the actual operation of the mechanism.

Optimal control of the movement of tower crane mech-
anisms requires a mathematical model. Its definition is a
mandatory problem. However, the identification of model
parameters can be quite difficult. Therefore, the research
aims to develop a methodology for identifying the param-
eters of the model of the tower crane slewing mechanism
using a laboratory installation as an example.

Yu. Romasevych and Ya. Hubar

MATERIALS AND METHODS

An experimental laboratory installation of a tower crane
(Fig. 1) with a boom length (L=3570 mm) at the National
University of Life and Environmental Sciences of Ukraine
was used for the study. In the installation, the worm gear
slewing mechanism was replaced by a propeller-driven
slewing mechanism.

Figure 1. Experimental laboratory
installation of a tower crane
Source: authors’ photo

The propeller-driven slewing mechanism (Fig. 2) is
installed at the end of the boom, which allows the exper-
imental unit to reach the optimum speed and angle of ro-
tation faster with less driving force and, accordingly, at a
lower propeller speed.

Figure 2. The structure
of the propeller-driven slewing mechanism
Note: 1 - Arduino UNO board, 2 - Turnigy battery,
3 — Hobbywing XRotor Pro 25A driver, 4 — control block,
5 — iFlight XING-E Pro brushless motor, 6 — propellor, 7 —
engine speed driver
Source: authors’ photo

The list of equipment and its main technical char-
acteristics used for the experiments: iFlight XING-E Pro
brushless motor (China) (motor size 28.5x19.7 mm; weight
33.8 g; no-load current at 12.6 V 1.2 A; maximum pow-
er 800.5 W); Turnigy battery (China) (capacity 2200 mAh;
voltage 11.1 V; dimensions: 104x27x35 mm); Hobbywing
XRotor Pro motor driver (China) 25A (rated current 25 A;
peak current for up to 10 seconds 40 A; frequency 50-500
Hz); AUTONICS E40S6-5000-3-T-24 incremental encoder
(South Korea) (Fig. 3) (accuracy 5000 imp/rev, supply volt-
age 12-24V).

Machinery & Energetics. Vol. 14, No. 3

N



Propeller thrust tower crane slewing mechanism model identification

Figure 3. Incremental encoder location

Source: authors’ photo

To record the data (supply voltage of the boom slew-
ing mechanism drive, boom rotation angle, time), the Ar-
duino UNO board (China) was used. The code was created
using the Arduino IDE programming system. All data were

#

obtained in numerical form and then processed in Wolf-
ram Mathematica.

A data acquisition device m-DAQ 14 (Ukraine) and a lab-
oratory power supply were used for data collection (Fig. 4).

XONMUT™ faira Cucremc

ww politua

m-DAQ 94}

Cdanane ¢ Yipaime

Figure 4. Data recording device m-DAQ 14

Source: authors’ photo

To conduct the experiments, the supply voltage to the
actuator was increased from 10% of the nominal value to
100% in 10% increments. At 10 and 20% of the nominal
voltage, the dry friction forces of the boom were greater
than the thrust of the propeller, so these values were not
used in the future. A total of 16 experiments were con-
ducted with the motor supply voltage ranging from 30% to
100% of the nominal (12V) value.

It was proposed to use the following system of equa-
tions (mathematical model) to describe the motion of the
laboratory installation:

{MD =K, (PU)%L;

1
My — My = ], @

where K, - driving torque coefficient, H/(rpm)?*; P - drive
speed ratio, rpm/V; U, - nominal voltage that was applied
to the motor on the i-th control cycle, B; L — boom length,
m; M, - torque of dry friction forces, Nm; /] — moment of
inertia of the boom system, kgm?; ¢ — angular acceleration
of the boom system, rad/s?.

Model (1) was chosen as it well describes the physical
phenomena occurring in the experimental setup (inertial,
hydraulic, etc.). For example, as the motor supply voltage
increases, the thrust of the propellers increases quadrati-
cally, which is the reason for the quadratic expression in the
first equation (1). Unknown and requiring determination in

the model (1) are the values of K , M, J. To determine them,
a criterion was developed to describe the prediction error
of model (1), i.e., the total deviation of the predicted data
from the experimental data. This criterion is described by
the following expression:

I=I¢.RMS+I¢.max+I¢.RMS+Iip.max 1’ 690((”-,,”_(9“) + @
+max(¢m.i_¢e.i)+1l 690(¢mL - ¢91)2+max(¢ml ¢9L)

where [, cand I,
the boom posmon and rotation speed; 1, and I,
maximum (modulo) error values for the boom position and
rotation speed; ¢, . and ¢, , - i-th values of the boom posi-
tion obtained based on model (1) and experimental data,
respectively; ¢ . and ¢, - i-th values of the boom rotation
speed were obtained based on model (1) and based on ex-
perimental data, respectively.

Criterion (2) was minimised using the Rot-Ring-PSO
algorithm (Romasevych et al., 2021) to identify the param-
eters K, M, and J.

- root mean square error values for

RESULTS AND DISCUSSION
To illustrate the results, the plots (Fig. 5 and 6) and Table 1
are presented at 40% and 90% of the nominal supply volt-
age of the drives.
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Figure 5. Plots of the kinematic characteristics
of the boom system movement at a motor supply voltage of 40% of the nominal value
Note: a) by the angle of rotation of the boom, b) by the speed of rotation of the boom

Source: compiled by the authors
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Figure 6. Plots of the kinematic characteristics

of the boom system movement at a motor supply voltage of 90% of the nominal value
Note: a) by the angle of rotation of the boom, b) by the speed of rotation of the boom

Source: compiled by the authors

The black curve in Figure 5a shows a plot of changes
in the angle of rotation of the boom system obtained using
model (1). The grey curve represents the values obtained
during the experiment. The dashed curve shows the plot
of the prediction error of model (1), i.e., the difference be-
tween theoretical (predicted by model (1)) and experimen-
tal values. Figure 5b shows similar plots but for the boom

slewing rate. Plots for the drive supply voltage level of 90%
of the nominal value are shown in Figure 6. Figure 6a shows
that the curves for the theoretical and experimental val-
ues of the boom angle of rotation coincide and their error
is insignificant. A slight discrepancy between the curves
is shown in Figure 6b. For a more detailed explanation of
the results obtained, numerical data are provided (Table 1).

