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I. KORZHOV, K. MYGUSHCHENKO

DEVELOPMENT OF A VIRTUAL DEVICE FOR CONTROLLING THE CONDITION OF INDUSTRIAL
UNITS NODES USING LABVIEW TOOLS

This article is devoted to the research, construction, configuration and implementation of a virtual device for monitoring the condition of nodes of
complex industrial units. Modern units used in heavy engineering require no less modern means of management, control and diagnostics of damage to
such units and their components. The development of the structure of control tools is based on multi-level or multi-stage procedures of transformations
of incoming measuring signals from aggregates. As the structure of the control device, a structure with a two-stage implementation of the spectral
transformation of measurement signals — with a primary static transformation and a secondary static transformation — was chosen. The basis of the
primary static transformation is the spectral transformation procedure based on the wavelet transformation. The basis of the secondary static
transformation is the procedure of linear discrimination with the indication of the decisive rule. The article demonstrates and implements approaches to
building a virtual device in terms of creating a block diagram, developing software, organizing the front panel of the device, setting up and carrying
out simulation modeling for blocks of primary and secondary static transformations. The research uses the LabView platform. To prepare incoming
measurement signals from nodes of industrial units, in the first block, the procedures of graduation, calibration and normalization of the target function
are carried out. To receive input measuring signals from units of industrial nodes, the COM port of the computer is used which, according to the
developed program, polls the COM port and inputs measuring signals to the primary static transformation procedure. The article describes a complete
virtual control device that is formed and tested, which structurally contains all the blocks for achieving the control result and indicating the control
result on the graphic interpretation of the computer.

Keywords: virtual device, LabView, computer components, block diagram, spectral transformation, static transformation, sensor of measuring
signals, industrial unit.

1. M. KOP)XOB, K. P. MUT' YIIIEHKO

PO3POBKA BIPTYAJIBHOI'O MNPUCTPOIO KOHTPOJIIO CTAHY
AT'PEI'ATIB 3ACOBAMMU LABVIEW

BY3JIIB INTPOMUCJIOBUX

JlaHa craTTs OpHCBSYEHA JOCIHIDKEHHIO, MOOYIOBi, HANAIITYBaHHIO 1 peami3auil BipTyaJbHOrO HPHCTPOI0 KOHTPOJIIO CTaHy BY3JIB CKJIAJHHUX
npoMHCIOoBHX arperaTiB. CydacHi arperard, IO BHKOPUCTOBYIOThCS y BaXKOMY MamIMHOOYAyBaHHI, MOTPeOyIOTh HE MEHII CyYacHHX 3aco0iB
YIpPaBIiHHSA, KOHTPONIO Ta JIarHOCTUKH YIIKO/DKEHb TAaKUX arperatiB Ta ix By3iiB. PO3BHTOK CTPYKTypH 3aco0iB KOHTPOJIIO CIIHPAEThCS Ha
GaraTopiBHEBI 4u OaraToeTamHi HPOLEAypU NEPEeTBOPEHb BXiJHUX BHMIpPIOBAIBHUX CHIHAJIB 3 arperati. B sIKOCTI CTPyKTYpH HPHCTPOIO KOHTPOIIIO
o0paHa CTPYKTypa 3 [BOXCTAIlHOI pEAli3alli€l0 CIEKTPAIBHOTO MHEPETBOPECHHS BHMIPIOBAIBHUX CHIHATIB — 3 IEPBHHHHM CTaTHCTHYHHAM
HIEPETBOPEHHSAM 1 BTOPUHHHM CTaTUCTHYHHM HepeTBOpeHHSIM. OCHOBOIO NEPBHHHOTO CTaTHCTHYHOIO NEPETBOPEHHS € IPOLEAypa CIIEKTPAILHOIO
[EepPEeTBOPEHH: Ha 0a3i BeilBJIeT NepeTBOPEHHS. B 0CHOBY BTOPHHHOI'O CTATHCTHYHOIO [IEPETBOPEHHS MOKJIA/ICHA POLICAYPa JIHIHHOI TUCKpUMIHALIT 3
iH/IMKALi€I0 BHUPIIIYBAJILHOTO NpaBWiia. B CTaTTi MpoaeMOHCTPOBaHI 1 peai3oBaHi MiAXOAM OO MOOYAOBH BIpTYyalbHOTO HPHUCTPOI B pO3pizax
CTBOPEHHS OJIOK-CXEMH, PO3pOOKH MPOrpaMHOro 3abe3eueHH s, OpraHi3allii JTMIbOBOI aHell MPHCTPOIO, 31ilICHEHHs HAIAIITYBaHHS Ta IPOBEICHHS
iMiTallifiHOrO MO/EIMIOBAaHHS JUIsl OJIOKIB MEPBMHHOIO i BTOPMHHOTO CTAaTHCTHMYHMX MEPETBOPEHb. B IOCII/DKEHHSX BHKOPUCTOBYEThCS ILIatdopma
LabView. Jis miAroTOBKH BXiIHUX BHUMIPIOBAIGHHX CHUTHANIB 3 BY3IiB MPOMHUCIOBHUX arperatiB, y MepIIoMy OJIOLi, 3iHCHIOIOTHCS MPOIETypH
rpaJIyroBaHHs, KadiOpyBaHHs Ta HOPMYBaHHS IiNb0BOI GyHKII. /{71 OTpHMaHHS BXiIHAX BHMIPIOBAIBHUX CHI'HAJIB 3 BY3JIiB IIPOMHUCIIOBUX arperaTis
BHKOpHUCTOBYeThest mopTr COM Komm'totepa, SIKMif, 32 po3po0ieHor0 nporpamoro, 3aiiicHioe omutyBaHHS COM nopTy i BBEJCHHS BHMIipIOBAIbHHUX
CHUTHATIB Ha TPOLEIYpy NEPBHHHOTO CTATHCTHMYHOTO MEpeTBOpeHHs. B crarti chopmoBanuii i anpoOOBaHWI IITICHUI BipTyalbHUN MPUCTpil
KOHTPOJIIO, SIKHI CTPYKTYpHO MICTUTh BCi OJIOKM JUISL JOCATHEHHsI pe3yJbTaTy KOHTPONIO Ta iHAWKAIIl pe3yibTaTy KOHTPOJNIO Ha rpadiuHiit
iHTepnpeTarii KoMI'oTepa.

