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Physico-Mathematical Apparatus for Numerical Modelling of Feed Expander

Abstract. The productivity of the feed preparation line and its technical and economic efficiency are affected by the
design and technological parameters of the equipment. The geometry of the expander screw and its operating modes are
no exception. To reduce the specific energy consumption of the expander, it is necessary to establish its rational design and
operating parameters. This can be done using analytical calculation methods that consider the mechanisms of movement
and destruction of solid substances. Modelling using the discrete element method is becoming increasingly common to
describe the movement of solid components in granulators, extruders, or expanders. The purpose of the study is to improve
the physical and mathematical apparatus of movement of solid feed components in the screw channel of the feed expander
and develop a method for its numerical modelling. Numerical modelling was performed using a model of the movement of
a multiphase Euler mixture with a split flow in three-dimensional space. In this case, the motion was subject to an admissible
two-layer k-¢ model of turbulence and the multiphase equation of state. The physical and mathematical apparatus for
the movement of solid feed components in the screw channel of the feed expander was improved, which is the basis for the
numerical modelling technique in the Star-CCM+ software suite, based on the fact that the conglomerate of feed components
is represented as a package of spherical particles. In this case, the pressure force must be compensated by the total force of
contact interaction of particles with each other and the wall. Preliminary numerical modelling of the process of expanded
feed preparation was performed in the Star-CCM+ software suite. The practical significance lies in the fact that the improved
physical and mathematical apparatus and the developed method of numerical modelling of the feed expander operation
process allow substantiating its design and regime parameters to ensure low specific energy consumption without losing
the quality of the technological process

Keywords: feed expansion, simulation, discrete element method, Star-CCM+, pressure, velocity vector field, density
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INTRODUCTION

The choice of the technological mode of feed preparation,
as a rule, is based on conducting comprehensive studies that
identify the nature of changes in the structure and proper-
ties of both individual components of raw materials and the
feed value of the processed material.

The science of animal feeding has accumulated
a large amount of experimental data on the effects of var-
ious nutrients, essential amino acids, vitamins, macro-
and microelements, antibiotics, hormones, enzymes, and
other components on the metabolism and efficiency of feed
use. These data serve to further improve the theory and
practice of animal feeding in agriculture. They ensure the

Suggested Citation:

realisation of the genetic potential of animal productivity.
The more efficient the level of feeding, the higher the pro-
ductivity of animals and the lower the feed consumption
per unit of production [1; 2].

With conventional animal feeding, most of the feed
is produced on farms. The use of feed in unprocessed form
leads to low digestibility. It is known that animals con-
vert only 20-25% of feed energy into products. The task of
feed preparation is to reduce these losses by increasing the
digestibility of feed [3; 4].

This problem can be solved by subjecting the feed
to complex processing in one machine, to carry it out
quickly and continuously (to make compositions of several

Aliiev, E., Dudin, V., & Linko, M. (2022). Physico-mathematical apparatus for numerical modelling of feed expander.
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components, mix, compress, heat, cook, sterilise, almost
simultaneously), which, in the end, affects production cost.

To date, mixed feed and feed additives must meet
the requirements of veterinary and sanitary standards [5].
The microflora of manufactured products is determined not
only by the quality of raw materials used, but also by the way
the production process is conducted, the level of its automa-
tion. The main reason for the deterioration of feed quality
indicators is microorganisms. They contribute to the devel-
opment of various unfavourable processes — self-heating,
the appearance of a sharp smell, and colour changes [6]. The
development of microorganisms can lead to a complete loss
of the original properties of mixed feed and make it unsuit-
able for feeding to farm animals and poultry. The solution
of these tasks is possible in machines for deep feed process-
ing: extruders or expanders. The use of expansion technol-
ogy improves the quality and digestibility of feed, elimi-
nates harmful components for nutrition, and reduces the
energy intensity of feed production.

Processing and preparation of feed involve a certain
set of influences of the working bodies of technical means
on the environment, which is a variety of feed materials
with significantly different properties. Therefore, the real
performance indicators of machines can be considered only
in connection with the physical and mechanical properties
and quality of feed.

The geometry of the expander screw has a great influ-
ence on the capacity of the extended feed preparation line,
and on their quality, and, therefore, is crucial for technical
and economic efficiency [7]. To save specific energy costs,
there are various analytical calculation methods that con-
sider the mechanisms of movement and destruction of solid
substances, so there is no need to conduct long-term exper-
iments by trial and error. There are many assumptions and
simplifications that need to be made to obtain an analytical
solution; for example, the assumption that feed compo-
nents form a solid layer that flows at a uniform rate [8].
Modelling using the discrete element method (DEM) is
becoming increasingly common for describing solids moving
in granulators, extruders, or expanders, since relative dis-
placements between particles are possible [9-11]. The DEM
simulation model is used for the virtual design of experi-
ments and allows getting a large database for evaluating
the effectiveness of the technological process.

LITERATURE REVIEW
For a better understanding and discussion of the presented
problem, some analysis of the theoretical prerequisites
for the movement of solids in single-screw granulators,
extruders, and expanders is given.

Many approaches to describe the motion of sol-
ids in a single-screw granulator, extruder, or expander
that have been known so far can be reduced to the con-
cept of the model by W.H. Darnell and E.A.]. Mol [12]. In
this model, it is assumed that the pellets behave like a solid
block and flow through the helical channel as a solid layer
in the block flow. Various pressure and friction forces act

on this solid layer, which allow calculating the direction
of movement based on the balance of forces and moments.
Since then, modelling, especially forces, has been discussed
in detail and adapted in many scientific studies.

The above analytical model for describing the motion
of solids based on physical and mathematical considerations
temporarily ceased in the early 2000s, as numerical model-
ling based on the discrete element method (DEM) appeared.
This was made possible primarily by improving the per-
formance of a personal computer. DEM developed by
P.A Cundall and O.D.]. Strack [13] was originally developed
for modelling molecular dynamics and has since found wide
application in technological processes, mechanical engi-
neering, and geotechnics.

The main advantage of DEM modelling is that it is
necessary to make fewer preliminary assumptions about
the behaviour of bulk material particles. The basis of DEM
is the representation of particles as spheres or particles
consisting of several spheres. To calculate the interaction
of these particles with other particles or geometries, they
are not connected, but virtual overlap is used. Depending
on this overlap and boundary conditions, contact mod-
els calculate contact forces in the normal and tangential
directions. These forces are then used to solve conserva-
tion-of-momentum equations and calculate new quanti-
ties of motion. When these motion values are integrated
at the modelling stage, new particle positions appear, and
thus new virtual overlaps appear, and the calculation cycle
begins again [14; 15].

Due to the good suitability of DEM for describing
the movement of solids in granulators, extruders, or expand-
ers, this method is used to evaluate existing analytical calcu-
lation approaches. The main weak point of analytical models
is that they never deviate from the assumption of block flow.
Moreover, for this reason, the calculation of structural and
technological parameters of a screw of complex design may
be inaccurate.

The purpose of the study is to improve the physical
and mathematical apparatus of movement of solid feed
components in the screw channel of the feed expander and
develop a method for its numerical modelling.

MATERIALS AND METHODS

The analysis of the movement of solid feed components in
the screw channel of the expander is based on the dynam-
ics of movement of solid particle systems by the discrete
element method (DEM). Solid feed components, as discrete
elements, are fed into the screw channel through the hop-
per. The flow in the hopper is usually carried out by grav-
ity, although in certain circumstances it is necessary to
create additional effort. This study does not address this
issue. After the feed components enter the screw channel
of the expander, they begin to move along a horizontal line
in a spiral. Due to the reduced geometric dimensions of the
screw channel, the feed components are compacted to form
a solid layer or conglomerate, which is then transported to
the forming nozzle.
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To consider the physical and mathematical apparatus
of movement of solid feed components in the screw chan-
nel of the expander, a corresponding calculation scheme
is drawn up (Fig. 1). Fig. 1 shows the following geometric

E. Aliiev et al.

parameters of the expander: cylinder diameter D,, screw
shaft diameter D, screw channel depth h, screw pitch t,
screw-cylinder gap &, screw channel width b, screw spiral
angle ¢, and screw winding width e.

Figure 1. Design scheme of movement of solid feed components in the screw channel of the expander

Source: developed by the authors based on [16-18]

As noted above, its geometric parameters change
along the length of the expander screw. According to
studies [16-18], to “ensure the quadratic (or, as a special
case, linear) nature of changes in the parameters of the
screw, namely, the cross-sectional area of the screw chan-
nel, the area and volume of the channel along the length
of the screw, it is sufficient to provide a linear change in
two geometric parameters of the screw, namely, the width
of the screw channel (screw pitch) and its depth”, that is

t =t + kpdl,

{h = ho + kpdl. (1)
where t - current screw pitch, m; t, - initial screw pitch, m;
h - current screw channel depth, m; h, - initial screw chan-
nel depth, m; k, - “coefficient of change of screw pitch by its
length” [16]; k, — “coefficient of change of the screw chan-
nel depth by its length” 16]; dI - minimum pitch along the
length of the screw channel, m.

Next, the study considers all the forces acting on
a conglomerate of feed components during its transporta-
tion and compaction (Fig. 1). These forces are considered
at the macro level (excluding DEM) under the assumption
that the conglomerate of feed components is continuous

q=hp =i,

7

- q=up

q=up

J q=up

q

and homogeneous. Thus, according to Fig. 1, the following
forces act on a conglomerate of feed components:

— normal reaction forces between the conglomerate of
feed components and the side walls of the screw F, , F,,;

— friction forces between the conglomerate of feed com-
ponents and the side walls of the expander screw F, F;

— friction force between the conglomerate of feed com-
ponents and the screw F, ;

— friction force between the conglomerate of feed com-
ponents and the cylinder F,;

- normal force from pressure F, , F,,.

In studies [16-18], the differential equilibrium equa-
tion of the conglomerate element of feed components was
solved and the dependence of pressure changes along the
length of their movement along the expander channel was
obtained. The dependence of the pressure created on the
element of the conglomerate of feed components obtained
by V.V. Bratishko [16-18] does not consider its structure.
Considering a conglomerate of feed components as a dense
package of spherical DEM particles (Fig. 2), the pressure
force must be compensated by the total force of contact
interaction of particles with each other and the wall.

— lateral pressure, Pa;

p — pressure in the granulator channel, Pa;

h - current screw channel depth, m;

b — screw channel width, m;

1 - lateral pressure coefficient;

dl - minimum pitch along the length of the screw channel, m;
D, - ij particle diameter

Figure 2. Dense packing of spherical particles of solid feed components in the screw channel of the expander

Source: compiled by the authors
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Pressure force F, is calculated from the geometric
parameters of the screw and the number of particles N in
the force field in the elementary volume of an element of
a conglomerate of feed components:

PO Dsz)’

D AN @)

where q - lateral pressure, Pa; D, - cylinder diameter, M;

D_ - screw shaft diameter, m; N — number of particles.
Number of particles N in the unit volume of an element,

a conglomerate of components can be calculated as follows

t
K¢ R
e (i+1)]
— t
Fliaienm - Nijes(isnj

Kn

ije(i+1))

Ni?@(H 1)j

et

N=NbNh={

NI -
(Di;) (D)
where N, — number of particles along the channel width;
N, — number of particles along the channel depth; D, - ij
particle diameter; ( ) — average value function; | | - func-
tion for determining the largest integer that is less than or
equal to the number in parentheses.

To determine forces of contact interaction of feed
components with each other, a suitable scheme for calcu-
lations is drawn up (Fig. 3)

d%’@(z}l)]’
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2
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Figure 3. Design scheme of forces of contact interaction of feed components with each other

Source: compiled by the authors

According to the Hertz-Mindlin spring-damper con-
tact Model [19], the total force of contact interaction of feed
components with each other is determined as follows

—c _ _
Fijo+1)j = Filorn,m + Flioain;ts “)

where ffj@(iﬂ)]— — force of interaction between parti-
cles ij and (i+1)j, N; F{j;.1); — normal component of the
force between particles ij and (i+1)j, N; Fl-tj:,(i +1); — tangen-
tial component of the force between particles ij and (i+1)
j, N; n,t — unit vectors of normal and tangential direction,
respectively.

The normal component of the force is determined by
the following equation:

e+ = ~Kiein Qo) — Mo Vieany ©)

where K/, ;11); - normal coefficient of stiffness of the elas-
tic component, kg/s?;

4
les(i+1)] :§Eij@(i+1)j\/d7[1j@([+1)jRij:»(i+1)j; (6)

N{je(i+1); - normal damping coefficient of the damping
component, kg/s;

Nijeqirn)) = J (5K o is1)Mijo 41 )Nn damp- (7)

According to research [18], the tangential component
of a force is defined as

Fliogn = Koo —
_Ni,;'c»(i+1)jvi5'=>(i+1)j ®)

if |Kitj=>(i+1)jditj=>(i+1)j| < |Kir}=>(i+1)jd3'=>(i+1)jlcf5 , where
C,, - statistical coefficient of friction between feed compo-
nent particles. Otherwise, the tangential component of the
force is determined by the following equation:

t
Bt |KZ i) dieien; | Crsdjogirn) ©
et |dfic iy ’

where Kj;_;,q); — tangential stiffness coefficient of the

elastic component, kg/s?;

Kfiosn) = 8Gij©(i+1)j\/dfjc»(Hl)jRU@(Hl)j ; (10)

N (i+1); - tangential attenuation coefficient of the damper

component, kg/s;

Nitjc»(iu)j = \/(SKitja(iH)jMij@(iﬂ)i)Nt damp > 11

N N_ —normal and tangential attenuation coeffi-

ndamp? = " tdamp
cients, respectively
—In(C, )
Nndamp = Z—nrestz; (12)
YT+ In(Crrest)
— In(Crrest) (13)

Neaamp = =)
vdame \ 72 + In(Cprest)?

Rije(i+1)) - €quivalent radius of two particles ij and (i+1)j, m;

1
Rjoi+nj =55
B+
Dij  Dirny;

(14)

M;joi+1)j - €quivalent mass of two particles ij and (i+1)j, kg;
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1
Mijornj =41
- 4+
My " Mg (15)
Eijoq+1); - €quivalent Young’s modulus of two particles ij
and (i+1)j, Pa;

L]C>(L+1)] (1 (16)

j) + (1 - V(2i+1)j),
EL] E(i+1)j

Gije(i+1)) - €quivalent shear modulus of two particles ij and
(+1)j, Pa;

Gijois)) =
_ ! ;(17)
2(2- Vu)(l + Vu) 2(2- V(l+1)1)(1 + V(l+1)1)
El] E(l+l)]
n(DZ — D?)

e

el e

n(DZ — D?)

e

el o

i=1

The system of equations (21) together with the depend-
ences (1)-(20) and the dependence of V.V. Bratishko [16-18] of
the pressure distribution in the helical channel is very diffi-
cult to solve analytically due to the presence of a large num-
ber of variables that change over time. Therefore, having put
this system as a physical and mathematical apparatus in the
Star-CCM+ software suite, the study proceeds to consider the
numerical modelling method. The study used the software
“Simcenter STAR-CCM+ Academic Pack”, the license holder
of which is Dnipro State Agrarian and Economic University.

Heating area
60
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Mg, M., - masses of particles ij and (i+1)j, kg;
dijei+1)j Qijoqrny; — virtual overlap of particles ij and
(i+1)j in normal and tangential directions, m [19]; D,
D, — effective diameters of particles ij and (i+1)j, m; E,
E.,,; — Young’s modules of particles ij and (i+1)j, Pa; vv,
V.1, — Poisson coefficients of particles ij and (i+1)j;
Viiearn Vi;a(i +1y; —hormal and tangential components
of the relative velocity of the particle surface at the con-
tact point, m/s.

When feed component particles interact with equip-
ment walls, equations (14)-(15) are valid with the following
assumption D, = and M, ,=. Substituting, (14)-(15) turn into

Rijewau = %: (18)

According to Fig. 2 and considering expressions (2)-

(5), a system of equilibrium equations is obtained:

Mijowau = Myj.

Bl
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l 11 J l 11 J
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I. — owall = lmjjﬁwall

ij

o

19

oy

RESULTS AND DISCUSSION

Before performing numerical modelling, a 3D expander
grid model was constructed using a surface grid generator,
polyhedral cells, and a cell extruder.

Geometric dimensions and the generated grid with
a base cell size of 0.005 m are shown in Fig. 4. The geomet-
ric dimensions of the expander elements are selected from
a righteous analysis of existing structures [20; 21], consid-
ering their minimisation for reproducing small-sized labo-
ratory equipment.

Figure 4. 3D expander model mesh in Star-CCM+

Source: compiled by the authors
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The simulation was performed using gradients in
3D space, a model of split flow motion of a multiphase
Euler mixture (MMP) using an acceptable two-layer k-¢
turbulence model, and a multiphase equation of state. The
simulation is non-stationary implicit. Heat-conducting pro-
cesses followed the multiphase temperature model. The
simulation was performed in the field of gravity. The grav-
ity vector is as follows: (0; 0; -9.81) m/s?.

Physical models for simulating the movement of
feed components in the expander in the Star-CCM+ soft-
ware suite are: a three-dimensional space model, an implicit
non-stationary model, a physical model of a single-compo-
nent gas (air), a real gas (air) model, a model of k-¢ turbu-
lence of air flow, an isothermal energy equation, a model
of the Navier-Stokes equation averaged over Reynolds,
a flow model - separate, boundary and gradient methods,
a multiphase Lagrange model of the medium, a multiphase
interaction model, discrete elements model (DEM), and the
field of gravity.

Feed components are defined as Lagrange phases:
density — constant; presence of pressure gradients; particle
resistance model; DEM particles — spherical, single-com-
ponent, and solid.

For example, soybean seeds were chosen as feed
components. According to preliminary laboratory studies,
soybean seeds have the following physical, mechanical and
rheological properties: density — 700 kg/m?; Young's modu-
lus — 0.2 MPa; Poisson's coefficient — 0.2; normal recovery
coefficient - 0.5; resting friction coefficient — 0.58; tangent
recovery coefficient — 0.5; rolling resistance coefficient —
0.3; seed diameter — 0.01 m [22]. The Hertz-Mindlin contact

interaction model is based on the interaction between the
components: normal reduction coefficient - 0.5; rest fric-
tion coefficient — 0.58; tangent reduction coefficient - 0.5.
The medium in which the components move is air with the
following properties: dynamic viscosity — 1.85508-10°° Pa-s;
Prandtl's turbulent number — 0.9. Medium temperature —
293 K; medium pressure — 101,325 Pa. Gravity acceleration —
9.8 m/s%.

The limit parameters selected are as follows. The
upper plane of the feed neck (inlet) is represented by
a model of the mass flow of feed components, which flows
to the screw by gravity under the influence of gravity. The
holes of the forming nozzle (outlet) are represented by a free
flow of the mixture, the physical parameters of which are
formed as a result of modelling.

The screw rotates around its own axis at a constant
frequency of 120 rpm.

The solver in Star-CCM+ is selected non-stationary
implicit in time increments of 0.01 s. First-order time dis-
cretisation. The maximum number of iterations per unit of
time is 10, which ensures the necessary convergence of the
result. The simulation time is 60 seconds.

As a result of the simulation of the expander operation,
the pressure distribution (relative to atmospheric) in the cav-
ity between the screw and the cylinder was obtained (Fig. 5).
Fig. 5 clearly shows that the pressure increases along
the screw axis in the direction of movement of the mul-
tiphase mixture. The increase in pressure is explained by
a decrease in the volume of the cavity along the screw axis.
At the outlet of the forming nozzle holes, the pressure value
is 14.2+0.02-10° Pa.

Pressure, 10° Pa
- 16

12

X

Figure 5. Pressure distribution (relative to atmospheric) in the screw channel of the expander

Source: compiled by the authors

The presented findings in the form of numerical
data and visualisation of the technological process of feed
expanding confirm the theoretical studies by R. Guy [7],
J.L. White and H. Potente [8], V.V. Bratishko [18]. In turn, the
results of experimental studies [13; 23] confirm the nature of
the pressure distribution (relative to atmospheric) in the
screw channel of the expander. This allows asserting the
adequacy of the developed physical and mathematical appa-
ratus for numerical modelling of the feed expander in the
Star-CCM+ software suite. That is, in further studies to sub-
stantiate the range of rational design and regime parameters

of the feed expander, provided that the required pressure is
provided at the outlet of the forming nozzle holes, a full-
fledged numerical experiment can be carried out using gen-
erally accepted experimental planning methods.

CONCLUSIONS

The physical and mathematical apparatus of movement of
solid feed components in the screw channel of the expander
was further developed, which is the basis for the method
of numerical modelling of the feed expansion process in
the Star-CCM+ software suite. Preliminary numerical
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simulation of the process of expanded feed preparation is
carried out in the Star-CCM+ software suite, which deter-
mines as research criteria: pressure in the cavity between
the screw and the expander cylinder, the obtained density,
the expander performance, the vector field of feed com-
ponent velocities in the screw channel. The following fac-
tors should be selected as research factors: supply of feed
components, screw rotation speed, screw diameter, length,
and pitch, and the coefficient of change in screw pitch and
depth along its length.

E. Aliiev et al.

In the future, based on the results of numerical mod-
elling using the method of planning multi-factor experi-
ments, it is necessary to establish regularities in the
influence of research factors on criteria in the form of sec-
ond-order regression equations. Further, as a result of solv-
ing the compromise problem according to the research cri-
teria, it is necessary to establish rational design and mode
parameters of the feed expander. After that, it is planned to
test the obtained theoretical regularities experimentally on
an experimental feed expander installation
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(2]

(3]
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EnbumH BaxTusap ornu AsieB!?,
Bonogumup OpiitoBuu dyain?, Mukosna OnexkcaHaposuy JIiHKo?

THCTUTYT ONiltHMX Ky/IbTYp HalioHanbHOI akafeMii arpapHux Hayk YKpaiHu
69055, By:. IHCTUTYTCBKA, 1, . CoHsTUHe, 3amopizbKa 061., YKpaiHa

2[THIMTPOBCHKMI IepsKaBHUI arpapHO-eKOHOMIUHMI YHiBEPCUTET
49600, Byi. Ceprist EppemoBa, 25, m. [IHinpo, Ykpaina

®diznKo-MaTeMaTUUHUIM anapaT YncesibHOro MoaenioBaHHS
eKcnaHgepa KopMiB

AHoTaUiq. Ha npoayKTUBHICTG JIiHil TPUTOTYBaHHS KOPMiB i Ha i TeXHiIKO-eKOHOMIUHY e(DeKTUBHICTh BIUIMBAIOTh
KOHCTPYKTMBHO-TEXHOJIOTIYHI TapaMeTpu ob61aiHaHHS. He BUHSITKOM € reOMeTpist TBMHTA eKCIlaHepa i peXkumu i1oro
pob6oTH. 17151 3SMEeHIIIeHHS TMTOMMX eHePrOBUTPAT eKCIIaHAepa HeoOXiZHO BCTAHOBUTM H0T0 paljioHaabHi KOHCTPYKTUBHO-
peskuMHi TapameTpu. Lle MoskHa 3p06UTM BUKOPUCTOBYIOUM METOIY aHATITUUHOTO PO3PaxXyHKY, SIKi BpaxOBYIOTh MeXaHi3MM
PYXY i pyiiHYBaHHS TBepAMX PeYOBMH. MogenioBaHHs 3 BUKOPUCTAHHSIM MeTOAY IMCKPeTHUX eJleMeHTiB HabyBae Bce
617TBIIIOr0 PO3MOBCIOAKEHHS [/ISI OIUCY PYXY TBEPAVX KOMIIOHEHTIB B IpaHy/ISITOpax, eKCTpyaepax abo ekcraHaepax. MeToo
JIOCTIIKEHHS € YIOCKOHaIeHHs (i3MKo-MaTeMaTUUHOTO arapaTa pyxy TBepAuX KOMIIOHEHTIB KOPpMY Y TBUHTOBOMY KaHaJIi
eKclaHzepa KOpmiB i po3po6Ka MeTOIMKHM 10T0 UMCeTbHOTO MOJeTI0OBaHHs. YncelbHe MOJIeTI0BaHHS TPOBOLMIIOCS i3
3aCTOCYBaHHSIM MOJIeNi PyXy po3zineHoi Teuii 6ararodas3Hoi eiiepoBoi cyMiliti y TpMBUMIPHOTO TPOCTODi. IIpu 1iboMy pyx
TiATIOPSIKOBYBABCS TOMYCTUMOI ABOIIapoBoi k-e-mMomesni TypbyneHTHOCTI i 6araTodasHoro piBHSIHHS cTaHy. Byno mpoBeneHo
yoockoHanmeHHs (i3MKo-MaTeMaTUYHOTO arapara pyxy TBepAuX KOMIIOHEHTiB KOPMY Y TBUHTOBOMY KaHaJi ekcliaHaepa
KOPMiB, sIKe TIOKJIaJIEHO B OCHOBY METOAVKM YMCETbHOTO MOJIEJIIOBAHHS B ITporpaMmHoMy maketi Star CCM+, 6a3yBasiocst Ha
TOMY, III0 KOHIJIOMepaT KOMIIOHEHTIB KOPMY IIPeCTaBISIETCS Y BUIVISIAT YIIAKOBKY ChepUIHMX YaCTUHOK. [Ipy 1[bOMYy cuia
TUCKY TOBMHHA KOMITEHCYBATUCS CYMAapHOIO CUJIOI0 KOHTAKTHOI B3a€MOii YaCTMHOK MK c06010 i cTiHKo10. [IpoBeeHO
ToTnepesHE YycenbHe MOJeMI0BaHHSI MTPOLieCy eKCIIaHJ0BaHOTO MMPUIOTYBAHHS KOPMiB B IporpaMHoMy mnaketi Star CCM+.
[TpakTHYHA 3HAYMMICTb TIOJISITAE B TOMY, ITI0 YIOCKOHA/TIeHU Gi3MKO-MaTeMaTMYHOTO anapara i po3pobiaeHa MeToLMuKa
YMCeTbHOT'O MOZEIOBAaHHSI MPoliecy poO0TH eKCIaHAepa KOPMiB JO3BOJISIE OOIPYHTYBATHM 10T0 KOHCTPYKTUBHO-PEXKUMHI
rnapamMeTpu Jjisl 3a6e3MmevueHHsT HU3bKUX MUTOMMX €HePTOBUTPAT 6e3 BTPATH SIKOCTi BUKOHAHHSI TEXHOJIOTUHOTO MTPoliecy

KniouoBi cnoBa: excriaHIyBaHHS KOPMiB, CMMYJISIIiSI, METOJ, TUCKPETHUX efeMeHTiB, Star CCM+, TICK, BEKTOpHE TI0/Te
LIBUIKOCTEN, IIITbHICTD
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Failure Analysis of the Segment Finger Bar Mower
and Force Interaction of the Blade Segment with the Plant Stem

Abstract. Scientific observations on the quality and reliability of combine harvesters have shown that of all the delays
of equipment, 32...35% of the total operating time, technical failures account for 17.4...19.8%. Most of the failures were
observed with the failure of combine parts, mechanical transmissions, hydraulic systems, etc. Quantitative analysis
of harvester failures has shown that most failures occur in the operation of the cutting device, namely the finger bar mower.
The working hypothesis is that it is possible to increase the reliability of the cutting device of harvesting machines in
ordinary operating conditions and in the event of sudden failures by applying a coating on the blade segment, without
significantly changing its geometric parameters, and performing notches that ensure both a decrease in the mass of the
segment and its destruction without plastic deformation when foreign objects enter the cutting zone. The main problem
of the reliability of segments of cutting device, harvesting equipment, is the cutting edge of the blade, which wears out and
deforms during operation. From the above, it follows that the purpose of the study is to improve the reliability of segment
finger bar mower machines by improving the mechanical properties of segments, these investigations are relevant and of
practical interest. The study includes the use of mathematical probability and reliability theory, analysis, and a systematic
approach to provide an analytical description of the operation of a cutting device segment. The consequence of this
scientific investigation is an analysis of failures and malfunctions of the machinery, presented graphically, a diagram of
how a plant stem segment is cut and the forces acting on the stem and the segment during the cutting process are depicted.
These materials have scientific and informative content that would be of interest to engineers and scientists in the process
of research and production of cutting device segments
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INTRODUCTION
A combine harvester is a complex technical system [1; 2],
consisting of a large number of parts, components, and
aggregates. Each node and mechanism does its own spe-
cific job. Contrary to this, one of the defining features of
the machine’s efficiency is its reliability [3].

The reliability of harvesting equipment is under-
stood as the ability of equipment and its components to
perform certain tasks [4], maintain operating parameters
and conditions of their use due to maintenance, repair, stor-
age, and transportation.

Currently, there is a tendency to reduce the total
number of agricultural machinery and increase the average
load on machinery by more than 2 times [5; 6]. All this is the
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reason for the decrease in its reliability and the increase in
downtime conditioned by technical reasons.

Both Ukrainian and foreign researchers have not
been able to solve the problem of sudden failures associated
with foreign objects getting into the cutting zone.

The purpose of this study is to improve the reliability of
the finger bar mower by improving the segment parameters.

The theoretical model of the formation of paramet-
ric failure as a result of the size of the working surfaces of
the segment blade in contact with the stem material and
depending on the rate of damage to its working surfaces
is of scientific value. Theoretical model for improving the
durability of a cutting device blade segment by creating
a wear-resistant coating.

Banniy, O., Popyk, P., & Savko, D. (2022). Failure analysis of the segment finger bar mower and force interaction of the blade
segment with the plant stem. Machinery & Energetics, 13(3), 17-24.
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The originality of this study is to increase the relia-
bility of the cutting device of harvesting machines.

The conducted studies of the reliability of com-
bine harvesters showed that 17.4...19.8% of total delays
(inefficiencies) of the technique, representing 32...35%
of the working time is due to a technical malfunction.

According to the results of studies, the actual failure time
of combine harvesters in Ukraine is 3...70 hours, and the
readiness factor is 0.85...0.97, respectively. Most often, mal-
functions occur in the harvesting part, mechanical gears,
hydraulic systems, working bodies of the thresher, electrical
and control devices (Fig. 1) [7].
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Figure 1. Distribution of combine harvester failures

Source: [7]

Quantitative analysis of malfunctions of com-
bine parts showed that the maximum number of failures
belongs to the parts of the cutting device, that is, to seg-
ments and counter-cutting parts and fingers (Fig. 2) [7].

Notably, the failure of counter-cutting parts and fin-
gers mainly occurs as a result of force contact of segments
deformed under the influence of foreign bodies in the cut-
ting zone [8].
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Figure 2. Main types of malfunctions

Source: [7]

Wear of the cutting edge of the blade segments
of the cutting machine, their geometric deformation or
destruction due to accidents, and loosening of attach-
ment to the knife bar are the main failures of the cutting
machine.

THEORETICAL FRAMEWORK

Wear of the blade segment usually occurs as a result of fric-
tion during the cutting of the plant stem (Fig. 3). When the
blade moves together, the lower cutting edge of segment 1
interacts with the plant stem and the counter-cutting
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plate 3. In this regard, the wear of the lower part of the
segment is significantly greater in relation to the upper
part. As a result of wear, the sharpening angle of the blade
B and the sharpness of the blade edge & change, which
leads to a decrease in the reliability of the cutting device.
There is a possibility of foreign objects (stones, parts of

a)

O. Banniy et al.

agricultural machinery, etc.) entering the cutting zone when
using harvesting equipment on poorly mown and uneven
areas of the field due to the flatness of cereals and grass.

The segment curved in the vertical plane when the
blade moves back and forth collides with the elements of
the finger, destroys it and destroys itself.

Figure 3. Graphic representation of the operation of the cutting device segment
a) interaction of the blade segment with the plant stem: b) wear of the blade segment.
1 - segment; 2 — plant stem; 3 — anti-cutting plate; k — gap in the cutting blades

Segments fail and break off on the back side near
the fasteners, the counter-cutting parts of the finger
quickly wear out and sometimes break at the edge (Fig. 4).
All these processes lead to an increase in the time of
repairing the combine and eliminating the malfunction.

Segment deformation

a)

Crack formation

However, both Ukrainian and foreign manufacturers
of grain harvesting machines could not fully solve the
problem of preventing foreign objects from entering the
working bodies, and therefore, protecting them from emer-
gency failures [9].

Bend of the top
part of finger

Fracture of the
top part of finger

Figure 4. Result of sudden failure: a) damage to the segment; b) damage to the finger elements

Thus, the analysis of the information under study
indicated that the weakest component in harvesting machines
is the cutting device segment.

MATERIALS AND METHODS

The study involves the use of the theory of probability
and reliability, mathematical analysis, and a systematic
approach that provides an analytical description of the
operation of the cutting device segment, standard bench

and operational testing methods on modern equipment, and
experimental planning methods, mathematical statistics for
processing the results obtained.

RESULTS AND DISCUSSION
A certain amount of energy A needs to be spent to destroy the
stem of the plant under the edge of the blade A, , and overcome
the resistance forces A _caused by plant deformation [10; 11]:

A=A, A, D

blade
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The first term of this expression is characterised by
the strength properties of the material, which are estimated
by such an indicator as the ultimate strength ¢ ,. The ulti-
mate strength does not depend on the method of impact on
the processed material and the parameters of the cutting tool
and is determined by the properties of the material itself:

Ayt 040 @)

The second term considers the properties of the
plant material, the parameters of the cutting tool, and the
operating modes:

A =fG, B, hmp, hlayer’ LwEt,v,ks,, b)), 3)
where § — blade edge sharpness, m; B — blade sharpening
angle, deg; h, - compression of the material preceding
destruction, m; h,, - thickness of the cut layer, m; [ - length
of the blade that came into contact with the material, m; p -
Poisson’s ratio; E — elasticity modulus of the material, MPa;
b - distance from the top of the finger to the segment blade,
m; k - gap between the segment and the anti-cutting plate,

m; v, - segment speed, m/s; s, ,—amount of bending of the
stem, m; t — time of impact of the cutting tool on the stem, s.

Thus, the implementation of the cutting process is
possible provided that the force P applied to the blade would
contribute to the occurrence of a destructive contact stress
on its edge o, exceeding the tensile strength of the mate-
rial 6 >, and the destruction itself occurred with minimal
deformation of the material (s, h,, )—min.

According to [12], to cut the stem of a plant with
a segment of the cutting device, it is necessary that it over-
comes the resistance force of the blade entering the mate-

rial P_, the bending resistance force of the stem P, ,and the
inertia force of the stem P_ :
P:Pcr+Pben d+Pcin * (4)

When cutting, the plant stem rests on two supports,
the upper part of the finger (support 1) and the anti-cutting
plate (support 2), so it can be represented as a beam that
rests freely on two supports (Fig. 5).
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Figure 5. Stem cutting diagram 1 — segment; 2 — stem; 3 — anti-cutting plate; 4 — upper part of the finger

Then the bending resistance of the stem is deter-

mined by the following equation:
35bendE]
k¥

bk?(1-7)
where s, —amount of bending of the stem, m; E - elas-
tic modulus of the stem, MPa; J — polar moment of inertia
of the transverse stem, m4; b — distance from the top of the
finger to the blade segment, m; k — gap between the segment
and the anti-cutting plate, m.