Table 1. Error-values at changes in drive voltage

Drive supply voltage, % of nominal value

Error name Scale
40 90
Maximum (modulo) values
Boom rotation speed degrees/s 1.7317 1.4531
Boom position degrees 1.9246 0.6965
Root mean square values
Boom rotation speed degrees/s 0.6374 0.5881
Boom position degrees 1.1440 0.3503

Source: compiled by the authors

Machinery & Energetics. Vol. 14, No. 3
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Table 1 shows that at 90% of nominal supply voltage,
the maximum error in boom slewing speed is reduced by
15% (compared to 40% of nominal supply voltage). The
maximum error in the boom slewing position at the same
levels of drive supply voltage decreased by almost 3 times.
Increasing the supply voltage of the drive has a negligible
effect on the value of the RMS error in the boom slew rate.
However, the factor of supply voltage has a significant ef-
fect on the RMS value of the boom position error, which
decreased by almost 3 times when the supply voltage in-
creased from 40% to 90% of the nominal value.

Comparing the values of the errors (Table 1), the in-
crease in the motor voltage shows a tendency to reduce the
error in the speed and angle of slewing of the installation.
An increase in the supply voltage of the drive does not
greatly affect the change in the error in the boom slewing
speed, but at the same time, the error in the boom position
decreases significantly with an increase in voltage.

Based on the data presented in Table 1, the error val-
ues at a drive supply voltage of 90% of the nominal val-
ue are small. This allows us to determine parameters
K, =4.80-10% W/(rpm)?, M, = 34.519 Nm, J = 24.21 kgm? for
this particular motor voltage level for further calculations
of optimal driving modes.

H.M. Omar & A.H. Nayfeh (2005) developed a method
for controlling crane mechanisms by installing two con-
trollers. One of them provides system oscillation damp-
ing and the other provides trajectory control of the crane
mechanisms. B. Jerman et al. (2004) presented a study of
the dynamics of crane movement based on the developed
mathematical model of a slewing crane.

V. Kovalenko et al. (2022) developed a control law for
the crane control mechanism to rotate the boom with a load
to a given angle ¢ in the shortest possible time, and at the
end of the working cycle, the load should not oscillate. The
problem of synthesising the laws of motion of the mecha-
nism with optimal performance is solved by the methods of
optimal control theory, namely, using the maximum prin-
ciple. The basis is the differential equation of the mechan-
ical system “boom crane — load”. The common feature of
this work is that it was conducted on a laboratory setup, the
difference being that in our case the slewing mechanism is
propeller-driven, while in the study mentioned above it is
of the standard type, i.e., with a worm gearbox.

Yu. Romasevych et al. (2023) revealed the solution to
the problem of trajectory avoidance when constructing the
trajectory of a load moved by a tower crane by developing
a methodology for synthesising consistent laws of motion
of mechanisms. The commonality with the present study
is the laboratory setup, even though the experiment was
carried out using an accelerometer and a m-DAQ 14 data
recording device. Thus, the laboratory setup is a fairly
versatile tool for implementing the results of solving the
problems of controlling tower crane mechanisms.

J. Ye & J. Huang (2022) solved the problem of con-
trolling the movement of a tower crane boom based on the
developed model of the installation. Moreover, the pendu-
lum oscillations of the load and the influence of the move-
ment (vibration) of the boom on them are considered. All
experiments were carried out under ideal conditions in a
laboratory setup, i.e., neglecting the aerodynamic effect
and the influence of external weather factors. This con-
firms the applicability of the approach used in this study.

G. Yao et al. (2018) proposed to apply the finite ele-
ment method and the Saint-Venant principle to conduct
experiments to determine the stability of the installation
structure. In contrast to this study, a 1:2 scale model of a
tower crane installation was used instead.

The study of I. Dogi & S. Lajqi, (2018) aimed to deter-
mine the dynamic parameters of the tower crane slewing
mechanism. This study is similar to the one cited above,
although the authors additionally considered the oscilla-
tions of the plant.

CONCLUSIONS

The study involved the selection of measuring and re-
cording equipment for experimental studies to identify a
model of a laboratory installation of a tower crane with
an improved slewing mechanism with propeller thrust. To
determine the dependence of the angle and speed of the
boom slewing from time, as well as the value of the voltage
applied to the propeller drive, a code was developed in the
Arduino IDE programming system.

Using the Rot-Ring-PSO algorithm, the minimum RMS
values of the prediction errors of the model of the tower
crane slewing mechanism (in terms of speed and angle of
rotation of the boom) were determined. All calculations
were performed at different motor supply voltages. It was
found that at a lower motor supply voltage, the error in-
creases, and at a higher one, it decreases. In particular, the
error values are as follows: maximum boom rotation speed
-1.45 deg/s, RMS -0.59 deg/s, maximum boom rotation an-
gle -0.69 degrees, RMS -0.35 degrees.

The data obtained in the course of processing the exper-
imental studies allowed us to identify the dynamic param-
eters of the plant K, =4.80- 10 W/(rpm)*, M, = 34.519 Nm,
J=24.21 kgm?, which will be used to implement the optimal
modesofmovementofthelaboratorytowercraneinstallation.