Kuwuosi cioBa: Bipryansuuii mpuctpiif, LabView, xomm'toTepHi KOMIOHEHTH, OJOK-CXeMa, CIIEKTpajbHE MEPETBOPEHHS, CTATUCTHYHE
MIEPETBOPEHH, IaTYNK BUMIPIOBAILHUX CUTHAIIIB, IIPOMUCIIOBHUH arperar.

Selecting research area. Modern and promising
industrial units require no less of modern means of
management, control and diagnostics of damage caused to
such units. The development of the structure for such tools
currently involves two stages of transformation [1, 2]:

- primary static transformation, when the target
function is formed from the input measurement signals of
the unit;

- secondary static transformation, when logical
decisions regarding the condition of the unit are formed
from the obtained target function.

A typical structure of the aggregate control system is
presented in [3]. Similar structures are widespread in
modern control systems of industrial units.

The autocoherence function is used as the target
function in [3] for the primary static transformation. The
control scheme for the nodes condition of the industrial
unit functions as follows: the input measurement signal,

which reflects the physical properties of the control object,
passes through time discretization and is divided into two
identical signals, one of which enters the spectral
transformation unit unchanged, and the other signal
initially passes the differentiation procedure, after which it
also enters a similar block of spectral transformation. The
spectral transformation in the specified blocks is
performed according to [4] and with subsequent quadratic
transformation. That is, the squares of the wavelet spectra
are obtained in accordance with [5] at the output of the
specified blocks.

The resulting squares of the spectra undergo a
number of transformations, as a result of which sequences
are formed that are identical to the spectral characteristics
of the input measurement signals. The indicated sequences
enter the input of the unit forming the autocoherence
target function [6], at the output of which frequency-time
indicators of autocoherence, time-frequency indicators of
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autocoherence and the total indicator of autocoherence are
formed.

Grading, calibration and normalization of the
autocoherence function takes place in the target function
formation block [7].

For the secondary static transformation, the input
values are the obtained output indicators of the primary
static transformation — autocoherence indicators [6]. On
the basis of the specified input values, the secondary static
transformation forms a diagnostic decision regarding the
condition of the control object [8].

A discriminant function is used to form a diagnostic
solution in the secondary statistic transformation. In [9],
the most used discriminant functions that provide
diagnostic solutions are given. In the system considered in
[3], a linear discriminant function was chosen for use as a
discriminant function for monitoring the technical
conditions of nodes in the industrial unit.

Research aims and objectives. The aim of the
research presented in the article is to build a virtual device
for controlling nodes of industrial units using a graphical
environment.

To achieve this aim, the following tasks were set and
solved:

-to determine the computer environment and
components for the development of algorithmic and
software of a virtual device for monitoring the status of
industrial units nodes;

- to develop computer components of algorithmic
and software procedures of primary static transformation;

-to develop computer components of algorithmic
and software procedures of secondary static
transformation;

- to develop software tools for a virtual device for
monitoring the status of industrial units nodes;

- to develop a virtual control device for indicating
the current condition of nodes of industrial facilities.

Formulating  computer  components  and
algorithmic and software procedures of primary static
transformation. To implement the primary static

nee
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m

transformation, which simplified scheme is shown in [3],
a virtual device was created in the LabView graphical
programming environment. The block diagram of the
device is shown in Fig. 1, and the front panel in Fig. 2.