The moment of inertia of the stem [13] is determined
by the equation:

Pypena =

©)

_17my_yvy
- 357

Cin

©)

where m, , — weight of the stem of section 1-2, kg; v, - seg-
ment speed, m/s; T — time of impact of the cutting tool on
the stem, s.

According to [14], when a single-face blade is deep-
ened into a layer of material, forces act on it (Fig. 6 and 7):
P, .. — resistance to destruction under the edge of the blade,
directed opposite to the movement of the blade; P, - com-
pression forces of the blade material that have a vertical
direction and act on the edge of the blade; P__- force of
resistance of the material to compression by the blade, also
directed opposite to the movement of the blade:

P=p, +P, +P).

blade comp res

Y
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Figure 6. Force interaction of the blade with the plant stem a) forces acting on the blade;

b) forces acting on the chamfer of the blade T,

T, - friction forces, N — normal power

tr)

Figure 7. Forces acting on the notch of the blade segment.

T,

atr

In the transformed form, equation (7) has the form:

E hZmpl
P.. =160 +—=-
- ¢ 2 hlayer

[tg,B + fsin®B + y(f + coszﬁ)].

where § - sharpness of the blade edge, m. ¢, - destructive

®)

H
contact stress, - ; [ — length of the blade in contact with

the material, m; E — elasticity modulus of the material, MPa;
h,,,— compression of the material preceding destruction, m;
h,,.. — thickness of the cut material layer, m; p - Poisson’s
ratio [15]; f - coefficient of friction of the cut fibres of the
stem against the edges of the wedge; 8 — blade sharpening
angle, deg.

The first part of equations (7 and 8) reflects the pro-
cesses occurring on the edge of the blade, and the second
part reflects its chamfer. Considering the fact that the blade
segment has a notch, the amount of force P, , will depend
on its geometric parameters and the number of blades that
come into contact with the stem, the latter is determined by
the diameter of the stem to be cut, d_cmp and notch spacing

t,. Then equation (7) will take the form:

T, — friction forces, R , R,, R, - resultant forces, N,, N, - normal forces

dcmp E hcz‘mpl
P = — —
cr tH Pbiade + 2 hlayer

tgp + f sin?B + u(f + cos?B)]|.

where d, - diameter of the cut stems, m; ¢, - notch spacing
of the blade segment, m; P,, , - resistance to destruction of
the stem under the edge of the blade, N; E - elastic modu-
lus of the material, MPa; hcmp — compression of the material
preceding destruction, m; h,, - thickness of the cut mate-
rial layer, m; p — Poisson’s ratio; f — coefficient of friction of
the cut fibres of the stem against the edges of the wedge;
S — blade sharpening angle, deg.

To calculate the force acting from the stem of the cut
plant on the notch P, ,, it is assumed that the specific pres-
sure of the plant mass is distributed evenly over the surface
of the tooth section.

Under the influence of normal forces N, and N, friction
forces occur on the side faces of the tooth T, , T, . Forces R,
and R, accordingly are the resultant forces N,, N;and T, , T,, .

R,=T, +N,, (10)
R=T, +N,. (11)

3tr

)

Then

P =RR*R;, (12)
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where R, - force acting on the top of the tooth, N.
Force R, can be represented as the product of the contact
area of the tooth with the stem F, for destructive contact stress o,
R1=Gka=0p81, (13)
where & — sharpness of the blade edge, m; [ - length of the
tooth tip, m
Size of normal forces N, and N, is determined by the

equations: h
3
Ny = 0,0 — o (14)
h
N; = 0,6 ——, (15)
P” sin @,

where ¢, and ¢, - angles of inclination of the side faces of
the tooth, deg; h, - notch tooth height, m.
Tangential friction forces can be found by equations:

TN, (16)
Ty~ /N5 an
where f - coefficient of friction between the notch and the

plant stem.
Total cutting force P_blade of fibre stem by tooth notch:

h, h,
Pblade =0p5l+0p65in(p1+0p65m f 17

sin ¢,

+fa”5% B U”(S[l Th(+1) (sm(pl sm<p2>] (18)

Substituting the values of all opposing forces P_:

1
+ )|+
sing,

2 'uE 2
h2mpltaB + f W2yl +
2d

d
Py =S <ap5 [z +hy(14 f)(

sing,

.
2d cmp
E E
+f (—hgmpltgﬁ sin2B + 5—h§mpl cos? ﬁ) . (19
4d ey 2d cmp
Converting the resulting equation:
1
+— )] +
sin @,

[tgB + f sin® B + u(f + cos?B)| +

d
P == 0,0 [1 + s+ f) (

N <Eh§mpl 'Ehcmp

sin @y

2demp  2demp
3spenaE] | 17my_yvy
P 357 (20)
2 - =
b (1-5)
where d,, - diameter of the cut stems, m; ¢, - notch spac-

ing of the blade segment , m; o, breaking contact stress,
N/m?; § — sharpness of the blade edge, m; [ - length of the
tooth tip, m; h, - notch tooth height, m; f - coefficient of
friction of the cut fibres of the stem on the wedge boundary;
9,, ¢, — angles of inclination of the side faces of the tooth,
deg; E - elasticity modulus of the material, MPa; h - com-
pression of the material preceding destruction, m; g — blade
sharpening angle, deg; p - Poisson’s ratio; s, , — amount of
bending of the stem, m; J — polar moment of inertia of the
transverse stem, m*; b — distance from the top of the finger
to the segment blade, m; k — gap between the segment and
the anti-cutting plate, m; m, , — weight of the stem on the
section 1-P, kg; v, - segment speed, m/s; z — time of impact
of the cutting tool on the stem, s.

This expression reflects and defines the main param-
eters that affect the process of destruction of the stem when
cutting it with a segment of the cutting device: construc-
tive - ,8,t,,1, h,, ¢, ¢,; physical and mechanical - E, u, f,

»and operationmode -d,, . h, ,7,v,,k,Db.

The first term of equation (20) defines phenom-
ena that directly lead to the destruction and splitting of
the material under the action of notch teeth and can be
characterised as useful. The second defines phenomena
associated with the deformation of plant material in the
direction of movement of the blade, which negatively affect
the reliability indicators of the cutting process, such as
energy intensity and cut purity.

Determining the optimum shape of cutting device
components has been the work of many researchers,
who have subsequently laid the foundation for the standard-
isation of segments and finger plates in harvesting machines.

In [16], the advantage of an oblique cut over an end
cut is substantiated, including the cutting speed, angles of
inclination and sharpening of the blade, and the height of the
cutting part of the segment. In particular, P.V. Sysolin found
that in the cutting device of harvesting machines, when the
knife speed is less than 3.4 m/s, cutting takes place on the
principle of scissors. Similar experiments were conducted
by professor V.I. Duganets [17]. The researcher also con-
cluded that at low knife speeds, it is necessary that the plants
are pressed by the segment against the anti-cutting plate.
In [18], the width of the front part of the segment, both with
a smooth and notched blade, is substantiated, and the value
of the angles of clamping of steppe grasses is determined.

The study [19] is devoted to substantiating the opti-
mal thickness of the cutting tool. It provides recommenda-
tions for choosing the optimal thickness of the blade and
its strength. The researcher notes that if there is an angle
between the direction of movement of the knife and its rear
plane, the thickness of the knife does not play a role, since
the rear plane of the knife loses contact with the mass layer,
while contact with the front plane increases.

Studies by the researchers have shown that produc-
tive cutting can improve stem use and lead to energy sav-
ings. The authors of this study investigated the mechanical
properties of the plant stem and the angle of inclination of
the blade in relation to the cut stems. It was observed that
the shear stress decreases from the lower part of the body to
the upper part, and the shear force and energy in the lower
part are significantly higher than in other regions, due to
cross-sectional parameters. Cutting plant stems in high or
low humidity conditions can save energy. As the blade angle
increases, the cutting force decreases. However, the specific
cut energy first decreased, and then gradually increased with
increasing angle of inclination of the blade segment.

However, the authors do not provide a theoretical
substantiation for the conditions for cutting plant raw mate-
rials by sliding. In addition, the studies do not show the
influence of plants on the segment of the cutting machine
from the standpoint of preserving the strength that is lost
during the operation of the segment, which is affected by
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thermal energy from friction processes, chemical effects
on the surface of the blade and the knife itself, which is
affected by moisture released during mowing (stem juice).
As a result, its reliability is lost and its service life is reduced.

CONCLUSIONS

As a result of the study, the distribution of failures of har-
vesting equipment and the main types of its malfunctions
were highlighted. A diagram of the operation of the cutting
device segment is constructed and it is also determined that
a certain amount of energy A must be spent to destroy the
plant stem under the edge of the blade. Using a graphical
representation of the stem cutting scheme, the distribu-
tion of forces acting on the segment is constructed and,
as a result, the cutting force of the stem is calculated. The
analysis of the process of operation of the cutting device

O. Banniy et al.

of harvesting machines from the standpoint of considering
it as a complex system, the lowest elements of which in its
hierarchical scheme are the working surfaces of the segment,
determined their intended purpose in terms of increasing its
reliability in case of gradual wear, reducing material costs,
and restoring working capacity in case of sudden failures.
The mathematical dependences of cutting resistance forces
and power consumption for the cutting device drive are clar-
ified, which determined the areas for improving its reliability
by preserving the shape parameters and properties of the
blade segment notch during a given period of operation.

In further studies of the finger bar mower, the pos-
sibilities of improving the reliability and operability of seg-
ments by strengthening them on the surface will be consid-
ered, since they are subjected to chemical corrosion during
operation, which leads to their failure.
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Onekcanap Onekcanaposuu banumuii, [TaBno CepriiioBuu ITonuk, Imutpo Onerosuu CaBKO

HarionanbHuit yHiBepcuTeT 6iopecypciB i mpupomokopucTyBaHHs YRpainu
03041, Byn. TepoiB O6oponu, 15, M. Kuis, Ykpaina

AHani3 BigMOB cerMeHTHO-NasibLeBoro pi)Ky4yoro anapaTy
Ta CU/IOBa B3aEMOLAiA Ne3a cerMeHTa 3i cTe6/10M pocnnHU

AHoTauiqa. HaykoBi criocTepeskeHHs 3a SIKIiCTIO i HaAIiliHICTIO 3epHO36MpaNbHIX KOMOAHiB IIOKa3aJu, 10 3 YCiX 3aTPUMOK
TEXHiKM, 1[0 CTAHOBJSATH 32...35 % 3arajibHOTO Yacy po60TH, TEXHIYHMX BiIMOB IIpUIagae Ha 4acTky 17,4...19,8 %.
BinbiicTh BiIMOB criocTepirasiocst 3 BUXOAOM 3 Jafy AeTajeii KombaiiHa, MexaHiuHMX TpaHCMIciii, rigpocucremMu Ta iH.
KinpkicHMiT aHami3 BigMOB kaTKV TI0Ka3aB, 1[0 HaliOi/IbIlle BiIMOB/IeHb BUHMKAE B pOOOTI OpraHiB pisKyuoro amapary, a
caMe CErMeHTHO TajIbI[eBOr0 Pi3ajJbHOrOo arnapara. Po6oua rirmoresa nojsirae B TOMYy, 110 ITiABUIIUTY HAAIHICTh PiXKyUOTo
arapary 36upaabHUX MalIVH Y PSIZOBUX YMOBAX eKCIUTyaTallii Ta Ipy BUHMKHEHHI parTOBUX BiIMOB MOK/IMBO 38 PAXYHOK
HaHeCeHHs TIOKPUTTS Ha JIe30 CerMeHTa, 6e3 iCTOTHOI 3MiHM 110r0 reOMeTPUYHMX ITapaMeTpiB, Ta BUKOHAHHSIM IIPOCIUOK,
110 326e31eYUyI0Th SIK 3HMKeHHSI Macy CerMeHTa, TaK i iioro pyiiHyBaHHS 6e3 MIacTM4IHOI fedopmallii mpy momnagaHHi
IIO 30HU pi3aHHS CTOPOHHIX MpeaMeTiB. [0I0BHUM MPO6IeMOI0 HaZiifHOCTi CerMeHTiB pi3aJbHOrO anapary, 361MpaabHOl
TeXHiKU, € piXKyua KpOMKa Jie3a, sika 3HOIIYEThCS Ta 1e)OpMYeThCS B Mpolieci ekcIiTyaTallii. 3 cka3aHoro BUIlle BUTIMBAE,
1110 MeTa AOUIiIKeHHs 1[iJlecTIpsiMOBaHa Ha MiIHATTS HaJiiHOCTi cCerMeHTHO-TIaIblieBUX Pi3a/ibHMX allapaTiB 3a paxyHOK
MOKpallleHHS MeXaHiYHMX BJIaCTUBOCTEN CErMeHTIB, JaHi JOC/TiIKeHHS € aKTyaJbHMMM Ta CTAHOBJISATb IPAaKTUUHMIL iHTEpec.
JIlocmiykeHHS BKJIIOUAIOTh BUKOPUCTAHHS MaTeMaTUYHOI Teopii IMOBIpHOCTI Ta HaJliiHOCTi, aHa/Mi3y Ta CUCTEMHOTrO MigX0ny
IU1sI 3a6e3MeyeHHs aHaTiTUYHOTO OMMCY POOOTH cerMeHTa pisasibHOTO anapaty. Hactigkom 1aHOro HayKOBOTrO Martepiaiy €
po36ip BiZMOB Ta HecIIpaBHOCTEl TeXHiKM, SIKMit TogaHo y rpadivuHiit popmi, a Takok 306paskeHO cxeMy 3pi3y CerMeHTOM
cTebsa pOCJIMHY Ta CYIIM SIKi IiI0Th Ha CTe6JI0 Ta CerMeHT ITij yac 3pi3y. Lli MaTepiasin MaloTh HAayKOBO-iHGOpMaTUBHE
HaIlOBHEHHS, sike Oy[ie IikaBe iHkeHepaM i HAyKOBIISIM Y MPOLIeCi JOCTiAKeHHS Ta BUPDOOHUIITBA CETMEHTIB MaIlMH JJIs
pisaHHS

Kno4oBi crnoBsa: pisxkyunit ariapaT CerMEeHTHOTO TUITY, HaIiiiHiCTh TEXHIKM, SKHMBapKa 36MpasbHOI TEXHIKM, 3epHO30MpaIbHa
TexHiKa, BifMOBa >KaTKM, KyT KPOMKM Jie3a CerMeHTa
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Investigation of Energy Parameters of a Compensated Asynchronous Motor
in the Mode of Repeated Short-Term Starts

Abstract. The study is devoted to energy efficiency management of induction motors with a short-circuited rotor of
low and medium power and is a continuation of the development of the theory of compensated asynchronous motors.
The purpose of the study is to substantiate the influence of the capacitance value of the internal capacitive reactive
power compensation of an asynchronous motor in starting mode. The performed mathematical modelling of the
compensated asynchronous motor allowed investigating quasi-transient electromagnetic processes considering the
spatial and temporal orientation of the currents of the main and additional windings of the stator and rotor phases of
the compensated asynchronous motor. Achieving this goal is based on establishing the regularities of the influence of
the value of the compensating capacitance on the energy characteristics of a compensated asynchronous motor during
its start-up and reaching the nominal electromagnetic moment on the rotor shaft. Numerical modelling is performed at
the 300 spatial shift angle of the phase axes of the main and additional phase windings of the stator of a compensated
asynchronous motor. This ensures that the currents of the main and additional windings of the CAM stator are equal. As
the numerical experiment showed, changing the value of the compensation capacitance gives an idea of the conditions
for ensuring the normal excitation mode of such an electric device. Ensuring normal excitation during the start-up of
a compensated asynchronous motor leads to changes in the energy parameters of the machine — minimising power losses
in the windings and reactive power consumption by the motor and increasing its power factor. It is established that the
value of the compensation capacitance required to ensure the normal excitation mode during start-up and the steady-
state normal mode of a compensated asynchronous motor differ. As a result of modelling, it was found that in order to
ensure an energy-efficient starting mode and acceleration to the nominal slip, the value of the compensating capacity
of an asynchronous motor should be almost 5 times greater than for a steady-state nominal mode. The results of these
studies can be useful for improving the energy efficiency of micro power grids that operate small-and medium-power
asynchronous motors

Keywords: energy efficiency, medium-power motors, reactive power, internal capacitive compensation, compensating
capacity, starting mode
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INTRODUCTION
This study is devoted to the further development of the
theory of improving the energy efficiency of three-phase
power consumption systems with asynchronous motors
with a short-circuited rotor (AM) [1].

For special-purpose electric drives, the operat-
ing modes of asynchronous motors of which require a large
number of repeated-short-term starts, a complex transient
process is characteristic, which is accompanied by a signif-
icant increase in total currents and power losses, since in

Suggested Citation:

the slip range from 1 to the nominal slip s, the stator cur-
rent significantly exceeds the nominal values. For induc-
tion motors of general industrial design, from the moment
of start-up to the critical slip, the power factor is 0.2 ...
0.5 [2]. During the start-up process, an asynchronous motor
is a large inductive load that causes additional flows in the
reactive power microgrid, which significantly affects energy
losses in the power consumption system.

The less reactive power the AM consumes from
the network, the higher the energy efficiency indicators

Kaplun, V., Chuienko, R., & Makarevych, S. (2022). Investigation of energy parameters of a compensated asynchronous
motor in the mode of repeated short-term starts. Machinery & Energetics, 13(3), 25-33.
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of the electric machine complex will have without signifi-
cantly affecting the normal operation of other consumers.
The lower the total currents of the stator winding during
start-up under load, the shorter the acceleration time of
the motor and heating of its windings and, as a result, the
reduction of electricity losses.

The theory of starting modes concerns asynchro-
nous motors for industrial purposes and considers the con-
ditions for reducing the voltage of the electrical network
and reducing the electromagnetic moment [3]. Conven-
tional methods of limiting inrush currents include reactor
start-up [4], start-up with switching windings from a star
to a triangle [5], start-up using frequency converters [6]
to a large extent allow solving the problems of the start-
ing mode from the standpoint of considering the electro-
mechanical processes of the machine itself. However, the
use of these methods does not solve the problem of signifi-
cantly reducing the power factor of the microgrid in which
such asynchronous machines operate.

In the studies [7; 8] the basic principles of develop-
ing methods for improving the characteristics of three-
phase asynchronous motors with a short-circuited rotor are
formulated, which use design improvements based on the
use of the effect of internal capacitive reactive power com-
pensation. The main scientific results devoted to solving
such problems are given in [8].

It is the use of internal capacitive compensation
that can significantly affect the energy performance of
start-up modes of asynchronous machines with a short-cir-
cuited rotor without the use of additional power equipment
and without significant design changes to the machine
itself, providing conditions for improving the energy effi-
ciency of the entire microgrid.

LITERATURE REVIEW
The consumption of reactive power by an asynchro-
nous motor negatively affects its technical and economic
indicators; in particular, it reduces its power factor, both
during start-up and in other operating modes. In addition,
the exchange of reactive power between the AM stator wind-
ing and the power supply leads to increased losses in all sec-
tions of the microgrid. Various approaches and technical
solutions are proposed to reduce the consumption of reac-
tive power by AM. In particular, in [9; 10], it is proposed
to connect a three-phase capacitor bank in parallel to the
AM stator winding, the capacity of which must be calcu-
lated to compensate for the reactive power consumed by
the motor in idle mode. In [11], it is noted that the param-
eters of AM undergo the greatest change during start-up.
Inrush AM currents, which have a significant reactive com-
ponent, lead to a voltage failure in the supply network. Dur-
ing the start-up process, the reactive power of the AM var-
ies widely. To compensate for it, it is proposed to connect
a three-phase adjustable capacitor bank in parallel to the
AM stator winding and change its capacity in accordance
with changes in reactive power not only in steady-state, but
also in starting modes. To do this, it is necessary to have

a calculation programme that allows determines the law of
change in the reactive power consumed by the engine, and,
accordingly, the capacitance of capacitors, with high reli-
ability and speed, which allow for real-time control [11].
Individual compensation of the reactive power of asynchro-
nous motors under various engine operating modes, in par-
ticular, during start-up, can be carried out using a capacitor
bank with thyristor-controlled stages [12]. Another tech-
nical solution aimed at reducing the consumption of reac-
tive power by AM is the use of active power filters that are
switched on in parallel with the AM [13]. In [14], it is pro-
posed to apply individual compensation of reactive power
of AM implemented by connecting a three-phase capacitor
bank of constant capacity and a three-phase regulated reactor
in parallel to the motor stator winding.

The considered technical solutions allow reducing
reactive power flows in the microgrid between the power
source and the AM, but do not affect the energy efficiency
of the AM itself.

To reduce the consumption of reactive power asyn-
chronous motors and increase their energy efficiency, it is
proposed to use AM, in the slots of the stator of which two
three-phase windings are laid [15]. One of these windings,
the so-called working one, is connected to a power source,
and the other, the so-called compensation one, is closed to
a three-phase capacitor of a certain capacity. The operating
and compensation windings of the stator can be connected to
several three-phase power sources, connected to each other
in different ways. The parameters of the windings and the
capacitance of the capacitor are determined when design-
ing the electromagnetic system of such motors according
to the method based on the modification and analysis of
the AM replacement scheme [16; 17]. Another approach to
reducing the magnetisation current, and therefore, the reac-
tive power consumption of AM, is to use two stator wind-
ings isolated from each other. One of them is connected by
a “star” and connected to a power source, and the other is
connected by a “triangle” or “star” and capacitors are con-
nected to it according to various schemes. In this case, the
number of turns of these windings can be either the same or
different [18; 19]. However, the use of the proposed technical
solutions only allows compensating for the reactive power
consumed by the engine. As a result, the AM power factor
increases, but the compensation winding is only a carrier
of reactive power, which does not allow fully unlocking the
potential for improving the energy efficiency of the motor.

Other equipment used to improve the energy per-
formance of an asynchronous electric drive during start-up
includes devices that allow adjusting the voltage at
the motor terminals, and, accordingly, controlling the start
and stop of the drive, and provide energy savings by reducing
the voltage on an underloaded motor [20-22].

The purpose of the study is to substantiate the value
of the compensatory capacity of a compensated asynchro-
nous motor (CAM), which is necessary to reduce the con-
sumption of reactive power ad from the power supply net-
work and create prerequisites for controlling the energy
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efficiency of electrical complexes with compensated asyn-
chronous motors. The originality of the study consists in
determining the need to change the compensation capacity
of the CAM to improve its energy efficiency, depending on
the operating mode, in particular, in the mode of repeated
short-term starts.

MATERIALS AND METHODS

The compensated asynchronous motor is manufactured
on the basis of a three-phase asynchronous motor with
a short-circuited rotor. The effect of internal capacitive
reactive power compensation is achieved by separating the
phase zone 600 stator windings into two identical parts,
spatially shifted together in the grooves by an angle §=30°
connected according to the scheme of a rotary autotrans-
former (AT) to a capacitor C, [8].

Stator windings (CAM), which are an integral part of
the AT, are functionally combined, compensating for reac-
tive power relative to the voltage of the microgrid and oper-
ating for active power, and interconnected mutually induc-
tively by the main magnetic flux.

The mathematical model of electromagnetic and
electromechanical processes of a compensated asynchro-
nous motor is represented by a system of equations of elec-
trical equilibrium of the stator and rotor circuits, equations of
electromagnetic moment of the motor and drive motion [8].

It is convenient to calculate the characteristics of
electromechanical symmetric modes for one phase according
to the scheme Fig. 1a. The calculation equations are a system

2
ikM

, dig
eg = l1p(ry +15) + (Ls + Lyp) —— dt

+2kM cos(6 + 600)

, dijs
es = la(ry + g +100) + (Lg+ Lig + Lpg)— - dt
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of equations for the electrical equilibrium of the stator and
rotor circuits. In this case, both stator windings that are part
of the rotary at are mutually inductively connected to all
other windings by the main magnetic flux. In the scatter-
ing field, they are connected as two half-windings of a sin-
gle phase winding of the base motor. In this case, the single
winding of the base AM is assumed to consist of two identical
coaxial parallel branches with common parameters of the
single winding [8]: R, , X, — active resistance and inductive
phase dissipation re51stance of a single stator winding; x -
its main reactance and equal resistance of mutual induction
between the same windings of the stator and rotor of the
AM under study. When dividing a single winding of the base
AM into two identical parallel branches with the same num-
ber of turns in each branch as in a single winding, but with
twice the cross-section of the conductor, the active resist-
ance of the branch will be equal to r=2R, , a reactive x_, x,
with the same number of turns, they remain unchanged in
each branch as in a single winding. But considering their
division into two identical parallel branches, a mutually
inductive connection is manifested between the branches
of the phase winding as in the main field with resistance x_,
and over the scattering field within the phase with resistance
x,. If the phase windings are spatially displaced relative to
each other, the mutual scattering resistance between them
will be equal to x,cos6. Other changes in the parameters of
the CAM windings, in particular, by doubling the number of
phases, are ignored. Rotor resistance at r,, x, when switching
from base AM to CAM, is assumed to be unchanged.
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where e, e,, e, — EMF, respectively, of phases A, B and C of
the power source; i, i,,, I, — currents of the main wind-
ings, respectively, of phases A, B, and C of the CAM; r,

additional active resistance introduced into the circuit of
the main winding of phase A; r,, , r,,, 1, . — active resistances,
respectively, of phases A, B and C of the power supply net-
work; L, , L,,, L, .- inductances, respectively, of phases A, B
and C of the power supply network; L - total inductance
of the main winding of the stator phase; L , - inductance
of the additional resistance introduced into the circuit of
the main winding of phase A; t - time; i, ,, i, i, . — currents
of the additional windings, respectlvely, of phases A, B and
C of the CAM; M - the main self-inductance of the wind-
ings of the CAM; ", ', ’_ - rotor currents, respectively, of
phases A, B, and C of the CAM, U, - zero-sequence voltage
between the zero point of the motor and the power source,
which occurs in asymmetric modes and in transient pro-
cesses; k — the ratio of the number of turns of the main
and additional windings of the stator phases of the CAM;
0 — angle of shift between the axes of the main and addi-
tional windings of the stator phases of the CAM; w, - speed
of rotation of the rotor; r, - active resistance of the addi-
tional winding of the stator phase of the CAM; r, , - addi-
tional active resistance introduced into the circuit of the
additional winding of phase A; L, - total inductance of the
additional winding of the stator phase; L, , - inductance

of the additional resistance introduced into the circuit of
the additional winding of phase A; C,, C,, C, - capacities
of capacitors connected, respectively, in phases A, B and C
of the CAM; M, - electromagnetic moment of the CAM; p -
the number of pairs of poles of the CAM; ©°, ,, 7, ,, I’ . — cur-
rents of the additional windings, respectively, in phases A, B
and C of the CAM reduced to the axis of the main winding
of the CAM; M_- moment of static load on the motor shaft;
J - moment of inertia of the rotating masses of the drive,
reduced to the shaft of the CAM; w — rotor speed.

Magnetisation circuit resistance x, for the motor
mode, where the EMF of the windings is balanced by
the microgrid voltage, is assumed x ~(1.1...1.3)x_, in
start-up mode x, ~(1.6...1.7)x_,, where X, — the nominal
resistance of the magnetisation circuit at idle speed of
the machine and the main EMF of the winding, which is
equal to the nominal voltage.

Variables that are arbitrarily defined in system (1)
are the input (external) parameters of the CAM - angle 0
between the stator windings in the rotary at and the value

of the capacitive resistance x., = at the output of

Woly
AT, and sliding s, which characterises the operating mode of
the engine when the speed of rotation of its shaft changes
in the range 0<s<1.
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Figure 1. Electrical replacement diagram (a) and vector diagram (b) of the CAM in the starting mode
Note: (r, - active rotor resistance, s - sliding, I, - rotor current, 6 - shear angle between the axes of the main and additional
stator windings, [ - current consumed by the CAM from the power supply network, I, - current of the main winding of the
CAM, I, - current of the additional winding of the CAM, I, - magnetisation current of the CAM, C, — capacitor capacity,
U- power supply voltage, U, — voltage across the capacitor, U - voltage on the additional winding, E, - EMF of the main
winding of the stator CAM, E, - EMF of the additional stator winding CAM, E, - additional EMF of the CAM caused by
the spatial displacement of the main and additional windings, ¢ — angle between the supply voltage and current vectors of
the CAM, ¢, — angle between the supply voltage and current vectors of the main winding of the CAM, ¢, - angle between
the supply voltage and current vectors of the additional winding of the CAM, ¢, — the angle between the EMF and rotor

current vectors of the CAM)

For the objectivity of the results obtained, the
same machine is used as a calculation model and object of
research, both base (AM 4A71B2) and compensated on its
basis, with the same eigenvalues of the two stator windings
r,=20 ohm, x,= 4.72 ohm in each branch; rotor windings with
r,=5.91 ohm, x,=7.2 ohm, with the resistance of the mag-
netising circuit at idle x =250 ohm [8], in operating mode
X, =300 ohm, in the start-up mode s=1, x, =400 ohm.

RESULTS AND DISCUSSION

In contrast to the base AM, where the current of a single
stator winding has an active-inductive character both in
the starting and operating modes, the stator winding of the
CAM has two operating branches, the current I, from one
of which (the main one) retains an active-inductive char-
acter, and the current J, of additional capacitive load of the
AT is capacitive-active. As in normal AM inrush current I,
the main winding exceeds the nominal value by 5-6 times
(but with a larger cosg, internal capacitive compensation),
and the current I, depends not only on the start-up con-
ditions (s=1), but also on the value of the capacitance of
the capacitor C,. At a certain capacity, it exceeds its nom-
inal value and, as a capacitive one, increases the volt-
age U,=-E,+I z,+jx,cos0-I, on the winding of the second-
ary branch of AT. And the voltage at the output of the
return AT, which is equal to U_,=U-U,, at constant voltage
Upower supply networks, increases U,,, changes its phase,
and the magnitude and phase of the capacitive current
Uca . s

s (Fig. 1b). Current I,e” as it is brought to the

jA:

axis of the main winding, it is partially involved in the cre-
ation of the magnetisation current [ =+ ,e7+I, and create
an additional EMF E, =-jx, I e”’, which is close in phase to
the EMF E =E, and E, and increases them. An increase in
the EMF along the magnetisation curve requires an increase
in the magnetisation current, which is performed by /,e”,
replacing part of the inductive component in it reduces
its value with an equivalent increase in the magnetisa-
tion current in general. Reduction of the inductive com-
ponent of the magnetisation current due to the magneti-
sation action of a capacitive spatially biased current I,e7
leads to a decrease in the share of consumption from the
reactive power network Q, to create the main magnetic flux.
This manifests itself in the electromagnetic effect of cur-
rent I, in the scheme of the rotary AT. The electrical action
of this current leads to a direct exchange of reactive energy
between the consumer (CAM) and the reactive power source
(capacitors with capacitance C,), increasing the power factor
of the system at the total current /=] +I,

The CAM has the possibility of introducing an
additional EMF into the short-circuited rotor circuit
E, =-jx I,e”, as a result of the effect of a spatially biased
capacitive current of the return AT. This additional EMF
increases the main EMF of the stator and rotor, £ =E,. During
the start-up of the CAM, this leads to an increase in the starting
current of the rotor, and, accordingly, the starting torque.

CAM start mode at the selected angle 6=30° signifi-
cantly depends on the size of the capacity C, (x,,) at the out-
put of the rotary AT (Fig. 2). As the capacitance of the capaci-
tor C, increases (by reducing x,,) the value and phase of the
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voltage U, at the output of AT changes, the current of the
additional winding increases I, its phase also changes in the
direction of coinciding with the phase of the supply voltage.
M N-m

start-up’

10

Electromagnetic coupling between currents through mag-
netisation current [ =I +I,e’’+I, changes the current I, of
the main winding and increases its power factor cosg,.

start-up

start-up

0 20 40 60 80

100

160 X ohm

120 140

Figure 2. Dependence of the starting torque of the CAM on the resistance of the compensating capacitance x,

Note: (M, - starting torque of the CAM, M,

tart-up tart-up

According to the mathematical model of CAM (1),
the currents of the main and additional windings were
determined I, I, when s=1 (start-up) and a wide range of
changes C,=20...200 pF (x.,~16 ... 160 ohm) (Fig. 3a). At the
same time, with capacity C,=147 pF (X,,=21.75 ohm) the
curves of the currents of the half-windings of the stator
phases intersect, determining the equality of the values of
the inrush currents of the main and additional windings
I =I,, and, accordingly, their same thermal regime. How-
ever, the main feature of this point is that it satisfies the
condition for creating the maximum starting torque of the

AM - starting torque of the base AM)

CAM, which exceeds the starting torque of the base AM
by 22.5% with a lower starting current of the stator CAM
compared to the base motor. In this example, the maxi-
mum starting torque of the CAM is 8.26 N-m with an inrush
current of 10.75 A.

Graphs of currents of the main and additional wind-
ings of the CAM at nominal load (M =3.75 N-m) also inter-
sect, but in terms of capacity C,, which is 5 times less than the
starting point (Fig. 3b). At this point, the currents of the coils
I'1=f , are the same in size and have minimal values, which
ensures a minimum of power losses in the CAM windings.

I’A Qm’ \Pml 3 I’ 3
10 VAl W | A
240 1 80 4
8
start-up 180 F 60} 3
6
120 } 40} 2
4
60 20 1
2
C
0 : : A ol ol o 5
) 0 50 100 150 200 pF b) 0 50 100 150 200 pF
a

Figure 3. Characteristics of the starting (a) and nominal (b) CAM modes when the capacitive excitation changes(C,=var)

Note: (M - moment CAM, M

start-up

- starting torque of the CAM, I, - current of the main winding of the CAM, I, - current

of the additional winding of the CAM, I, — nominal current of the base AM, C, — capacitor capacity, Q, — reactive power
consumption of the CAM, P - electrical losses in the stator windings of the CAM)

Intersection point of the dependence of the cur-
rents of the stator windings of the CAM on the capacitance
value C, at the output of the rotary AT of the stator windings
determines the mode of normal excitation of the CAM. The

~m

normal excitation mode is the most favourable both dur-
ing start-up and in other modes of operation of the CAM,
since this case provides a minimum of power losses in the
windings, a minimum of reactive power consumption by
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the motor, and an increase in its power factor. The set of
these indicators shows the conditions for increasing the

V. Kaplun et al.

efficiency of the CAM during start-up in comparison with
the serial base AM (Table 1).