In the future, it is necessary to carry out theoretical
calculations of the dependence of the boom slewing speed
on the parameters that affect it: the mass of the load, trol-
ley position on the crane boom, and the length of the rope.
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lneHTUIKaUia Mogeni yCTaHOBKM MeXaHi3My NOBOPOTY
6aluTOBOro KpaHa i3 nponenepHolo TAro

AHoTAaUifa. Byb-sKi oCTiIKeHHS [UHAMIKY 1 KepYBaHHSI MEXaHIYHVX CUCTEM IPYHTYETHCS Ha aleKBATHUX MaTeMaTUIHUX
MOJIEJISIX, IKi MiCTSITh AMHAMIUHI TapaMeTpy JOCTiIKYBaHOI cucTeMu. X olliHKa, 30KpeMa JIJIs CTPiIoBOi cucTeMu
6aIITOBOTO KpaHa, IIPeCTaBIIsIE COO0I0 OKPeMY aKTyaTbHy HAYKOBO-TIPUKIATHY 38jauy BUPIIIeHHS SIKO1 JACTh MiICTaBy [JIs
MOJAJTBILIMX PO3PAXYHKIB ONTUMAIbHUX PEXXMMIB PyXy MeXaHi3My IOBOPOTY 6AIITOBOTO KpaHa. MeTOI0 CTaTTi € BUSHAUEHHS
AVMHaMiYHMX apaMeTpiB YCTaHOBKY (MOMEHTa iHepIlii MexaHi3sMy IIOBOPOTY /, MOMEHTa CIJI CyX0ro Tepts M, koedilieHTa
pyuIifiHoro moMmeHTa K| ) Ta mpoBeeHHs IUIaHyBaHHs €KCIePUMEHTAbHUX JOCTIIKeHb. [IJIsl TPOBeIeHH s TOUTiIKeHb
BMKOPMCTAHO eKCTIIepUMMeHTATbHIIT MeTO/I, MeTOIM YMCceabHOI onTumisanii (30kpema MoaudikoBaHMii MeTo[, poio YacTOK
Rot-Ring-PS0), a TakoX CTaTUCTUYHI MeToM. 3a pe3y/abTaTaMy IIPOBeJeHNX eKCIIepMMeHTIiB 6yio ineHTHdiKoBaHO
IMHAMiYHi mapaMeTpyu MaTeMaTUYHOI Mozei 1abopaTOpHOi YCTAaHOBKM MeXaHi3My ITOBOPOTY 6alITOBOro KpaHa i3
rpomnesiepHoio Tsiroto. ChopMoBaHoO Ta 3a Joromorow anroputmy Rot-Ring-PSO npoBeneHo MiHiMizallito KpuTepito, sKuit
OlIiHIOE TTOXMOKY imeHTMDiKallii mapameTpiB K. M,/ [To6ymoBaHo rpadiky KiHeMaTUIHUX XapaKTePUCTUK PYXY CTPIIOBOI
CHUCTeMM T10 KyTy TIOBOPOTY CTPi/IM Ta MO IBUAKOCTI TOBOPOTY cTpinu. IIpu 06pob11i ekcrieprMeHTaTIbHUX JAHUX BUSBIEHO
3aJIeKHICTh BeIMYMH MOXMOKM BiJ, HAIIPYTU KMBJI€HHS IPUBOAY Mporienepa. [ToxmnbKa 1Mo mBUAKOCTI IOBOPOTY CTPiiu
TIpM HaMpy3i kuBjeHHs puBonLy 90 % (y MOpiBHSHHI 3 BapianTOM Hanpyru B 40 %) 3MeHImIach Mmaibke Ha 15 %, a
10 KyTYy IIOBOPOTY CTPi/iM NIpU HAMpy3i >XuBaeHHs npusony 90 % (y NOpiBHSHHI 3 BapiaHTOM Hanpyryu XXujaeHHs 40 %)
3MeHILIMIach, Maike B 3 pasu. IligTBepaskeHa 3aKOHOMiPHICTb, 10 NP 30iabIIIeHHI HAIPYTY KUBJIEHHS 3MeHIIyEThCS
BeJIMUMHA MMOXUO6KM pO60TH cucTeMu. Y Xofi 06pobKM ekcriepuMeHTaAbHUX OOCTiKeHb OTpMMaHo ineHTudikoBaHi
IovHaMivHi napameTpyu ycraHoBku K, =4,80- 108 B/(06/xB)*, M, = 34,519 Hm, ] = 24,21 xrm?. OTpumMaHi pesy/abTaTi 6ymyTh
BMKODPUCTAHI /151 TPOBeJeHHS ONTUMi3allii peskMMiB pyxy YCTaHOBKH, a PO3po6IieHNit anropuTm igeHTudikaiii moxe 6ytu
BUKOPUCTAHUI IJ1sI iHIIMX MONi6GHMX 3aauax

Knio4oBi cnoBa: moxmn6ka; KpuUTepiit; 067afHaHHS; AITOPUTM; KPaH
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Heat transfer and gas dynamics numerical modelling
of compact pipe bundles of new design

Abstract. Weight and size characteristics, heat transfer efficiency across the surface, pressure losses in the flow paths
for each heat transfer medium, and other parameters that characterise the heat exchanger play an important role in the
development of new types of heat exchanger designs. This predefines the research relevance and the need for a solution.
The research aims to develop and implement fundamentally new approaches to the design parameters of shell-and-tube
heat exchangers, in which smooth-tube bundles are placed as compactly as possible in their crossflow. For this purpose,
numerical modelling in the heat exchanger channels and studies of heat transfer and gas dynamics were carried out. The
ANSYS Fluent software package was used to calculate the hydrodynamics and heat transfer in the tube bundle channels.
Numerical modelling of hydrodynamics and heat transfer processes in the flow of a compact bundle of small-diameter
pipes was carried out. The mathematical model includes the Navier-Stokes equation, the energy equation, and equations
describing the turbulence of the external flow. The turbulence model k-¢ was chosen as a model that describes turbulence in
channels well. The results of numerical modelling showed a compact bundle of pipes at the outlet of the channels, with an
average value of +20.1°C. Notably, the local temperature values near the channel walls are close to +30°C. The air velocity
at certain points of the duct reaches 85.1 m/s. At the same time, the average air velocity in the cross-section of the channel
is about 41.2 m/s at Re=21420. It is demonstrated that the maximum values of local heat transfer coefficients for pipes
in a compact bundle are observed in the areas where the flow joins the pipe surface and at the beginning of the boundary
layer formation. The maximum values of the heat transfer coefficient reach up to 1335.5 W/m?°C for the second and third
rows, and at the front point of the first order, it is 1042.3 W/m?°C. These results will improve the weight and dimensions
of shell-and-tube heat exchangers and reduce their costs