To ensure debugging of the device, testing was carried out
in the "Highlight execution" step-by-step execution mode,
which is shown in Fig. 3.

The block diagram of the virtual device of the
primary static transformation, which is shown in Fig. 1,
works as follows. The input measurement signal is divided
into two identical signals, one of which is sent to the
Continuous Wavelet Transform spectral transformation
unit [10]. Another signal after differentiation on the
Derivative block is also sent to a similar Continuous
Wavelet Transform spectral transformation block. Taking
into account that the wavelet transformation is chosen as
the spectral transformation in [3], the quantitative
indicators of the scale and shift and the type of the mother
wavelet are set for the Continuous Wavelet Transform
blocks. This is done using the Numeric "scale” and Enum
"wavelet" control elements, respectively. The coefficients
obtained at the outputs of the Continuous Wavelet
Transform blocks are squared using Square elements [11].
The received spectrum squares are transformed into one-
dimensional sequences identical to these spectra using the
Transpose 2D Array Function elements (“flips" a two-
dimensional array — swaps rows and columns, i.e. swaps
shift and scale) and specially created Srednee.vi
(calculates average values by rows of a two-dimensional
array). The block diagram of the Srednee.vi block is
shown in Fig. 4.

Indicators of the target function (autocoherence) of
the signals are calculated using the Array Size Function
blocks (determines the size of a one-dimensional array),
Insert Into Array Function (combines two one-
dimensional arrays into one one-dimensional array), For
Loop structures (a loop for forming a service array of
categories), elements of 1D ANOVA VI (implements
variance decomposition). At the output, we get frequency-
time, time-frequency and total autocoherence indicators.

Fig. 1. Block diagram of the virtual device of the primary static transformation
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Fig. 2. The front panel of the virtual device of the primary static transformation
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Fig. 3. The process of testing and debugging the virtual device of the primary static transformation

Fig. 4. Block diagram Srednee.vi

Display of the calculated indicators of the target function
(autocoherence) is done using Numeric Indicator
elements; visualization of spectral coefficients takes place
in the ActiveX container that holds the 3D graph control
with conversion of 3D Surface VI data types.
Implementing  algorithmic  and  software
procedures of secondary static transformation. The
method for evaluating the geometric distance of the
nominal value features of the spectral coefficients and the
value of the spectral coefficients of the studied sample
was chosen to perform the procedures of secondary static

transformation implementing linear discrimination. To
implement the secondary static transformation, a virtual
device was created, the block diagram of which is shown
in Fig. 5. The process of testing and debugging in the
"Highlight execution" step-by-step execution mode is
shown in Fig. 6.

For the block diagram of the virtual device of the
secondary static transformation (Fig.5), the input
parameters are the minimum and maximum value of the
training sample, and the step of the training sample
volume. These values are set by the corresponding
Numeric controls. The selection of the model is embedded
in the Vertical Toggle Switch control element. This model
characterizes the gradual growth of the geometric distance
between the diagnosed conditions as the size of the feature
space increases. To calculate the target probability
function based on the given input parameters, three
Formula Node structures with the corresponding formulas
are used (int N =(Nmax — Nmin)/Nstep +1 is used to
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calculate the number of repetitions of the main cycle
body, N = nmax/nstep is used to calculate the number of
repetitions of the body nested loop, int x=k+1; int
y = N*Nstep + Nmin; if(B==1) S=S+ a/pow(k +1,2);
else S=S+alk+1); z=pow(S,2)/(2*sqrt(pow(S,2) +
+2*(k + 1)/y)) used to calculate the geometric distance
between the diagnosed conditions and the argument of the
probability integral), two For Loops, the Error Function
VI element (calculation of the integral of the probability).

ActiveX container that holds the 3D graph control
with conversion of 3D Surface VI data types is used for
graphical display of the obtained calculations, and Array
element [10, 11] is used for numerical display.

For a more convenient visual analysis of the obtained
results, the function of automatic search and display of the

H max

maximum value of the target function on the surface
depicted in 3D Surface VI is carried out. The specified
function is implemented using Array Max & Min
Function elements (search for the maximum value in a
two-dimensional matrix), Index Array Function (getting
the coordinates of the maximum value found in a two-
dimensional matrix), methods and functions of the 3D
Surface VI object — "Cursors", "RemoveAll", "Add",
"Plots", "Item”, "Row", "Columm", "SnapMode", "Name",
"Plot", "NameVisible". The following functions [11] were
used for the calculations: POWER(), ERF(), INDEX(),
MATCH(), MAX(), and conditional formatting was also
applied for convenient visual analysis of the obtained
results — automatic selection of maximum values for given
values in green parameters (see Fig. 7).
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Fig. 6. The process of testing and debugging a secondary static transformation virtual device
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A more complex example of using the OpenOffice
Calc table processor is the program for constructing
histograms of the laws for distribution of random
component spectral coefficients, which is shown in Fig. 8.
The specified program uses a more complex set of
functions, namely [11]: MIN(, MAX(), IF(),
FREQUENCY() — array formula, SUM(), OFFSET().
Dynamic named ranges are also applied, which allows you
to change the input parameters, including the dimension,
which automatically affects the graphical representation of
the distribution laws of the random component spectral
coefficients on the graph.