Table 1. Comparative data of the starting mode of the base AM 4A71B2 and the CAM made on its

CAM, C,=147 pF
IA

1 11.24 10.75
2 i,A 5.62 5.45
3 i,A 5.62 5.45
4 i,A 10.93 12.1
5 M, N-m 6.74 8.26
6 O, V-A +1,500 +1,455
7 S, VA 2,470 2,539
8 P, W 1,970 1,911
9 cosg 0.796 0.867

To ensure a positive effect during the entire process
of starting, accelerating and normal operation of the CAM, it
is recommended to start it at one value of the compensation
capacity, which provides an increased starting torque (in

this case, C,=147 uF) and during acceleration during sliding
5=0,1...0,2 to reduce the amount of compensation capacity
to C,=29 pF (Fig. 4).

11
CAM
8.25
1 — M)
5.5
3.875 — M)
3.75
275 3.625
3.5 J
0 0.04 0.05 0.06 0.07 0.08
0 0.2 0.4 0.6 0.8 1

Figure 4. Mechanical characteristics of the base AM and CAM with switching of the starting capacity
C,=147 pF per nominal value C,=29 pF when sliding s=0.1 is reached

The obtained results allow substantiating the value
of the compensation capacity for CAM at different nomi-
nal capacities and synchronous rotation speeds and provide
conditions for improving the energy efficiency of power con-
sumption systems with CAM. The use of internal capacitive
reactive power compensation (ICRPC) of the CAM ensures
a normal excitation mode and reduces its consumption of
reactive power and the current that it consumes from the
power supply network. This, in turn, would lead to a reduc-
tion in losses both in the motor itself (by reducing the cur-
rents of the main and additional stator phase windings)
and in the power supply network. At the same time, under
the influence of increased starting torque, the acceleration
process of the CAM increases. The compensated asynchro-
nous motor achieves a more rigid mechanical characteristic
with the characteristic of the base AM.

In contrast to technical solutions aimed at improv-
ing the energy efficiency of AM by limiting reactive power
flows between the power supply network and the motor,
which cause a decrease in inrush currents and an increase

in its power factor, but do not change the characteristics
of AM[7; 9; 12; 23]. The use of ICRPC AM allows
influencing the characteristics of the CAM, changing the
spatial and tem-poral orientation of the currents of the
main and additional windings of the phases of the stator
and rotor of the CAM, ensuring the mode of normal
excitation during start-up, minimising power losses in
the windings and reactive power consumption.

To assess the effectiveness of the use of CAM, it is
necessary to consider the amount of current reduction of
specific motors, changes in the energy parameters of the
power supply network, the number of repeated short-term
starts and the duration of operation of electric drives with
such engine modes in the design period.

CONCLUSIONS

The developed mathematical model of the CAM allows
investigating both transient and steady-state processes,
considering the spatial and temporal orientation of the cur-
rents of the half-windings of the stator and rotor phases.
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Investigation of energy parameters of a compensated asynchronous motor...

It is proved that advanced asynchronous motors with
a short-circuited rotor based on the use of ICRPC can pro-
vide a normal excitation mode and thus avoid additional
reactive power flows between the motor and the power sup-
ply network, which reduces the consumption of electrical
energy by the asynchronous motor. This is where addi-
tional opportunities lie for managing the energy efficiency
of micro-energy networks.

The value of the compensation capacity for the
CAM must be determined considering its nominal power
and synchronous engine speed, ensuring the mode of nor-
mal excitation from s=1 to s . As the numerical experiment
showed, the compensation capacity of the CAM in the
starting mode should be almost 5 times greater than in the

nominal slip: for an experimental machine, these indica-
tors are 147 pF and 29 pF, respectively. Based on the results
obtained, it can be argued that if the normal excitation mode
of the CAM made on the basis of AM 4A71B2 motor is
observed, electricity consumption will decrease by 3.5%.

Further substantiation of the regulation of the
value of the compensation capacity of the CAM depending
on the slip change and the study of the operating modes
of micro-energy networks with CAM to control their energy
efficiency are relevant. Problematic issues remain the specif-
ics of using the internal capacitive compensation method for
asynchronous motors of different nominal power and modes
with sharply variable loads in the technological electric
drives in which they operate.
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BikTop Bonogumuposuu Karuryn, Poman MukonaiioBuu UyeHko, CBiTiiana CepriiBHa MakapeBuu

HarionanbHMit yHiBepcuTeT 6iopecypciB i mpupomoKopucTyBaHHS YRpainu
03041, Byn. TepoiB O6oponnu, 15, M. Kuis, Ykpaina

JocnipXeHHs eHepreTUYHUX NapaMeTpiB KOMMNEHCOBAHOrO0 aCUHXPOHHOIO
OBUryHa y peXXUMi NOBTOPHO-KOPOTKOUYACHUX NyCKiB

AHoTauig. CTarTs npucBsSYeHa yIIPaBIiHHIO eHeproeGeKTUBHICTI0 aCMHXPOHHNX IBUTYHIB 3 KOPOTKO3aMKHEHMM POTOPOM
MaJsoi Ta cepeIHbOI MOTYKHOCTI i € MPOOBXXEHHSIM PO3BUTKY Te€OPii KOMITEHCOBAHMX aCMHXPOHHMX ABUTYHiB. MeTa
TOCTiIKeHHS — OO PYHTYBaHHS BIUTMBY BEJIMYMHU €MHOCTi BHYTPIilIHbOI €MHICHOT KOMITEHCAIlil peaKTMBHOI MOTYKHOCTI
aCMHXPOHHOTO JBUTYHA B ITYCKOBOMY peXMMi. BUKOHaHe MaTeMaTH4YHe MOJeT0BaHHS KOMITIEHCOBAHOTO aCMHXPOHHOTO
IBUTYHA A0 MOK/IMBICTb AOCTIAUTY KBa3ilepexiqHi e1eKTPOMarHiTHi mpoiecu 3 ypaxyBaHHSIM ITPOCTOPOBO-4acoOBO1
opieHTallii CTPyMiB OCHOBHOI Ta OIaTKOBOI 06MOTOK (ha3 cTaTopa i poTopa KOMITIEHCOBAHOTO ACMHXPOHHOTO IBUTYHA.
JIlocsATHEHHS MOCTaBJIeHOT MeTy 6a3yeThCST HA BCTAHOBJIEHH] 3aKOHOMipPHOCTE BIIMBY BEIMYMHM KOMITEHCYBAJIbHOT
€MHOCTI Ha eHepreTUYHi XapaKTepUCTUKY KOMITIEHCOBAHOTO aCMHXPOHHOTO ABUTYHA TIiff 3 Yac J0T0 ITyCKY Ta TOCSTHEeHHI
HOMiHA/JIbHOTO eJIeKTPOMAarHiTHOrO MOMEHTY Ha Basly poTopa. UncioBe MOfe/II0BaHHSI BUKOHAHE IIPU Ky Ti POCTOPOBOTO
3cyBY dasHuX oceit OCHOBHOI Ta JOJaTKOBOI 06MOTOK (a3 cTaTopa KOMITIEHCOBAaHOTO aCMHXPOHHOTO ABuryHa 30 °C.
LM 3a6e3meuyeThCsl yMOBA JOTPUMAHHS PiBHOCTI BeIMUMHY CTPYMiB OCHOBHOI Ta JOAATKOBOI 0OMOTOK CTaTOpa
KOMITEHCOBAHOT'0 aCMHXPOHHOTO IBUTYHA. SIK TTOKa3aB YMC/IOBUIT €KCIIePUMEHT, 3MiHa BeJTMYMHY KOMITeHCYBaIbHOI EMHOCTI
JIa€ ySIBJIEHHS TIPO YMOBY 3a0e3MeueHHs PesKMMYy HOPMaJIbHOTO 30YKeHHS TaKOi eIEKTPUYHOT MaliHy. 3a6e31meueHHs
HOPMAaJIbHOTO 30YPKEHHS ITif] Yac MyCKy KOMITEHCOBAHOTO aCMHXPOHHOTO ABUTYHA MPU3BOIUTD 0 3MiHM €HEPTeTUYHUX
rapaMeTpiB MallMHM — MiHiMi3allii BTpaT MOTYKHOCTi B 06MOTKAX i CIIOKMBAHHSI ABUTYHOM PEAKTUBHOI MOTYKHOCTI Ta
MigBUIIEHHS ioro KoedilieHTa moTyskHOCTi. BCTaHOBIIEHO, 1110 BeJMYHA KOMITEHCYBaJIbHOT €MHOCTI, sIKa HeoOXimHa AJis
3a6e3IeyeHHsT peKMMY HOPMaJIbHOTO 36YIKeHHSI i/ Yac MyCKy Ta YCTaJIEHOTO HOPMAaTbHOTO PEKMMY KOMITEHCOBAHOTO
ACMHXPOHHOTO ABUTYHA BiIpi3HSIOTHCS. BHACTIIOK MOIEMIOBAaHHST BCTAHOBJIEHO, 1O 15 3a0e31eueHHs eHeproeGeKTUBHOTO
ITyCKOBOT'O PEXMMY i PO3TOHY JJO HOMiHQJIbHOTO KOB3aHHSI BeJIMYMHA KOMITEHCYBaJIbHOI EMHOCTI KOMIIEHCOBAHOT'O
ACYHXPOHHOTO ABUTYHA IMOBMHHA OyTM Maiike B 5 pasiB Gi/IbIIOI0, HIXK 111 YCTAJI€EHOTO HOMiHABHOTO PeXXMMY. Pe3ynbTaTn
IUX JOCTiIKEHb MOXKYTh OYTI KOPUCHUMMU JJIS TiABUIIIEHHS eHeproedeKTUBHOCTI MiKpOeHEepreTUUHUX Mepexk, y CKIai
SIKMX TIPAIIOI0Th ACMHXPOHHI IBUTYHM MaJjIoi Ta cepeiHbOI MOTYKHOCTI

Knio4oBi cnoBa: eneproeGekTUBHICTb, IBUTYHM CEPEAHBOI MOTYKHOCTI, PeaKTMBHA MOTYKHICTh, BHYTPIIIHS €MHiCHA
KOMIIeHCallisl, KOMIIEHCYBa/IbHa €MHICTh, ITyCKOBUIT PeXXUM
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Effect of Reinforcement on the Crack Resistance of Concrete Slabs

Abstract. A preliminary analysis of the available publications devoted to the study of crack resistance of reinforced
concrete structures showed the absence of established general patterns of influence of important geometric parameters
inherent in reinforced concrete elements on the distribution of the characteristics of fracture mechanics along the crack
front. Based on the analysis, the purpose of the study was formulated: to establish these regularities for a concrete slab
reinforced with a system of longitudinal steel rods. When conducting the research, a linear and elastic model of concrete
was used, and the stress intensity factor was considered as a characteristic of the fracture mechanics. A surface crack of
constant depth located in the cross-section of the slab was postulated. It was assumed that its faces completely cover the
cross-section of reinforcing rods. The crack depth, the depth of reinforcing rods, their diameter, and the distance between
adjacent rods were chosen as dimensionless geometric parameters relative to the thickness of the slab. The slab was loaded
with two types of loads applied to its ends: constant tensile stresses (pure tension) and linearly variable axial stresses (pure
bending). The problem of determining the stress intensity coefficient depending on geometric parameters was reduced to
the boundary problem of elasticity theory. The CalculiX finite element analysis package was used to solve it and obtain the
stress-strain state of the slab. More than four hundred finite element models were constructed for various combinations of
parameters. Based on the known displacements of the crack face points, the values of the stress intensity factor along the
crack front were calculated using the relation obtained in the study. It is established that its values significantly depend
on the diameter of the reinforcement, and therefore, when conducting practical calculations, it is not recommended to
replace the action of reinforcement on concrete with concentrated force. Polynomial approximations with a relative error
of 10% are obtained for extreme values of the stress intensity factor. The materials of the study can be useful in the design
of reinforced concrete structures, and when studying or teaching a course in fracture mechanics

Keywords: fracture mechanics, stress intensity factor, reinforced concrete structures, finite element method, CalculiX
package
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INTRODUCTION

Issues of crack resistance of reinforced concrete structures
(RCS) have been relevant for almost as long as the RCSs them-
selves exist, that is, for more than a century and a half. Such
an insatiable interest in this topic is explained by its direct
attitude to ensuring the safe operation of residential, public,
and industrial constructions, because almost every modern
construction includes reinforced concrete elements. Disre-
gard for the rules and regulations of operation of such facili-
ties is unacceptable and can lead to serious consequences. In

Suggested Citation:

this context, it is enough to recall only the case of the “worn-
out” Shuliavsky bridge in Kyiv [1], when, under a favourable
set of circumstances, there were no human casualties.
Historically, most of the publications devoted to the
crack resistance of RCSs are experimental in nature. This
circumstance is explained by the relative simplicity of man-
ufacturing experimental samples and the guaranteed relia-
bility of the results of field experiments. Theoretical studies
of the crack resistance of RCSs for a long time remained at
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the level of model representations and were of little use for
direct practical application. The situation began to change
in the last two decades, when the development of — pro-
gramme codes, primarily finite element analysis software,
and computer technology allowed modelling the complex
structure of RCSs with sufficient discreteness, capable of
reproducing an adequate picture of the stress-strain state (SSS)
of the reinforced concrete elements under study.

It is worth noting that concrete is generally a physically
nonlinear material [2]. Therefore, many concepts of nonlin-
ear fracture mechanics have emerged and/or found their fur-
ther development in the study on crack resistance of concrete
structures. Among them, it is worth noting the two-parameter
criterion of local destruction, which in Ukrainian literature is
usually referred to as the Leonov-Panasyuk-Dugdale model [3].
Other concepts used in the study of crack resistance of concrete
elements include: the pre-destruction zone, the law of sample
thickness, the fracture resistance curve (R-curve), etc. A fairly
complete overview of the corresponding models is given in [4].

Despite the physical nonlinearity of concrete, the
results of many studies [5-7] indicate the possibility of using
linear fracture mechanics (LFM) methods to assess the state
of cracks in concrete structures. One of the circumstances
that facilitate this is the relatively large size of these struc-
tures, and the condition for the legality of using LFM is the
small plastic zone in the vicinity of the crack vertex com-
pared to the crack length [8]. The length of the macro-crack
by definition should be commensurate with the character-
istic size of the body in which it is located (otherwise, it
refers to micro-cracks, the growth patterns of which are
studied by methods of fatigue theory). Consequently, with
given mechanical properties of the material, an increase in
the size of the body increases the legality of using LFM in
the study of its crack resistance. Based on the above, it can
be argued that determining the characteristics of LFM in
RCSs is of theoretical and practical interest. A significant
amount of work is devoted to the investigation of the effect
of reinforcement on the distribution of the values of the
stress intensity factor (SIF), which is the main characteristic
of LFM, along the crack front. The study will briefly consider
papers that have a similar object of research.

The study [9] considered a reinforced concrete rod hav-
ing an edge crack of constant depth located in some of its
cross-section. Under assumption that the rod is in a deforma-
ble state of bending two approaches to determining the SIF of
such a crack, are proposed: analytical and based on finite ele-
ment modelling. According to the analytical approach, the
stress state in the cross-section of the crack location was
approached as the stress state of the rod, the cross-section
height of which is less than the cross-section height of the
original rod by the crack length. The nonlinear relation-
ship between stresses and deformations inherent in con-
crete was also considered. From the condition of compat-
ibility of deformations of concrete and reinforcement and
Hooke’s law, the stresses acting in the reinforcement were
determined. In the future, the effect of reinforcement on
the stress state of concrete was modelled by a concentrated
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force equal to the equivalent of the specified stresses, that is,
their product on the cross-sectional area of reinforcement.
The estimated stresses obtained in this way in the vicinity
of the crack vertex were considered, in fact, as nominal load
stresses in the Griffiths crack problem, and the SIF value
itself was established based on the Griffiths formula. The
numerical solution, which was based on classical linear frac-
ture mechanics and the finite element method, was imple-
mented using standard tools of the ANSYS software suite.
The methods were compared for a single set of geometric
and mechanical parameters. The discrepancy in the SIF val-
ues obtained by analytical and numerical methods was 1.3%
for a certain value of the external bending moment. How-
ever, it increased rapidly with a slight increase in bend-
ing moment. Thus, with an increase in the moment by one
and a half times, the discrepancy increased by an order
of magnitude. The authors explain this by the fact that,
unlike the numerical value of SIF, the analytical value does
not depend linearly on the external moment.

The study [10] also considered a reinforced concrete
rod having an edge crack of constant depth located in its
cross-section. It is indicated that the simulation was per-
formed using the ANSYS finite element analysis software
suite. However, no geometric parameters indicating the rel-
ative position of the crack and reinforcement are reflected
in the model description. The main conclusion made in the
above paper is the significant dependence of the rod stiff-
ness and the stress intensity factor on the rod width. This
conclusion was also made on models with slightly varia-
ble geometric parameters: only the width of the rod changed
within 50%.

In [11] the effect on the crack resistance of a concrete
sample of a system of steel reinforcing bars located in it in
a plane perpendicular to the external bending moment as
a vector was investigated. In this case, some of these rods
passed through the faces of a flat edge crack, which was pos-
tulated in the cross-section of the sample. As in the above
studies, the effect of reinforcement on the stress state of
concrete was modelled by concentrated forces. Although the
paper provides an expression for SIF for the crack under
study, which is based on the assumption of the flat nature
of the problem and the superposition principle, the main
attention in analysing the results is focused on the depend-
ence of the stiffness of a reinforced concrete sample on
the geometric and mechanical properties of its components.

Obviously, this review does not claim to be complete,
but it reflects the main trends of such studies: the charac-
teristics of LFM, if calculated, are only for very limited vari-
ations in the parameters of the concrete-reinforcement sys-
tem. This restriction does not provide general conclusions
about the criticality of a particular RCSs defect, depending
on its size and the parameters of the reinforcement frame.
Therefore, the purpose of this study is to determine the
stress intensity factor depending on the geometric charac-
teristics of a reinforced concrete element with a crack: the
depth of the crack, the thickness of reinforcing rods and the
parameters of their location. The originality of the study is
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explained by the lack of similar results in available papers,
and its relevance is explained by the need to create a hand-
book of RCS defects that can help quickly assess the danger
of defects in practice. The presence of these dependencies
also allows analysing the fatigue growth of cracks. A sepa-
rate goal of the study is to evaluate the validity of modelling
the effect of reinforcement on the stress state of concrete
with concentrated force, which is often used in theoretical
studies, based on numerical results.

MATERIALS AND METHODS
The analysis of the influence of reinforcement on the crack
resistance of RCSs will be carried out on the example of
a reinforced concrete plates (slabs). Reinforced concrete
slabs (RCPs) are one of the most commonly used structural
elements in construction. The floor overlaps of most multi-
storey constructions, the walls of panel houses, the founda-
tions of low-rise buildings — all these components are made

2]

a)

in the form of RCPs [12]. As a result, this structural element
is very variable in its size, shape, and configuration of rein-
forcement frames. Therefore, to assess their crack resist-
ance, it is necessary to investigate the patterns of the influ-
ence of reinforcement on the distribution of SIF along the
front of hypothetical cracks that may occur in RCP.

Problem statement. The study considers a concrete
rectangular slab of length L, width W, and thickness h, rein-
forced with longitudinal steel rods in increments 2s by the
width of the slab (Fig. 1a). The axes of the reinforcement
bars are located at a distance of a from the lower surface of
the slab, and their diameter is equal to d. It is assumed that
in such a slab, in some of its cross-section, an edge crack
of constant depth [ has occurred, which is greater than the
depth of the reinforcement: [>a+d/2. In other words, the face
of the crack completely covers the reinforcing rods in the
cross-section of its location.

Figure 1. Geometry of the problem: a) general view of RCP; b) half-period of RCP

As an external load, the longitudinal stresses applied
to the ends of the slab are considered: constant tensile
stresses p (Fig. 2a) and linearly distributed stresses of max-
imum intensity p (Fig. 2b). The first type of load corresponds
to the pure tension of the slab, and therefore, the results
associated with it will be denoted by index N. The second
type of load determines the pure bend ing of the slab, and
therefore, the corresponding results will be denoted by
index M. Due to the immutability of the load along the width
of the slab, its stress-strain state will have a periodic char-
acter along the transverse direction. Therefore, to find it, it
is enough to consider only a strip of width s — one half-pe-
riod of the slab, which is shown in Fig. 1b. A coordinate

-

K D

=

system associated with a half-period is introduced: its axis x
is directed along the crack front, axis y is directed vertically
upwards and intersects the axis of the reinforcement rod, and
the axis z is directed along the rod, which is shown in Figure 1b
in dark grey. In this case, the area of the crack edge shown in
Fig. 1b is highlighted in a light gray shade, set by the condi-
tions z=0 and y<0. It will be also assumed that the plane of the
crack location is located at a sufficiently large distance from
plate end compared to s. In this case, the influence of edge
effects on the stress distribution near the crack front can be
ignored and it is assumed that it is symmetric with respect to
the plane xy, and therefore, it is enough to consider the SSS
of only one half of the slab period, for example, z>0.

) | ‘%\ p

\ 1 1

b)

Figure 2. Plate load: a) o, (tension); a) ¢, (bending)

Thus, the following problem is obtained: it is neces-
sary to find the stress-strain state of an elastic body in the
form of a rectangular parallelepiped, shown in Fig. 1b, if its
surface is free of tangential stresses, and: the side surfaces
y=-1 and y=h-I and the surface of the crack face (z=0 and

y<0 except for the cross-section of the reinforcement) are
also free from normal stresses, on the rest of the end face
z=0 (y>0 without the cross-section of the reinforcement)
are free of normal stresses; rest of end z=0 and two sides
x=0 and x=s because of symmetry conditions are of normal
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displacements; and at the far end z=D (D»h) normal stresses
are prescribed as:
o,=p=const or o, =2p(h/2-1-y)/h. 1)

The problem statement is completed by setting the
elastic properties of the material. Elastic modulus E and
the Poisson’s ratio v of concrete will be considered equal
to 24 GPa and 0.2, respectively, which corresponds to the
design values of concrete class C20/25 [13].

Note that, according to the statement, the problem
contains 4 dimensionless geometric parameters. The following
are selected as independent ones:

s=s/h, I=l/h, a=a/h, d=d/h. ()
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As a method for solving this problem, the study will
use the finite element method (FEM) implemented in the
CalculiX packege. This packege determines SSS in solid
deformable bodies of various rheological nature under
the action of force and temperature loads [14]. Despite the
fact that CalculiX is a free-access software suite, its capa-
bilities are not much inferior to many similar commercial
products, and in some aspects, due to the openness of its
code, even surpass them. This packege also allows solving
problems of fracture mechanics, even in a nonlinear for-
mulation [15]. Fig. 3 shows a general view of the CalculiX
finite-element model and its separate part in the vicinity of
the reinforcement rod outlet to the crack face at 5=1, i =0.3,
@=0.1, d=0.1. The model is formed using 20- and 15-node
quadratic elements of type C3D20 and C3D15, respectively.

S

Figure 3. Finite element model for 5=1, I =0.3,a=0.1, d=0.1: a) general view; b) crack face near reinforced rod

Since CalculiX does not have its own SSF estimation
tool, it was implemented using additional code. The idea of
determining the SIF from pre-calculated SSS is to approx-
imate the field of normal displacements of the points of
the crack edges u with an expression (A++Bp)Vp, where p —
distance from the displacement determination point to the
crack front. Thus, to determine the constans A and B, it is
enough to know the displacements u, and u, at two points
near the crack front located at a distance of p, and p,, respec-
tively. Indeed, substituting the pair of values (p,, u,) and
(p,» u,) in the expression u=(A+Bp)Vp, a system of two linear
equations is obtained with respect to constants A and B. The
field of normal displacements of the crack edges of a nor-
mal fracture in the case of plane deformation (the case of
the problem formulated) in accordance with the asymptotics
of the Westerhard’s solution is given by the relation [8; 16]:

_4(1-v?)
T EVIm

u K\p.p =0, 3)

where the constant K is the stress intensity factor. Compar-
ing expressions (A+Bp)Vp and (3), we can conclude that K

a)

b)

is proportional to the constant A. Therefore, based on the
above relations, the expression for SIF is obtained:

_ E2m wpi —up o}
4(1-v?) \P1p2(p2 — p1) '

Equation (4) is the basis for determining the SIF from
the known SSS.

To reduce the error in determining the fields in the
vicinity of the crack front, it is necessary to move the middle
nodes closest to it by a quarter of the length of the corre-
sponding edge of the finite element (FE) towards the corner
node lying on the crack front. The specified nodes are circled
in Fig. 4a. With this arrangement, the approximations of the
stresses fields in the FE near the front will have a root singular-
ity, i.e., they will increase inversely proportional to Vp. Approx-
imations of displacements will decrease to zero proportion-
ally to Vp. This nature of approximations corresponds to the
asymptotic solution of the problem of elasticity theory, and
therefore, provides greater accuracy of the numerical solution.
Similar shift must be made for the middle nodes near the con-
crete-reinforcement interface line on the crack face (Fig. 4b).

“)

Figure 4. Shift of middle nodes: a) near the front; b) near the interface line on the crack face
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Evidently from Figure 3a, a decrease in the dimen-
sion of the resolution system was achieved by increasing the
FE size in the regions of the period farthest from the crack.
The sufficiency of the discreteness of the finite element grid
of models was checked by halving the FE size. The relative
change in the numerical values of SSF did not exceed 1%.

RESULTS AND DISCUSSION

Using the developed FE models, a large number of calcula-
tions of the stresses fields and displacements of the RCP
half-period with a crack were performed, based on which
the SIF distributions along the crack front were determined.
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More than 800 SIF distributions were obtained — two for
each model (for loads o, and c,,). Figure 5 shows the distri-
bution of normal displacements and normal stresses in the
cross-section of the crack edge in the vicinity of the rein-
forcement rod obtained using the model shown in Fig. 3. The
displacements distribution is given for the load case ¢, and
the stresses distribution is for the case of load ,,,. The posi-
tive direction of normal displacements is determined by the
external normal to the crack face, i.e., in the negative direc-
tion of the axis z. The values are given in basic units of the
SI system (displacement — in m, stresses — in Pa). The fields
are calculated at p=100 MPA and h=0.12 m.
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Figure 5. Distribution of fields for 5=1, I_=0.3, a=d=0.1:
a) normal displacements field for the load c,,; b) normal stresses field for the load 6,

A total of four values of the relative width of the
half-period s: 1, 2, 3, and 5 and three values of the dimen-
sionless diameter of the reinforcement rod d: 0.05, 0.1, and
0.15 were considered. Dimensionless crack depth [ var-
ied from 0.05 to 0.7 in increments ranging from 0.25 to 1.
The depth of the reinforcement rod a axis also varied. At
the same time, the obvious conditions for the correctness
of the model construction were monitored: a @>d/2 and
a+d/2<1. Fig. 6 and 7 show some of the SIF distributions
along the front. A dimensionless coordinate is plotted along
the abscissa axis of the corresponding graphs ¥=x/s, and
along the ordinate axis — the value of the dimensionless

T : ) S
2.9 ;'II'II '// A=0.5 eeeeeeeeaeeans
N / -
i R E—
2 H ¥,
i~
g/
2) 1.8 }_," 3
0 0.2 0.4 0.6 0.8 1

b)

SIF K=K/(pVI). The lower index in the SIF designation, as
already mentioned, is responsible for the type of load. The
numbers in the circles correspond to the parameter s values,
for which the corresponding distribution was constructed.
The value of this parameter for those curves where there
are no marks can be determined by analogy. Fig. 6 shows
SIF graphs for crack with depth [=0.3, Fig. 7 — with depth [=0.7.
The dotted lines correspond to the rod diameter a=0,05, and
dashed lines — with a diameter of d=0.15. The depth of the
reinforcement rod axis for all curves was determined by the
condition d=0”.025”+a/2, that is, for all curves, the depth of
the reinforcement point closest to the crack front was fixed.
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1
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Figure 6. SIF distribution for crack with depth [=0.3 for loading:

a)o,;b)o,,
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Figure 7. SIF distribution for crack with depth =0.7 for loading:
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In addition to dotted and dashed lines, each of
the graphs has a solid horizontal straight line that corre-
sponds to the SIF value in the absence of reinforcement.
These values were compared with known in the literature,
which are calculated from solutions to the corresponding plane
problems. Corresponding exact SIF approximations for ten-
sion and bending loads as a function of the only parameter [
which remains in this case can be represented as [16]:

Ry =(1,11+5%)(1-1)""Vx,
Ry=0772 (1= -(1- )’

The deviation of the calculated values from (5) does
not exceed 1% and 4%, respectively.

Analysing the graphs shown in Figs. 6 and 7, it can
be noted that all of them monotonically increase from
the minimum value K _ =K., near the rod to its maximum
value K _=K|_ . The rate of this growth varies. It is largest
in the middle part of the front closer to the rod. However,
at the neighbourhood of reinforced rod, and at the oppo-
site end of the front, it decreases to zero (the velocity is the
derivative, and the derivative is zero at the extreme points).
The growth rate in the middle section significantly depends
on the diameter of the reinforcement rod: the larger it is,
the higher the growth rate, although the values themselves
are significantly lower. This conclusion is important in the
context of determining the adequacy of replacing the valve
action with concentrated force.

Another important conclusion that can be drawn
from Figs. 6 and 7, there is a locality of reinforcement
action for small cracks. So for a crack with depth [=0.3, the
difference between the maximum and current SIF values
is reduced by half at a distance of less than a third of the
slab thickness. At the same time, f(m are much closer to
SIF for a flat crack, that is, in the absence of reinforcement.
The minimum SIF values, regardless of the crack depth, sig-
nificantly depend on the reinforcement thickness. In case of
a deep crack [=0.3 they do not depend much on the length
of the half-period 5 and already for §>2 they can be consid-
ered constant. For cracks with depth [=0.7, the minimum

©)

SIF values significantly depend on both the rod diameter
and the width of the half-period.

Thus, the general conclusion that can be drawn on
the basis of the analysis performed is that it is incorrect to
replace the arming action with concentrated force during
practical calculations. To understand why this is the case, it is
necessary to refer to the basic concepts of concentrated force
in the mechanics of continuum in general and in elasticity
theory in particular. From the course of elasticity theory, it is
known [17] that the fields of displacements and stresses in
Kelvin, problem, Boussinesq problem and similar three-dimen-
sional problems of elasticity theory have a singularity of the
type p! and p?, respectively. Here p — distance from the obser-
vation point to the point of application of a concentrated force.
That is, both take infinite values at the point of application of
the concentrated force. According to the solution, looks like
the concentrated force “pins out” the point of its application
to infinity, which does not correspond to reality. The key to the
correct practical use of these singular solutions of elasticity
theory lies in the Saint-Venan’s principle [17-19]: replacing
the system of external forces with a statically equivalent one
has little effect on SSS at remote points. In this case, points
located at a distance of at least five characteristic sizes of the
area of application of forces are considered remote. In our
case, the characteristic size of this area is the diameter of the
reinforcement rod. That is, to adequately replace the action of
the reinforcement with a concentrated force, it is necessary
that the reinforcement rod is at least five of its diameters
away from both the crack front and the edge of the slab.
Obviously, such conditions cannot be implemented in
practice in any way. Therefore, replacing the action of arming
with a concentrated force can only be used to explain
qualitative behaviour, and not to obtain quantitative results.

For each specific set of parameters (2), a fairly com-
plete picture of the SIF distribution along the crack front can be
obtained by knowing two values: K and K . Therefore, it is
important to be able to find their approximate values using
simple relations. To do this, the results obtained were processed
using the least squares method. A polynomial approximation of
the specified extreme values of SIF as functions of parameters (2)
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was found. It turned out that the linear approximation is quite
rough and allows a relative error (the ratio of the maximum
deviation to the maximum value) of up to 25%. The trade-off
between the accuracy and complexity of an expression can
be considered an approximation in the form of second-order
polynomials. Their relative error for all four values is about
10%. In general, this approximation can be represented as

4 4 4
Kexe = zz a;;mit; +Zﬂiri +v, (6)

where ext takes one of four values: Nmin, Nmax, Mmin,
or Mmax; r;=8,r,=l,r.=a, r,=d - indexed geometric param-
eters (2). The approximation coefficients (6) are shown in
Table 1.

Table 1. Approximation coefficients of extreme SIF values

Extreme values of SIF

Coefficients
K, K
‘min

‘Nmax ‘Mimin KMmle
o, -8.035x10°2 -1.206x10"! ~4.228x10™ -6.399x102
o, 1.557 2.309 7.727x10"! 1.133
o ~7.622x10"! -1.013 ~4.148x10"! -5.643x10"!
o, 9.476x10°! 4.075 5.382x10"! 2.221
oy, 9.924 1.680x10 -6.923x10"! 3.291
oy 2.526x10 1.624x10 1.364x10 7.825
o, -1.100x10? ~1.134x10? -4.261x10 -5.394x10
o -1.107x10 5.066 -4.810 2.301
o, -5.077x10 3.323x10 -2.014x10 1.933x10
o, 2.548x10? 1.052x10? 1.300x10? 5.129x10
B, 2.590x10°2 ~6.800x10°2 3.867x10°2 1.472x10°
B, -1.868 -8.774 1.299 -2.534
B, -5.022 ~7.455 ~3.386 -3.217
B, 4.746 1.520x10 -7.413 4.572
v 2.171 3.873 1.499 2312

Based on the values in Table 1 and equation (6), it is
possible to quickly restore the overall qualitative picture of
SIF distributions as a function of geometric parameters. Hav-
ing distribution data and critical SIF values in concrete, it is
possible to quickly give an answer about the degree of danger
of a particular defect. In addition, they allow investigating the
rate of growth of defects based on the Paris formula [8; 16].

CONCLUSIONS

The problem of crack resistance of RCP was reduced to the
problem of linear elasticity theory, which was solved using
the CalculiX finite element analysis package for variable val-
ues of geometric parameters of the system. In processing
the obtained numerical results, general regularities of the
dependence of the SIF on the geometric parameters of the
RCP are established, namely:

— for all values of geometric parameters, SIF is a peri-
odic and monotonous function on the half-period of the plate
width, taking the minimum value near the reinforcing rods,
and the maximum value in the middle between them;

- the maximum growth rate of the SIF corresponds to
an interval close to its minimum;

— for shallow cracks, the effect of reinforcement is local:
the minimum SIF value weakly depends on the length of the

slab period, and the SIF itself quickly increases to its max-
imum value;

— as the rod diameter increases, the difference between
the minimum and maximum SIF values increases;

The paper also provides a reasonable warning
regarding the modelling of the action of reinforcement on
concrete with concentrated force during practical calcula-
tions. Instead, it is proposed to use polynomial approxima-
tions of extreme SIF values given in the paper and obtained
as a result of processing a large array of numerical data to
estimate the stress state in the vicinity of the crack front.