Keywords: Navier-Stokes equation; Computational Fluid Dynamics; heat and mass transfer; intertubular channels;
weight and dimensions

INTRODUCTION

A heat exchanger is a device used to efficiently transfer  a whole (Hojjat, 2020). According to P. Bichkar et al. (2018),
heat between two fluids (gas or liquid) to another. The use  shell-and-tube heat exchangers have many applications
of heat exchangers in combination increases the efficiency in air conditioning, chemical engineering, power plants,
of thermal management and energy saving of the systemas  and aerospace. They are divided into two categories based
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on the direction of flow: straight tube and U-shaped. In
straight-tube heat exchangers, the tube flow enters from
one side of the heat exchanger and exits from the other
side of the heat exchanger, but in U-tube heat exchangers,
the flow enters the U-shaped tubes, returns, and exits from
the same direction in which it enters.

Significant experimental and numerical research has
been conducted on shell-and-tube heat exchangers to im-
prove their efficiency (Wang et al., 2020). In experimental
studies, the cost of purchasing materials, parts, and the
heat exchangers themselves is very high, so numerical
modelling of heat exchangers using the commercial soft-
ware package ANSYS. Fluent Theory Guide Release 18.2
(2017) is much more useful. This method considers all the
details of geometry, and flow and can simulate the values
of gas dynamics and heat transfer parameters at any point
of the heat exchanger, but this method requires a lot of
computer processing power.

M. Tayyab et al. (2020) claim that there are two ways
to increase turbulence: active and passive. Active meth-
ods require the use of external energy, which can be me-
chanical, hydromagnetic or electrohydrodynamic (Alam
& Kim, 2018). The use of extended surfaces called fins is
a widely used passive method to increase heat transfer.
M.T. Riaz et al. (2022) noted that the effective heat trans-
fer area increases with the use of extended surfaces, which
leads to flow turbulence, increasing the transfer rate. In
the passive method, changing or improving the geomet-
ric properties of the flow path or adding intensifiers in the
channel increases the intensity of turbulence in the fluid
flow, resulting in an obvious increase in heat transfer rate.
Passive methods of creating turbulence include twisted
tubes, spiral strips, coils, and vortex flow generators (Feiz-
abadi et al., 2019; Talebi & Lalgani, 2021).

M.A. Jamil et al. (2020) used exergy-economic opti-
misation to improve the mass and thermal characteris-
tics of heat exchangers. They achieved a reduction in heat
exchange area by ~26.4%, capital cost by ~20%, operating
cost by ~50%, total cost by ~22%, and flow cost by ~21%.
T.-W. Lim & Y.-S. Choi (2020) developed the design and in-
vestigated the performance evaluation of a shell-and-tube
heat exchanger utilising the cold energy of liquid natural
gas on a ship washing the jacket of an internal combustion
engine. The results of the cycle performance analysis show
that R123 and R227e have the highest and lowest thermal
efficiencies of approximately 17-23% and approximately
15-21%, respectively. R123 and R134a show the highest
and lowest exergy efficiencies of approximately 25-31%
and approximately 23-29%, respectively.

According to V. Gorobets et al. (2021), by varying the
displacement of adjacent pipes in the transverse direc-
tion relative to the direction of flow in the channels, it is
possible to improve the integrated characteristics of heat
transfer on the surface of such bundles. Notably, these
characteristics improve with an increase in the displace-
ment of adjacent pipes, but at the same time, pressure loss-
es in such channels increase. Therefore, when choosing the

geometry of a curved channel, one should limit the offset
value, which, for example, for a pipe diameter of 10 mm
in a bundle should not exceed 1-3 mm. V.I. Trokhaniak et
al. (2023) found that for such bundles, the intensification
of heat transfer does not require the use of high-power
pumping equipment for pumping the heat carrier in the
intertube channels of the heat exchanger.

Development and recommendation of both new and
improved design solutions for shell-and-tube heat ex-
changers with a compact arrangement of tube bundles is a
highly relevant research topic and requires a solution.

The research aims to improve the known and develop
new designs of shell-and-tube heat exchangers with com-
pact placement of smooth-tube bundles in their crossflow
and to numerically simulate the processes of heat and mass
transfer in the channels of these heat exchangers.

MATERIALS AND METHODS
All studies were carried out based on the problematic sci-
entific laboratory “Heat and Mass Transfer Processes and
Alternative Energy Sources” at the Department of Heat
and Power Engineering of the National University of Life
and Environmental Sciences of Ukraine. A shell-and-tube
heat exchanger with a rectangular cross-section, in which
tube bundles are arranged in a traditional staggered order
with a step of 1.5x1.5 (s,/D-s,/D) and a compact configura-
tion with their crossflow (Fig. 1) was considered. The heat
exchanger uses a system of tubes in which adjacent tubes
are in contact with each other and are displaced along the
ordinate axes by a distance K relative to each other, where
0 < K < V3D/2 distance meets the established condition
C>D+5+0.1 mm, where D is the outer diameter of the tubes.
This is because modern and relatively cheap technologies
for manufacturing such bundles are significantly compli-
cated, with a distance between the tubes of less than 5 mm.
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Figure 1. 1. Tube board
with compact tube arrangement (top view)

Note: D - external tube diameter, m; S — width of the inter-
tube passage, m; K — displacement of pipes along the ordi-
nate axes, m; C — distance between pipes at displacement,
m; L - length of the heat exchanger, m; H — heat exchanger
width, m

Source: compiled by the authors

Numerical modelling of heat and mass transfer pro-
cesses in the channels of heat exchangers of compact con-
figuration was carried out using ANSYS software. Fluent
theory guide. Release 18.2 (2017). The mathematical model
is based on the Navier-Stokes equations (Khmelnik, 2010;
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Marzouk et al. 2022) and the convective energy transfer
equation. The standard k-¢ turbulence model was chosen
(ANSYS..., 2017).