Developing a virtual control device on the
LabView platform. The implementation of primary and
secondary static transformations requires transferring real
physical signals from sensors installed on nodes of
industrial units to the computer. Reception and processing
of electrical signals is carried out through the COM port
[12] (regardless of the actual connection — wired or

wireless using Bluetooth technology [13].

A virtual device was created in the LabView
graphical programming environment to receive and
process the input measurement signals by a computer. Its
block diagram is shown in Fig. 9.

To connect the software to the COM port, the VISA
Configure Serial Port VI block is used, with the following
communication settings and appropriate control elements:
Enable Termination Char, termination char, timeout,
VISA resource name, baud rate, data bits, parity, stop bits,
flow control. The output parameter of the VISA Configure
Serial Port VI block is VISA resource name out, which is
fed to the input of the VISA Flush 1/O block. The Buffer
Function in the scheme is necessary to clear the buffer of
the COM port from possible residual information. From
the output of the VISA Flush 1/0 Buffer Function block,
the VISA resource name out parameter signal enters the
continuous cycle of the While Loop structure (the end of
the cycle is manual).

T Tofim sies « Dopemiiline ol ar Tal
Y S SR — .
*rY
= = g
B
K
BAiTasd Bl Tikid -
1
Fig. 7. Using OpenOffice Calc to determine the target function
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Fig. 8. Using of OpenOffice Calc for construction of histograms of distribution laws
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Fig. 9. Block diagram of a virtual device for receiving input measurement signals

In the body of the continuous cycle of the While
Loop structure, the VISA resource name out parameter
enters the input of the VISA Read Function block, which
reads the information received from the sensors installed
on the nodes of the industrial unit into the buffer of the
COM port in the form of a String variable. The String To
Byte Array Function block is used to convert the received
information into a numeric variable type, from the output
of which the received information in the form of an array
consisting of two bytes is sent to the Index Array Function
block, which separates and outputs the value of each of
the received bytes separately.

To obtain the measured value of electrical signals,
the received bytes are sent to the Formula Node structure,
where the calculation formula is implemented
u =5/1023*(al*256 + a2).

At the output of the Formula Node structure, the
measured value of the signals from the sensors is received.
At the end of reading (manual interruption of the
continuous cycle of the While Loop structure), the COM
port is closed using the VISA Close Function element.

As a result of using a virtual device (see Fig. 9) to
receive input measurement signals, further processing of
these signals is possible using the previously discussed
primary and secondary static transformation devices. The
front panel of such a device is implemented with LabView
tools according to Fig. 10.

.
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Fig. 10. The front panel of the virtual device for receiving
incoming measurement signals

To set up a virtual device for receiving input
measurement signals, a control and transmission control
device parameters block was created. The image of this
block is shown in Fig. 11.
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@ Jin @ dw E s e
data bits (5]
cH a2 CHIO g 10 %
CD ;J) 1000 @ EP 1000 flow contral (0:none)
e —
(G Treeq 3 EEIEY Freeq 11 Lo Z]
b it | Enable Termination
CH Fieeq s CHIZ Ewql2 jtnp bits (10: 1 bty Char (T)
timeaut (10sec)
et o3 CEL g 13 Hhoooo |
@ I @ I —
_— ;UXA ="n'=LF)
CHS Feeq 6 Freeq 14 ER
@ = @ i
24 Freeq 7 CHE Fweq 15 stop
@ Jow | @ o
n/OFF
LB Fread L g 16 CD
C:) r) 1000 C 7-'), ,) 10

Fig. 11. Block for control and transmission of control device
parameters

Fig. 11 shows the following settings and parameters:
device status (on-off), measurement channel status (on-
off), measurement frequency of corresponding channels
(on-off). The data is converted into a String variable using
the Build Array Function, Boolean Array To Number
Function, Number To Decimal String Function, and
Concatenate Strings Function elements. The VISA Write
Function block implements the recording of received
settings and parameters through the COM port in the
device for monitoring and diagnosing the condition of
industrial facilities [11].

At the end of the setting (manual interruption of the
continuous cycle of the While Loop structure), the COM
port is closed using the VISA Close Function element.

The programs and principles used and described in
the research are implemented in practice [14]. During
implementation, a virtual device for monitoring the
condition of industrial units nodes was created, the front
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panel of which is shown in Fig. 12.