Since for real diameters of reinforcing rods, the SIF
varies significantly along the front of a flat crack, in order to
correctly calculate the crack configuration during its subsid-
ence, this study should be extended to the case of cracks of
other configurations, for example, semi-elliptical.
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Amnacracisa I'puropiBaa Kynenko!, Onekciii I'puroposmu KyrieHko?

'HarrioHanbHMIT YHiBepCUTET GiopecypciB i MpupomoKopucTyBaHHS YKpainm
03041, Bysn. T'epoiB O6oponu, 15, M. Kuis, Ykpaina

2KuiBchKMit HallioHaAbHMIT YHiBepcuTeT iMmeHi Tapaca IlleBueHka
01601, Byn. Bonogumupcbka, 64/13, m. Kuis, Ykpaina

BnanB apMyBaHHS Ha TPILULMHOCTIUKICTb 6€TOHHUX NAUT

AHoTauiq. ITonepenHiit aHa i3 HAIBHUX JIiTePATYPHUX AXKEPeI, IPUCBSITUEHUX TOCTIIKEHHIO TPIlIMHOCTIIKOCTI
3a71i300eTOHHMX KOHCTPYKIIiii, TOKa3aB BifCYTHICTh BCTAHOBJIEHMX 3aTa/IbHMX 3aKOHOMipPHOCTe BIUIMBY BKIMUBUX
reoOMeTpPUYHMX TIapaMeTpiB, BAACTUBUX 3a/1i300eTOHHMM eJleMeHTaM, Ha PO3IOi/ XapaKTepUCTUK MeXaHiKy pyifHyBaHHS
B3I0BXK GpoHTY TpinuHu. Ha 0cHOBI nMpoBeneHOTo aHami3y 6yno chopmMyIbOBaHO METY JOCTiIKeHHS: BCTAHOBJIEHHS
3a3HaueHMX 3aKOHOMipHOCTe 1151 6eTOHHOI TUVIMTH, YKPITJIeHOI CMCTeMOI0 MO3A0BXKHIX apMaTypHUX CTPYOKHIB. [Tpu
MpOBeJeHHi TOoCTiKeHb BUKOPUCTOBYBAIACS JiHITHO-TIPY>KHA MOZe/lb 6€TOHY, a Y SIKOCTi XapaKTepUCTUKYU MeXaHiKu
pyIiHYBaHHS pO3IIsiAaBcst KoedillieHT iIHTEHCUMBHOCTI HaMpyskeHb. [ToCTyI0BasIacs MOBepxHeBa TPilllMHA MOCTiiHO1
IMOVMHM, PO3TAILIIOBAHA B IIONepeyHoMYy repepisi mintu. Ilepenbauanocs, 1o ii 6eperyu MoBHiCTh MOKPUBAIOTD MTONIEPEUHMIA
nepepis apMaTypHUX CTPYSKHIB. Y SIKOCTi 6€3p03MipHMX TeOMeTPUUHMX IapaMeTpiB 6ynu o6paHi BifHeceHi 0O TOBIMHM
TUTUTY TIMOVHA TPIlIVHY, TIMOMHA 3a/ISITaHHS apMaTYPHUX CTPUKHIB, IX AiaMeTp Ta BifcTaHb MiK CyCiZHIMM CTPVYSKHSIMM.
[InuTa HaBaHTaXXyBaJlacsl BOMa TUIIaMM HaBaHTa)XeHHSI, IPUKIIaLeHUMU A0 11 TOPLiB: HOCTiiHMMM PO3TATYIOUMMU
Hamnpy>XeHHSIMU (UMCTUI PO3TAT) Ta JiHIJIHO-3MiHHMMM OCbOBMMM HalIPY>KeHHSIMU (UMCTUIL 3TMH). 3afjaua BUSHAYEHHS
KoedillieHTa iIHTeHCUMBHOCTI HAIPY>KeHb 3aJIEXKHO BiJl reOMeTPUUHMX ITapaMeTpiB Oysia 3BeieHa 0 TpaHMYHOI 3a1a4i Teopii
NpY>XHOCTI. 17151 i po3B’sI3aHHS i OTpMMaHHS HANPy>XKeHO-Ie(OopMiBHOTO CTaHy INIMTY BUKOPUCTOBYBABCSI CKiIHU@HHO-
enemeHnTHMIT makeT CalculiX. [Ist pisHux KOM6iHal1i# mapaMeTpiB 6y/10 MOOYAOBAHO GisTbIlle YOTUPHOXCOT CKiHUEHHO-
eJleMeHTHUX MoJesieii. 3a BifoMUMM 3MillleHHSIMM TOUOK 6epera TPIilluHY 3a JOTIOMOTOI0 CIIiBBiJHOIIEHHS, OTPUMAaHOTO
B PO6OTIi, po3paxoByBasmcs 3HaUeHHsI kKoedillieHTa iHTEHCMBHOCTI HaMpy>KeHb B30BXK GpOHTY TpimyHM. BcTaHOBIIEHO,
1110 10r0 3HAYeHHS CYTTEBO 3aJI€XXaTh Bif, AiaMeTpa apMaTypy, a TOMY IIPY IPOBeJleHHI MPaKTUYHMX PO3PaXyHKiB JIit0
apmaTypy Ha 6eTOH He peKOMeH/I0BaHO 3aMiHIOBATy 30CepesKeHOI0 CUII0I0. [I/1 eKCcTpeManbHMX 3HaueHb koedilieHTa
iHTEeHCUBHOCTI HaIllpy>kKeHb OTPMMAHO MOJMiIHOMia/IbHi arpoKcuMaliii 3 BiZHOCHOIO MOXMOKOI0 B Meskax 10 %. MaTepianu
PO6OTY MOKYTh OYTY KOPMCHUMMU IIPY MTPOEKTYBaHHI 3a/1i306€ TOHHMX KOHCTPYKIIiit, @ TAKOX IMPY BUBUEHHI Y BUKJIAJAHHI
KypCy MeXaHiKy pyliHyBaHHS

Knio4oBi cnoBa: eneproeekTUBHICTb, IBUTYHM CEPEAHBOI MOTYKHOCTI, PeaKTMBHA MOTYKHICTh, BHYTPIIlIHSI €MHiCHA
KOMIIeHCallisl, KOMIIEHCYBa/IbHa €MHICTh, ITyCKOBUIT PeXXUM
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Minimisation of the Driving Torque of the Derricking Mechanism
of a Tower Crane during Steady Load Hoisting

Abstract. Efficient use of a tower crane often requires combining various operations, such as hoisting load and derricking.
In the case when the load is hoisted at a steady speed, the problem of optimal control of the trolley movement mechanism
arises, which goes beyond engineering calculations and is a scientific and applied problem. Its relevance is related to
improving the controllability of crane mechanisms, increasing the capacity and reliability of the crane, and improving
the energy efficiency of its drive mechanisms. These indicators are related to the choice of optimisation criteria. Thus,
the purpose of the study is to optimise the starting mode of the derricking mechanism according to the criterion
of the RMS value of the driving moment during a steady load hoisting. To achieve this goal, the following methods
were applied: dynamics of machines and mechanisms, mathematical modelling, integral and differential calculus, and
the ME-D-PSO method. For the boundary conditions, parameters are selected that eliminate load oscillations on the
flexible suspension when the derricking mechanism slews to the steady-state driving mode. Based on the results of
optimisation of the joint movement of mechanisms for derricking and load hoisting, graphical dependences of kinematic,
dynamic, and energy characteristics of the start-up transition process are constructed and their analysis is carried
out. The obtained dependences reveal the conditions for eliminating load oscillations on a flexible suspension during
steady-state movement and reducing dynamic loads and energy losses during the start-up of the derricking mechanism.
To implement the optimal start mode of the derricking mechanism during steady load hoisting, it is recommended
to use optimal control of the drive mechanisms. The results obtained should be applied to the development of new
and modernisation of existing motion control systems for tower crane mechanisms
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Article’s History: Received:28.03.2022; Revised: 08.07.2022; Accepted: 11.08.2022

INTRODUCTION

When operating tower cranes, it is quite common to com-
bine the operations of movement of mechanisms. There are
cases when one of the mechanisms performs a steady move-
ment, and at this time another mechanism is switched on.
The operation of mechanisms in this mode leads to an
increase in dynamic loads caused by high-frequency oscilla-
tions of the links of drive mechanisms and the metal struc-
ture of the crane, and low-frequency oscillations of the load
on a flexible suspension.

The most common case is the operation of crane
mechanisms, when the load hoisting mechanism performs

Suggested Citation:

a steady movement with the process of starting or braking the
derricking mechanism. Due to the significant dynamic loads
in the mechanisms during such movements, there is a need to
reduce them. Therefore, there is a need to choose such a mode
of movement of the derricking mechanism, in which its driving
torque would be minimal.

The review of scientific studies on this topic indicated
the relevance and significant interest of the world scien-
tific community in research aimed at improving the reli-
ability and efficiency of loading and unloading processes,
including by optimising the operating modes of modern

Loveikin, V., Romasevych, Yu., Shymko, L., & Loveikin, Yu. (2022). Minimisation of the driving torque of the derricking
mechanism of a tower crane during steady load hoisting. Machinery & Energetics, 13(3), 43-52.
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crane mechanisms, which complies with safe conditions and
provides trouble-free operation of hoisting and transport
machines.

During the operation of tower cranes (and not only
tower cranes), the payload performs a complex movement,
in which a number of mechanisms work simultaneously, the
operation of which has both mutual and general effects on
the crane system [1; 2]. This feature requires the operator to
be precise in choosing the operating modes of crane mech-
anisms, since the error can have dramatic consequences.
Therefore, scientific investigation is often aimed precisely
at improving the efficiency of controlling hoisting processes.
Thus, in the study [3], a comprehensive review of crane con-
trol strategies is performed, where, along with a thorough
analysis of control schemes for various types of crane sys-
tems that have been performed since 2000, an overview
of modelling single - and double-lever crane systems is pro-
vided. A valuable contribution to the development of the
theory of control of crane systems is the classification of
strategies for the development and improvement of means
of controlling the working processes of crane mechanisms,
which systematises the scientific search that aims to optimise
operating modes.

A typical line of scientific research is an attempt
to improve the reliability and trouble-free operation of
all mechanisms of crane systems. With the development of
automation tools, first analogue and then digital, research-
ers focused their efforts on the development of theoretical
foundations and practical research of the operating modes
of a very wide arsenal of crane mechanisms: from conven-
tional controllers [4] to neural networks, technical vision
systems, and artificial intelligence [5-7]. This thesis also
applies to specific crane manipulators [8]. The increase in
requirements for the quality of loading and unloading pro-
cesses has caused the expansion of the methodological tools
of researchers in the construction of mathematical models
of crane systems. At the same time, as noted in the study [9],
the large-scale, fast, and modular development of tower
cranes has brought significant problems of construction
safety in difficult working conditions. The study simulates
changes in the rotation angle. The obtained data should be
used to improve control systems.

The purpose of [10] is to investigate the dynamic
indicators of crane system mechanisms during crane opera-
tion and develop computer training methods to improve the
quality of crane operator training. The researchers imple-
mented a powerful visualisation interface for displaying the
dynamic behaviour of the crane. The study results allow
developing an effective programme for training operators
of construction tower cranes.

The method of reducing oscillations for fast crane
operation is substantiated in [11]. Researchers from the Fac-
ulty of Civil Engineering of the National Taiwan University
conducted analytical studies to test the three-stage con-
trol method proposed by the authors, which aims to reduce
the angles of oscillation during the operation of a tower
crane at high speed. The method is based on the physical

laws of motion of a double pendulum and uses fixed values of
acceleration and deceleration to reduce the oscillation angle
and frequency. Checking the mathematical model showed
that the working cycle time is proportional to the square
root of the working distance at a constant oscillation angle
and no oscillation.

The evolution of information technologies and com-
puter graphics has contributed to the development of auto-
mated methods for modelling loading and unloading pro-
cesses. Virtual models allow investigating and predicting
possible dangerous or inefficient actions of crane mecha-
nisms. In the study [12], the authors focused on develop-
ing a mathematical model to support modelling and vis-
ualisation of cranes as the most important equipment in
terms of project control. The researchers proposed a math-
ematical model that can more accurately represent the
detailed activity of the crane. The computer programme
developed by the researchers simulates and visualises the
operation of crane mechanisms in real time. The created
animation provides interactive functions.

The development of mathematical models is a special
aspect of experimental research in the field of engineering.
Thus, in studies [13] and [14], mathematical models are con-
structed, and a system of second-order linear differential
equations describing the dynamics of transverse displacement
of the centre of mass is obtained.

Slovak researchers conducted experiments using
a three-dimensional laboratory model suitable for research
in the field of mechanism control. Their study [15] is devoted
to the identification of a dynamic model and the develop-
ment of a trolley position controller along the boom of
a tower crane, and damping load oscillations.

In [16], a mathematical model of a jib crane is proposed,
which considers the degrees of freedom that characterise
the selected type of system. The researchers developed
a nonlinear control law that uses all states of the model.
Verification of simulation results with real physical parame-
ters shows the effectiveness of the proposed control scheme
even in the presence of wind disturbances.

In the study [17], the author formulated optimisa-
tion criteria in the form of quadratic functionals for each
tower crane mechanism. Minimisation of functionals
allowed the researcher to obtain a set of optimal parame-
ters of crane mechanisms, in which their interaction should
be effective. An innovative feature of the presented solution
is an integrated approach to optimising multi-drive systems,
aimed at reducing the oscillations of a load suspended on
a flexible suspension and minimising the forces acting on
the rope. This approach, combined with the method of selec-
tive analysis of mechanism structures, can be developed as
a method for synthesising globally optimal configurations
of interacting mechanisms [17].

Based on the materials of the review of research on
this topic, it was concluded that the scientific community
focuses a lot on the problems of optimising the parame-
ters of crane mechanisms and ensuring the reliability and
safety of loading and unloading processes. At the same time,
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various programmes and methods of experimental research
are used. However, showing special interest, this study will
focus on the provisions and experience of using the meta-
heuristic optimisation method in these problems - the Particle
Swarm Optimisation method (PSO) [18].

First of all, PSO is identified with an evolutionary
algorithm, which is applied with considerable success to
solving various engineering and technological problems [19;
20]. Since its first publication in 1995 [21], the algorithm has
been constantly modified. It seems that at present there is
not a single scientific field where various variants of PSO
did not have their application for solving a wide range of
optimisation problems. This is evidenced by the study by
F. Marini and B. Walczak [22], where the researchers empha-
sise the importance of choosing the right PSO metaparam-
eters. E. Hussain et al. [23] note that due to their flexibility,
these algorithms can solve various optimisation problems
in various fields, especially in engineering and computer
science. The researchers summarised and analysed some
of the most influential and diverse developments in vari-
ous aspects of the PSO algorithm since its initial formula-
tion. A comprehensive study [24], which was conducted by
a team of researchers who are representatives of various
scientific fields, revealed positive aspects and weaknesses in
PSO algorithms. However, the researchers agree that PSO is
a promising candidate for optimising a wide range of real-
world optimisation problems. Eight potential research areas
were identified to further improve the efficiency of PSO

V. Loveikin et al.

optimisation. One example of improving the effectiveness
of PSO can be the study [25]. The problem of limited opti-
misation was considered to study PSO. The optimal set of
parameters determined by sensitivity analysis was verified
by comparison with other metaheuristic methods. In [26],
a modified metaeuristic ME-PSO particle swarm method is
also used to solve the nonlinear optimisation problem.

The purpose of this study is to solve the problem of min-
imising the driving torque of the drive mechanism for derrick-
ing when working together with the load hoisting mechanism
by selecting the driving mode of the drive mechanisms.

The originality of the study consists in solving the
scientific and applied problem of optimising the movement
control of the derricking mechanism of a tower crane, pro-
vided that the load is hoisted at a steady speed. A special
feature of this problem is the methodology for solving it,
which consists in reducing it to the problem of uncon-
strained minimisation of a complex function, the minimum
of which is found by the modified particle swarm method.

MATERIALS AND METHODS

To achieve this goal, the following methods were applied:
dynamics of machines and mechanisms, mathematical mod-
elling, integral and differential calculus, and ME-D-PSO.

The jib system of a tower crane (Fig. 1) is presented
as a holonomic mechanical system consisting of absolutely
solid bodies, except for the traction rope of the trolley move-
ment, which has elastic properties.
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Figure 1. Dynamic model of joint movement of mechanisms for derricking and load hoisting: 1 — drive drum
of the trolley; 2 — saddle jib; 3 — trolley; 4 — traction rope; 5 — flexible load suspension; 6 — load

The elastic properties of the rope are represented
by the stiffness coefficient C or C' depending on the direc-
tion of movement of the trolley, and the flexible suspension
of the load, which oscillates in the plane of trolley move-
ment mechanism.

In the accepted dynamic model, the linear coordi-
nates of the trolley's centre of mass are used as general-
ised coordinates z, and load x, and the angular coordinates
of rotation of the trolley drive drum ¢. Deviation of the
load rope from the vertical is carried out in the plane of
trolley movement mechanism by an angle v. At the same
time, the length of the flexible load suspension I changes

at a constant rate V and is expressed by the following
dependence:
1=+ Vt, (1)

where t - time; [ - initial length of load suspension.

To create equations of motion of the accepted
dynamic model of the boom system (Fig. 1) the second order
Lagrange equations are used:

dor T an
dtap dp op’
dor oT ol
dtoz o0z 9z’
dor or o 2)
dtox ox  ox’
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where T, IT - kinematic and potential energy of the system,
respectively; M — driving torque on the shaft of the elec-
tric motor of the derricking mechanism, reduced to the axis
of rotation of the drive drum; W - resistance force to trolley
movement.

The vertical component of the movement of the centre
of mass of the load is determined by the dependence:

X—Z
y=(g+Vt)cosv =(lp +Vt) cos( ) 3)
I, — Vt
Taking the time derivative of equation (3), the ver-
tical component of the velocity of the centre of mass of the
load is found:

y =V cos (%) — (lp + Vt)sin (lx—:ljt)
(X - Z)(lo + Vt) V(X - Z) (4)
Iy +Ve)?

Since the first component of equation (4) is more
than an order of magnitude larger than the second com-
ponent, so in further calculations only the first component
will be used, i.e.:

v ( xX—z ) s
Then the kinetic energy of the mechanical system
of joint movement of mechanisms for derricking and load

hoisting is presented in the following form:

T =219 +5mgz? +omli? + y2]=

—Ilgo +2 m3z +1 om [x + +V?2 cos (1 +;t)] (6)

In this case, the potential energy of the same sys-
tem, considering the equation (3), is determined by the
dependence:

= —C((pr —2)2 —mg(ly + Vt) cos <lo - Ift) (7
where I, — the moment of inertia of the drive of the der-
ricking mechanism is reduced to the axis of the drive drum;
m,, m — according to the weight of the trolley and load; r -
radius of the drive drum of the derricking mechanism; g —
gravity acceleration.

Next, the study finds derivatives of equations (6) and
(7), which are necessary for system (2):

6T_0.6T_ V2 (x—z> _(x—z) 1
o oax YOS\ rve) N v ve) vt
T P2 (x—Z) _(x—z> 1

oz O rve) M\wve) L rve ®

or_, . or_' 9T _ .

9 1P Gy T G T MY
dor_ . odor_ . doT_ . )
dtog  Warez T ™% grox T Y

1
90 cr(er —z); (10

198 ( )+ ) ( xX—z )
Fri c(@r —z) + mgsin Lrve)
all _ . ( xX—z )
ox S v/ (11)
. . (x—2)
Given that the angular coordinate v = does
lo + Vt

not exceed 12°, then it is taken in equations (8) and (11)
sinv~v, and cosv~1; dependencies (8) and (11) will have the
form:

6T_0. 6T_ v X—2z 'aT_ - x — (12)
90 Uaz ™ W +vorax 0 +Vt)2'
ol Y x—2z 61'[ xX—z
A Clor — 2) — mesi 13
57 = Cler=2) mgsm(lo+w) ox glo+Vt( )

After substituting equations (9), (10), (12), and (13)
in (2) a system of differential equations of the mechanical
system of joint movement of mechanisms for derricking and
load hoisting is obtained:

( Lig=M—Cr(pr—2z);
F—my? W+ Cpr — 2) + mg ———
Z— —_— == r—z
a2 =My + V)2 ¢ I, +ve
. 2 X—Z __ X—2Z 14
X+ Uy + V)2 ‘glo+Vt' (14

From the last equation of system (14), the coordinate
of the trolley's centre of mass is expressed:

ly +Vt
x—z=— "—VZ ¢ (15)
(l0 +Vt)
From equation (15):
z=x+iP (16)

where P - transfer function determined by the dependency:

P =—V2. (17)

(ln +Vt)

Now, the time derivatives of equation (16) are taken
and the speed and acceleration of the trolley are deter-
mined, including the third and fourth derivatives, which
will be used in further studies:

7 =%+ &P + ¥XP; (18)
7=%(P+1)+2xP +x"P; (19)
7=%P +X(3P + 1) + 3x!VP + x"P; (20)

zIV = 2PV + 4%P + x"V (6P + 1) + 4xVp + x'VP. (21)

The time derivatives of the transfer function (17)

used in equation (18)-(21): 5

R0

poy— VO 22)
vz 1P

P+m+W)
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B = v (23)
(lo + V)3 [g + V—Zr’

0 (Lo +Vt)

=— AL P (24)
o + VO)* [g P
0 (o + V)

24782
PV = g @5)

_ —
o + VD)5 [g ) 'J’r Vt)]

From the second equation of system (14), the equa-
tion of the angular coordinate of the drum of the trolley
movement mechanism is found using the relation (15). As
a result, the following is obtained:

(p:%[z+%(m3i+m55+w)]; (26)
1. 1

o=+ gmz+mo); @7)

P = %[Z + %(m3ZIV + mxlv)]- 28)

After substituting (26) and (28) into the first equa-
tion of system (14), the dependence of the driving moment
of the drive of the derricking mechanism on the horizontal
coordinate of the centre of mass of the load and its time
derivatives are obtained:

V. Loveikin et al.

1
_hlz+ p (mxV +m3z'V) +
- .

M (29)
+(msZ +mi¥ + W)r
Substituting expressions (19 and (21) in depen-

dence (29):

I .
M= (7 + m3r) Z+
I

+§(m3z“’ +mx™) + (mi + W)r. (30)

To reduce dynamic loads in the jib crane during the
joint movement of the mechanisms for derricking and load
hoisting, the movement mode of the derricking mechanism
will be optimised. Since the purpose of the study is to min-
imise the driving moment of the derricking mechanism,
therefore, its RMS value is taken as a criterion for optimising

the movement mode of the jig syst/em M, at start:
t 1/2

M, . —

1
RMS = t_j MZ2dt - min, (31)

1
0
where t - time; t, - duration of starting the derricking
mechanism.

The selected optimisation criterion reflects the
effect of loads on the drive elements and structures of the
boom system, so it must be minimised. During the move-
ment of the derricking mechanism on the start-up sec-
tion with a steady load hoisting, it is necessary to provide
boundary conditions that eliminate oscillations in the load
on the flexible suspension when switching to a steady mode
of movement of both mechanisms:

t=0:x=2y,x=0,2z=25 2=0, ¢ =z2y/r, p =0;

V,t
y“1
t=ty:x=2zy+-=
1° X = 2p 2
The boundary conditions (32) are presented as
dependences of the horizontal coordinate of the centre

Vytl .
t=t1:x=zl=zo+T,x=Vy,

14

X=V,z=2, 2=V, o =z;/r,¢ =V, /7.

t=0:x=25,x=0,%¥=0,¥=0, x"V=—

¥=0,%¥=0x"=

(32)

of mass of the load and its time derivatives up to and includ-
ing the fifth order:

2
W(g+‘;—)
0/.

)

2
W-V(g+2lL)
0/,

msly m3l[2, '

2
w It G ATy
I + Ve,

’

mg’

X =

ms

The proposed optimisation problem (31), (33), con-
sidering the expression of the driving moment (30) for the
dependences of the transfer function (17) and its time deriv-
atives (22),..., (25), cannot be solved by analytical methods.
Therefore, an approximate solution to this optimisation
problem is used. The essence of the approximate method

o + V1,2 (33)

for solving problems (31), (33) is reduced to the problem of
a class of multiparametric functions that satisfy the boundary
conditions (33) and provide a minimum of the integral func-
tion (31). The class of multiparametric functions on which
the solution of the optimisation problem is located is defined
as the solution of the following boundary value problem:
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ms

where L(x) — an operator that depends on the function x(t)
and its time derivatives.

The solution of the boundary value problem (34) has
two unknown parameters x;, ,, and X, ;,. Operator L(x) for
the set optimisation problem is taken as a fourteenth-order
differential equation, i.e.: L(x)=xX"V(t). As a result of solv-
ing the boundary value problem (34), the expression of the
functional (31) is formed:

G, = Cr(xtl/z:xtl/z: ty ). (35)

Which is a nonlinear function of unknown argu-
ments X /», X, /> and t,. To find the following values x;,/»
and X, /, in which the functional (31) acquires a minimum
value, a ME-D-PSO was used [27]. Its use does not require
continuity and differentiation of criterion (35) and does
not impose strict requirements on the optimisation prob-
lem. After constructing the functional dependency (35), it is
possible to apply the ME-D-PSO method and find the opti-
mal values of unknown parameters x; ,, and x; ,, . When

X,2,m
15 |

14 ¢
13
12 ¢

11

L(x) =0;
W(g+V?/1 W-V(g+2V?/l
t=0:x=zo,5c=0,5c'=0,5c'=0,x”’=—M'xV=3 € . /o),
m3lo m3l0
t .
t=7:x=xt1/2,x=xt1/2,
vt W g+V%/(l,+Vty)
. — y_l . - = IV:——#
t=ty:x=25+ 2,x ,i=0,x=0,x —_— b+ Ve, ,
W-V [g+2V%/(,+Vt
XV =3 _[g /(Lo 1)) (34)

(o +Vty)?

solving the optimisation problem, the following parameters
of the method are used: the rate of reduction of the crite-
rion AR = 0.005; the number of particles (swarm popula-
tion) is 50; the number of iterations is 40. The given param-
eters of the method allow effectively using computational
resources when solving the optimisation problem of deter-
mining the desired driving mode of the drive mechanism.

For calculations, the jig system of a tower crane
with a jig saddle with the following parameters was used:
m=5000 kg; m,=300 kg; 1,=50,16 kg'm*; r=0,15 m; z,=10,0 m;
[,=16,0 m; C=7,24-10° N-m; g=9,81 m/s; W=5500 N;
V=0,85 m/5; t,=5,0s.

RESULTS AND DISCUSSION
As a result of solving the optimisation problem, graphical
dependencies of kinematic parameters (Figs. 2 and 3),
power (Fig. 4), and energy characteristics (Figs. 8 and 9) of
the derricking mechanism during the start-up process are
constructed.

t,s

2 4

6 8 10

Figure 2. Graphs of horizontal movement of trolley and load

In Figures 2-4, the dark curve shows the characteristics
of the trolley, and the light curve shows the characteristics
of the load. Fig. 2 shows that at the beginning and end of
the start, the movements of the trolley and load coincide. At
the same time, during the start-up process, there are devia-
tions in the movements of the trolley and load, which indi-
cates the presence of oscillations of the load on the flexible
suspension relative to the trolley. The change in the move-
ment of the load is smoother compared to the movement
of the trolley.

Figure 2 shows graphical dependences of changes
in the speed of the trolley and load during the start-up
process of the derricking mechanism, which indicate that

oscillations in the speed of both the trolley and the load are
observed during movement. These oscillations are caused by
the swinging of the load on the flexible suspension and the
elastic properties of the traction body of the trolley.

At the end of the start-up process, the speeds of the
trolley and load coincide, and the movements of the trolley
and load coincide at this point in time (Fig. 2). This indicates
that after the trolley movement mechanism is released, there
will be no oscillations in the load on the flexible suspension.

Figure 4 shows that during the start-up of the mech-
anism, changes in the trolley movement of the acceleration
of the trolley and load have an oscillatory character with
a significant amplitude of oscillations.
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With an average trolley and load acceleration of
0.11 m/s? the maximum acceleration value of the trolley
is 0.27 m/s%, and the trolley — 0.21 m/s2. At the beginning
and end of the start-up process, the acceleration of the
trolley and load takes zero values, which contributes to the
smooth movement of the trolley and load in the area of sta-
ble movement of the derricking mechanism.
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Figure 3. Graphs of horizontal speeds of trolley and load
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Figure 4. Graphs of horizontal accelerations
of trolley and load
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From a flat phase trajectory of load oscillations rel-
ative to the trolley (Fig. 5) it can be seen that during the
start-up of the mechanism, changes in the trolley movement
of oscillations fade out during two periods of oscillations.
At the same time, the maximum deviation of the trolley and
load movements is 0.32 m, and the maximum deviation of
the trolley and load speeds reaches 0.21 m/s.
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Figure 5. Phase trajectory of load oscillations relative to
the trolley
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Figure 6. Graph of the angular velocity of the trolley
drive drum

Angular velocity of the trolley drive drum (Fig. 6)
changes from zero to a steady-state value if there are oscil-
lations during the start-up process. The presence of oscilla-
tions of the drive drum is caused by oscillations of the trolley
and load on the flexible suspension.

Figure 7 shows that the acceleration of the drive
drum also has an oscillatory character. At the same time,
in the middle of the start-up, it takes the maximum value,
which is 1.8 rad/s?, and at the end of the start-up reaches zero.
This contributes to the normal operation of the drive drum
during the steady movement of the derricking mechanism.

¢, rad/s
15[

1.0
1.0

t,s

2 N\ 4 6 8 10
-0.5

Figure 7. Graph of angular acceleration
of the trolley drive drum

Figure 8 shows that at the beginning of start-up,
the driving moment of the drive mechanism for derricking
from the moment of static resistance forces to the move-
ment of the trolley changes smoothly to a stable value,
where moment oscillations are observed caused by the
oscillations of the load on the flexible suspension. At the
end of the start-up process, the driving moment gradually
decreases to the value of the moment of static resistance
forces. In the area of steady-state movement, in the absence
of oscillations of the trolley and the load on the flexible
suspension, the driving torque of the drive takes a steady-
state value corresponding to the moment of static resistance
forces to the movement of the trolley. Drive power of the
derricking mechanism (Fig. 9) during the start-up process,
it changes from zero to a steady-state value in the presence
of oscillations. These oscillations in the nature of the change
are close to oscillations in the angular velocity of the drive
drum of the derricking mechanism (Fig. 6).
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Figure 8. Graph of the driving torque
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Figure 9. Power graph for the derricking actuator

Comparing the results obtained with well-known
studies, it is worth noting a significant variety of methods
for solving problems similar to the one that was solved in
this study. For example, in [5], the apparatus of artificial
neural networks was used. As a result, it was possible to
almost completely eliminate the pendulum oscillations of
the load on the flexible suspension. However, such con-
trol actions of the system in a strict sense are not optimal.
In [11], the authors obtained an optimal method for con-
trolling the movement of the crane movement mechanism
in terms of speed. At the same time, it was assumed that
the length of the flexible suspension of the load is constant,
which distinguishes [11] from this study. In [16], the prob-
lem of eliminating the pendulum oscillations of the load is
set quite broadly - five degrees of freedom of the system
are considered, two of which correspond to the pendulum
oscillations of the load. The results of the above study also
allowed the authors to obtain a control corresponding to
the absence of load oscillations in the tangential and radial
directions at the end of acceleration. However, such control
is also not optimal. The type of control is also different —
it is a function of the phase coordinates of the system (the

control obtained in this study is a function of time). In [17],
the optimisation problem is presented in a variational for-
mulation, similar to this study. The range of issues consid-
ered is quite wide, which allowed the author to improve the
dynamic and energy performance of the crane and mini-
mise the pendulum oscillations of the load. This makes the
above study similar to this one. All calculations are given
for a crane whose reach is changed by hoisting/lowering the
beam, although the method is quite general and therefore,
can obviously be used for other types of tower cranes.

CONCLUSIONS

In the conducted research, the problem of minimising the
driving torque of the drive mechanism for derricking during
a steady load hoisting is set and solved by selecting the
driving mode of the drive.

A mathematical model of the dynamics of the move-
ment of the derricking mechanism of a tower crane with
a steady movement of the load hoisting mechanism is
constructed, which considers the main movement of the
drive mechanisms and oscillations of links with elastic prop-
erties. The model is a system of second-order nonlinear dif-
ferential equations that is reduced to a single sixth-order
differential equation.

To optimise the starting mode of the derricking mech-
anism during the steady-state movement of the hoisting mech-
anism, an integral dynamic criterion was reasonably chosen,
which is presented in the form of the RMS value of the driv-
ing torque of the drive during the start-up process. To solve
the nonlinear optimisation problem of selecting the mode
of movement of the drive of the derricking mechanism dur-
ing steady-state movement of the load hoisting mechanism,
a modified metaheuristic method of a swarm of particles is
used.

The results of optimisation of the driving mecha-
nism mode showed that minimising the value of the driv-
ing torque led to a reduction in dynamic loads acting on the
elements of crane mechanisms, and the elimination of oscil-
lations of the trolley and load during the transition from the
start-up process to the steady-state movement of the derrick-
ing mechanism. At the same time, oscillations of the trolley and
load on a flexible suspension are observed at the start-up site.

Prospects for further study in this area are to consider
other factors of the process of joint movement of mechanisms
(for example, wind effects on load and trolley, the action of
centrifugal force when the crane slews, etc.). The reasonable
choice of a multiparameter function, on which an approxi-
mate solution of the problem is sought, also remains an open
question. In addition, in subsequent studies, a transition will
be made from a single (similar to (31)) to complex optimi-
sation criteria that could reflect several undesirable indica-
tors, which would allow the authors to more fully consider
the requirements for the mode of movement of mechanisms.
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BsiuecnaB CepriitoBuu JloBeiikin!, I0piit Onekcauaposuu PomaceBuu!,
JIro60B CepriiBua Illumko!, I0piit BaueciaBoBuu JIoBeiikin?