The Navier-Stokes equations describing heat and mass
transfer in heat exchange channels in a two-dimensional
system are as follows:

) movement equation:

ou ou u\ _ _dp Bz_u z?z_u
p(5+ua+va)— ax+”(ax2+ay2) (1)
ov ov v\ _ _ dp o*v | 9*v\’
(E"’ua"'vﬂ)_ 6y+ (6x2+6y2)
where p is the air density, kg/m3; u is the dynamic air vis-
cosity, Pa-s; p is the air pressure, Pa; u, v, is the vector field
of air velocity, m/s; t is time, s;
O equation of continuity:

ou ov .
£+5—0, (2)

O energy conservation equation:

06 (55t 1 5) =5 (15) 505 ©

where T is the temperature at a certain point, °C; 4 is the
thermal conductivity of air, W/m-°K; Cp is the specific heat
capacity of air, J/kg-°K.

Boundary conditions were set (Fig. 1) at inlet:

x=0, W=W;T=T,,, 4)
at output:
x=H; 5 =0, (5)
tube walls:
T=X 0 120V =Yoo i) = Tovat 0 (6)
hull walls:

=0, )

| aTwall,case
y=0

oy

adhesion conditions on the pipe wall:
X:Xtube_int; y:ytube_int’ (8)

adhesion conditions on the hull wall:

ZPeanstpoSERERREENERSL8ERESIBES
ENNOOOBBLONN==mOOOXONOORNDBDWNON =—O
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y=H; W=0;y=0. )

For the standard k-¢ turbulence model, the equations are
as follows:

) ) _ 0 [(y 4 ey 2
200l + = k) = | (u+ ) 25+

7% an (10)
+Gk+Gb—p£—YM +Sk
and
: 0 _ 0 [(y g ) 28
50 (Pe) + 5 - (pew) = 2%, [(# + 08) ax,] +
) (11

2
+C1e % (G + C35Gp) = Coep -+ Se

where G, — generation of kinetic energy turbulence using
velocity gradients; G, - turbulence generation of kinetic
energy from buoyancy; Y, — dissipation contribution of the
turbulence oscillating in the compressible to the total dis-
sipation rate; C, , C, and C, - constants; ¢, and ¢, - turbu-
lent Prandtl values for k and ¢ respectively.

The same boundary conditions apply in both cas-
es. At the inlet of the heat exchanger, the mass flow rate
is 0.25 kg/s at an initial temperature of T, =+40°C. The
height of the pipes is 200 mm, their outer diameter is
10 mm, and their wall thickness is 1 mm. For the coolant
flowing inside the pipes, the following boundary conditions
were set, which are typical for the flow of liquid coolants in
channels of this type: the temperature on the inner surface
of the pipes of the first section, starting from the entrance
to the pipe bundle, is +11.46°C; for the second and third
sections, respectively, +10.88°C and +10.3°C. The width of
this channel between the pipes in this bundle configura-
tion is 5 mm.

RESULTS
Results of numerical modelling of a staggered and com-
pact tube bundle of a new design
Figures 2 to 4 below show the results of a numerical sim-
ulation in the traditional staggered heat exchanger chan-
nels. As can be seen in Figure 2, the temperature of the
heat transfer medium drops as it approaches the outlet of
the heat exchanger. At the outlet, the average temperature
across the channel width is +19.3°C.

Figure 2. Temperature change in the heat exchanger staggered channel, °C
Source: V.I. Trokhaniak (2018)
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The velocity field in the heat exchanger and the duct
shows that in certain parts of the duct, the air velocity near
the walls reaches 41.2 m/s, and the average velocity in the
narrowest section of the duct is about 31.1 m/s (Fig. 3).
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Figure 4 shows the pressure field in the channels
of the tested heat exchanger design. The obtained pres-
sure distribution shows that the total pressure drop is
about 3.8 kPa.

Figure 3. Velocity field in the staggered heat exchanger channel, m/s
Source: V.I. Trokhaniak (2018)

239.5
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Figure 4. Pressure drop in the channel of the staggered beam, Pa

Source: V.I. Trokhaniak (2018)

As a result of the numerical modelling, the veloci-
ty field in the heat exchanger channels with a compact
arrangement of the tube bundle was obtained, which is
shown in Figure 5. Analysis of the results shows that the
local velocity values reach their maximums and are ob-
served in the areas adjacent to the side walls of the heat
exchanger. It is characteristic that the local velocity val-
ues are twice as high as the average velocity values in the
intertube channels. The analysis shows that at certain
points in the channel, the air velocity can reach 85.1 m/s.
At the same time, the average air velocity in the cross-sec-
tion of the duct is about 41.2 m/s. Congestion zones are
observed in certain sections of the duct in the pipe bundle
between individual sections of the pipe bundle. Conges-
tion zones also occur in sections of the curved duct for
areas located in the aft zone of the pipes.

Figure 5. Air velocity in the compact beam channel, m/s
Source: compiled by the authors
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Figure 6 the velocity vector distribution for a compact
tube bundle. The lateral surface of an individual pipe is the
first to be joined by the moulding flow and subsequently to
detach the boundary layer. At the same time, congestion

V. Trokhaniak and V. Gorobets

zones are observed in the areas of the joints of neighbour-
ing pipes. These zones are characterised by the presence of
two separation vortices. The flow velocity in these zones is
significantly lower than in the main flow.

Figure 6. Velocity vector in the compact beam channel, m/s

Source: compiled by the authors

As a result of numerical modelling, the temperature
field distributions in the channels of the tube bundle are
shown in Figure 7. The analysis shows that the temperature
of the heat carrier decreases as it approaches the outlet of
the bundle channels. Assuming that the temperature at
the inlet to the heat exchanger is +40°C, at the outlet of
the channels its average value is +20.1°C. It is typical that
near the channel walls, local temperature values are close
to +30°C. Due to the high turbulence (at Re =21420), the
cold air flow at the outlet of the heat exchanger is slightly
shifted upwards.