The virtual control device has the following control
elements:

- COM port settings — Enable Termination Char,
termination char, timeout, VISA resource name, baud rate,
data bits, parity, stop bits, flow control;

- setting of measurement channels — Push Button
(channel status — on-off), Numeric control (measurement
frequency);

- the condition of the device for monitoring the
nodes condition in industrial units — Push Button (channel
condition — on-off);

- stopping the operation of the virtual device -
Button Stop;

-number of scales and type of mother wavelet
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Numeric "scale" and Enum "wavelet", respectively;

- selection of the spectrum display of ComboBox
channels [11].

The virtual control device has the following display
elements:

- Waveform Chart with the function of data
accumulation, allowing observing changes in the
measured value of the nodes condition in industrial units;

- Gauge indicator of instantaneous values;

- ActiveX container that holds the 3D graph control
is necessary for visualization of spectral coefficients;

- Array — displays the covariance matrix;

- Round Led indication of the control result;

- String Indicator indication of the control result in
text form [11].

e o

e <

L9900

Fig. 12. A virtual device for monitoring the nodes condition in industrial units

Conclusions. The following results were obtained as
a result of the research, construction, configuration and
implementation:

- the structure of algorithmic support of control
devices in the form of primary and secondary static
transformation is formed,;

- the spectral transformation of signals by means of
LabView using the standard Wavelet Analysis VIs library
and the WA Continuous Wavelet Transform element is
implemented and investigated;

- computer components and algorithmic and software
procedures of the primary static transformation are
formed;

- algorithmic and software procedures of secondary
static transformation are implemented;

- software for monitoring the condition of industrial
units nodes on the LabView platform is developed.
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M. CHERKASHENKO

SYNTHESIS OF MINIMAL SCHEMES OF SYSTEMS CONTROL OF HYDRAULIC AND PNEUMATIC
DRIVES

The existing schemes of command apparatus are presented. Their analysis is carried out and the shortcomings are indicated. The scheme of a
fundamentally new command apparatus is given, which can significantly reduce the number of its elements. The synthesis of the pneumatic control
system of the foundry machine was carried out on the basis of the design approach proposed by M. Cherkashenko, which as a result led to a reduction
in the devices by 3.5 times. A graph of operations of the pneumatic control system of the molding machine is constructed. A matrix of
correspondences is obtained, which determines the correspondence between the signals that cause transitions and the complete input sets acting in the
transitions. Analysis of the matrix of correspondences made it possible to identify and eliminate contradictory transitions. On the basis of the
elongations, a system of equations describing the scheme of the control system is synthesized. Further, minimization is performed due to factorization
and decomposition of equations, and obtaining equations in their final form. A diagram is presented pneumatic control system of the molding machine,
consisting of a command apparatus containing three cells, five cylinders, two vibrators, six limit switches, a time relay and other devices. The circuit
simultaneously uses the functional and logical capabilities of limit switches, the possibility of implementing the functions of three variables by
distributors. Thus, the use of the proposed command apparatus, in contrast to the existing schemes of command apparatus, can significantly reduce the
number of distributors in the synthesis of the command apparatus itself and significantly reduce the number of elements when using the chosen
approach to the design of circuits of pneumohydraulic control systems.
Keywords: mathematical model, graph of operations, minimal scheme, equations, matrix of correspondences, command apparatus.