'HarrioHanbHMIT YHiBepCUTET GiopecypciB i MpupomoKopucTyBaHHS YKpainm
03041, Byn. TepoiB O6oponu, 15, M. Kuis, Yrpaina
KuiBcbKuit HallioHaAbHMI YHiBepcuTeT iMeHi Tapaca IlleBueHka
01033, Byn. Bonogumupcobka, 60, Kuis, Ykpaina

MiHiMi3auia pywinHOro MOMeHTY NpuBoAyY MeXaHi3My 3MiHU
BUNbOTY 6aLUTOBOrO KpaHa NpU ycTasieHOMYy MNifaoMi BaHTaXy

AHoTauiqa. EpekTrBHe BUKOPUCTAHHS 6AlITOBOrO KpaHa JOCUTh YAaCTO BUMArae CyMillleHHs pi3HMUX oreparii,
HaIpUKIIaA, HifiioMy BaHTaXXy Ta 3MiHM BUJIbOTY. Y BUNAJKy KOJIYM BaHTaX IiHIMAETbCS MIPU YCTaNeHii MBUIKOCTI
BMHMKAE 3a/1aua ONTMMaJbHOIO KepyBaHHS MeXaHi3MOM IepeMillleHHS Bi3Ka, sika BUXOOUTD 3a paMKM iHXKeHEepHUX
PO3paxyHKIB i pecTaBisie CO6010 HAyKOBO-TIPUKIAIHY 3a1a4y. [i akTyanbHiCTh MOB’sI3aHa i3 TOKpalLIeHHsIM KePOBaHOCTI
KpaHOBUX MeXaHi3MiB, MiABUIIeHHS TPOAYKTMBHOCTI Ta HAAiITHOCTI po60TH KpaHa, MOKpalleHHi eHeproeeKTUBHOCTI
710r0 MPUBOSHMX MeXaHi3MiB. BkasaHi MOKa3HUKM MOB’s13aHi 3 BUOOPOM KpuTepito ontumisaiiii. OTKe, METOIO CTATTi €
OINTUMi3allisl peXXuMy MYyCKy MexaHi3My 3MiHM BUJIbOTY 3@ KPUTEPieEM cepeHbOKBAAPATUYHOTO 3HaUE€HHS PYILiiiHOTO
MOMEHTY IIPU YCTaJIeHOMY ITiJiioMi BaHTaKy. [IJis1 HOCSITHEHHS 11ie€i MeTy 6y/M BUKOPUCTAHI METOOM : AMHAMIKM MallH
i MexaHi3MiB, MATEMaTUYHOTO MOZETIOBaHHS, iIHTEIPaJIbHOTO i M epeHIiaIbHOTO YMCIeHHS, Moau(ikoBaHUiT MEeTO[
poto yactouok ME-D-PSO. 3a kpaitoBi yMOBM pyxXy 06paHO mapameTpH, sIKi yCyBatoTh KOIMBAHHS BAHTaKy Ha THYUKOMY
migBici mpy BUXOJ1 MexaHi3My 3MiHM BWIbOTY Ha yCTajJeHMUII pPeXXUM pyXy. 3a pe3ylbTaTaMi ONTUMIi3allil CyMiCHOTO
PYyXy MeXaHi3MiB 3MiHM BWIBOTY Ta MiAioMy BaHTaXy M0OyI0BaHi rpadiuHi 3a1eKHOCTi KiHeMaTUIHUX, AMHAMIUYHKX Ta
eHepreTMYHMX XapaKTePUCTUK IepexiHOTO MPolLiecy MyCcKy i IPOBeAeHO iXHili aHasi3. 3 OTpUMMaHMUX 3a1eXKHOCTel BUSIBJIEHO
YMOBM YCYHEHHS KO/MBaHb BaHTaXy Ha THYYKOMY ITiJIBiCi IIpM yCTaJIeHOMY PYyCi Ta 3MeHIIeHHs IMHaMiYHMX HaBaHTa)XeHb
Ta eHepreTMYHMX BUTPAT B MPOIleci MyCKy MeXaHi3My 3MiHM BWIbOTY. [Is peani3aliii ONTUMalbHOT'O PEXUMY ITYCKY
MeXaHi3My 3MiHM BUJIbOTY IIPY YCTa/Il€eHOMY Ti/IJi0Mi BAaHTa)Xy peKOMeHJ0BaHO BUKOPUCTOBYBATH OITYMa/IbHE KepyBaHHS
MIPUBOIHMMM MexaHi3Mamu. OTpuMaHi pe3yabTaTi AOLIBHO 3aCTOCOBYBATH IJIs1 pO3POOKM HOBUX i MOJepHi3allii icHylounx
CUCTeM KepyBaHHSI PyXOM MexaHi3MaMu 6alITOBUX KpaHiB
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Ontological Support System of Managerial Decision-Making
of Production Tasks for a Food Enterprise

Abstract. Resource and energy efficiency of industrial production, in particular, food production, is a defining requirement
that will ensure its functioning without loss of quality and quantity of final products. This is achieved by observing the
requirements for the operational parameters of the company’s technological processes and their operational changes. Given
the complexity of the functioning of the energy component of the world and Ukraine due to military operations and their
consequences, the issue of quality/cost ratio has become more acute. Therefore, for large manufacturing enterprises, the
development of systems for supporting management decision-making in accordance with the Industry 4.0 concept becomes
relevant. This will contribute to improving the production and economic indicators of the enterprise through coordinated
actions of all links of production activities by structuring and processing large amounts of heterogeneous information.
The purpose of the study is to develop a decision support system for the task of choosing the structure of an automated
control system based on an ontological knowledge base. The developed application ontology uses descriptive logic and
is interpreted as part of a digital production double implemented by a single ontological knowledge base and ontological
repository. Considering existing international standards, the OWL2 language was chosen for the implementation of the
ontological knowledge base. The ontology system architecture contains an ontology server, a Node-Red application, and
a user form. A project decision support system that issues recommendations based on requests for the structure of the
control system for a technological facility with uncertainties, considering the requirements and restrictions set for each
technological process of a food enterprise, reduces the time to choose the appropriate structures, schemes, and methods.
Thus, the designer receives the necessary information, supported by knowledge from the subject area, for the synthesis of
an effective automated control system. It is also assumed that the ontological system will be expanded by connecting new
created applied ontologies that implement related tasks of an industrial enterprise

Keywords: control system, technology object, robust controller, applied ontology, mathematical model, subject area,
decision support system
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INTRODUCTION
Industry 4.0 technologies provide for the use of the lat-
est methods and approaches to support decision-mak-
ing by production operations of an industrial enterprise
aimed at improving energy and resource efficiency, and
production quality. Such systems must use heterogeneous

Suggested Citation:

production data and knowledge from different domains. In
addition, such a system should be part of the enterprise’s
Digital Twin or easily integrated with it [1; 2]. Therefore, it
is ontological models that are an indispensable single tool
that will provide: integration of a variety of large amounts
of information (data and knowledge) of the entire industrial

Lutska, N., Vlasenko, L., Ladanyuk, A., Zaiets, N., & Korobiichuk, I. (2022). Ontological support system of managerial
decision-making of production tasks for a food enterprise. Machinery & Energetics, 13(3), 53-61.
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enterprise; unification of the industrial thesaurus; use of
a single enterprise model (Digital Twin), which essentially
describes “everything” (all aspects of the behaviour of the
system and its parts) from different positions. The latter
is intended for use for various purposes, including for the
tasks of managing the production operations of an indus-
trial enterprise.

As an example, the problem of designing a con-
trol system for a technological object in the food industry,
which periodically occurs due to the uncertainties under
which the object operates, is considered. Therefore, a sig-
nificant proportion of technological processes require the
use of robust synthesis methods, in which the structure
and/or parameters of the regulator are calculated by H2/
Heo criterion. The choice of synthesis method is influenced
by a number of objective and subjective factors. In particu-
lar, the requirements for the control system that are for-
mulated by the designer and clarified during the synthesis
process. It also affects the mathematical model of the con-
trol object and its accuracy, and the features of the techno-
logical process itself.

At the first stage, it is necessary to choose the struc-
ture of the system and the method of synthesising its
parameters. Usually, typical structures of automatic sys-
tems are considered, taking into account complexity, uncer-
tainty, multi-connectivity, the presence of delays, etc. In this
regard, the task of automated selection of the system struc-
ture and methods for synthesising its parameters is urgent.
This task is vague, so the paper suggests using data and
knowledge of the subject area, which is established based
on an ontological decision support system.

To solve problems of varying complexity in the con-
text of operating and working with heterogeneous informa-
tion, the use of ontologies is becoming more and more rel-
evant. The significant advantages of building ontological
systems are not only working with heterogeneous informa-
tion, but also establishing relationships between different
data that provide new accurate results. Nowadays, ontologies
are well established in search engines, such as, for example,
Wikipedia [3], Wikidata [4]. Moreover, Wikidata is based on
a taxonomy and uses various principles and methods of clas-
sification and nomenclature of complex hierarchical systems
that include manufacturing enterprises. Ontological sys-
tems have found the greatest practical and successful appli-
cation in the medical field [5; 6] and genetic engineering [7;
8]. The successful results of creating ontological systems
of these areas prompted similar work in other areas. How-
ever, when working on creating appropriate systems, there
are a number of obstacles, in particular, the lack of stand-
ardised and complete conceptual libraries in various fields.
Specialists in various fields [9], including production, are
actively working on this. Today Wikidata is, if not a bench-
mark, then an extremely illustrative example of the suc-
cessful implementation of an ontological search engine. In
addition to Wikidata, there are other ontological knowledge
bases, such as DBpedia, Freebase, OpenCyc, and YAGO [10].

LITERATURE REVIEW

Information is the main component of the Industry 4.0 con-
cept, which provides information and automated compo-
nents of the production operations management system of
an industrial enterprise. At the same time, a well-known
problem is an overabundance of information. Well-known
search engines do not provide a sufficient level of search for
specific complete data, and especially enterprise knowledge.
This was the impetus for the use of Semantic Web technol-
ogies in industrial databases and knowledge of information
search engines, including logical integration into the indus-
trial Internet of Things (IIoT). It is the ontologies focused
on the organisation and implementation of IIoT that meet
new challenges in industry [11] and are currently relevant.
In addition, ontological knowledge bases can be used for
industrial design tasks in distributed systems and on the
Web. In this case, the ontology is used to form a knowl-
edge base containing the main concept of the subject area,
which is a mandatory part of the intelligent decision sup-
port system. The ontological concept is implemented by var-
ious models of knowledge representation, for example, in
the form of frame or semantic networks. Considering the
development of international standards in the field of onto-
logical engineering, a subset of descriptive logic and dialects
of the OWL2 language [12; 13] become part of the de facto
standard when building and working with the subject area.
Built-in ontology description tools provide storage, vali-
dation, editing, transmission, and integration into a single
enterprise ontology system.

The development of a unified information model
of production based on ontologies, as a rule, involves the
choice of a hierarchical structure and a top-level ontol-
ogy [14]. Depending on the complexity of the problem
being solved, the goals set, and the degree of detail, the
ontology structure, in particular, the number of levels, is
selected during development. Traditionally, a three-level
or four-level ontology is used. The three-level system con-
sists of Top-level Ontology, Domain Ontology, and Appli-
cation Ontology; the four-level system contains Top-level
Ontology, Core Ontology, Domain Ontology, and Applica-
tion Ontology. At the same time, there is a need for harmo-
nisation in systems that meet different needs at different
hierarchical levels by using several models and connecting
several existing ontologies [15].

When working with ontologies, it is essential to be
able to use and connect already developed ontologies from
a set of existing and often open ontologies. In particular,
a number of ontologies have been developed for the top
level, which differ mainly in their structure. Most commonly
used are Basic Formal Ontology (BFO), Descriptive Ontology for
Linguistic and Cognitive Engineering (DOLCHE), Suggested
Upper Merged Ontology (SUMO) [16], etc.

Nowadays, the most popular top-level ontology is
BFO [17], which has also found its place in the international
standard ISO/IEC. BFO is a top-level ontology consisting of
thirty-six classes. It is designed to support the integration,
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search, and analysis of information in all areas of scientific
research and is undergoing a standardisation stage [18]. Its
advantage is that it does not contain terms specific to individ-
ual material areas, but includes general conceptual forms.

At the next level of ontology - the domain level, the
conceptual framework is conceptualised. With the advent of
the semantic web, the field of domain ontology engineering
is actively developing, and many ontologies appear for vari-
ous subject areas [19]. A separate area is the development
of environments for constructing and evaluating domain
ontology [20].

Applied ontology clarifies the domain ontology,
reveals its concepts and classes, describes concepts, and
contains the most specific information in the form of a com-
bination of concepts from the subject area ontologies and
domain ontologies. As a rule, it contains extensions and
clarifications for the methods and tasks under consider-
ation. There are a large number of successful application
solutions based on constructed application ontologies. The
construction of ontologies has acquired a special meaning
in connection with the development of Industry 4.0 con-
cepts and the introduction of cyber-physical systems [21].

Methods of synthesis of control systems, including
robust ones, are thoroughly considered in [22; 23], and the
results of successful implementation of the latest control
systems for technological objects of the food industry are
investigated in [24-26].

The purpose of the study is to develop an ontological
knowledge base for the decision support system for choos-
ing an automatic control system for a technological object

N. Lutska et al.

with uncertainties for the food industry, which is based on
the axioms of applied ontology and issues a number of rec-
ommendations on criteria, structures of the control system
and methods for configuring their parameters in accordance
with the selected requirements. Such an ontological system
is part of the ontological model of production. For the first
time, the paper uses an ontological subsystem for support-
ing management decision-making for the design of auto-
mated process control systems.

MATERIALS AND METHODS

Building hierarchical ontological knowledge bases, includ-
ing for decision support subsystems, is a building block of
Smart Manufacture, which considers the concept of Indus-
try 4.0 and is relevant. The implementation of this system
would significantly reduce the time for re-designing techno-
logical object management systems, reduce decision-mak-
ing time, increase profits, and ensure the resource and
energy efficiency of the enterprise, which is an extremely
important problem today.

A three-level ontology was developed when solving this
problem. At the top level, BFO is used, as it will be stand-
ardised in the near future. At the Domain Ontology level,
the main concepts and attitudes for the developed manage-
ment decision support system were defined. At the lower
level — Application Ontology, concepts were disclosed in
the form of corresponding classes and subclasses, instances,
relationships between them, Data Property, Object Property,
axioms and rules. Figure 1 shows a fragment of a three-level
ontology for the developed system.

Object aggregate

Development tool

Domain

Application ontology

Figure 1. Domain ontology fragment used for Application ontology

Figure 2 presents the general structure of the onto-
logical system for supporting managerial decision-making
for production tasks of a food enterprise. Conventionally,
the ontological system can be divided into four compo-
nents. The Ontological manufacture model contains infor-
mation about the selected structural hierarchy of a three-
level ontology. Linking external ontologies displays a list
of external ontologies that are connected to the ontology
system. In particular, BFO describes fundamental catego-
ries [27]; QUDT - quantities, units of measurement, dimen-
sion vectors, and datatypes; OWL-Time - time intervals and
time instants; Org - organisations, posts, roles. Semantic

Design provides a division into levels and classes of ontol-
ogy and the relationship between them. The Architecture
part is used to describe the designed general structure of an
ontological system and its implementation at the hardware
and physical levels. This level has a wide range of oppor-
tunities and depends on the tasks being solved, the finan-
cial capabilities of the customer and the experience of the
designer. A special feature of the architecture component
is that it is not actually tied to a specific subject area and
can be adapted for any ontological management decision
support system. In this case, the developed system uses
cloud technologies.
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Figure 2. General structure of the ontological management decision support system

In the work, the effectiveness of the design solutions
of the automated control system was evaluated based on the
defined non-functional and functional requirements, con-
sidering the criteria of economic efficiency and the hierar-
chical relationship of the management level. Thus, the main
attributes of the requirements of the automated control sys-
tem include: requirements for the flexibility of the control
system (flexibility), which determine the degree of flexibil-
ity of the system from the standpoint of the process opera-
tor; requirements for the quality of transients or frequency
characteristics of the system (adjustmentAccuracy, adjust-
mentSpeed); requirements for the reliability of the system,
which characterise the reliability of the developed system
and depend on the probability of loss of stability of the sys-
tem (levelFuncReability); general economic requirements
for the control system, which determine the degree of total
development costs (commonEconomic).

The problem area is also affected by the attributes of
the process object and mathematical model. The first cat-
egory includes: capacity (hasReceptivity), self-alignment
(hasselfalignment), inertia (hasinertia), type of process
variable (typeTechnVariable), and disturbance measure-
ment (hasMeasurDisturb). To the second: the presence of
a model and its type — linear, nonlinear, nonlinear with the
possibility of linearisation (hasNonlin); the degree of uncer-
tainty (hasuncertainy) and the type of its structure(struc-
tUncertainy); the presence of delay (hasDelay); multidimen-
sional (hasMultidim). The peculiarity of the uncertainty of
a technological object of the food industry is that this is

explained as a set of states of the object during its function-
ing. The uncertainty of the mathematical model should con-
sider the inaccuracy of the model, including changes in the
process object and external environment during operation.
Then, uncertainty describes the correctness of the forecast
of the mathematical model at the time of control, and the
degree of compliance with the actual object.

Thus, the structure of the applied ontology for auto-
mated selection of a control system for complex techno-
logical processes in the food industry is formed, which is
shown in the UML class diagram notations in Figure 3. The
ontology consists of three classes (Development_Require-
ment, Technological Object, and Mathematical Model) that
contain instances with a number of attributes. They form
the basis for the development of the management system.
These same instances belong to the CS_Criteria, CS_Struc-
ture, and CS_Method classes, respectively, which, in turn,
contain the necessary information used to synthesise the
automatic control system. The division into these classes is
based on the axioms of descriptive logic. Then the answer
is the alternative solutions provided by the applied ontol-
ogy - a set of criteria, methods, and structures of the con-
trol system. In the future, the designer synthesises the pro-
posed control systems and calculates qualitative estimates
of the forecast of each solution by testing the options pro-
posed by the system on models. At the last stage, the pro-
posed recommendations are sorted according to the selected
estimates, from which the designer selects the final version
of the system.
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Figure 3. Structure of an applied ontology in UML notations

The Protege 5.5 editor was used to implement the
application ontology, which supports descriptive logic in the
OWL language. The ontology contains information in the form
of knowledge about instances of the Development_Require-
ment, Technological Object, and Mathematical Model classes.
Management system development entities are identified based
on relationships between instances. Figure 4 shows a frag-
ment of a VOWL graph that illustrates Class and Object Prop-
erty. Instances of the Development_Requirement, Techno-
logical_Object, and Mathematical Model classes contain data
properties that are converted to the corresponding XSD data
types. Some Data Property are ranked on a qualitative scale.

Axioms have been developed to assign instances
of the Development_Requirement, Technological Object,
and Mathematical Model classes to the corresponding
CS_Criteria, CS_Structure, and CS_Method subclasses. The
template for the corresponding axioms is as follows: if
an instance of Technological Object (has the appropriate
attributes) and (is supplemented by an instance of Develop-
ment_Requirement, which (has the appropriate attributes))
and (is described by an instance of Mathematical Model,
which (has the appropriate attributes)), then the instance
Technological Object belongs to the corresponding CS_
Structure subclass.

| Literal } | Literal | | Literal | | Literal | [ o]
_____________ \ e '\-' AT "/v‘
! Literal adjustmentAccuracy typeTechr}Varlable hasSelfAlignment
S —_ (functional) (functional) hasInertia (functional)
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gasaanasssas : e Development .
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e . levelFuncReability M |
! Literal 4 (functional) _ [ 1'
. ' - ] ¢ Literal
el mmonEconomic include hasDelay v el
! Literal (functional) *SubClass (functional) E ;
ST . ‘ hasUncertainy » Literal |
(functional) "I
Requirement Mathematical / Literal
-\ Model structUncertainy
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PN 4 hasNonlin  hasMultidim
' Literal ! 5 pTTTTTemeeoes :
S ¢ (functional) (functional) ™A Tjteral

Figure 4. Fragment of the VOWL graph of the applied ontology
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The constructed application ontology based on
instances and attributes of the Development_Requirement,
Technological Object, and Mathematical Model classes pro-
vides recommendations containing synthesis methods, cri-
teria, and structures used to synthesise automated control
systems for undefined food processing operations.

RESULTS AND DISCUSSION

Classical approaches to ontology verification are known in
the literature, which contain the following estimates of cri-
teria [28]: consistency, completeness, classification, brevity,
and sensitivity. The test performed according to these crite-
ria confirmed the reasonableness of the constructed ontol-
ogy. The complexity and formality of the structure were also
checked, observing three main levels: vocabulary level, tax-
onomy level, and non-taxonomic level [29]. The purpose of
the assessment is to evaluate the internal maturity level
of ontologies, which uses metrics to measure the complex-
ity of an ontology at both the class and ontological levels
using combinations of measurable characteristics. Consid-
ering industrial use, these metrics include:
— size of vocabulary (SOV) - total number of created
classes C and properties in the ontology P:
SOV=|CI+|Pl; (1)
— edge node ratio (ENR) — connection density, which
increases proportionally with increasing number of edges
E between nodes (classes):

ENR=IE|/|Cl; (2)

— tree impurity (TIP) — used to determine how much the

inheritance hierarchy of an ontology deviates from the tree:

TIP=|E|-|Cl+1; 3)

— entropy of ontology graph (EOG) — shows the com-
plexity of the graph:

EOG == " p(i) log, p(0), @
i=1

where p(i) represents the mass function of the probability
that the concept has an i relation.

Then, the obtained metrics are usually compared
with the “gold standard”, which is considered an exam-
ple [30]. The metric values are shown in Figure 5. SOV
Domain ontology does not exceed 200 components, con-
sisting of an impressive set of concepts, parameters,
events, etc., grouped according to Industry 4.0 standards.
Value of the edge node coefficient (ENR) is below normal,
which means that this ontology is uncomplicated and well-
grouped. TIP is a rational indicator of how well an ontology
is organised through inheritance relationships. Total value
TIP for each ontology, the average is higher, which means
that this inheritance hierarchy deviated from the conven-
tional tree form, i.e., it is quite complex. Indicator EOG is
low, so ontologies have a relatively good structure (interpre-
tation of small ones EOG indicates a less complex ontology
in terms of relationship distribution).

Ontology-level maturity

200
150
g
§ 100
50
0
mmm Very high 500
mmm Moderate 200
Low 20
mmm Very low 5
=@=Domain_Onto 112
== Appl_Onto 81
—=@—Domain+Appl 193

4 50 10
2 10 5

1 5 3

0 0
1.2 7 2.1
0.5 21 1.3
0.8 16 1.7

Figure 5. Ontology-level maturity of ontology

The proposed applied ontology can be used for sci-
entific and practical activities, analysis of instances of the
knowledge base by classes or attributes. It was tested on
a set of test instances of HermiT classes, and typical DL- and
SPARQL- queries.

Node-RED is used as a programming tool for com-
bining hardware devices, APIs, and online services, which
ensures the implementation of the Industrial Internet of

Things (IIoT) concept. Integration of information from
Node-RED and the ontology server is implemented over
the HTTP protocol and is used as a development and exe-
cution tool for Edge devices. An example of the architec-
ture is shown in Figure 2. The SPARQL- query is generated
in the sent URL, and the response is received in html format
and contains data from the ontological server. The SPARQL-
endpoint is accessible on top of HTTP, so the Fuseki server
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provides REST-style interaction with RDF ontology data.
The developed software was tested to verify the operation
of the entire proposed architecture, including the operation
of the rezoner. As a result, many control system methods,
structures, and criteria for system synthesis were obtained.
This allowed making recommendations for a specific tech-
nological process and relevant requirements.

CONCLUSIONS

The paper proposes a system for supporting project deci-
sion-making, which recommends effective management sys-
tem structures and methods for configuring their parame-
ters. It is based on the axioms of applied ontology, which
are developed in accordance with the subject areas of pro-
duction automation, technological processes, and meth-
ods of synthesising automated systems under conditions
of uncertainty.

N. Lutska et al.

Given that the proposed solutions are WEB-ori-
ented, the decision support system presented in this paper
is cost-effective, since it can be implemented in the cloud.
This is confirmed by an increase in the efficiency of deci-
sions made, an increase in the validity of management
actions, an increase in the efficiency of the technological
component, and a reduction in the risks of loss of stability
of the automated process control system.

The level of correctness of the application of the pro-
posed architecture and the corresponding algorithmic and
software tools indicates the possibility of its use and imple-
mentation in the food industry.

This system meets international standards in the
field of industrial production, in particular, the functions
and tasks of designing a control system. It can also be
interpreted as part of a digital representation of produc-
tion models.
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OHTONOriYyHa cuctema NigTPUMKMN NPUMAHATTS YyNpaBiiHCbKUX pilleHb

BMpOGHM‘-IMX 3aga4y Xap4yoBoro niﬂl‘IpMGMCTBa

AHoTauiqa. Pecypco- Ta eHeproedeKTUBHICTh TPOMUCIOBOTO BUPOOHUI[TBA, 30KPEMA XapUOBOTO, € BU3HAYAIbHOIO
BUMOTO10, 10 3a6e3MmeunTh 1oro GyHKI[iIOHYBaHHS 6€3 BTpaT SIKOCTi Ta KiJIbKOCTi KiHIeBOi mpoayKiiii. Ile gocsiraeTbest
IOTPUMAaHHSIM BMMOT 10 PEXKMMHMX MTapaMeTpiB TeXHOJIOTiUHUX MIPOIeCiB MiATIPUEMCTBA Ta ONIePATUBHUX iX 3MiH. 3
OIVISITY Ha YCKIaJHEeHHS QYHKI[IOHYBaHHS eHepreTMYHOI cKi1amoBoi CBiTy Ta YKpaiHu B 3B’I3Ky 3 BifiCbKOBUMMU HiIMU
Ta iX HacaigKaMM, 3arOCTPUIIOCS TTUTAHHS CIiBBiZHOIIEHHS SIKOCTi Ta co6iBapTOoCTi. TOMy [J/151 BETMKMUX BUPOOHUUUX
MiJPUEMCTB aKTyaabHUM CTAa€ PO3pOOKa CHUCTEM MiACTeM MiATPUMKM IPUMHSITTS YIIPaBAiHCbKUX PillleHb BiIMOBiTHO
nmo koHuenuii Imycrpii 4.0. e cripusTuMe MigBUIIEHHIO BUPOOHMUYMX Ta EKOHOMIUYHMX MTOKAa3HUKIB MiNIpUeEMCTBA
33 PaxXyHOK CKOOPAMHOBAHMX il BCiX JAHOK BUPOOHMUOI IisI/IbHOCTI IIJITIXOM CTPYKTYPYBaHHS Ta 06POOKM BETUKUX
MacuBiB pi3HOPigHOI iHGopMallii. MeTOI0 CTaTTi € po3po6Ka CUCTEMU MiATPUMKY MIPUITHSITTS pillieHb [T 3aKa4i BUOOpY
CTPYKTYPY aBTOMAaTH30BaHOI CMCTEMM KEPYBAHHS Ha OCHOBiI OHTOJIOTiYHOT 623y 3HaHb. PO3po6iieHa pUKIagHa OHTOJIOTIST
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BUKODPUCTOBYE OIMCOBY JIOTIiKY Ta iHTEPIIPETYETHCS SIK YaCTHMHA UMGPOBOTO ABiifHMKA BUPOOHUIITBA, 110 Peali3yeThCs
€OVHOIO0 OHTOJIOTIYHOIO 623010 3HAHb Ta OHTOJIOTTYHMM CXOBMILEM. BpaxoByIOuM iCHYIOUiI MiskHapOAHI CTaHAAPTY /IS
peasnizalis oHTONMOTiYHOI 6231 3HaHb 06paHa MoBa OWL2. ApxXiTeKTypa OHTOJMIOTIYHOI CUMCTeMM MiCTUTb OHTOIOTiUHMIK
cepsep, Node-Red-3acTocyHok Ta opmMy KopuctyBaua. CucreMa MigTPUMKM IPUIAHSTTSI TPOEKTHUX PillleHb, SIKa BUTAE
pexoMeHallii Ha OCHOBI 3aIIUTIB OO0 CTPYKTYPU CUCTEMU KePyBaHHSI AJIs1 TEXHOIOTIYHOTO 00’€KTa 3 HEBU3HAUEHOCTSIMM,
3 ypaxyBaHHSIM IIOCTaBAeHNX BUMOT i 06MeskeHb /JIs1 KOKHOTO TEXHOJIOTIYHOTO IIPOIIecy XapuoBOro IiIPUEMCTBA CKOPOUYE
yac Ha BUOIp BiIMOBIZHMX CTPYKTYP, CX€M Ta METO/iB. TaKMM UMHOM, IPOEKTAHT OTPUMYE HeoOXiHY iHhopMallito, 10
MigKpireHa 3HAaHHSIMU 3 TIPeIMeTHO1 006/1acTi, 1151 cuHTe3y eheKTMBHOI aBTOMAaTH30BaHOI CUCTeMM KepyBaHHs. Takoxk
nepenbavyaeThCsl, [0 OHTOIOTIUHA cucTeMa Oyzme po3LIMpeHa IIISIXOM MMigK/II0UeHHS HOBUX CTBOPEHUX MPUKIIATHUX
OHTOJIOTIIA, L]0 peasni3ylTb CyMiKHI 3a7ja4i MIPOMMCI0OBOTO ITiAIIPUEMCTBA

Krno4yoBi cnioBa: cricTeMa KepyBaHHSI, TEXHOIOTIYHMIA 00 €KT, pOOACTHMIT PETY/ISITOD, MPUKIAJHA OHTOJIOTIsI, MaTeMaTUUHa
MOZesb, IpeMeTHa 06/1acTh, cCUCTeMa MiATPUMKM IPUITHSITTS pillleHb
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Numerical Simulation of Gas-Dynamic Processes
in the Centrifugal Radial Fan of Seeding Machines

Abstract. Increasing the efficiency of crop production, where a significant place is occupied by row crops (such as
corn, sunflower, soy, sorghum, sugar beet, etc.), is inextricably linked with the introduction of energy- and resource-
saving technologies to ensure high-quality and timely implementation of production processes. Sowing is an important
technological process. To increase the speed, as a consequence, productivity and, most importantly, the quality of field
work, precision seed drills with pneumatic systems with improved characteristics of vacuum generators are currently used.
At the same time, the vacuum systems of such seeding machines are most often based on the use of a radial centrifugal fan.
Therefore, an important task is to design the fan, considering the harmonisation of its parameters with the parameters of
the seed drill in general, which requires a large number of tests and inspections. The use of full-scale models (test tables)
requires significant time and resource costs. Based on numerical modelling of gas-dynamic processes, it becomes possible
to significantly reduce the number of field experiments, and rather determine the rational form of a centrifugal radial
fan. The purpose of this study is to consider the method of applying numerical modelling of gas-dynamic processes in
a centrifugal radial fan using computer-aided engineering (CAE) packages. Application of computational fluid dynamics (CFD)
methods for discretisation of solutions of differential equations taking into account Euler equations and Navier-Stokes
equations. Numerical turbulence modelling based on k-¢ models, k-o models and Shear Stress Transport (SST) models. The
results of calculating the three-dimensional field of velocities and pressures in the working area of the fan are presented,
rational geometric characteristics and aerodynamic characteristics (dependence of the differential pressure on air flow) are
determined. This approach to designing a centrifugal fan allows significantly harmonising its parameters at the development
stage and reducing the time for implementing new projects

Keywords: numerical modelling, k-¢ model, k- model, SST model, finite element method (FEM), finite volume method
(FVM), CAD editor
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INTRODUCTION

seeds and, as a result, to uniform germination. The latter, in

Nowadays, high-pressure centrifugal radial fans (CRF) are
widely used in agricultural machinery. They are one of
the most important components of the pneumatic system
of modern precision seeders. Often CRFs operate in a wide
range of air flow values, which affects their productivity and,
accordingly, the stability of pneumatic seed drill systems
in general. In the end, all this affects the quality of work
and productivity of seeding machines and, consequently,
the speed and quality of sowing operations.

The use of innovative design solutions on seed drills
allows achieving stable sowing quality, which leads to the
establishment of the most favourable conditions for sown

Suggested Citation:

turn, provides an increase in yield while minimising costs.
The modern pneumatic seed drill system meets a wide range
of requirements and, in particular, allows working in a pre-
cision farming system. Modern precision seed drills provide
the possibility of flexible section-by-section adjustment of
all seeding processes, in particular, they allow fine-tuning
and accurately maintaining the seeding rate. The creation
of a reliable and efficient CRF, as the basis of the pneumatic
system of the seed drill, will further improve the quality
indicators of its operation. This requires a detailed investi-
gation and a deep understanding of the workflow that occurs
between the interblade channels of the CRF. Applying the
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acquired knowledge in the design of CRF will allow avoid-
ing mistakes, which will lead to an increase in gas-dynamic
stability, performance facilitation, and overall efficiency of
the developed fans.

As aresult of the development of new promising pneu-
matic systems, the main source of obtaining the character-
istics of a new fan was previously an experiment, which was
unnecessarily expensive. A full-scale experiment requires the
production of a large number of experimental parts of various,
sometimes very complex geometries, and this, in turn, involves
the use of high-tech equipment with a significant amount of
time. At the same time, it is not possible to obtain comprehen-
sive information about the flow parameters at all points of the
studied region of the interblade channel [1-3]. All this affects
the quality of the design and the cost of finishing the CRF.

Due to the growing progress in computer technol-
ogy, flow studies using computational gas dynamics meth-
ods have become more promising methods for calculating
the processes occurring in the flow part of the fan. Most
often, such methods are based on the numerical solution
of systems of Navier-Stokes equations [4].

The main advantages of numerical methods are:

— low cost (no need to create a test table for conducting
experiments, which means that the need for appropriate
special equipment, personnel training, etc. is eliminated);

- high information content of the simulated process,
obtaining comprehensive information about all parameters
at all points of the analysed flow area;

- safety of research processes;

- reducing the number of experiments to finalise CRF
parts, which has a positive effect on the time and cost of
developing the final product.

Considering the CRF as an aggregate in the pneu-
matic system of the seed drill, then the proposed meth-
odology is presented for numerical modelling of gas-dy-
namic processes occurring in the interblade channels of
the fan, and the determination of its optimal design and
characteristics.

The process of development of seed drills shows the
change of seeding machines that operate on a mechanical
principle with the help of gravity forces to machines that use
air flow. Long-term use of machines that use air flow dur-
ing seeding [5] show an increase in the quality of seeding,
an increase in the yield of agricultural crops with a decrease
in technological and operating costs during their produc-
tion. The quality of sowing seeds of row and grain crops can
be implemented by improving the quality of the pneumatic
system. These topics were considered by V.P. Chebotarev [6],
V.V. Alt [7], S.G. Yasir [8] et al. The pneumatic system of the
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precision seed drill consists of a pneumatic seed drill, pneu-
matic pipes, and a fan. One of the main tasks is to ensure
the quality of operation of the pneumatic system, in most
cases, the vacuum system, and, in particular, to increase the
stability of the CRF.

To solve this problem, much attention is usually paid
to the development of an energy-efficient design and work-
flow of the pneumatic system. But at the same time, system-
atic studies show that the methodology for designing the
CRF as an aggregate in the context of a pneumatic system
of seeding machines has not been sufficiently developed.

The purpose of the study is: to consider the applica-
tion of the sequential design scheme of CRF; to consider the
numerical investigation of fan models using modern com-
puter-aided engineering (CAE) software suites using com-
putational fluid dynamics (CFD) methods [9-11]; to create
a solid-state and mesh model; application of the method for
describing gas dynamic processes, and a method for solv-
ing problems of gas dynamics based on discretisation meth-
ods for solutions of Euler differential equations and Navi-
er-Stokes equations [12].