Figure 7. Temperature change
in the compact beam channel, °C
Source: compiled by the authors

The pressure distributions in the channels of the com-
pact tube bundle, acquired from numerical modelling, are
shown in Figure 8.

The analysis of the found pressure fields shows that
the pressure drop in this channel is about 7 kPa in total.

Figure 8. Pressure drop
in the compact beam channel, Pa
Source: compiled by the authors

Local heat transfer results from a pipe bundle with a com-
pact arrangement
Local distributions of the heat transfer coefficient around
the circumference of the pipe reflect the main character of
the influence of the heat exchange boundary layer on the
pipe surface. By analysing the laws of this distribution, it is
possible to determine the most ideal flow parameters, pipe
arrangement in bundles and generalised relations for calcu-
lating the local heat transfer coefficient (Gorbanetal.,2021).
The specific heat transfer of a pipe in a bundle is the
same as that of a local single pipe. The heat transfer distri-
bution on the surface is determined by the flow properties
of the pipe in the bundle, which are largely dependent on it.
For a more detailed analysis of local heat transfer, Figure 9
shows the beginning and end of a pipe section. To improve
the quality of the grid and obtain more detailed character-
istics of the boundary layer, technical gaps were applied at
the points of contact of neighbouring pipes (Fig. 9).

Machinery & Energetics. Vol. 14, No. 3
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10

A

Figure 9. Start and end of the local heat distribution pipe section

Source: compiled by the authors

The peculiarities of the distribution of the local heat
transfer coefficient in the first, second, and third rows were
considered (Fig. 10).

Maximum values of the heat transfer coefficient,
reaching up to 1335.5 W/m?-°C for the second and third
rows, can be seen from the graph shown in Figure 10. As
a result of the lateral influence of the flow, the process of
flowing around the pipe of the second and all subsequent
lines does not begin at the front point of the pipe, but at
an angle of ¢ =151.1°. Subsequently, as the boundary lay-

1400
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400

Heat transfer coefficient, W/m2.°C

200

0 0.005 0.01

0.015

er grows along the circumference of the pipe, heat transfer
decreases. The heat transfer stabilises in the fourth row.
The tubes of the second and subsequent rows are shaded
by the first row in depth, so the heat transfer mode of the
tubes in these rows differs from the heat transfer mode in
the first row. At the front point, the first order is 1042.3 W/
m?°C. The analysis of the change in local heat transfer in
the tube bundle shows that the acceleration of the flow in
its front part significantly affects the nature of the heat
transfer distribution in all subsequent rows.

1335.543025
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Figure 10. Local distribution of heat transfer from the pipe perimeter in a compact pipe bundle

Source: compiled by the authors

The uneven nature of the distribution of local values of
heat transfer coefficients shown in Figure 10 is due to sig-
nificant turbulence in the flow. Characteristically, for the
first and third rows of pipes, there is a slight drop in heat
transfer for an angle close to ¢ =290°, and then a slight in-
crease in heat transfer occurs again due to an increase in the
velocity gradient in the longitudinal direction. This is due
to the presence of pipes that are located directly behind the
individual pipe in the bundle. The heat flux density distri-
bution plot for the first four rows located along the length
of the channel is shown in Figure 11. The maximum value of

the local heat flux is about -29.44 kW/m? and is observed for
the second and third rows. Figure 12 shows the local tem-
perature distribution on the boundary layer, which reaches
maximum values up to 291.1 °K. The nature of the curves
is somewhat similar to that of the heat transfer coefficient.

The weight and dimensions of a shell-and-tube heat
exchanger with a staggered tube bundle arrangement
(1.5x1.5) were compared with a heat exchanger of a new de-
sign, which uses a tube bundle with a compact arrangement
of tubes. The results of comparing the characteristics ob-
tained in the numerical modelling are presented in Table 1.

Machinery & Energetics. Vol. 14, No. 3
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Figure 11. Local distribution of heat flux density from the pipe perimeter in a compact pipe bundle
Source: compiled by the authors
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Figure 12. Local temperature distribution at the boundary layer from the pipe perimeter in a compact pipe bundle
Source: compiled by the authors

Table 1. Comparison of the weight and dimensions
of a heat exchanger with a staggered (1.5x1.5) and compact tube bundle arrangement

The main parameter of the heat exchanger Staggered tube bundle Compact tube bundle
Heat output of the heat exchanger, W 5200 5000
Air temperature at the inlet to the heat exchanger, °C +40 +40
Air temperature at the outlet of the heat exchanger, °C +19.3 +20.1
Mass air flow rate, kg/s 0.25 0.25
Air heat transfer coefficient, W/m?°C 314 321
Pressure drop at the inlet and outlet of the heat exchanger, Pa 3800 7560
Length of the heat exchanger, m 0.530 0.278
Pipe height in the bundle, m 0.20 0.20
Number of pipes, pcs. 150 150
Heat exchange mass, kg 16.6 15.2

Source: compiled by the authors
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The data in Table 1 shows that with the same input
parameters of the heat carrier and heat exchanger capacity,
the difference between the values of heat transfer coeffi-
cients averaged over the pipe surface does not exceed 3%. A
comparison of the geometric dimensions of the traditional
and new heat exchangers shows that the latter reduces in
size by 48% and in weight by 10%.