M. B. YEPKAIIIEHKO
CHUHTE3 MIHIMAJIBHUX CXEM CUCTEM YIIPABJIIHHSA I'TIPO- I HEBMOIIPUBOAIB

Ilpencrasneni icHyioui cxemMH KoMaHpmoamapary. IIpoBomuThes iX aHami3 1 BKa3yloThess Hemomiku. HaBemeHO cxeMy MPHHIIMIIOBO HOBOTO
KOMaH[0arapary, KU JJ03BOJISE 3HAYHO CKOPOTHTH KUIBKICTh HOTro elleMeHTiB. CHHTe3 ITHEBMATHYHOI CUCTEMH YIPABIIIHHS JIHBAPHHM BEPCTaTOM
3[IHCHIOBABCS HAa OCHOBI KOHCTPYKTHBHOTO ITiXOJy, 3alpOIOHOBaHOr0 M. UepKalleHKo, 0 B Pe3yJabTaTi HPU3BENO 0 CKOPOYCHHS MPUCTPOIB B
3,5 pasu. IloOynoBano rpad) omepamiif MHeBMAaTHYHOI CHCTeMHU yIpaBliHHs (GopMyBanbHOI MamuHu. CHHTE30BaHAa MaTpPHUI BiANOBiTHOCTEH, ska
BU3HAYAE€ BIINOBIIHICTE MIXK CHTHAJaMH, IO BHKJIMKAIOTh HEPEXOAH, I IIOBHUMH BXiJIHHMH MHOKHHAMH, IO JIIOTh B IIepexoniax. AHali3 MaTpHIi
BiZINIOBIJHOCTEW JJO3BOJIMB BHABUTH 1 YCYHYTH CynepewinBi nepexoau. Ha 0CHOBI IOOBKEHb CHHTE3YEThCS CUCTEMA PIBHSHB, 1[0 OMUCYIOTh CXEMY
cucTteMu ynpasiiHHA. Jlajmi BHKOHYeThCS MiHiMi3awisi 3a paXyHOK (hakTopusauii i po3KJIaJaHHS piBHSHB, i1 OTPUMAaHHS PIBHAHb B IX KIHIIEBOMY
Bunini. IIpencraBiena cxemMa MHEBMAaTHYHOI CHCTEMH YIPAaBIiHHSA (JOPMyBaJIbHOI MallWHHM, IO CKJIAJAETHCS 3 KOMaHJOANapaTy, 0 MIiCTUTh TPU
OcepesikM, M'ATh LWIIHAPIB, JBa BiOpaTopH, INICTh KIiHIEBUX BHMHUKAuiB, peie 4Yacy Ta iHIII npucTpoi. Cxema OIHOYACHO BHKOPUCTOBYE
(yHKIIOHABHI Ta JIOTIYHI MOXJIMBOCTI KiHIIEBMX BUMMKAadiB, MOXJIMBICTb peaji3alii po3moAiIbHUKaMH (QYHKIIH TphOX 3MIHHUX. Takum 4uHOM,
3aCTOCYBaHHS 3aIPOIIOHOBAHOTO KOMaHJOAmapary, Ha BiAMIHy BiJ iCHYIOUMX CXeM KOMAaHJO0AlapariB, JO3BOJISE 3HAYHO CKOPOTUTU KiIBKICTh
PO3IOIIBHUKIB MPU CHHTE31 CaMOro KOMaHAoamapary i 3HaYyHO 3MEHUIMTH KUIBKICTh €JIEMEHTIB NpPH BUKOPHUCTAHHI OOpaHOTro MiAXOay 10
[POCKTYBAHHS CXEM ITHEBMOTIAPABIIYHAX CHCTEM YHPABIIIHHS.
Kuro4oBi ciroBa: MaremMaTniHa MoJieb, rpad orepariii, MiHiMalbHa cXxeMa, piBHSHHI, MaTPUL BiIIIOBiJHOCTEH, KOMaH/j0amapar.

Existing command apparatuses. In Fig.1,a,b signal p, through the v the distributor 1 of the first cell is

shows the schemes of command devices designed for the
implementation of the memory unit in pneumatic high-
pressure control systems. In these devices, when a signal
is applied S to one of the inputs on one of the outputs
signal y =1, and on the rest — signals y = 0. In addition,
when the next distributor of the chain is turned on, the
previous one is turned off (the first one is considered the
next after the last distributor).

Command apparatus (Fig. 1, b). The input signals in
it are fed not to the control chambers of the distributors,
but to their input channels. In addition, each subsequent
distributor turns off the previous one and turns on the next
one and thereby prepares it to receive the input signal. The
circuits (Fig. 1, a, b) are passive, require the installation of
additional elements to return the distributors to their
original position, but in some cases allows you to save
elements.

The command apparatus (a.s. no. 1242926) (Fig. 2)
increases the speed of its shutdown, but has a significant
number of distributors sheme.

The command apparatus works in this way. Signals
in the initial position x; — X, in input channels and signals
y1 —Yn in the output channels are zero. During the start

switched, the supply pressure enters the output channel
(y1 =1). During the signal x, =1 the distributor 2 of the
second cell is switched, the output signal of which will
cause the switch of the distributor 1 of the second cell, the
output signal y, = 1. This signal through the v turns off
the allocator 1 of the first cell, as a result y; = 0.
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Fig. 1. Scheme of command apparatus built on switchgears
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Sequential input x;=1 will cause sequential
generation of output signals y; = 1. During the shutdown
signal po, regardless of the presence of an input signal
xi =1, all distributors 2 are switched by connecting the
control chambers of the distributors 1 to the atmosphere.
At the same time, the signal po through the elements v
passes into the control chambers of the distributors 1,
which causes the removal of output signals (y; = 0). If the
valves are removed from this diagram v, connected to the
emergency reset signal, we get a well-known scheme of
the command apparatus with the control of the previous

stroke.
ﬁl P, "

Y2

T

N

RN

T

ST\
o

Fig. 2. Scheme of the command apparatus built on distributors
and valves

In the scheme of the command apparatus
(a.s. no. 1303656), shown in Fig. 3, used to memorize
signals logic gates, which can reduce the number of
elements, but has a large number of distributors.