MATERIALS AND METHODS

A typical process of CRF modelling sequence is shown
in Figure 1 [9]. To achieve the goal of developing a new
CRF model, it is necessary to complete the following steps:

— analysis of existing models of fans of pneumatic pre-
cision seeders;

— creation of a technical task for model development;

- mathematical statement of the design problem;

— determination of geometric parameters, creation of
a geometric scheme and profile of the fan impeller;

— implementation of 3D modelling of the fan model
under study;

- substantiation of the choice of a mathematical model
describing air flows and the solution method;

— solving the equations of the selected mathe-
matical model of air flow;

— analysis of the results obtained and optimisation
of geometric shapes of the flow part of the projected CRF.

The study considers the processes occurring in the

flow part of the CRF. The fan blades, which form a cir-
cular mesh, rotate the air located in its channels [1; 13].
Under the influence of the resulting centrifugal forces, the
air becomes accelerated, its density, pressure, and temper-
ature increase. In the diffuser, the air velocity decreases,
and pressure and temperature increase due to a decrease in
kinetic energy. Gas flow currents can acquire such modes as:
laminar, turbulent, and mixed laminar-turbulent.
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Figure 1. Modelling sequence of the process occurring in a centrifugal radial fan

The main difficulty in describing and calculating the
air flow dynamics is to describe the turbulence of the flow.
Turbulence is a three-dimensional non-stationary motion
in which, due to the stretching of vortices, a continuous dis-
tribution of velocity ripples is created in the wavelength
range from the minimum, determined by viscous forces, to
the maximum, determined by the boundary flow conditions [4].
Under turbulence conditions, due to the intense mixing of
air flows between different regions, the flow develops faster
than laminar flow, the exchange of mass, momentum, and
energy. In turn, part of the kinetic energy of the flow is con-
verted into the kinetic energy of turbulent ripples, which then
turns into heat, and these processes are irreversible [14].
Turbulence occurs in a continuous medium where small spa-
tial fluctuations exceed the free path length of molecules.

The main difficulties in calculating the viscous
incompressible flow are associated with a wide range of
changes in the turbulence scale. When directly calculating
the Navier-Stokes equations for a three-dimensional turbu-
lent flow, large computational resources are required, and
when calculating viscous flows, it becomes necessary to use
a fine mesh with subsequent time step grinding, which also
entails an increase in the computational resources used.
Therefore, the main task is to select a method for solving gas
dynamics equations that will reduce the necessary compu-
tational resources without losing accuracy in calculations.

Next, the study considers the process of modelling
air flows on the CRF (Fig. 2). After creating a model of the
processes occurring in the CRF and in the pipelines of the
pneumatic system, a mesh approximation of the design
area is performed. It is possible to create both an unstruc-
tured calculation mesh and a block-structured one. Then
the model of a continuous medium is selected (in this case,
air). The environment can be compressed or uncompressed.
The boundary conditions are substantiated, in this case
for moving and stationary elements, and also the wall flows
of the model medium flow are described (the process of tur-
bulence occurrence). During the execution of decisions, the
accuracy is evaluated. At the same time, mathematical and
physical estimates are made, the error during modelling
is estimated, and the iterative solution is discretised. The
results obtained for CRF are analysed. Such analysis can
be graphical or numerical. The analysis is performed using
the method of statistical analysis, correlation, variance, or
factor. Based on them, conclusions can be drawn about fur-
ther actions when designing the model: send it to production
or refine it. Considering the gas flows that occur in a pneu-
matic system, there are two main approaches to modelling:

— direct numerical simulation of turbulent flows (DNS)
consists in solving complete Navier-Stokes equations [15];
—modelling of flow using the Navier-Stokes mean equations
over time (RANS), space (LES), and hybrid approaches (DES).
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Figure 2. Modelling sequence of the process occurring in a centrifugal radial fan

Next, the study considers the pneumatic system of
a precision seed drill (Fig. 3), consisting of CRF 1, a tree of
pneumatic channels 2, and a group of seeding machines 3.
Air enters CRF 1 through the inlet device 4, and goes out-
side through the outlet section 5 of the vacuum created

by fan 1. Ambient air enters the channels 2 through the
seeding machines 3, and then, in the form of a single flow,
through the input device 4 it moves to the rotary part of the
CRF 1 and then through the output section 5 (scroll housing)
it is brought out again.
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3

Figure 3. Design diagram of the pneumatic system of a precision seed drill with a centrifugal radial fan: 1 — fan; 2 — tree
of pneumatic channels; 3 — seeding machines (air intake area); 4 and 5 — inlet device and outlet section of the fan

In the input device of the CRF, a laminar-turbulent
transition is observed in wall currents. The boundary layer
on the surface is a thin layer with a fast variable rate from
zero to 99.5% of the incoming flow rate. In the boundary
layer, due to the so-called Tollmin-Schlichting instability [4],
transverse vortices are formed which undergo secondary
instability and form Lambda structures downstream. In the
future, they interact with each other and experience tertiary
instability. Eventually, this leads to a loss of regular shape,
and they become stochastic [4; 16; 17]. Another important
feature of a turbulent boundary layer is the presence of
a low-velocity jet stream that occurs due to the induction of
Lambda structures. To numerically solve partial differential
equations, the study used the finite element method (FEM).
According to this method, the calculated area is divided into
a set of finite sub-regions (elements) using a mesh. For each
of these elements, the type of approximating function is
reasonably chosen. In this case, outside of its element, the
approximating function is equated to zero. The value of the

function at the boundaries of elements (nodes) is obtained
as a solution to the problem.

At the initial stage, when modelling the process
occurring in the flow part of the projected CRF, such val-
ues are unknown in advance. Then, based on the tools
of geometric design of the CAD package, a 2D model is
formed, and then a 3D model (solid-state model) of the
CRF (Fig. 4). Then, based on a three-dimensional sol-
id-state model, using the operations of subtracting the vol-
umes of the flow part and reducing insignificant parts and
elements of the object under study, the area of air flow in
the calculated CRF channel is distinguished (Fig. 5). In this
case, the model under study is divided into several volumes
(static and rotating sections of the calculated area). They
will later be set by different boundary conditions. In this
case: position 1 - the first input section, the volume that
does not rotate; position 2 - the second section, the rotary
part, the volume that rotates; position 3 — the third output
section, the volume that does not rotate.

Figure 4. Solid-state model of centrifugal radial fan

0% 25000

12500

50900 (mm)

Figure 5. Air flow area of a centrifugal radial fan in the design channel: 1 —the inlet section is stationary (the first
volume); 2 — the movable part (the second volume); 3 — the outlet area is stationary (the third volume)
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Modelling a finite element mesh it is one of the most
important stages of the computer engineering modelling
process. It is used to divide the geometric area of calcu-
lation of the studied flow into elements, control volumes,
etc., and also defines discrete points that correspond to the
solution of partial differential equations. CAE packages
offer two types of end-element mesh usage: structured and
unstructured.

Structured elements are hexahedral elements, and
unstructured elements are hexahedral, tetrahedral, or pol-
yhedral elements. When dividing the study area into a cal-
culated mesh in the regions of large velocity, pressure, and
temperature gradients, a high-density mesh is used. In turn,
the faces of the final volumes should be oriented by the flow
lines of the flow under study.

In the sampling process, an approximation should
be performed for the derived values at the nodal points
(centres) of the control volumes of the resulting finite ele-
ment mesh. This is because when considering internal
flows for which the velocity components at the boundary
are known and the pressure is unknown, it is easier to use
unknowns at the centres of mass of elements. In this case,
the number of points for calculating the pressure coin-
cides with the number of points for calculating the veloc-
ity components. In addition, in the control volume centres,
the values of the unknown function itself are not held, but
only mediate the value of the control volume [3; 18; 19]. In
turn: 1) the numerical solution obtained based on splitting
the calculated space into discrete elements is approximate;
2) to improve the accuracy of the solution, it is broken down
into smaller elements; 3 there is an accumulation of error;
4) the splitting method should ensure stability or conver-
gence of the solution to the exact value when the splitting
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step decreases; 5) it is proposed to use the Neumann split-
ting method [4; 5; 20].

Next, for the three volumes under consideration,
a mesh is created using the CAE package mesh generator.
An automated algorithm is used to build a high-quality hex-
agonal mesh. After setting the parameters and requirements
for the mesh, considering the requirements for probabil-
istic areas of turbulence, a three-dimensional finite ele-
ment mesh is constructed: depending on the radius of cur-
vature of the body; considering the number of given cells
of elements, considering the thickening of the number of
layers along the boundary layer and the size of cells, etc.

In turn, the current in the channels of the flow part
of the model under study is conventionally divided into
the region of the turbulent flow core and the region of the
boundary layer. It significantly manifests friction forces,
which is why it is characterised by a significant velocity gra-
dient (the velocity varies from zero on the surface of the
body’s flow to the flow rate in the flow core) [3]. The thick-
ness of the boundary layer usually corresponds to the dis-
tance from the wall, at which the flow rate will differ from
the external flow rate by 1%.

In addition, the quality of the mesh affects the accu-
racy, convergence, and speed of obtaining a solution. The
created mesh is pre-calculated, namely the number of ele-
ments and nodes. If necessary, considering the method
of wall functions, a layer-by-layer reconstruction with an
increase in the density of critical sections of the model. To
investigate the operating modes of the CRF that signifi-
cantly differ from the nominal (cruising) ones, the require-
ments for the quality of mesh breakdown are increased.

Having finally decided on the mesh parameters,
a mesh model was obtained, which is shown in (Fig. 6).

Figure 6. Mesh model of the flow part of a centrifugal radial fan

Setting calculation conditions. The calculation
conditions, namely, the boundary conditions for the calcu-
lated meshes of elements of the flow part of the CRF model
under study, in which it is necessary to calculate the air flow,
are introduced into the processor of the PRE CAE package.
At the same time, the calculated model under study consists
of three areas [8; 14; 15].

Considering the fan model under study, it is assumed
that, from a mathematical standpoint, the flow of the fan
blade with air flow determines the system of Navier-Stokes
equations [19]. It is recorded for the volume of air in question,

which envelops the scapula after removing the volume of
the scapula itself from it. The solution of this system gives
the desired parameters of air flow in the area of interest.

During the simulation, 2 parametric turbulence models
are used - k-¢ (k - kinetic energy of turbulence, ¢ — dissipa-
tion) and SST (Shear Stress Transport). The latter is a com-
bination of the k-¢ and k-® models of turbulence (» —spe-
cific dissipation of turbulence), where the equation k-¢ is
used to calculate the flow in the free flow, and the equation
k-o of the model is used in the region near the walls [20].
The Reynolds Navier-Stokes equation (RANS) [12] are used
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to model turbulence with the Boussinesk approximation.
The Businesk approximation (with the introduction of tur-
bulent viscosity) consists of using Reynolds averaging of
the Navier-Stokes equations. In the latter, the instantane-
ous velocity values are represented as the sum of the rip-
ples of the mean over time, with the introduction of addi-
tional transfer equations for the characteristics of turbulence
due to the turbulent kinetic energy k of the flow and its dis-
sipation rate €. In the end, 2 parametric RANS models k-¢
and SST are chosen with turbulence models that are reliable,
economical, and have acceptable accuracy for a wide range
of turbulent flows with submodels for flow compressibility.
In addition, the software products used implement a wide
range of mathematical models that allow fully simulating the
physical processes that often take place found in practice.

V. Melnik et al.

The following were chosen as the boundary con-
ditions for the model under study: operating flow type —
ideal gas; flow mode - steady state; flow without heat trans-
fer; reference pressure 101,325 Pa; turbulence model k-¢ or
SST; rotor speed - 5,000 rpm.

As the boundary conditions at the inlet and outlet
of the flow part: “Outlet pressure and mass air flow”: outlet
pressure (overpressure) — Free, i.e., 0 pa; air flow rate (Mass
Flow Rate) — 0.494 KG/s [9]; Total Temperature — 288.15 K;
combination of areas — select “on surfaces”.

For further calculation, the appropriate surfaces
were selected, set names for the calculated areas, and work-
flow parameters for the Inlet, Outlet sections, and the three
areas marked: Hub — wall, Shroud — wall, and “Wall” - wall. The
rotation was set for conditions of the “Wall” type (Figs. 7, 8).

Figure 8. Setting of boundary conditions: 1 — air channel - fixed walls; 2 — impeller — movable walls; 3 — Inlet flow;
4 — air channel - fixed walls; 5 — outlet flow — mass flow rate

In addition, an important factor in gas-dynamic
design is the reduction of pressure losses, uniformity of dis-
tribution, and the stabilisation of the values of the speed
and flow rate of the gas flow in the channel [21-23]. When
discretising the equations of a mathematical model, the
weighted mismatch method was used. In this method, the
solution is considered to converge with very small values of
inconsistencies. The convergence criterion for solving a sys-
tem of Reynolds equations is the value of the velocity values
in each equation at the end of each iteration for a value less
than RMS -1.0 E-6 (root-mean-square value).

RESULTS AND DISCUSSION

After all the boundary conditions have been set, the calcu-
lation requirements are set. Next, the process of numerical
solution of the problem is started.

During calculations, a large array of calculated data
was obtained (Fig. 9). Using them, the air flow in the flow
part of the CRF is simulated. This allows seeing a character-
istic picture of changes in gas-dynamic parameters, values
of velocity, flow rate, pressure, and density of air flow distri-
bution over the cross-sections of the study area.
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Figure 9. Calculation results: a — calculation of a three-dimensional model of the air flow of a centrifugal radial fan
(1 — an imbalance of solutions less than 1%); b — the root-mean-square value of the mass flow rate and moments

Since, when solving the equations of conservation
of mass, momentum, energy, etc., the final solution must
preserve these quantities, it should be borne in mind that
for a numerical representation of a physical system, the
imbalance of the CFD solution must be quite small, but it
should not be zero. It is recommended that the desire for
an imbalance in the solution should be less than 1% [24-26]
(Fig. 9a). In Fig. 9b sections 1 and 2 of the non-coupling of
integral parameters tend to be linearised, values oscillate,
and the solution of moving convergence occurs. The solu-
tion is considered to converge when the values of the mean-
square (RMS) inconsistencies are less than 1.0e-4...-1.0e-5.
The convergence of solutions can be influenced by the turbu-
lence model, the quality of the design mesh, wall functions,
boundary conditions, air flow mode, etc. [27-29].

Analysing the obtained data, there is a possibility of
determining the zones of disturbances (vortex generation) of

the air flow, which negatively affects the nature of the flow in
the channel, contributing to losses of velocity, pressure, and
air flow (Fig. 10). Similar approaches were used in the design
of CRF and analysis by G. Ronald, I.L. Lokshin [30-31]. Vor-
tex generation zones and relative vortex regions were consid-
ered, which requires improvement and introduction of struc-
tural changes to the surfaces and a deeper study of these
regions to improve the conditions of air flow. It is the use of
numerical modelling of gas-dynamic processes in a centrif-
ugal radial fan using CAE packages that facilitated a more
thorough investigation of the processes that occur in the
event of flow disturbances and turbulence.

Based on the obtained calculation results, the pro-
cesses that take place in the flow part of the CRF are mod-
elled. At the same time, the study relies on the data of
changes in pressure, speed, and other parameters of interest
along the flow part of the fan (Fig. 10, Fig. 11a) [2].

Figure 10. Picture of changes in the velocity and pressure vector of a centrifugal radial fan for the k-¢ turbulence model
1 - separation loss and 2 — edge loss (shown in red circle)

Figure 11. Turbulent viscosity (a) and flow velocity vectors (b) in the flow part for a centrifugal radial fan (k-¢ model) —
the red circle shows the regions of relative vortices: 1 — the region of increased turbulent viscosity;
2 — the region of relative vortices
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In addition, for example, the fields and velocity
vectors along the flow part of the CRF can be considered
in detail (Fig. 11b). Relative vortex (Fig. 11b) is formed in
arotating (ideal, according to the mathematical model) rel-
ative air flow in the interblade channel. Gas molecules can-
not perform rotational movements in the interblade channel
when flowing without friction. Therefore, they retain their
direction in absolute space and during the rotation of the
impeller, where each molecule moves in a circle.

Figure 11 shows that when the flow is closed in the
interblade channel, a relative rotational motion is formed
with the same angular velocity and the direction of rotation,
the opposite direction of rotation of the impeller.

This is a relative vortex of gas molecules orbiting
a calm core. Under the influence of an axial vortex, the cir-
cumferential component of the output velocity will decrease.
Figure 12 shows the possible losses that occur in the fan in
a systematic form, partially shown in (Fig. 10, 11).

Losses that occur in the fan

]

Profile losses

Final losses

Gap losses

A 4

Friction losses

Generation of paired vortices

Losses in axial clearances |«

Breakaway losses

Generation of horseshoe
vortices

Losses in radial clearances |«

Edge losses

Wave losses

Figure 12. Losses that occur in a centrifugal radial fan

Fan losses can be divided into three groups: profile
losses, end losses, and gap losses. Profile losses include losses
that occur in a plane lattice: friction losses in the boundary
layer, vortex losses when the flow breaks off on the profile,
vortex losses behind the initial edge — edge losses; losses
occur in compaction jumps — wave losses. Final losses are
losses that occur in areas of the interblade channel adjacent
to the end surfaces. As a result of flow in the convex surface
at the top and bottom of the fan blade, at the junction with
the end wall, local thickenings of the boundary layer occur.
When interacting with the main flow, the thickened layers of
the boundary layer begin to break off and form paired vor-
tices rotating in the opposite direction. In addition, during
turbulent separation, the air flow that forms the boundary
layer twists and forms a vortex system, in which the ends
bend down, taking a horseshoe shape. Losses in clearances
include: losses in radial and axial clearances.

The results of the mathematical modelling of various
fan models presented in Table 1 are obtained by multiple rep-
etitions of calculations with different specified boundary con-
ditions and subsequent mediation. To present the methodol-
ogy for modelling the CRF workflow, there were no differences
in the geometry and design features of the fans under study.
The rotor speed is assumed to be 5,000 rpm, and the turbu-
lence model is k-¢. By conducting research on a fan with coun-
terclockwise curved blades model No. 01400Z24R, the low-
est air consumption and low efficiency were obtained. When
changing the direction of the blades (model No. 02400Z24LS),
an increase in air consumption and efficiency was obtained.
Improving the blade profile by changing the entry angle
by 34" (model No. 03400Z24R50), the highest efficiency
and highest air consumption were obtained. In model
No. 04400Z24SB with straight blades and an entry angle of
44’ low air consumption and low efficiency were obtained.

Table 1. The result of gas-dynamic modelling at n-5,000 rpm and the turbulence model k-¢

A . Degree increased blood .

No. 01400Z24R 2.69 1.03 0.27
No. 02400Z24LS 2.81 1.05 0.57
No. 03400Z24R50 2.89 1.13 0.79
No. 04400Z24SB 2.55 1.04 0.423

A graphical interpretation of the relationships
between the main parameters of the CRF (fan characteris-
tic) is shown in (Fig. 13). Graphs allow analysing changes in
the flow rate (Fig. 13a) and the pressure generated by the fan
(Fig. 13b) in the middle section of the fan (Fig. 13: a — shows

the change in velocity; b — shows the change in pressure along
the cross-section of the interblade channel in the region of
relative vortices) [21]. In Figure 13a, sphere 1 shows the place
where the flow exits the braking area, and in Figure” 13b,
the area between 1 and 2 shows the vortex generation area.
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Figure 13. Area of occurrence of relative vortices:
a — distribution of flow velocity along the Section; b — distribution of flow pressure along the section

When considering the field of velocity vectors
(Fig. 11Db) there is an uneven flow along the height of the
region of generation of reverse currents of axial vortices,
which contributes to the generation of flow closure sites.
All this suggests that it is necessary to deal more care-
fully with the profiling of the blades and the flow part of
the CRF. Finding the optimal approach (changing the shape
and size, angles of flow entry and exit in the fan crown) will
allow minimising the total loss values.

CONCLUSIONS

Based on the presented methodology for calculating gas-dy-
namic parameters, it is possible to assess the nature of air
flow in the flow part of the CRF, draw conclusions about the
shape and size of pipelines, evaluate the design quality of the
centrifugal wheel itself, that is, installation angles, dimen-
sions, thickness, a number of blades, noise and safety factors.

Studies show that during design, achieving the
desired air flow modes, high flow rates in the interblade
channels of the CRF and, ultimately, acceptable values of
the final parameters of the CRF can be achieved through
careful profiling and the introduction of new design
solutions.

The use of CAE software packages based on CFD meth-
ods in modelling the gas-dynamic characteristics of gas flow
in the flow parts of CRF and pneumatic systems, in general,
is very effective. This allows predicting the final parameters
and significantly reducing the time and resources spent on
fine-tuning such systems. In further research, when design-
ing centrifugal radial fans, it is desirable to analyse the influ-
ence of various turbulence models on the quality of calculat-
ing air flow flows, adn conduct a comparative analysis with
experimental data. This approach should be recommended for
widespread use.
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BikTop IBanoBMuY MenbHUK, Onekcii IlerpoBnu 3emeHCcbKUii, AHAPin [leTpoBuu 3e1eHCbKMUIA

Hep>kaBHMIT 6I0TEXHOTOTIUHMIT YHIBEPCUTET
61002, Byn1. AmueBcbkuX, 44, M. XapkiB, YKpaiHa

YucneHHe MoaenioBaHHSA rasogMHaMidyHUX npouecis
Yy BiALEeHTPOBOMY pagia/ibHOMy BEHTUNATOPI NOCIBHUX MaLLUUH

AHoTauig. [TligBunieHHs eheKTUBHOCTI POCIVMHHMIITBA, e 3HAUHEe MiClle 3aiiMaloTh MPOCAIHi KyJbTypu (TaKi, IK
KYKYPY[3a, COHSILTHUK, COsI, COPTO, I[yKPOBi OYPSIKM Ta iH.), HEPO3PUBHO MOB’sI3aHe 3 BIIPOBAKEHHSIM eHepro- Ta
pecypco3bepiraroumx TeXHOJIOTil 1Jis1 3a6e3IeyeHHsT SIKiCHOT Ta CBOEYACHOI peaJtizallii TEXHOJOTiYHMX MPOILeciB
BUPOOHUIITBA. BaXKTMBMUM TEXHOIOTIYHMM IIPOLIECOM € MOCIB. [l MiABUILEHHS MIBUIKOCTI, SIK HACTiLOK, TPOSYKTUBHOCTI
Ta, TOJIOBHE, SIKOCTi IIPOBEIeHHS TIObOBUX POOIT B ZaHMit 4ac 3aCTOCOBYIOThCSI CiBaIKM TOYHOTO BUCIBY 3 THEBMATUYHUMU
cucTeMaMM 3 TOKpallleHMMM XapaKTepUCTUKaMy reHepaTopiB Bakyymy. [Ipy IbOMY BaKyyMHi CMCTE€MM TaKMX ITOCIBHUX
MalllH HajfyacTilie 6a3yl0ThCsl Ha BUKOPMUCTAHHI PaJliaIbHOTO BiIIeHTPOBOTO BEHTMAATOPA. TOMY BasK/IMBUM 3aBIAHHSIM
€ IPOEKTYBaHHS BEHTU/ISITOPA 3 ypaxyBaHHSIM IapMOHi3allii jioro napaMeTpiB 3 TapamMeTpaMM CiBajKy B 11iJIOMy BUMarae
MPOBeJeHHS BeJIMKOI KiJIbKOCTi BUITPOOYBaHb Ta mepeBipok. [Ipy BUKOPUCTAHH] TiTbKM HATYPHUX MoZeei (CTeHIiB)
HeoOXiHi qy>ke BeJIMKi pecypcHi Ta 4acoBi BUTpaTH. 3a paXyHOK YMCETbHOTO MO eTI0BaHHS ra30MHAMiYHMX ITPOIIECiB
CTa€ MOXJIMBUM CYyTTEBO CKOPOTUTHU KiJIbKiCTh HATYPHMUX €KCIIEPUMEHTIB, IIBM/IIIe BUSHAUUTHM pallioOHaTIbHUII BULTIST,
BiIIeHTPOBOTO pafiaJbHOTO BEeHTWISITOpa. MeTa JaHOi po6OTH — PO3MISIHYTU METOAMKY 3aCTOCYBAHHS YMCETbHOTO
MOJIeTIOBaHHS ra30MHAMiUHMX MIPOIIECIB Y BillIEHTPOBOMY pajlia/ilbHOMY BEHTWISITOPI 3a moromororo Computer-aided
engineering (CAE) - makeriB. 3acrocyBanHst Computational fluid dynamics (CFD) — MmeToziB 151 AMCKpeTHU3allii pilieHb
IoudepeHIianbHUX PiBHSIHD 3 ypaxyBaHHSIM piBHsIHb Eitiepa Ta piBHsiHb HaBbe-Crokca. [I/1sl BUBUEHHS BUXPOBUX MTOTOKIB,
1110 BUHUKAIOTh Y Mi3KJIOTIATKOBUX KaHA/IaX BEHTWISITOPA, BUKOPUCTOBYETHCS UMCeIbHe MOJeNI0BaHHS TypOyIeHTHOCTI Ha
OCHOBI k-¢ Mogperi, k-» mogmeni Ta Shear Stress Transport (SST) Mozeni. HaBegeHo pe3y/nbTaTy pO3paxyHKY TPUBUMiPHOTO
TI0JISI IIBMIKOCTEH Ta TUCKIB y poboUiil 06;1acTi BeHTU/ISITOPA, BU3HAUEHO pallioHaTbHi TeOMEeTPUUHI XapaKTepUCTUKH,
aepoayVHaMiyHa XapakTepUCTHKa (3a7eXHiCThb Ilepernaay TUCKY Bif BUTpaTy MOBIiTPs). Takmii MiAXis NpoeKTyBaHHS
BiJILIEHTPOBOIO BEHTU/ISITOPA A€ MOSK/IMBICTb CYTTEBO FapPMOHI3yBaTH JI0T0 MapaMeTpy Ha eTari po3pooKy Ta CKOPOTUTU
Yyac Ha peasiisallilo HOBUX ITPOEKTiB

Kno4oBi crioBa: uicioBe MOJeI0BaHHs, k- Mogenb, k-o Mozmenb, SST Mozmenb, MeToH, KiHI€BUX €JIeMEeHTIB, MeTO[
KiHIeBux 06’eMiB, CAD pemakTop
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Transportation of a Material Particle by the Operating Mechanism
of an Agricultural Machine in the form of a Vertical Screw Confined
by a Coaxial Stationary Cylinder

Abstract. The use of vertical augers in screw conveyors significantly expands the operational capabilities of
such mechanisation equipment for performing loading and unloading technological operations. However, the existing
designs of vertical screws do not fully meet the operational requirements. Their main disadvantages are increased
energy consumption, especially with their significant overall dimensions, which depend on the influence of friction of
the process material on the conveyor surfaces. Therefore, the study considers the movement of a material particle by the
operating mechanism of an agricultural machine in the form of a vertical screw confined by a coaxial stationary cylinder
and establishes the dependence of the speed of transportation of a material particle on the influence of the particle friction
coefficient on the surface of the screw and on the surface of the limiting cylinder. The purpose of the study is to determine
the parameters of the movement of agricultural material particles when they interact with the helical surface of the
operating mechanism of a vertical conveyor in the form of a screw that rotates around the axis and the surface of a coaxial
fixed cylindrical casing. Mathematical modelling of the processes of movement of soil particles along the helical surface of
the operating mechanism is described on the basis of general laws and principles of analytical and differential mathematics,
theoretical and analytical mechanics. As a result of the study, the differential equations of movement of a particle of
agricultural material on the helical surface of the screw, which rotates around its axis in a fixed cylinder, were compiled.
The equation is solved using numerical methods and the trajectories of the relative motion of the particle along the helical
line — the edge of the screw, which is common to the surface of the screw and the limiting cylinder are constructed. The
friction forces of the material particle on the surfaces of the screw and casing are also considered. The limit value of the
helical line lifting angle is found when the particle lifting becomes impossible at a given angular velocity of screw rotation.
The influence of the friction angles and radius of the limiting cylinder on the particle lifting speed is estimated. Graphs of
kinematic characteristics as a function of time are given. The materials of the study can be used by researchers for further
investigation and by practitioners in the selection of conveyors for transporting agricultural materials

Keywords: conveyor, helical surface, angular and linear velocities, limiting casing, differential equations of motion,
kinematic parameters
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INTRODUCTION
The helical surface in the form of a screw is a structural
element of many transport and technological agricul-
tural machines, which is widely used in screw conveyors
for transporting technological agricultural material. Forces
act between the particles of the material, but they can be

Suggested Citation:

ignored or neglected when the body is small in size, tak-
ing it as a material point [1] or in the case of moving the
particle at a low speed, which occurs in lifting and trans-
port machines [2]. It is also important to investigate
the movement of material particles along helical surfaces
that rotate around their axis. In [3], the movement of particles

Pylypaka, S., & Klendii, M. (2022). Transportation of a material particle by the operating mechanism of an agricultural
machine in the form of a vertical screw confined by a coaxial stationary cylinder. Machinery & Energetics, 13(3), 73-80.
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by a vertical screw from the axis of rotation to the meet-
ing with a cylindrical casing is studied. The particles move
up after they meet the bounding cylinder. The paper inves-
tigates the movement of a particle of agricultural mate-
rial, which interacts with two surfaces: the movable helical
surface of the screw and the fixed surface of the cylinder.

The nature of material particles is quite broad. They
can be not only mechanical particles, but also gas or liquid
particles that interact with moving surfaces [4]. The move-
ment of mechanical particles on the surface of a mobile till-
age spherical disk is considered in [5], on the surface of a cyl-
inder - in [6], on the surface of a cone — in [7]. Consideration
of the movement of particles on helical surfaces is of practical
importance, since such surfaces are used in screw conveyors [8;
9] and separators [10]. The use of a helical surface for calculat-
ing and manufacturing helical working elements is considered
in[11; 12]. The theory of designing and constructing linear sur-
faces is highlighted in [13]. In [14], the practical possibility of
using a screw operating mechanism for tillage is substantiated.

But today, the process of transporting a material par-
ticle by the operating mechanism of an agricultural machine
remains rather neglected, in particular, the investigation of
the interaction of material particles with a helical operat-
ing mechanism, the working surface of which is made in the
form of a screw and a coaxial stationary cylinder, which are
considered in the paper.

The purpose of the study is to theoretically investigate
the movement of particles of agricultural materials when
they interact with the helical surfaces of the operating mech-
anism of a vertical conveyor in the form of a screw and the
surfaces of a stationary cylinder.

MATERIALS AND METHODS
Mathematical modelling of the movement of particles of
agricultural materials is described based on general laws
and principles of analytical and differential mathematics,
theoretical and analytical mechanics, surface theory, and
computer graphics systems. The results of the conducted
theoretical studies are analysed using methods of numerical
integration of differential equations to find primitive func-
tions, using the Simulink package of the MatLab system.

In [3], it is shown that when a particle moves under
its own weight along a helical surface, it moves away from
its axis. This is conditioned by the fact that the particle moves
along a curved trajectory, resulting in a centrifugal force
that causes the particle to move to the periphery. If the
screw rotates around the axis, then the particle of agricul-
tural material performs a complex movement: sliding on the
helical surface and rotating around the axis of the screw,
which also causes it to move towards the cylindrical casing.
The material particle slides along the helical surface, simul-
taneously contacting the surface of the screw and cylinder.
Parametric equations of a helical line have the form:

x=Rcosa; y=Rsina; z=Rotgp; (1)

where R - cylinder radius - constant value; # — screw helical
line lifting angle —constant value; a — angle of rotation of
a point on a helical surface — independent variable.

The helical line (1) passes through two surfaces: the
screw and the cylinder. When a particle comes into contact
with these surfaces, reaction forces occur that are directed
along the normal to them.

The helical surface is formed by rectilinear genera-
trix that are parallel to the horizontal plane, and one end
of these generatrix runs along the helical line (1), and the
other is directed to the axis of the helical surface (Fig. 1a).
The parametric equations of the screw have the form:

X=(R-u)cosa;
Y=(R-u)sina; 2)
Z=RRatgf

where u — value of a rectilinear helical forming surface — the
second independent surface variable.

When the value of the value u=R-r, where r — radius
of the screw shaft, the surface is confined by two helical
lines (Fig. 1a). When u=0, the parametric equations of the
screw helical line are obtained (1). To make the helical sur-
face equations different from the helical line equations, they
are denoted by lowercase letters for the line and uppercase
letters for the surface.

Figure 1. Scheme of transportation of a material particle by the screw:
a) turn of the helical surface of the screw, b) diagram of the forces applied to the particle
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When rotating at angular velocity w, a material par-
ticle located on the helical line (1) simultaneously con-
tacts the movable helical surface and the fixed surface of
the cylinder (Fig. 1b). The following forces are applied to
the material particle: reaction N of screw surface, weight
force, reaction N, of cylinder, and friction force F, (Fig. 1b).
If the particle rises up in absolute motion, then the friction
force on the helical surface F, is sent in the opposite direc-
tion of its sliding, and on the surface of the casing F - in
the opposite direction of movement (Fig. 1b).

The equation of motion of a material particle in the
form ma=F is created, and this equation is written in pro-
jections on the axis of the spatial coordinate system OXYZ.

The helical surface rotates around an axis at a cer-
tain angular velocity w and over time t it will return at an
angle that is equal to a,=-wt and will move in a helical line
along a certain trajectory according to equations (1). The
direction of rotation of the helical surface must be chosen
so that the material particle can rise up in absolute motion.
The helical line of the screw (1) is moved around the axis
OZ on the corner o =-wt:

x =Rcosacos(-wt)-Rsinasin(-wt)=Rcos(wt-a);
y,=Rcosasin(-wt)-Rsinacos(-wt)=Rsin(wt-a); 3)
z,=Ratgp.

The obtained equations (3) consider rotation by
angle a=a(t) in the relative motion of the material particle
and at an angle a =-wt in figurative motion, therefore, they
are equations of absolute motion.

Projections of the absolute velocity vector are
obtained by differentiating equation (3) over time t:

X =-R(w-a")sin(w-ta);

V' =-R(w-a")cos(w-ta); 4
z,=Ra'tgp.
The speed value is (4):
AN
2 ®)
= w(w-2a')cos’f+a”
cos 3 \/ ( ) p

The projection of a unit vector that sets the direction
of the absolute velocity of a material particle is equal to:

_(a)—a')sin(a)t—a)cosﬂ.

T,.= y
(0—a')cos(wt —a)cos B ©)
vy A s
_a'sing
T:fu; - A b

where A :\/5()(61)—201')cos2 p+a”.