DISCUSSION

Heat exchangers are categorised either by flow configu-
ration (counterflow, crossflow and crossflow) or by design
(concentric tube, shell, and tube and compact) (Kundu et
al. 2008). The ultimate goal of every heat exchanger or heat
transfer study is to find methods or designs that increase
the heat transfer rate. One of the main features of increas-
ing heat transfer is changing the nature of the flow from
laminar to turbulent (Rahman et al., 2017). The greater the
turbulence, the more it facilitates heat transfer (Alexan-
dersson et al., 2002; Zotloterer, 2004). In passive methods,
the rate of heat transfer is increased by modifying the sur-
faces of the heat transfer interface (Lanjewar et al., 2011;
Hasanli et al., 2022). For example, N. Nagarani et al. (2014)
used the method of artificial roughness by using low height
repeating ribs on the heat transfer surface to break the
laminar layer and increase turbulence during heat transfer.
M.A. Elyyan et al. (2008), and R. Bedi et al. (2018) described
the use of V-shaped, W-shaped, angular, and transverse
ribs to create artificial roughness. A. Erdogan & C. Ozgur
Colpan (2018) based the development of the problem on a
shell-and-tube heat exchanger that combines a parabolic
trough solar collector and an organic Rankine cycle. This
allowed the total heat transfer coefficient to be reduced
from 1579 to 1491 W/m?K, the heat transfer surface area to
be increased from 7 to 25.25 m?, and the pumping power to
be increased from 0.8723 to 0.9227 kW.

A twisted tube heat exchanger is a heat exchanger that
increases the heat transfer coefficient on the tube side
(Gu et al., 2020). X.Z. Li et al. (2019) conducted a numerical
study of the crossflow of twisted oval tube bundles with a
linear arrangement and presented empirical correlations
for the Nusselt number and Euler number. In addition, it
was found that the velocity and temperature fields are pe-
riodically repeated every S/2 along the twisted oval tube.
Z.Yang et al. (2020), N. Bicer et al. (2021), and A.C. Capu-
to et al. (2022) considered shell-and-tube heat exchangers
with a modified design, which differ significantly from the
traditional type.

It should be noted that the analysis of the numerical
modelling of heat exchangers with a traditional staggered
and compact arrangement of tubes in a bundle makes it
possible to improve the weight and dimensions of shell-
and-tube heat exchangers. The main difference between
the new design of the heat exchanger and the traditional
one is that it uses rows of small diameter tubes that are
arranged without a gap between the tubes in the flow direc-
tion (Kundu et al. 2008; Lanjewar et al., 2011). In addition,
the neighbouring pipes are offset by a certain distance,

which can vary from minimal values to a value of half the
pipe diameter. This makes it possible to reduce the longi-
tudinal dimensions of the heat exchanger by 1.5-2 times
while reducing the mass of the heat exchanger by 10-15%
compared to the work of M.A. Jamil et al. (2020). The use of
continuous rows of pipes with an offset creates channels of
a curved configuration in the heat exchanger, which leads
to the intensification of heat transfer in the channels with
a moderate increase in hydraulic losses when pumping the
coolant (air) in the intertube channels.

Another important aspect of numerical modelling is
the analysis of local distributions of temperatures, veloc-
ities, and pressures in curved channels. The local distri-
butions of heat transfer coefficients, heat flux density and
temperatures on the pipe surface indicate the surface areas
where the local values of these parameters will be maxi-
mum. Such local extremes occur at the points where the
connected flow enters after the breakaway zones formed in
the recesses of curved channels, where the coolant velocity
is significantly lower than in the main flow. At the points
of connection of the external flow to the pipe surface, the
beginning of the boundary flow is formed, where its thick-
ness will be minimal, and the heat transfer coefficients and
density of the diverted heat flow will be maximum.

The next conclusion that can be drawn from the analy-
sis of the numerical calculation results is as follows. As fol-
lows from the local velocity distributions in the channels of
the new design heat exchanger, the flow velocity near the
side walls of the shell is 1.5-2 times higher than the cool-
ant velocity in the curved channels. This leads to a redistri-
bution of the coolant flow rate near the shell walls, which
is not accompanied by an intensification of heat transfer
for the extreme pipe bundles (Yang et al., 2020; Bicer et
al., 2021; Caputo et al., 2022). Therefore, to improve heat
transfer for the entire bundle, it is necessary to minimise
the width of the channels near the shell walls, which is
due to the production technology of shell-and-tube heat
exchangers, namely, the minimum distance between the
pipes and the shell body when welding the pipes to the
tube board and the heat exchanger shell.

The limiting case of the considered heat exchanger de-
sign with a compact pipe arrangement is the case when the
displacement between adjacent pipes is zero. In this case,
the hydraulic losses for pumping the coolant (air) will be
minimal, and the average value of the heat transfer coeffi-
cient over the pipe surface will decrease. To increase it, it
is necessary to increase the flow rate of the coolant or the
average velocity of the coolant in the inter-pipe channels.
Such a design of the tube bundles of a shell-and-tube heat
exchanger is advisable to use, for example, for heat recov-
ery units in cogeneration plants, where pressure losses are
limited by the limit values of the pressure at the exhaust of
exhaust products of internal combustion engines.

Thus, it can be generally concluded that the proposed
new design of the shell-and-tube heat exchanger has ad-
vantages over known designs and can be used in the design
of heat exchangers for various purposes.

Machinery & Energetics. Vol. 14, No. 3

4



CONCLUSIONS

New design solutions for a compact tube bundle of a
shell-and-tube heat exchanger used for heating and cool-
ing the supply air in poultry house ventilation systems
for the summer and winter seasons have been proposed.
Numerical modelling of gas dynamics and heat transfer
processes in the channels of the proposed and staggered
(1.5x1.5) tube bundle and in heat exchangers was carried
out using ANSYS Fluent software. As a result, the tem-
perature fields, velocities, and pressures in the studied
channels of the tube bundles were obtained for staggered
and compact arrangements. The obtained distributions
are analysed and the ways to improve the heat transfer
conditions in the channels with a compact arrangement
of pipes are indicated. A method of calculation on the sur-
face of the pipe bundle is proposed for determining the
average values of the heat transfer coefficient.