The command apparatus works in this way. In the
initial position, the signals at the inputs (x4, X, ..., X;) and
outputs (ys, Y, ..., ¥n) are equal to 0. When a signal is
given (p, = 1) to the input of the element v the allocator 1
of the first cell is switched. In this case, the supply
pressure is supplied to the output of the first cell (y; = 1).

Xl p!‘l

—

laigh
e

Fig. 3. Scheme of the command apparatus using distributors with
one-way control

X

2

X

At the other outputs of the command apparatus, the
signals are 0 (Y2, ¥, ..., Yo = 0). The signal, which is equal
to 1, also enters the control chambers of the distributor 2
of the first cell and the distributor 1 of the last cell, fixing
their initial state, at the input of the distributor 2 of the
next second cell and at the input of the distributor 2 of the
first cell. Through the distributor 2, the signal, which is
equal to 1, passes through the element v to the control
chamber of the distributor 1. This ensures that the output
signal is stored y; = 1 after the signal is removed p,. When
the input of the second signal cell is applied x, =1 the
distributor 2 of the second cell is switched and the signal
enters the control chamber of the distributor 1 of the same
cell, switching the distributor 1. The supply pressure
through the distributor 1 of the second cell enters the
output of the second cell of the command apparatus
(y2=1) and into the control chambers of the distributor 2
of the second cell and the distributor 1 of the first cell by
switching them. After switching the distributor 2 of the
second cell in the starting position, the signal, which is
equal to 1, passes through this distributor to the control
chamber distributor 2 this the same cells. In this case, the
signal, which is equal to 1, is stored at the output (y, = 1).
At the same time, the distributor 1 of the first cell returns
to its original position under the action of the backwater
spring and the signal y, =1, which enters the inverse
control chamber of the distributor 1 of the first cell. At the
same time, the output signal y;, as with other outputs,
signals ys, Va4, ..., Yn, are equal to 1. Further signaling X,
causes a signal to appear y,, which is equal to 1, at the
output of the last cell. At the last outputs, the signals are
equal to O, the work of the command apparatus here is
similar to the work of the cells under consideration. The
cycle of operation of the command apparatus resumes
when a signal is applied x; = 1 into the control chamber of
the distributor 2 of the first cell. In the event of a removal
of the supply pressure, including in an emergency, the
command apparatus is set to the initial state due to the use
of distributors with backwater springs.

The reprogrammable complex command apparatus
(a.s. no. 1241217) is shown in Fig. 4.

*;

Fig. 4. Scheme of the reprogrammable command apparatus

The command apparatus works in this way. During
the start signal p, through the v the allocator 1 of the first
cell is switched. A signal is generated in the output
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channel of this cell y; = 1. At the other outputs, the signals
are 0. The signal from the output of the distributor 1 of the
first cell enters the element A the second cell, and when
the signal is given x, = 1 the distributor 1 of the second
cell is switched and a signal is generated y, = 1. At the
same time, the signal from the output of the distributor 1
of the second cell turns off the distributor 1 of the first
cell; output y; = 0 etc. If you need to get n output signals
are fed to the tuning input (Ni, =1) into the control
chamber of the distributor 2 of the last cell. In this case,
the signal from the output of the distributor 1 the last cell
through the distributors of 2 cells and fed to the input of
the element A of the first cell. The cycle repeats when the
signal is applied x; =1. If you want to get a smaller
number u output signals of the command apparatus, the
signal is fed to the tuning input Ni_»(Ni, =1). Here, a
sequence that contains any number is implemented n and
less, up to three operations.

Main results. In Fig.5 provides a sheme of a
pneumatic command apparatus (patent on application
no. U202300879) containing n cells, each of which
contains a two-position three-line distributor 1, which has
two control chambers, closed and normally open channels,
and an output channel. Moreover, the closed channel of
the distributor of the first cell is connected to the power
source, and the normally open channels of all distributors
are connected to the atmosphere. There are also OR
valves 2. The output channel of the distributor of the next
cell is connected to the right control channel of the
distributor of the previous cell. The inputs of the
command apparatus receive the input signals of the
corresponding cells, and the output signals of the
commands of the opparat are received from the output
channels of the distributors of the corresponding cells. The
output channel of the distributor 1 of each cell is
connected to one valve inlet OR 2 of the same cell, and is
also connected to the closed channel of the distributor of
the next cell. The other valve input OR 2 of each cell is
connected to the input signal of the corresponding cell. A
spring is installed in the right control channel of all
distributors. The operation of the pneumatic command
apparatus is as follows: when an input signal is applied
X1 =1 the allocator of the first cell is switched, while
Y1 =1, this signal enters the upper input of the valve OR
of the same cell, keeps the distributor on, into the closed
channel of the distributor 1 of the second cell and the
control channel with the spring of the last cell. Further,
when the input signal is given X2 =1, switches the
allocator 1 of the second cell, while Y2 =1, also enters the
chamber with the spring of the distributor 1 of the second
cell, while Y1 =0, to the upper inlet of the valve OR of
the same cell, holding the distributor in the on state, and
the closed channel of the distributor 1 of the next cell.
Thus, let's move on to the cell n—1. The input signal is
then applied Xn-1, in this case, the distributor 1 of the
penultimate cell is switched, and the signal at the output
Yn-1 =1, this signal is sent to the upper inlet of the valve
OR of the same cell, keeping the distributor on, and to the
closed channel of the distributor 1 of the last cell and to
the chamber with the spring of the distributor 1 of the
previous cell, and so on to the second cell, while Y2 = 0.
Further, when the signal is given Xn =1, the allocator of