Absolute acceleration w of particle is obtained by dif-
ferentiating equation (4):

O. Banniy et al.

X" =R" asin(wt-a)-R(w-a')*=cos(ot-a);
y" =R acos(ot-a)+R(w-a')=sin(wt-a);  (7)
Z"=Rd'tgp.
Projections of the friction force vector F, are found
by differentiating equations (1):

x'=-Ra'sina;
y'=-Ra'cosa; 8)
Z'=Rd'tgp.

The relative velocity of a material particle is equal to:

!

R
y={T i =2 ©)
cos

The value of the projections of the unit vector of rel-
ative velocity is obtained by dividing the projections of this
velocity by its absolute value:

T, =-cosfisina; T, =-cospcosa; T, =-sing.  (10)

For the force F, to be applied at the point where

the material particle is located, the projections of the unit

vector of relative velocity should be rotated by the value
(-wt) around the axis Oz:

{cospsin(wt-a); cospcos(wt-a); sinf}. (11)

The vector of the normal to the helical surface is

defined as the partial derivative of the screw equations (2) :

oX . o0X

5:—(R—u)s1na; E:—COSO!;

oY oY - (2
—=(R-u)cosa; —=-—sina;

oo ou

The vector product of the obtained vectors is
defined (12):

X Y Z
—(R-u)sina (R—-u)cosa Rtgf|=
—cosa —sina 0 (13)

={RtgfBsina; RtgBcosa; R—u}

Vector (13) is not singular and its place on the sur-
face is determined by coordinates: u and a. To find the nor-
mal to the screw surface, the vector (13) is substituted in the
expression u=0 and its expression is reduced to a single one:

{sinfsina; -sinfcosa; cosp}. (14)

The normal to the cylindrical casing is also found:
{-cosa; -sina; 0}.

(15)

For the above reasons, the unit vectors (14), (15) are
rotated by the angle (-wt) and the expression of the unit
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vector of the normal to the helical surface at the particle
placement point is written as:
{sinfsin(wt-a); -sinfcos(wt-a); cosp}. (16)
The value of the unit vector of the normal to the
cylindrical casing at the particle location takes the form:
{-cos(wt-a); sin(wt-a); 0}. 17)
Unit vector of particle weight force mg, which is
directed downwards, is defined by projections:
{0;0;-1}. (18)
The value of the friction forces F, and F, can be
determined by the reaction values of the surface and the
corresponding coefficient of friction: F, =f,, F,=f,N,, where
fand f, - coefficients of friction of the material particle on
the helical surface of the screw and the cylindrical casing,
respectively. _
Making up the equation of motion ma=F , it is writ-
ten in projections on the axis of the spatial system, consid-

ering the directions (6), (11), (16), (17), and (18) of relevant
forces F =f;N,, F,=f\, N, N, and weight forces mg:

(w—a")sin(cr — a)cos B
\/a)(a)— 2a')cos’ f+a?
—N'sin #sin(wt — a)— N, cos(at — a);

— fN cos 3 cos(ot —a)—

mx!=f Ny — fN cos Bsin(wt —a)-

(@ —a')cos(wt — a)cos
Jolw-2a")cos’ f+a'

—N'sin S cos(wt —a)+ N, sin(or — a);
a'sin 8

my ;= Ny

mz!'=— f Ny ; - —fN sin S+N cosf—mg.
\/a)(cof2a )eos® B+ a (19)
A Z
0.1 | i
I =
0.05 ~
S — |
 p—
0 . L’-_é
a) -0.1 -0.05 0 0.05 R,m 0.1

To obtain a system of equations with functions:
a=a(t), N=N(t) and N,=N,(t), the expressions for absolute
acceleration from equation (7) are substituted in (19), and
a",N, N, is defined:

a)cosﬁ(cosﬁ—fsinﬂ)—a’ 3

a"= folo—a') cos

Jolw—2a")cos> f+a’>  (20)
—%(fcosﬂ+sinﬁ).
AV
N=mcosf| g+ fuRolw—a') sin B (21)
Jolo-2a")cos” f+a"”
N,=mR(ar-d) 22)

To obtain solutions to differential equations, it is
necessary to use numerical methods.

RESULTS AND DISCUSSION

The composite equations of motion of a material parti-
cle can only be solved by numerical methods. When 5=10°,
R=0.1 m, w=15 s, f~f,=0.3, obtain a'=2.1 s*. When $=20° and
unchanged other parameters, obtain: a'=-0.5 s’'. It is also
obtained that when $=10° the particle is moving up (Fig. 2a),
and when $=20° — on the contrary-down (Fig. 2b). When «'=0
the particle “sticks” and rotates in absolute motion in a cir-
cle. Therefore, the corresponding angle A of lifting the auger
line of the screw is found by equation:

2 —
B Arcthwaizfg_ (23)
Rfp fo" +g
Az
—]
0
m = ]
? + ——
-0.05 7
il
b) -0.1 -0.05 0 0.05 R,m 0.1

Figure 2. Trajectories of movement of a material particle at R=0.1 m, w=15 s’ f=f,=0.3
a) when =10° - upward movement of the particle; b) when =20° — downward movement of the particle

According to (23) for R=0.1 m, w=15 s' and f=f,=0,3
the limit value of the helical line lifting angle is p=17.8°. If
$>117.8° then the rise of the particle at the specified parame-
ters becomes impossible. As the angular velocity of rotation
of the helical surface increases, the limit value of the angle

B also grows, but up to a certain limit. Next, the study finds
the limit to which equation (23) approaches with an unlimited
increase in the angular velocity of rotation w:

Rwaz - fg —

lim,_, Arctg—"——
Rfpjo" +g

Arcctg f. (24)
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Arctg fis the angle of friction of the particle on the
surface of the screw and in this case, Arctg 0.3 =16.7°. Lifting
angle limit value p according to (24) is Arcctg 0.3=73.3°, that
is, these two angles add up to a right angle. When >73.3°
lifting the particle up is not possible at any angular speeds
of rotation of the helical surface.

If a specific angular velocity w of screw rotation is
set, then the limit value of the helical line lifting angle can
be found by equation (23). At this interval (from zero to
the limit value), there is a specific angle g, which provides
the highest speed of particle transport up. The problem is
reduced to finding the maximum value of the last expression
in equations (4) or (8), since the vertical components of the
relative and absolute velocities are equal.

Since equation (20) for a stationary process at a"=0
is necessary to solve by numerical methods to find the value
of the angular velocity o' sliding of the particle, then find-
ing the optimal angle g will be implemented in two stages.
At the first stage, the value «' is found from equation (20)
for the specified angles g from the acceptable range of their
values. At the second stage, substituting the obtained values
o' and corresponding angles 8 in the last expression in equa-
tions (4) or (8), the vertical component of the particle veloc-
ity is obtained. This data can be used to plot the dependency
z'=z'(B), from which the optimal angle value g is determined.
The study provides a simplified version of the calculation
for =15 s (acceptable range of values of angle 5=0...17.8%):

B=50; a'=3.53 s71; z2'=0.03 m/s;
B=100; a'=2.08 s71; z'=0.037 m/s;
B=150; a'=0.73 s71; z'=0.02 m/s.

From the results obtained, it can be seen that the
highest rate of particle transport up is provided by the

O. Banniy et al.

angle #=10°. Using the same calculation method, the opti-
mal angle value £ is found at the value of the angular veloc-
ity @=25 s’': f=20°. In this case, the vertical component of
the particle velocity is z'=0.29 m/s. Considering that the per-
missible interval of angle values for speed w=25 s makes up
$=0...45.7° then it can be concluded that the optimal value
of the angle p is close to the average value of the allowed
interval. In [8], an equation for determining this angle
is given for the case when the angular velocity of rotation
of the screw increases indefinitely (o — «):

B=45°-0.5Arctgf (25)

From (25) for f=0.3 obtain: f=36.65°. This value is
exactly two times less than the limit value (8=73.3%), that is,
it is exactly in the middle of the allowed interval.

Next, the study considers how the coefficients of fric-
tion f and fR affect the speed of lifting the particle. When
the coefficient of friction f decreases, angular velocity o' of
sliding of a material particle increases, and its maximum
value is reached at the value of f=0, that is, for a completely
smooth helical surface. Fig. 3a shows the graphical relation-
ship a'=a'(f) when R=0.1 m, »=25 s, f,=0.3, f=20°.

Reduction of the coefficient of friction f, of the par-
ticle along the cylinder leads to a decrease in the angular
velocity o' of movements of a material particle (Fig. 3b).
Reduction of f, leads to lowering of the material particle.
The limit is the value of f, when a'=0. By solving (23) with
respect to f,, the following is obtained:

;oo 8&U+eh)
T Ra’(1- 1 1gp)

For the given data from (26), the limit value of the
friction coefficient f,: f,=0.12 is found.

(26)

gia 14 o
' st 0
o N
121 6 12
10 4 10
8 2 8
st
0.30.250.20.150.1 0.05 0 0.3 0.250.2 0.15 \’0.1 0.1 0.15 0.2 0.25 0.3
a) b 2 0

Figure 3. Graphical dependences of the angular velocity of a particle ¢’ when w=25 s, f=20°:
a) R=0.1m, f,=0.3;b) R=0.1 m, f=0.3; c) f=0.3, f,=0.3

If the angular speed of rotation of the screw is
increased, for example, to 30 s’!, then the particle lift would
be possible. The limit value of the coefficient of friction for
this angular velocity is f,=0.08. As the values of the angular
velocity of rotation of the helical surface increase, the limit
value of the coefficient decreases. Going to the boundary,
the following is obtained:

Ro’(1- f tgf)
Thus, if the surface of the cylindrical casing is abso-
lutely smooth, then the lifting of the particle becomes
impossible for any angular speeds of screw rotation.
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Figure 3c shows the graphical dependence a'=a'(R),
from which it follows that the increase in the radius value R
leads to an increase in the lifting speed, but it has a certain limit.

If the angle value f is negative, the direction of wind-
ing the helical line changes, which means that with the
same direction of the angular velocity of screw rotation, the
particle on its surface will slide not up, but down. Transpor-
tation of the particle downwards has its own characteristics
depending on the angle value p. If in equation (20) before
the angle f the sign is changed, then one of the expressions
in parentheses will be written: fcos -sing. If the angle g is
equal to angular friction, i.e., f=tgB, then this expression is
converted to zero. To convert the entire equation (20) to
zero, it is enough to equate another expression in paren-
theses to zero: w-a'=0. The angular velocity of sliding of

0
-0.05
0 : Z__ 0.1
m
-0.15
-0.05 -0.2
-0.25
0.1
\ 0.3
os ! A -0.35
04
0.2 -0.45
a) 01 -005 0 005 01 D)

a material particle is equal to the angular velocity of rota-
tion of the helical surface. Since they are directed in oppo-
site directions, their sum is zero, that is, the particle in abso-
lute motion does not rotate, but falls down in a straight
line - the generating cylinder. Next, the study finds «' and z'
for three angles: smaller, larger, and equal angular friction gf
as with lifting the particle for R=0.1 m, »=15 s'and f=f,=0.3.

B<B;: B=-10°; 0'=8.8s1;, z'=-0.16 m/s;
B=p;: p=-Arctgf=-16.7% a'=15s";  z'=-0.45 m/s;
B>p;: p=-20% a'=204s'; z'=-0.74 m/s.

Figure 4 shows the relative and absolute trajectories
of the particle’s motion for these cases. Frontal projections
of trajectories are shown at different scales.

Z

ANAS

VIRV

-0.1 0

0.1

Figure 4. Trajectories of the particle’s downwards movement at R=0.1 m, ©=15 s, f=f,=0.3 during the time t=1s:
a) f=-10°; b) p=- Arctgf=-16.7%; c) p=-20°

By solving differential equation (20), the kine-
matic parameters of the motion of a material particle by
numerical methods is found. Figure 5 shows graphical

10

8 p=-100

p=-10°

t,s

a) 0 0.5 1 1.5 b)

dependencies a'=a'(t) and z'=z'(t), which show the motion of
the particle for 1.5 seconds. The angular velocity and veloc-
ity reach the values obtained earlier.

0.05 z,

m/s
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-0.05

0.1}
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0 0.5

Figure 5. Graphical dependences of changes in the velocities of movement of a material particle at R=0.1 m, ®=15 s
and f=f,=0.3: a) graphical dependency a'=a'(t); b) graphical dependency z'=z'(t)

The process of overloading the flow of loose material
would differ from the movement of a single particle, but it

can be assumed that the qualitative picture of overloading
the material will be the same.
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In[15], it is proved that a material particle can move at
different velocities when moving up in the conveyor. In addi-
tion, studies [16; 17] show that at the same angular velocity
of rotation of a helical surface, the velocity of movement of
a material particle up z', will depend on the size of the tilt
angle f3 of a helical line. In [18], it is proved that after stabilisa-
tion of the movement of a material particle, the speed of move-
ment of the material particle up and the angular sliding veloc-
ity o' material particles are constant values, and therefore, the
angular acceleration value «"=0 is zero. The value o' can be
determined with the specified parameters of the helical sur-
face, the angular velocity of its rotation, and the coefficients
of friction [19]. Having solved the equations of motion of
a material particle compiled in this paper by numerical meth-
ods, the resultscorresponding to the results given in are
obtained [20]. It was also established that there was a change
in the direction of movement of the material particle [21].

CONCLUSIONS

As a result of the conducted theoretical studies, a mathe-
matical model of the movement of a material particle by the
working surface of a helical body, which is a screw and the
surface of a limiting cylinder, is obtained.

As a result of solving differential equations by
numerical integration, it is established that a particle falling

on the surface of a vertical screw that moves around its axis
is thrown back to a coaxial stationary limiting cylinder under
the action of centrifugal force. Further movement of the par-
ticle occurs along the common line of these two surfaces —
a helical line — with simultaneous sliding on both surfaces.
The absolute movement of a material particle in the ver-
tical direction occurs both up and down and depends on the
angle p tilt of the helical line of the screw and its angular
rotation speed. The limiting value of the angle g of inclina-
tion of the helical line, at which the lifting of the particle is
impossible, and the value of the angle at which the value of
the particle velocity is the greatest, is determined.

It is established that a decrease in the coefficient
of friction of a particle on the helical surface leads to an
increase in the speed of its movement up, and a decrease in the
coefficient of friction of a material particle on the surface of
the limiting cylinder leads to its decrease.

When changing the direction of winding the helical
line, the particle can only be transported downwards at
a much higher speed.

The prospect of this study is to establish the reg-
ularities of the movement of the material flow along the
working surfaces of the helical body and the limiting cyl-
inder and determine the energy and power parameters of
transportation.
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Cepriit ®egoposuy ITnnunaka!, Mukosna bormanosuu KiteHziii?

HarrionanpHmit yHiBepcuTeT 6iopecypciB i mpupomoKopucTyBaHHS YRpaiHu
03041, Bysn. T'epoiB O6oponu, 15, M. Kuis, Yrpaina

’BimokpeMIeHMIt TiAPO3/Iia HAI[IOHATBHOTO YHiBepCUTETY 6iopecypciB i MPUPOIOKOPUCTYBAHHS YKpaiHu
«bepe>kxaHChbKUIi arpoTexXHiYHMUI iIHCTUTYT», YKpaiHa
47501, Byn. Akagemiuna, 20, M. Bepeskanu, TepHOTMiIbCbKa 06/1aCTh, YKpaiHa

TpaHcnopTyBaHHA YaCTUHKU MaTepiany po604uM opraHom
CinbcbKorocnopgapcbkoi MallMHU Y BUINSAi BePTUKANbHOIO LUHEKA,
obMeXkeHoro cniBBiCHUM HEPYXOMUM LUNIHAPOM

AHoOTaLif. 3aCcTOCYBaHHS B TBUHTOBMX KOHBEEPAX BEPTUKAIbHMX IITHEKIB JO3BOJISIE CYTTEBO PO3IIMPUTHU €KCIUTyaTAlliiHi
MOXIMBOCTI TAKMX 3aC06iB MexaHi3allii /151 BUKOHAHHS 3aBaHTaKyBaJbHO-PO3BAHTAXKYBaTbHMX TEXHOMOTIUHMX OTepalliii.
OnHakK iCHYIOUi KOHCTPYKIIil BepTUKAJIbHMX IIIHEKiB He B TIOBHili Mipi 3a/10BOJIbHSIIOTH €KCILTyaTalliliHi BumMmoru. OCHOBHUMU
iX HeZOTiKaMM € MiBUILeHi eHePTOBUTPATH, 0COOIMBO MPU iX 3HAYHMX TabapUTHUX PO3Mipax, sIKi 3a/1eKaTh BifL BIUTUBY
TepTsI TEXHOJIOTIUHOTO MaTepiamxy 1o MOBePXHIX KOHBeepa. TOMY B CTATTi PO3MISIHYTO PyX YaCTMHKM MaTepiany po6ounm
OPTaHOM CiTbCbKOTOCIIONAPCHKOI MALIMHY Y BUIISILI BePTUKaJIbHOTO IIHEeKa, 00MeXXeHOTO CIiBBiCHMM HepyXOMUM
LWIIHAPOM Ta BCTAHOBJIEHO 3aJI€XKHICTh UIBMIKOCTI TPAHCIIOPTYBAHHS YaCTUMHKM MaTepiany BiJ BILIMBY KoedirieHnTa
TepPTsI YaCTUHKU 110 MOBEPXHi LTHeKa Ta KoediljieHTa TepTsi YaCTMHKY 10 MOBEPXHi 06MesKyI0uoro nuiaiHgpa. MeToro
IOCITiKeHHSI Oy/I0 BU3HAUEHHSI ITapaMeTPiB PyXy YaCTUMHOK CiTbChKOTOCIIOAAPChKUX MaTepiasiB Mpu iX B3aemonii i3
TBMHTOBOIO [TOBEPXHEI0 POOOUOT0 OpraHa BepTUKaIbHOIO KOHBEEPA, BUTOTOBIEHOTO y BUMISIZ ITHEKA, SIKUit 06epTaeThCs
HaBKOJIO OCi, Ta IOBEPXHEIO CITiBBiCHOTO HEPYXOMOT'0O IMIiHAPUYHOTO KOXXKyXa. MaTeMaTnuHe MOZe/TI0BaHHS NPOLIECIB PyXY
YaCTMHOK I'PYHTY I10 I'BUHTOBII MOBEPXHi po60YOT0 OpraHy OnmMcaHo Ha 6a3i 3araJibHUX 3aKOHIB i MPUHIIUIIIB aHATI TUYHOT
Ta nudepeHIiabHOI MaTeMaTUKM, TEOPETUYHOI Ta aHAJIITUYHOI MeXaHiKu. B pe3y/bTaTi MpoBeeHOro JOCTiIKeHHS 6Y/10
ckazeHo audepeHLiaabHi PiBHSIHHS MepeMillleHHS YaCTUHKM CiTbChbKOTOCTIOAAPCHKOrO MaTepiasy Mo TBMHTOBI TOBepXHi
IIHeKa, SIKMii 06ePTAETHCSI HABKOJIO CBOET OCi y HepyXOMOMY IMIiHAPi. PIBHSHHS pO3B’13aHO 3a JOIIOMOTOI0 YMCeTbHUX
MeToZiB i MO6GYIOBaHO TPAEKTOPii BiTHOCHOTO PyXy YaCTMHKM T10 TBUHTOBI JIiHii — Kpajilli IIHeKa, sKa € CIiIbHO IS
TOBepXHi ITHeKa i 06MeXyoUuoro IyIiHAPa. TaKOK BpaxOBaHO CHJIM TePTSI YaCTUMHKM MaTepiaay Mo MOBEePXHSIX IIHeKa
i Kokyxa. 3HaliIeHo TpaHMUHe 3HAaUeHHS KyTa IMifgiioMy 'BMHTOBOI JIiHii, KOJM MiA/i0M YaCTUHKM CTA€ HEMOKIUBUM
TIpM 3aJjaHiil KyTOBiil MIBMAKOCTI 06epTaHHSs IIHeKa. BUsIBIeHO BIUIMB KYTiB TepTs i pagiyca 06MesKyrouoro UIiHApa Ha
MIBUAKICTD MifiioMy yacTuHkK. HaBeneHo rpadiku KiHeMaTUMYHMX XapaKTepUCTUK Y GYHKIIIT yacy. MaTepianan cTaTTi MOXKYTb
6yTM BUKOPUCTAaHI HAYKOBISIMM /IS TTONATBIINX JOCTiIKEHD Ta TPAKTUKAMM Y BUOOPi KOHBEEPIB AJIsI TPAHCIIOPTYBAHHS
CiIbCHKOTOCIIOAAPCHKMX MaTepiasiB

Knio4oBi cnoBa: KoHBeep, TBUHTOBA [TOBEPXHSI, KyTOBA i JIiHilfHa IIBUIKOCT, 06MEKYIOUMit KOXKYX, AudepeHiianbHi
PiBHSIHHS PyXY, KiHEMaTUYHi TapaMeTpu
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Investigation of the Lateral Ventilation System in a Poultry House Using CFD

Abstract. Maintaining a normalised microclimate in a poultry house is one of the main factors. It is the quality indicators
of air parameters that ultimately determine the quality of product output. Keeping poultry requires considerable efforts
and technological solutions. In this regard, the purpose of the study is to improve the microclimate system in the poultry
house by installing ventilation equipment on the side wall. A powerful tool for predicting the air flow pattern in a poultry
house is Computational Fluid Dynamics (CFD) modelling using ANSYS Fluent. This is an alternative to experimental
research. CFD modelling results have shown that the valves operate most efficiently at 330 mm from the ceiling. The
pressure drop of the supply valves is 45.85 Pa. The air velocity at the inlet of the supply valves is 9.17 m/s. The air velocity
at a height of 0.7 m from the floor level varies within 0.57 m/s, the temperature — 9.91°C
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INTRODUCTION

Evaluating the performance of new ventilation systems can
be a difficult task, as it is time-consuming and rather expen-
sive [1]. As an alternative to field measurements, Computa-
tional Fluid Dynamics (CFD) modelling is a powerful tool for
predicting air flow patterns, particle and gas concentrations,
and the thermal environment in livestock premises [2-4]. It
was also used to evaluate the effectiveness of existing ven-
tilation systems and new structures [5; 6].

In the study [7], three k-¢ turbulence models were
evaluated: standard k-¢, renormalisation group (RNG) k-¢,
and realistic k-¢ for estimating the internal environment
of poultry based on temperature and air velocity measure-
ments. The purpose of the study was to determine which
turbulence model best reproduces experimental results
using CFDs. Choosing a suitable turbulence model is impor-
tant because it can significantly affect the results. In this
study, the RNG k-3 model was best consistent with air veloc-
ity and temperature measurements, and therefore, its use
and typical parameters were recommended for modelling
the internal environment of poultry houses.

In [8], the design of air intake devices for this typical
broiler room in a cold region under the condition of trans-
verse ventilation was optimised based on two influencing
factors: the length of the flow direction device and the air

Suggested Citation:

flow direction. Optimised air supply devices have helped
improve air flow in the broiler room, thereby changing envi-
ronmental factors such as internal temperature distribution,
wind speed distribution, and carbon dioxide distribution.
The ideal flow direction device should be approximately 1 m
or 2 m long but no more.

The purpose of [9] is to create a 3D model using CFD
that can reproduce real operating conditions inside the
poultry housing. The improvement consists in integrat-
ing the main explicit and latent heat sources in accordance
with the procedure described in [10], which was previously
applied to a 2D CFD model. To investigate the typical cooling
and heating processes observed in the poultry house, they
were identified and considered for modelling. The results
of the model were first tested on the basis of experimental
data to evaluate the effectiveness of the model for predict-
ing temperature and humidity gradients. The simulated field
velocity was then used to calculate the ventilation intensity.

To maximise the benefits of weather conditions,
the authors [11] analyse the influence of natural ventila-
tion on the dynamics of the internal climate of the poultry
house, with an emphasis on the role of external climatic
parameters, in addition to wind direction. According to
experimental data, seven periods with a stable wind direc-
tion of at least 4 hours were identified with a predominant
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north-easterly wind direction. Three of these periods were
selected as typical examples and used to test a three-di-
mensional CFD model for integrating the main elements,
internal climate: animal heat generation and water vapour,
radiation heat transfer, and ventilation. The predictions of
the three-dimensional CFD model were then analysed using
the concept of air residence time to estimate the ventilation
rate and to investigate explicit and latent heat exchange.

In the study [12], the authors developed a 3D CFD model
for modelling air velocity, air temperature, humidity, and
heat stress in a commercial laying hen house. The model
was successfully confirmed by field measurements during the
warm, transitional, and cold periods of the year. Heat stress
was detected in 69.1%, 78.0%, and 18.4% of kindergartens in
summer, autumn, and winter according to the temperature
and humidity indicator at the incoming air temperature of
26.0°C, 15.0°C, and 2.5°C with ventilation intensity of 85.8,
15.5,and 11.7 air exchange per hour, respectively. As a con-
tinuation of the study [13], the authors developed a new ven-
tilation system, an upward airflow displacement (UAD) ven-
tilation system, which allows fresh air to enter the poultry
house through air ducts located at the bottom of the cages,
move upwards due to thermal buoyancy caused by chickens
and the static pressure difference caused by exhaust fans,
and eventually exit the housing through fans installed on
the roof. The results showed that the UAD system resulted
in a 46-129% increase in the efficiency of air exchange in
cages and provided a more uniform thermal environment
with 9.4% less heat stress in summer and 68% less cold stress
in winter compared to the conventional system.

The paper [14] presents the results of a study of
intelligent control systems for biotechnological objects on
the example of a greenhouse. A measurement system has
been developed to effectively study solar radiation and pre-
dict possible information violations. Neural networks were
used as a mathematical tool for predicting temperature
time series. Subsequently, in [15; 16], a software and hard-
ware subsystem of phytomonitoring was created in a mod-
ern greenhouse building, which is provided using LabVIEW
software and Arduino equipment, which is tested directly

in production. To conduct experiments, the authors of [17]
developed a mobile robot for monitoring the state of the
atmosphere and phyto status in protected ground objects
to form control strategies that maximise production prof-
its. As the final stage, the authors [18] developed an ener-
gy-efficient control system for the electrical engineering
complex of an industrial greenhouse. Evaluation of the
quality of plant products based on the use of Harington
desirability function. This allows determining the param-
eters of the microclimate (plant temperature, tempera-
ture, and humidity), maximising the profit of products. All
these methods that were used to create, analyse, and pre-
dict the microclimate in greenhouses can be used to a large
extent for poultry houses.

The authors [19; 20] conducted a study of modular
poultry maintenance. The design of a module for raising
poultry with an infrared heater has been developed. The
proposed design is energy efficient and is recommended
for installation in poultry houses. The microclimate in
the module is analysed. The air temperature near the bird
in the module reaches 18.6°C, and the average speed does
not exceed 0.75 m/s.

This paper is a continuation of scientific and prac-
tical research on improving the aerodynamic characteris-
tics of the air environment in poultry housing [21]. Thus,
the purpose of the study is to improve the microclimate sys-
tem in the air environment of the poultry house by install-
ing exhaust fans on the side wall in a total of 8 units. The
scientific component is the investigation of hydrodynam-
ics and heat exchange processes in the air environment of
the poultry house with the improvement of the location of
exhaust ventilation equipment.

MATERIALS AND METHODS
According to the purpose of the study, the authors modify the
location of exhaust fans. The bottom line is as follows: in the
conventional design of the poultry housing (Figs. 1, 2) exhaust
fans are mounted not on the rear end wall of the poultry house,
but on the side (Fig. 3.). 4 units for each wall, a total of 8 units.
Current indicators in the poultry house can be seen in Table 1.

Table 1. Current indicators in the poultry house premises
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Figure 4 shows the 3D geometry of a poultry house
for CFD modelling made in 100% scale, but only half of
the poultry house. The boundary condition “symmetry”
is set in the centre of the poultry house. The remaining

boundary conditions are shown in Figure 4a. These meas-
ures were carried out due to insufficient power of com-
puter equipment. Figure 4b clearly shows concrete frame
(stick).
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L.

Figure 4. 3D poultry house geometry: a — with indication of boundary conditions; b — with selection of concrete frame

Figure 5a shows the constructed mesh in the air envi-
ronment of the poultry house from the side. The openings of
exhaust fans and supply valves are presented in a close-up form
(Fig. 5b). In the openings of exhaust fans and supply valves,

the mesh is reduced relative to the rest of the wall area. In
addition near the floor where the bird was located, mesh grind-
ing was performed for a more accurate calculation of hydro-
dynamics, and heat and mass transfer by numerical method.

Figure 5. Mesh in the air environment of the poultry house: a - remotely, b - close

Table 2 shows the parameters for building a mesh in
the air environment of a poultry house. Using the ANSYS
Meshing software, a 3D calculation mesh is constructed
using the 3D element method. The CutCell mesh construc-
tion method was applied. The number of elements reaches
4.3 million. The Orthogonal Quality mesh indicator is 0.22.

The minimum size of the exhaust fan element on the side wall
of the poultry house is 0.01 m. It is smaller than the size of the
supply valve element by 0.03. This decision was made due to
the fact that the authors of this study are more interested in
the behaviour of air in exhaust fans. Air behaviour in supply
valves has already been investigated [21].

Table 2. Parameters for building a mesh for a poultry room

Configuration options _____ dicatr S |

Mesh quality indicator (orthogonal quality) 0.22 -
Number of elements 4,291,613 units
Number of nodes 4,849,379 units

Method CutCell -

Maximum face size 0.16 m

Minimum face size 0.04 m

Minimum size of the supply valve element 0.04 m

Minimum size of the exhaust fan element 0.01 m

Calculations were made at an air flow rate of
21.5 kg/s. The outside air temperature is assumed to be
+2°C and the parameters of thermal radiation are entered.
The walls are made of concrete and insulated with foam
35 kg/m3 thickness, respectively: 60/100/60 mm. Insulated
roof “Izovat” Y=30 kg/m3, 100 mm. For more information,
see Figure 2. The floor is insulated with expanded polysty-
rene 45 kg/m® with a thickness of 100 mm and a width of
2 m from the wall around the perimeter, the rest of the area
is 50 mm. In poultry premises, poultry is a source of heat

when kept on the floor and the temperature is +41°C. The
heating system is not provided. For air removal, Munters
EM50 1.5 Hp exhaust fans are used in the amount of 4 units.
Wilotpowietrza 3000-VFG supply valves with a total num-
ber of 79 units. Spoilers are mounted above the valves at an
angle of inclination from the vertical of 75°C. The remain-
ing design parameters of the poultry house can be obtained
from Figure 1-3.

The CFD model was performed using the Navi-
er-Stokes equations for convective flows [22-24]. The
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calculations use the Spalart-Allmaras turbulence model [25;
26] and the Discrete Ordinates radiation model [9; 27].

RESULTS AND DISCUSSION

This section presents the results of the numerical modelling
of a poultry house in 3D using ANSYS Fluent. This allows
assessing the hydrodynamic air flows in the poultry house.
To perform numerical modelling, a 3D grid is previously con-
structed using the 3D element method in ANSYS Meshing.

Figure 6-14 show the results of numerical modelling
of the poultry house in three sections along the length of
the room - 16.23 m, 50.78 m, and 85.25 m. The first section
is the middle of the 6™ supply valve. The second is the 27
exhaust fan (between the 17" and 18 supply valves). The third
section is located in the middle of the 29% supply valve. There
are 40 supply valves along the length of the poultry house.

Temperature
Contour

Temperature
Contour 1

Temperature
Contour 1

c [C

——
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Figure 6 and 12 show the temperature field in differ-
ent parts of the poultry house. At a constant air flow rate
of 77,402 m3/h and the inlet air temperature of +2°C. The
upper layers of air near the ceiling and near the side wall
are slightly higher in temperature. This is accompanied by
the radiation of the sun and ranges from +22 to +24°C. Since
the bird is a source of heat, and in combination with radi-
ation, the air in the room is partially heated. In the cen-
tre of the room, the temperature reaches +16°C along the
entire height. Cool air with a temperature of +2°C is directed
to the centre of the room and washes the bird. In the area
where the supply air is actively mixed with the air that is
in the poultry house, the air temperature does not exceed
+9.85°C (Fig. 6a, 6b). Figure 6b shows how the exhaust fan
draws some of the heat from the bird. Which is unacceptable.
The average air temperature on exhaust fans is +8.5349°C.

L.

Figure 6. Mesh in the air environment of the poultry house: a — remotely, b — close

Figure 7 shows the pressure field in the poultry
house. At the inlet on the supply valves, the pressure is
45.846271 Pa (Fig. 7a, 7b). On the exhaust fans, a certain
vacuum is observed — -8.4171922 Pa (Fig. 7b). At certain
points, the maximum pressure reaches 54.505 Pa.

Figure 8-9 show the hydrodynamics of air flow in the
poultry house. As mentioned above, the air flow is directed
upwards by supply valves. However, due to the low pressure
and speed at the inlet, the air after passing a third of the
room falls down. Only valves that are located at a height
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of 330 mm from the ceiling (Fig. 8a, 8b, Fig. 9a, 9b) pass
smoothly near the ceiling surface. Air is partially retained
due to the concrete protrusions of the ceiling (Fig. 2a). After
that, it is sent to the centre of the room. But it reaches a third
of the room. The average air velocity at the inlet of the sup-
ply valves is 9.166368 m/s. At certain points in the poultry
house, the maximum speed can reach up to 9.871124 m/s. In
the very centre, two vortices are formed along the length of
the poultry house by 16.23 m (Fig. 9a). Due to disturbances
near the exhaust fans, along the length of the poultry house
by 50.78 m (Fig. 9b), stagnant zones occur near the ceiling.
A vortex forms at a distance of 4.15 m from the side wall.
This is conditioned by the low speed at the fan outlet. On
the exhaust fan section, the average speed is 3.4614946 m/s
(Fig. 8b, 9b). At a distance of 85.25 m from the front end wall
of the poultry house (Fig. 8b, 9b) several vortices are formed.
The air that is pumped through the supply valves at a height
of 810 mm from the ceiling does not reach the centre of the
room. They do not give a sufficient effect this can be caused
by a disturbance that occurs due to large volumes of the
room. It is also caused by low air velocity, low pressure on
these supply valves, and protrusions in the concrete floor.
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Figure 7. Pressure losses (Pa) in the poultry house at
a distance from the front end wall at:
a-16.23m;b-50.78 m;c-85.25m
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Figure 8. Velocity field (m/s) in the poultry house at
a distance from the front end wall at:
a-16.23m;b-50.78 m;c-85.25m
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Figure 9. Current lines (m/s) in the poultry house at
a distance from the front end wall at:
a-16.23m;b-50.78 m;c—-85.25m
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Figure 10 shows the field of velocities and temper-
atures along the room plane at a height of 0.7 m from the
floor level. These results are the most interesting, which
would help assess the hydrodynamics and heat exchange

Velocity
Contour 1

Temperature
Contour 1
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of air above the bird. The average air velocity is 0.57 m/s,
the temperature is 9.91°C. Only at some points the speed is
slightly higher than 2 m/s. The main array of birds will not
experience any discomfort.