As aresult of the analysis of the obtained distribution
of local heat transfer, a maximum value of about 1335.5
W/m?°C is observed on the first four rows, and the heat
flux density is 29.44 kW/m? at an angle of ¢=151.1°. At the
frontal point of the first row, the heat transfer coefficient
is 1042.3 W/m?-°C. Between the tubes, when they touch
each other, local heat transfer is significantly reduced due
to a drop in velocity and the creation of stagnant airflow
zones. To increase the local heat transfer distributions
and increase the efficiency of the heat exchanger, it is

V. Trokhaniak and V. Gorobets

necessary to reduce the stagnant zones between the tubes
in the future. Based on the analysis of numerical model-
ling, it can also be suggested to further reduce the dis-
tance between the outermost tubes and the heat exchang-
er shell (body). These actions will reduce the amount of
air in these areas, and in turn, the airflow and Re number
will increase in the channels between the tubes. This will
be accompanied by an increase in both local and average
heat transfer in compact tube bundles.

The weight and size characteristics of traditional
designs of a shell-and-tube heat exchanger and a heat
exchanger using a new compact bundle of small-diame-
ter pipes with the same heat output were compared. The
advantages of the new design of the heat exchanger are
shown, which consist of reducing the overall dimensions
by 48% and reducing the weight by 10%. In the future,
to increase heat transfer, the authors recommend inves-
tigating compact tube bundles with the addition of heat
transfer intensifiers in the form of fins.
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UncenbHe MopaenioBaHHS TeNJIOO6MiHy Ta rasoaMHaMiKu
KOMMAKTHUX Ny4KiB TPy6 HOBOi KOHCTPYKLUii

AHoTauiq. [Ipu po3po6iii HOBMX TUITIB KOHCTPYKIIii TEIII00OMIiHHMX arapariB BayKIMBY POJIb BifirpaoTh Taki GakTopu, siK
ix MacorabapuTHi XapaKkTepuCTUKH, e(eKTUBHICTb TEIUIONepeHOC Y uepe3 MOBEePXHIO, 0 PO3LiISE TEITIOHOCIT, BTPATH TUCKY
B TpaKTax Jjisl KOYKHOTO 3 TeIJIOHOCIIB Ta iHII TapamMeTpH, siKi XapaKTepu3yIoTh TeIUI0O0OMiHHMIT anapaT. TAKMM YMHOM,
HayKOBi JOCTIIKeHHS Y IaHiii chepi € akTyanbHUMM i BUMaraioTh CBOTO pillleHHs. MeTa po60TH mossraia y po3pooii Ta
BIIPOBA/I3KEHHI MPUHIIUIIOBO HOBUX IMiXOiB KOHCTPYKIIHMX TTapaMeTpPiB KOKYXOTPYOHUX TeIIO0OMiHHUKIB, Y IKUX
[aAKOTPYOHI IMyUKM PO3MillleHHi SIKOMOra KOMITIAKTHO MPU iX MornepevyHoMy 06TiKaHHi. [IJist 11boro 6y/10 IpoBeeHe
YJCETbHOTO MOJIE/IIOBAHHS B KaHa/IaX TEIJIO0OOMiHHMKIB i JOCTiIKeHHS TPOIIeCiB TEIVIOOOMiHY Ta ra3oayHaMiku. JIjist
PO3paxyHKYy TifpoAMHAMIKX i TerIonepeHoCy B KaHa/IaX TPYOHOTO MyYKa BUKOPUCTOBYBAIM MAKeT MPUKIALHUX IPOTpam
ANSYS Fluent. ITpoBenieHo yncenbHe MOZETIOBAHHS IIPOLIECIB TiIPOAMHAMIKM i TeIIOepeHoCy Py 00TiKaHHI KOMITAKTHOTO
My4yKa Tpyb Manoro giamerpa. MaTeMaTnuHa Mo eNb BKIouae piBHsHHS HaB’e-CTokca, piBHSIHHS eHeprii i piBHSHHS, SIKi
OTMCYIOTh TYPOYIEHTHICTb 30BHIIIHBOTO MOTOKY. B sIKOCTi Mozeni Typ6yeHTHOCTi BubpaHa k-¢ MOJieb, sika LoOpe OMucye
TYpOYJIeHTHICTb B KaHa/IaX. Pe3ynbTaTy UnMcenbHOTO MOJIEMIOBAHHS [TOKAa3aIM Ha BMXOZi 3 KAHaJIiB KOMITAKTHOTO ITy4YKa Tpyo,
ycepenHeHe 3HaUeHHS sikoro ckiagae +20.1°C. XapakTepHo, 0 MO6IM3Y CTIHOK KaHaTy JIOKalIbHi 3HAUeHHST TeMIIepaTyp
MaloTb 3HaUeHHs 6113bKi 10 +30°C. IBMOKICT MOBITPSI B OKpeMMX TOUKaX KaHamy gocsrae 85,1 m/c. [Ipu iboMy cepeHst
MIBUIKICTh TIOBITPSI B IOTIEPEYHOMY I1epepi3y KaHaay Mae 3HaueHHsT 6;13bKo 41,2 m/c mpu Re=21420. [IpogeMOHCTPOBAHO,
10 MaKCMMaJIbHi 3HAUeHHSI JIOKATbHMX KoedillieHTiB TeIruIoBifggayi 1jist Tpyd B KOMIIAKTHOMY ITYUKY CIIOCTEPIiraloThCs B
0061acTsx MpueSHAHHS MIOTOKY 0 MOBepXHi Tpy6 i Ha moyaTKy GopMyBaHHSI MesKOBOro Iapy. MakcuManbHi 3HaUeHHS
KoedilieHTa TeruioBigmauyi, mo gocsirae oo 1335,5 Br/m2°C 1151 Ipyroro Ta TPeThOTO PSIfIiB, a Y MePeHili TOUIli ITepIIoro
NopsAKy cTaHOBUTH 1042,3 Bt/M2°C. OTpuMaHi pe3ylbTaTy JaAyTh 3MOTY ITOKPAIIUTY MacorabapmuTHi MOKa3HUKA
KOKYXOTPYOHMX TEIUIOOOMiHHMKIB Ta 3HU3UTH iX c0O6iBapTicTh
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