Figure 10. Velocity field, m/s (a), and temperature field,
oC (b) in the poultry house at a height of 0.7 m from the floor level

Due to disturbances and stagnant zones in the cen-
tre of the poultry house, the air velocity reaches about
0.32156 m/s. It was indicated above that the
temperature reaches +16°C over the entire altitude. In
the study [28-29], exhaust fans are located on the upper
line of the rear end wall. This arrangement accompanies
the creation of a tunnel effect in the centre of the poultry
house. In this regard, in the future, the authors suggest
installing two exhaust fans on the rear end wall in
addition to the existing ones. This would increase the
air velocity in the centre of the poultry house.
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Figure 11-14 show current lines and visualisation of
the volume flow rate in the range from 0 to 2 m/s for a poul-
try house in 3D. The results show that the valves located
at 810 mm from the ceiling do not work effectively. Valves
located at 210 mm are slightly better. The first valves that are
located to the right and left of the exhaust fans practically do
not work. All air that enters through them immediately enters
the exhaust fan. The authors suggest that these 8 valves
should be closed and not used. Thus, there will not be such
a large disturbance in certain areas of the poultry house. And
also the speed of the remaining valves will rise to 0.1-0.2 m/s.

Figure 11. Visualisation of the volumetric temperature flow rate of the poultry house air environment, oC

Machinery & Energetics. Vol. 13, No. 3




Investigation of the lateral ventilation system...

Velocity
Volume Rend

2.00

0.50

0.00
[m s?-1]

Figure 12. Visualisation of the volume air flow rate of the poultry house in the range from 0 to 2 m/s

Velocity

Figure 13. Visualisation of the volumetric air flow rate of the poultry house
in the convergence of the first exhaust fan in the range from 0 to 2 m/s

Figure 14. 3D current lines (m/s) in the poultry house

Detailed information on the average indicators of = numerical modelling is presented in Table 3.
the air environment in the poultry house as a result of

Table 3. Average indicators of the air environment in the poultry house

Parameter ‘ Dimension ‘ Supply valves (inlet) ‘ Exhaust fans (outlet)
Inlet air consumption for half of the poultry house kg/s 21.5 21.5
Inlet air consumption for half of the poultry house m3/h 77,402 77,402
Inlet air consumption for a full poultry house m3/h 154,804 154,804
Air pressure Pa 45.846271 -8.4171922
Air temperature °C 2.0757952 8.5349084
Air velocity m/s 9.166368 3.4614946
Air density kg/m® 1.2816432 1.2532063
Coefficient of thermal conductivity of air W/m-K 0.024559 0.025
Kinematic air viscosity kg/m-s 1.68137-10°° 1.71239-10°
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With practical experience, raising poultry in con-
ventional poultry houses is divided into 16 uniform zones
in terms of output and meat quality. Along the perimeter
of the area near the side walls of the poultry house, the
quality of meat is much worse. In the centre of the poul-
try house, the output of product quality is much better.
From the results of CFD modelling, it can be seen that due
to lower speeds over the bird, and more uniform temper-
atures, the product quality, compared to the conventional
location of exhaust fans, will be higher. However, the pre-
sented results have both positive and negative effects on
the bird in general. The authors evaluated all the pros and
cons of the proposed ventilation system and will continue
to work on the elimination of shortcomings.

CONCLUSIONS

CFD modelling of heat and mass transfer in the poul-
try house premises was performed. For CFD modelling,
a mesh was built by the method of volumetric elements of
the air environment of the poultry house in 3D. The Cut-
Cell method is used to build a mesh in the ANSYS Meshing
pre-processor. The maximum mesh face size is 0.16 m. The
number of elements is about 4.3 million. The mesh quality
index Orthogonal Quality is 0.22.

V. Trokhaniak

The results of numerical modelling have shown that
the most efficient valves are those located at a height of
330 mm from the ceiling. The pressure drop of the supply
valves is 45.85 Pa. The air velocity at the inlet of the supply
valves is 9.17 m/s. The air velocity at a height of 0.7 m from
the floor level varies within 0.57 m/s, the temperature — 9.91°C.
The angle of inclination of the valve relative to the wall is 75°.
Opening of the valve by 4 mm. However, with the proposed
location of exhaust fans on the side wall of the poultry house,
the ventilation system does not work efficiently enough. The
authors recommend not using two supply valves (total 8 units)
located to the right and left of the exhaust fans. This would
increase the speed of the remaining valves to 0.1-0.2 m/s. In
addition, two additional fans on the rear end wall of the house
along the top line should be included. This would create a tun-
nel effect in the centre of the poultry house. And this is accom-
panied by an increase in air speed. At the same time, it reduces
disturbances in the air environment of the poultry house.
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BikTop IBaHOBMY TpoxaHSIK

HarmionanpHmMii yHiBepcuTeT 6iopecypciB i mpupomoKkopmcTyBaHHS YRpainm
03041, Byn. I'epoiB O6oponu, 15, m. Kuis, Ykpaina

docnip)xeHHs 60KOBOi cMcTeMu BeHTUnNauii
B NTawWHUKY 3a aonomoroto CFD

AHoTauiq. [linTprMaHHS HOPMOBAHOTO MiKPOK/IIMATY y IITaXiBHUUOMY MTPUMIIlI€HH] 11e OfUH i3 0oCHOBHUX (hakTOpiB. Came
BiZI IKiCHMX IMOKa3HMKIB ITapaMeTpiB MOBITPs B KiHI]EBOMY pe3y/IbTaTi 3a/1eXXUTh IKiCTb BUXOAY NpoayKuii. [TTuig npu ii
yTPUMaHHI BUMara€ 3HaUHUX 3yCUJIb i TEXHOMOTIYHUX pillleHb. B 3B’13Ky 3 I[MM MeTOI0 TOCTiIKeHHSI € BILOCKOHATEeHHS
CUCTeMU MiKPOK/IIMATY y ITAUTHMKY IIUISIXOM BCTAHOBJIEHHST BeHTWISLIIITHOTO 06/1afHAHHS Ha 60KOBIi cTiHIIi. IIoTy)KHUM
iHCTpyMEeHTOM IIPOTHO3YBaHHSI CXeMM TIOBITPSTHOTO IMOTOKY B MITAIIHMUKY € MOZETIOBAaHHSI 00UMCIIOBATbHOI TiIpoaHAMiKK
(Computational Fluid Dynamics (CFD)) 3a goromoroio ANSYS Fluent. Ile € sIK aibTepHaTHBa €KCIIEPMMEHTATbHUM
nocnimkeHHsM. Pesynbratit CFD MozenoBaHHS IIOKa3aln, K MPaKTUIHY I[iHHICTb B TOMY, 10 Haii edeKTMBHillle KIarnaHu
MPaIOI0Th SIKi po3TalIoBaHi Ha BUCOTi 330 MM. BiJi mepekpuTTs. [lepenas TMCKY y IPUIIMBHUX KJlallaHiB CTAHOBUTH
45,85 Tla. IlIBMAKicTh OBITPST HA BXOZi MPUITMBHUX KiamnaHiB 9,17 m/c. llIBuaKicTh moBiTpst Ha BucoTi 0,7 M. Bif piBHS
ITiIJIOTY KOJIMBAETHCS B Mexkax 0,57 m/c, Temmnepatypa — 9,91 °C

KniouoBi cnoBa: o6unciioBaibHa riipoanHamika, MikpoKk/IimMaT, aepoauHaMiKa, ITaxiBHMUe MPUMIleHHs, TPUTLIMBHI
K/1araHa
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Estimation of Eddy Currents and Power Losses in the Rotor
of a Screw Electrothermomechanical Converter for Additive Manufacturing

Abstract. Screw conveyors are widely used in the movement of various loose and lump materials related to agricultural
production, such as: seed granular materials, cereals, bran, chaff, turf, flakes, mixed feed, mineral fertiliser pellets,
etc. However, the conventional flexible screw conveyor operating mechanisms do not fully meet the operational
requirements for these types of conveyors. Screw operating mechanisms are characterised by the complexity of the design
and manufacturing technology, high material consumption, which causes increased energy consumption, damage to the
transported material and the inner surface of flexible sleeves. Therefore, the task of developing new designs of flexible
sectional screw operating mechanisms with advanced technological capabilities is urgent. To increase the reliability of the
flexible screw conveyor, it was proposed to make its operating mechanism from separate screw sections that are pivotally
connected to each other. Therefore, the purpose of this study is to determine the rational parameters and operating modes
of the developed operating mechanism, which would ensure stable transportation of loose and lump materials on various
technological routes. The study was conducted using the methods of differential and integral calculus, the theory
of mathematical and computer modelling, mathematical planning of the experiment. This paper shows the results of
theoretical and experimental studies of the process of transporting loose or lump material in the inactive zone between
the pivotally connected screw sections of a flexible screw conveyor. The results of comparison of the obtained results
of theoretical and experimental studies are shown. This allows choosing rational design, kinematic and technological
parameters of the developed sectional screw operating mechanism when moving loose or lump agricultural materials
along curved routes, both in horizontal and inclined directions, and along curved routes

Keywords: hinged screw sections, inactive zone between sections, material flight length, straight and curved routes,
material departure angle
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INTRODUCTION

Pneumatic conveyors that can transport various

Screw conveyors are widely used for moving a variety of
loose and lump materials, mainly related to agricultural
production, such as: seed granular materials, cereals, bran,
chaff, turf, flakes, mixed feed, mineral fertiliser pellets, etc.
The results of establishing the contact interaction of loose
and lump materials with the working surfaces of screw con-
veyors are described in [1-3].

The study of the mechanical and technological
properties of agricultural materials is given in [4]. As a rule,
rigid screw operating mechanisms are used to transport
bulk and lump materials, which can be placed at different
angles. Flexible screw conveyors are also commonly used,
the study of the parameters and operating modes of which
is presented in [5-7].

Suggested Citation:

loads along curved routes are quite widely used. The main
disadvantage of these types of conveyors is the significant
energy consumption and price, which limits their use. Such
types of conveyors and screw feeders for feeding loose mate-
rials are investigated in [8-10].

Combining technological operations, such as trans-
portation and mixing of feed mixtures, is possible with
the use of puck conveyors, which can operate on different
routes, but only stationary ones. The results of studies of
such conveyors are given in [11; 12].

However, existing screw flexible augers cannot
fully meet the operational requirements that are put for-
ward for these types of conveyors. The use of shaftless flex-
ible spirals causes rapid destruction during the operation
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of the conveyor on curved tracks, due to the presence of alter-
nating cyclic loads. The production of a screw in the form of
a solid or sectional shaft, on which individual elements of
screw blades are placed, causes a significant complication
in the design of the screw, an increase in its material con-
sumption, and this, in turn, leads to an increase in energy
consumption and damage to moving materials.

Thus, the task of developing new designs and sub-
stantiating the parameters of screw flexible operating mech-
anisms of conveyors, the use of which would allow increasing
the functional and operational indicators of the process of
transporting loose and lump agricultural materials is relevant.

The purpose of this study is to improve the functional
and operational characteristics of screw conveyors by develop-
ing and substantiating the parameters of flexible screw operat-
ing mechanisms, which are made on the basis of pivotally con-
nected sections, for transporting loose agricultural materials.

The results of theoretical and experimental develop-
ments, which are described in this paper, are a continuation
of previous studies [13-15] and are aimed at improving the
efficiency of the process of operation of flexible screw con-
veyors, the operating mechanisms of which are made based
on pivotally connected sections.

The paper presents the results of theoretical and
experimental studies of the operating mechanism of a flexible
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screw conveyor made of separate sections that are pivotally
connected to each other.

MATERIALS AND METHODS

In order to increase the reliability of the flexible screw con-
veyor, it was proposed to make its operating mechanism
from separate screw sections that are pivotally connected
to each other. The placement of the blades of adjacent sec-
tions is shown in Fig. 1a. In this case, screw blades 1 and 2
are placed in the axial direction with a gap & (inactive zone).
The hinge mechanism 3 connects screw sections to each
other. It is made on the principle of a gimbal with separated
axes placed mutually perpendicular. The edges of adjacent
screw blades are offset by an angle a in the circular direc-
tion. The difference between the design of such a screw is
that during the convergence of loose or lump material from
the edge of the screw blade 1 to a distance § it (particles
of material) must fly by in a certain amount of time ¢,. More-
over, the edge of the screw blade 2 is at least (the angle of
departure of the material should also be considered) for the
time t, it should turn a corner o, for the purpose of capturing
the transported material.

Figure 1b provides a general view of the sections of
the screw that is placed on the curved section and its indi-
vidual sections.

Figure 1. Design and calculation scheme of screw sections that are pivotally connected to each other: a — diagram of
two sections; b — general view of the sections of the screw sectional mechanism, which is placed on the curved section
and the view of individual elements of the sections; ¢ — diagram for determining the forces acting on the elementary
volume of loose material, which continuously moves in the casing

The study considers the movement of loose cargo
along a fixed casing using the helical sector of the screw spi-
ral. Its elementary volume is selected, which is simultane-
ously in contact with the fixed casing and the rotating section
of the screw spiral. On the side of the casing, it is affected by
a reaction directed perpendicular to the working surface and
the friction force. The reaction from the chute side is equal
to the vector sum of the forces that arise from the weight of
the selected elementary volume and the centripetal force.

The elementary volume is also affected by the reac-
tion from the surface of the screw blade, which is directed
perpendicular at the point of contact to the surface of the

operating mechanism, and the friction force also acts,
respectively. Fig. 1b shows the forces acting on the elementary
volume of loose material moving in the casing.

The equation of motion of a separate elementary
volume of loose material that is not related to the flow has
the form of a system of two differential equations

m(d’z/dt*)=N,cosé-F siné-F,sinfi-mg sinfs; @)
mR(d*)/dt*)=N,sin&-F cosé-F,cosp-mg sinkcosp,  (2)

where m — mass of the material particle; R — casing radius;
N, - reaction that occurs in the screw to the material;
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F, - friction force from the action of force N,; N, — force gen-
erated in the screw from the material; F, - friction force
from the reaction N,; & — the angle of lifting of the screw
helical line; ¢ — the angle of inclination of the axis of the
screw section to the horizon; - the angle of direction
of movement of the material particle relative to the casing;
A — the angular position of the material particle in its rota-
tional motion; z - longitudinal coordinate of the material
particle along the casing axis.
Reaction N, is defined from the condition

N, =mg coskcosp+mR-(d)/dt). 3)
The friction forces are determined accordingly

F1=f1N1 F2=f2N2, 4
where f, - coefficient of friction of the material on the surface
of the screw blade; f, - coefficient of friction of the material
on the surface of the casing.

Considering the directions of movement of the mate-
rial particle and the geometry of the helical blade, when it
rotates at an angular velocity o, the following geometric
dependencies can be set:

tgh=2/RJ. tgé=z/R(0-7). (5)

Considering the movement of the selected material
element in the flow, then the last term can be excluded from
equation (2), since its weight force is compensated by the
support of the loose material located below. The rest of the
effort works as before. Then equation (2) will take the form

mR(d*/dt*)=N sin&+F, cos&-F,cosp. ©6)

To solve the system of equations (1)-(5), transforma-
tions are used to reduce the unknown force from the equal-
ities N, and output the parameters in terms of the angle
value A. Preliminary, this system will take the form:

mz=N,(cos&-f,sin&)-f,(mg coshcosp+mRA?)sinp-mg sing; (7)
mR‘)L:N1 (sin&-f,cos&)-f,(mg coshcosg+mRAZ)cosp-

-mg sinkcos¢ )

Therefore, the differential equation of motion for the
variable A will have the form:

A+LA+B cos A-B sin -C=0. )

In this equation, the coefficients are determined by
the following dependencies:

A=f,[cos(B+E)-fsin(B+E)];
B=(f,g/R)[cos(B+&)-f,sin(B+&)]cospcost;
B.=(g/R)"[cos&-f,sin&)cospcost;

C=(g/R)-(sin&+f,cos&)cos¢cost. (10)

In the case of flow movement, when applying equa-
tion (6), the coefficient of B =0.

When there is a movement of the material flow, it
is necessary that the centripetal force is greater than the
weight force. Otherwise, particles of loose or lump material
will not be able to stay in continuous mode, which signifi-
cantly distorts the picture of flow transportation. This can
be achieved if A > \/g/R.

An important moment of particle movement occurs
when the flow particles separate from the spiral fin and their
free flight inside the casing until they stop or until they
come into contact with the screw blade of the next section.

The free movement of load particles along the sur-
face of the casing during the occurrence of separation from
the edge of the screw spiral is recorded using two second-or-
der differential equations

m(d’z/dt*)=-F,sinp-mg sing; 11
mR(d*\/dt*)=-F,cosp-mg sinkcosg. (12)

After the conversion,
mz=-f,(mg coshcosg+mRi?)sinB--mg sing; (13)
mR).=-f,(mg coshcosg+mRi*)cosB-mg sinkcosp.  (14)

The third stage of movement can be the free flight
of flow particles when separated from the surface of the
casing if the calculated value of the pressure force on the
chute is N,<0. Then the equations of motion of particles
can be described by a system of three independent differ-
ential equations of motion along three mutually perpendic-
ular axes x,y and z:

X=-gcos¢ =0 =-g sing. (15)
The movement of the body in free fall will be com-
pleted if there is contact with the casing, that is, an uneven-
ness is performed x?+y*>R2. The relationship of velocities in
Cartesian and cylindrical coordinate systems when material
particles are separated from the screw blade is written as
%=RJsinA  y=-Ricosh. (16)
When a material particle falls on the surface of the
casing, the angular velocity of rotation is written as the sum
of projections of velocity vectors on the tangent to the circle
at the point of contact
J=(isink-ycos\)/R. a7
Equation (9) is a second-order nonlinear differential
equation. Its analytical solution is impossible. In this case,
the numerical method of integrating these equations is
used - that is, the Runge-Kutta method.
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Consider the flow movement of loose material at dif-
ferent points of its cross-section. The characteristic points
of the cross-section of the flow are shown in Fig. 1b.

It is assumed that the friction forces between mate-
rial particles (grains, corn, or other loose material) signifi-
cantly exceed the friction forces on the surface of the screw
and casing. This assumption makes allows considering
the motion of particles as a whole with the same angular
velocity. The actual movement of the material differs from
the ideal one, so points 1 and 2, which are located at the
edge of the loose material flow section, are slightly behind
points 3, 4, and 5, which are located near the screw blade.

A significant lag will be observed only in the case
of transportation of a material that has a low coefficient
of friction between individual particles (grains). However,
for the transport of grain material, the mutual mixing of
individual particles is insignificant, the particles almost
stick together and move in a continuous stream, especially
at high speeds. This statement was experimentally con-
firmed in [2; 16; 17].

The speed of movement of point 1, which is located
at the edge of the flow section, is maximum due to the max-
imum distance from the centre of the casing. The linear
velocity of point 5 will also be similar. The velocity of points
2 and 4 decreases in proportion to the radius along which
they move. The lowest speed is typical for point 3, which is
located closest to the centre of rotation.

The presence of different linear velocities for indi-
vidual points of cross-section of the material flow leads to
different trajectories of their flight when separated from the
screw blade. Linear particle separation rate

V=RA, (18)
where R, - rotation radius of i-" particle.

Speed v, is directed tangentially to a circle of the
corresponding radius and is directed along the vector
that makes up the angle p, with a circle in the XOY plane. It
follows from (5) that:

tgB=2/(R}). (19)

Moreover, as a longitudinal (axial) z, and angular
velocity A all elements of the cross-section are assumed to
be the same. Analysis of equation (19) shows that particles
at smaller radii have a larger departure angle B, and, accord-
ingly, have a lower component of the circular velocity in the
plane perpendicular to the axis Z.

In order to determine the maximum possible flight
distance of particles from different cross-section points,
the free movement of each of the particles is considered
along a circle of the corresponding radius. It is assumed
that individual particles interact with each other during
free motion, that is, there are friction forces between them,
and the movement of each of them occurs along a circle
of the previous radius. This assumption is substantiated by
the fact that the lower particles cannot rise up due to the
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presence of upper particles there. There is practically no lag
or advance of the lower particles relative to the upper ones
due to significant friction forces between them. Therefore,
at short distances, the motion of particles can be considered
as the motion of a connected mass.

The smaller the particle’s rotation radius R, the
lower the centripetal acceleration:

a,=Rj2. (20)

If the angular velocity decreases due to braking, the
centripetal acceleration will be less than the acceleration
of gravity g and the particles begin to fall freely to the lower
surface of the casing. The decline begins with the lower layers,
gradually spreading to the upper layers.

The maximum flight length is considered to be this
distance along the Z axis when the particle moves over the
surface of the casing before it comes into contact with it.
Such a study should be carried out for an arbitrary moment
of separation of the particle from the edge (0<A<27m) and
from them, determine the shortest flight length. In this
case, it is necessary to calculate the angular displacement
of the particle in the direction of the angle % to determine
the coordinates of the point that the particle will reach at
the maximum flight length. Knowing the corresponding
final coordinate, it is possible to calculate the axial dis-
tance between the ends of adjacent screw blades & and the
required angular displacement o between them.

The motion of each particle is determined from equa-
tions (13) and (14), in which it is necessary to put the cor-
responding radii R, angles B, and coefficients of friction f.

When solving systems of differential equations (9),
(13), (14), and (15), it is necessary that the final conditions in
the previous step automatically become initial for the next one.

To analyse the motion of a particle in the flow and in
the breakaway zone, a programme was created in the Delphi
software environment using the Runge-Kutta method and
the ability to graphically display the results.

The method of conducting experimental studies is
as follows: the reloading pipe was adopted as the basis, the
description of the structure and principle of operation of
which is given in [18-20]. Grain with admixtures of plas-
tic material granules of different colours was chosen as the
loose material. Directly under the discharge pipe was a tray
on which the material was unloaded and the range of flight
of the loose material was set by means of filming, fixing the
trajectory of multi-coloured pellets. The angle of departure
of the material was fixed at the values of A2=90°, 180°, 270°.
According to theoretical studies at an angle 2=270° length
L of the flight of the material is minimal, and therefore, to
ensure continuous movement of the material between adja-
cent screw sections, it is necessary to consider the most unfa-
vourable option. Speed of rotation of the operating mech-
anism n and the angle of its inclination to the horizon ¢,
according to the results of theoretical studies, is chosen at
the following values: n=450, 600, 750 rpm; ¢=10°, 20°, 30°.
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RESULTS AND DISCUSSION
The results of the calculations performed allowed construct-
ing graphical dependencies (Fig. 2) of free flight lengths L
of material particles from the rotation speed value n of screw

operating mechanism L=f(n), (Fig. 2a) and the angle of incli-
nation ¢ of the axis of the screw section to the horizon L=f(¢p),
(Fig. 2b) for different angular positions of the material parti-
cle at the moment of its separation from the screw blade A.

L,m . I )
—oN° , m —0()°
P =90 % =90
0.2 — ‘A
% 70N
0.17 7/ 0.13 | 4=180" | A=270 1
0.14 f 0.11 \k
180° 7=270" &
0.11 0.09 N»
0.08 0.07 / b
L J=180°  1=270°
a 0.05 £A=270 /=180 . b 005 |
450 500 550 600 650 700 n,—-— 10 15 20 25 ¢, deg

’ min

Figure 2. Graphical dependences of the free flight range of a material particle L on the speed of rotation of the screw
operating mechanism n(a) and the angle of inclination ¢ of the axis of the screw section to the horizon (b) for different angular
positions X of the particle at the moment of separation from the screw blade to contact with the lower surface of the casing

When performing calculations and determining the
effect of one of the parameters on the value L, others were
taken as constants and the values of their parameters were:
£=22.5°;£=20°; R= 52 mm; n=600 rpm.

From the analysis of graphical dependencies L=f(n) it
is established that the maximum value L corresponds to the
angle of separation of the material particle from the helical
fin 2=90°, (A=0° corresponds to the lower horizontal point
of the casing) and will be L=0.226 m for n=750 rpm (Fig. 2a).
Minimum value L will be L=0.191 m for A=270°.

At n=450 rpm, the values of L for different values A
are within L=0.055...0.073 M, and at n=600 rpm, the minimum
range of change of L=0.118 0 0.124 m for different values of A
is observed.

From the analysis of graphical dependencies L=f{¢)
it is established that the maximum value L corresponds to
the minimum angle ¢=10° and will be L=0.144..0.148 m
(Fig. 2b) at different values of A. With increasing angle ¢
value L decreases, and at ¢=30° is L=0.055...0.085 m.

As the lifting angle & increases, the range of values L
also increases for different angular positions of A at the moment
of separation of the material particle from the screw blade.

A multi-factor experiment was also conducted. The
factor field had the following range of parameter changes:
450<n<750 rpm; 0<A<270° deg; 10°<p<30°.

Based on the statistical processing, the regression
equation to determine the change in L has the form

L=-0.06384+0.304-10"*-n+0.1783-10-¢-0.1853-
104)-2+0.715-107-n%-0.377-105-n-¢-0.86-10"-n-2-
-0.455-10*¢%+0.194-10°-¢-1-0.48-107-72. (21)
When determining the influence of two factors on
the value L, the third one is assumed to be unchanged with
its average value. The average values of the factors are as
follows: n=600 rpm; A<270°; 10°<p<30°.
Response surfaces range of grain material particles
L are shown in Figure 3.

Figure 3. Response surfaces of the material's flight range L: a — L=f(¢; n); b — L=f(A; ¢); ¢ — L=f(}; ¢)
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Based on the analysis of the regression equation
and response surfaces, it is established that the maximum
effect on the value of L has a speed of rotation of the oper-
ating mechanism n. Thus, for the average values of A and
¢ growth n from 450 to 750 rpm causes an increase in the
value L by 0.092 m. The next most intense effect on the
value L is an angle of inclination of the axis of the screw
section to the horizon ¢. Its increase from 10° to 30° at the
average values of A and n causes a decrease in the value L
by 0.028 m. Minimal impact on the value L has an angle A,
the growth of which is from 90° to 270° at the average val-
ues of ¢ and n leads to a decrease in the value L by 0.009 m.

The obtained data must be considered when design-
ing such a sectional screw operating mechanism. Based on
the most unfavourable option in this range of parameter
changes, the distance between the ends of adjacent screw
blades & the distance should not exceed 0.04 m.

In addition, experimental studies on determining
the capacity for the process of transporting grain mate-
rial have shown that for n=600 rpm with clearance 6=14 mm,
the power is about N=1.2 kW; at =28 mm — N=1.7 kW; at
8=42 mm - N=3.2 kW. Therefore, it is rational to choose
the gap value 6 within 0.01...0.03 mm.

Comparison of the obtained results in theoretical
and experimental studies, showed that for n=600 rpm; ¢=20°
and different values A the difference between the obtained
data is 3.7%...14.8%.

Therefore, the conducted theoretical studies can be
applied to a wider range of changes in the design and kine-
matic parameters of the operating mechanism with a hinged
connection of sections.

From the analysis of theoretical studies for the operat-
ing mechanisms of flexible screw conveyors [3; 6; 9], it can be
concluded that the authors overwhelmingly deduced analytical
dependencies to establish the functional, operational and
design parameters of flexible screw operating mechanisms.
At the same time, the issues of substantiating the parame-
ters of screws that ensure their high functional and opera-
tional parameters with the minimum permissible weight of
the operating mechanism are not resolved. This would sig-
nificantly reduce energy costs for the movement process and
the degree of damage to loose and lump agricultural material.

The results of experimental studies presented in this
paper relate to screw spirals without the use of a flexible
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shaft. However, as practical studies have shown, during
the transportation of material along a curved route (espe-
cially at small radii of curvature), due to the occurrence of
cyclic alternating deformations, screw spirals are quickly
destroyed, which sharply limits the use of such operat-
ing mechanisms due to non-compliance with operational
requirements. In order to increase the reliability of the tech-
nological process, when developing and investigating oper-
ating mechanisms, it is necessary to use: a sectional method
for manufacturing operating mechanisms (to eliminate
alternating cyclic loads); increase the contact area between
the torque transmission units, which would reduce internal
stresses and forces in friction pairs by increasing the torque
transmission arm.

CONCLUSIONS

The paper presents the results of theoretical and exper-
imental studies of the operating mechanism of a flexible
screw conveyor made of separate sections that are pivotally
connected to each other.

Based on the derived equations of motion of
loose material between separate adjacent helical sections,
the dependences of the flight range of material particles
L are established from the speed of rotation of the screw
operating mechanism n, the angle of its inclination to the
horizon ¢, and the various angular positions of the particle
A, which moves in the material flow at the moment of its
separation from the screw blade.

Based on the proposed method, experimental stud-
ies were conducted, according to the results of which it can
be concluded that for the factor field of parameter changes:
450<n<750 rpm; 0°<A<270°; 10°<p<30° value L varies in the
range from 0.042 to 0.188 mm.

Given the sharp increase in power costs for the mate-
rial transportation process for §>0.032, clearance value &
should be taken in the range of 0.01...0.03 mm.

Based on comparisons of the obtained results of the-
oretical and experimental studies at n=600 rpm; ¢=20°, and
different values of A, their discrepancy is 3.7%...14.8%.

Based on a complex of theoretical and experimen-
tal studies, a competitive sectional screw operating mech-
anism has been created, which allows improving the func-
tional and operational characteristics of screw conveyors for
transporting loose and lump agricultural materials.
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OnexkcaHgpa MukonaiBHa TpoxaHsIK

HauionansHuit yHiBepcuTeT 6iopecypcis i mpupomoKkopucTyBaHHs YKpainu
03041, Byn. l'epoiB O6opoun, 15, M. Kuis, Ykpaina

DocnipxeHHs npouecy nepeMilleHHS CUNKoro MmaTtepiany
3a A0NOMOrol0 F'HY4YKOIro rBMHTOBOIro KOHBe€Epa

AHoOTaUiq. [BMHTOBI KOHBEEPU 3HAMIUIM MIMPOKE BUKOPUCTAHHS ITif yac mepeminieHHs pisSHOMaHITHUX CUIIKUX
Ta KyCKOBUX MarepiajiB, sIKi HaJIeXXaTh 10 CiIbChKOTOCIOAAapPChKOTO BUPOOHMIITBA, HATIPUKIIA[ TaKi SIK: HACiHHEBI
rpaHy/bOBaHi MaTepianu, 3epHOBI, BUCiBKH, [T0JIOBA, NEPTh, IJIACTiBIli, KOMOIKOpMU, TPAaHY/IM MiHepaJbHUX JOOPUB Ta iH.
Ane, 3araJbHOBIIOMI THYUKi 'BMHTOBI pob0Ui OpraHy TpaHCIIOPTePiB He B TOBHilt Mipi BiMOBigaIOTh eKCILTyaTalliitHUM
BMMOTaM, ITI0 BUCYBAIOThCSI 10 JaHUX BUIiB KOHBeePiB. [IIHEKOBMM po6OUYMM OpraHam xXapakTepHa CKJIaIHiCTh KOHCTPYKILii
i TeXHOJIOTis iX BUTOTOBJIEHHSI, BMCOKA MAaTePiaJOMiCTKiCTh, 1[0 BUK/IMKAE MiJBUILEHI €HeproBUTPATH, TTOIIKOIKEHHS
TPaHCIIOPTOBAHOTO MaTepiany Ta BHyTPillIHbOI TOBEPXHi THYUKMX PyKaBiB. TOMY, aKTyaJbHUM € 3aBIaHHS PO3POOIEHHS
HOBMX KOHCTPYKIIiif THYUYKMX CEKIiiHMX 'BUHTOBMX POOOUMX OPTraHiB i3 pO3MIMPeHMMM TEXHOIOTIYHMMY MOKIMBOCTSIMMA.
JInst migBUIEHHS HaLiiiHOCTi QYHKLiOHYBaHHS TBUHTOBOTO THYYKOTO TPaHCIIOpTepa 6y/10 3alpOIIOHOBAHO #10ro pobounit
OpraH BUKOHYBATHU i3 OKpeMUX I'BMHTOBUX CEKIIii, 10 MIApHipHO 3’€JHaHi Mik c06010. OTKe, MeTOI0 LIMX SOCTiIKeHb
SIBJISIETHCS BUBHAUEHHST PAIliOHAIbHUX [TapaMeTpiB Ta PeXXUMiB PO6OTH PO3P0O6IEeHOr0 PO6OUOr0o OpraHy, Iio JO3BOIUTH
3a6e3meunTy cTabiJibHe TPAHCIIOPTYBAHHS CUITKMX Ta KYCKOBMX MaTepiasliB Ha pi3HUX TEXHOJMOTIUHMX Tpacax. JoCTimKeHHs
MIPOBEJIEHO i3 BUKOPUCTAHHSIM METO/iB AM(epeHIiaibHOrO Ta iHTerpaJbHOTO YMCIEeHHS, Teopii MaTeMaTUUHOTO Ta
KOMIT I0TePHOTO MOJIe/IIOBAHHS. METOY MaTeMaTUYHOr0 IUIaHyBaHHS eKCIiepuMeHTy. Y IaHiii cTaTTi okasaHi pe3yabTaTu
TEOPEeTUYHUX Ta eKCIIEPMMEHTAIbHUX AOCIiIKeHb IPOLlecy TPaHCIOPTYBAaHHS CUIIKOTO UM KYCKOBOTO MaTepiany
Y HEeaKTMBHIi# 30Hi MiX IIapHipHO 3’€JHAHMMM TBUHTOBMMM CEKIIiSIMM I'HYYKOT'O TBMHTOBOI'O KOHBeepa. [TokazaHo
pe3yJIbTaTy MOPiBHSIHHS OTPUMAaHMX PE3Y/IbTATiB TEOPETUUHMX Ta eKCIIePUMEHTAIbHIX HOCTiIKeHb. e mae 3Mory Bubpatu
palioHa/JbHi KOHCTPYKTUBHI, KiHEMaTMYHi Ta TEXHOJIOTiIUHI IMapaMeTpu PO3poBIEHOT0 CeKI[ifiHOrO TBMHTOBOTO pO60Y0ro
Oprasy ITiJi yac rnepemiiieHHs CUITKMUX UM KYCKOBUX CiJIbChKOTOCIIOAPChKUX MaTepiasiB o KPMUBOJIiHIHMX Tpacax, sIK B
TOPM30HTAIBHOMY Ta ITOXMJIOMY HalpsIMKax, Tak i Mo KPUBOIiHIIHMUX Tpacax

Knio4oBi cnoBa: mapHipHO 3’€qHaHi IBMHTOBI CeKIIii, HEaKTMBHA 30HA MiK CEKIIisIMM, TOBKMHA ITOJILOTY Marepiaiy,
MpsIMi Ta KPUBOJIiHIVHI Tpacu, KyT BUWJIbOTY MaTepiary
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