the last cell is switched, while Yn =1, which enters the
upper inlet of the valve OR of the same cell, keeping the
distributor on, and into the spring control channel of the
distributor of the penultimate cell, with the signal
Yn-1=0. Further the operation of the command
apparatus is repeated when the input signal is applied
X1=1. When designing, we use the approach and
methods proposed by M. Cherkashenko [1-4].

Y1

S4
Xn

Fig. 5. Command apparatus

Consider the design of a pneumatic control system
for a molding machine. The actuators of the machine are
pneumatic cylinders (C;—Cs), which correspond to outputs
Z1 - 75, vibrators B6 and B7 (outputs Z6 and Z7) and a
nozzle for blowing mold C8 (output Z8) (Table 1).
Cylinder C; raises and lowers the flask, and the lower
starting position is controlled by the limit switch X7, and
the upper position is final switch X8. Cylinder C,
performs prepressing, the initial position of the cylinder is
controlled by the limit switch X5, and the final position is
controlled by a time relay 1 (Z2) (the setting of which
determines the duration of pre-pressing). Cylinder Cs is
used to perform broaching. The cylinder C, pushes the
gate back, which leads to the filling of the flask with the
molding mixture, and the initial position of the gate is
controlled by the limit switch X9, and final — X10. The
cylinder Cs puts the crosshead in the working position,
which is controlled by the limit switch X11. The operation
cycle begins with pressing the start button (X1 =1), as a
result, the lock moves up (Z1 = 1) and stops in the upper
position. Then, at a signal (X8 = 1), the vibrator is turned
on (Z7 =1) and the gate is extended (Z4 = 1), while the
molding sand fills the flask, and then at the signal
(X10=1) the gate returns to its original position. On
signal (X9 = 1) the vibrator is turned off (-Z7 = 1) and the
flask is lowered (-Z1 =1). Then, at a signal (X7 = 1), the
traverse is set to the working position. At the signal
(X11 = 1), the stub rises (Z1 =1) and pre-pressing takes
place (Z2 =1), the duration of which is controlled by a
time relay, on a signal 1 (Z2) = 1, from which the flask

14

Bulletin of the National Technical University "KhPI".
Series: Hydraulic machines and hydraulic units, no. 1’2023



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

Table 1 — Interaction of input signals and actuators

Output signals Inputs signals
Automatic Mode Adjustment
Designation Name Starting position Final position - Intermedle.lte - Included | Closed
Naming | Designation
Z1 Moving the flask X7 X8 - - - -
72 Pre-pressing X5 1 (22) - - - -
Z3 Broach - - - - - -
Z4 Moving the gate X9 X10 - - - -
Z5 Moving the crosshead - X11 - - - -
76 Shaking the flask - - - - - -
z7 Shaking the hopper - - - - - -
Z8 Blowing molds - - - - X4 -

descends (-Z1=1), pre-pressing is coming to an end
(-Z2 = 1), the broach cylinder is extended (Z3 = 1) and the
flask vibrator is switched on (Z6 =1). At the signal
X5X7 =1, the traverse returns to its original position
(-25=1) and the shaking the flask vibrator turns off
(-26 = 1). After that, the operator manually turns on
(X4 =1) mold blowing (Z8 = 1) and disables the broach
(-23=1). The cycle ends. Device: X1 — start button;
X4 — mold blowing button.

The operation graph [5, 6] is shown in Fig. 6.

For the synthesis of the scheme, it is advisable to use
the approach proposed by M. Cherkashenko.

The mapping matrix is presented below.

Here, the bold units on the main dial (shifted by one
line) of the matrix of correspondences correspond to
transitions; the underlined contradictory unit is eliminated,;
the remaining units are not contradictory. Elongations are
shown in bold, and identical input sets are marked with
asterisks. The matrix of correspondences defines the

7\ X8>24,77

X1—=71

X4+—5-73,78
X5X7+>-75,-76

() (3)

(&)

correspondence between the signals that cause the
transitions and the complete input sets that act in the
transitions. Analysis of the matrix of correspondences
made it possible to identify and eliminate contradictory
transitions. On the basis of the elongations carried out, a
system of equations describing the scheme of the control
system is synthesized. Further, minimization is performed
due to factorization and decomposition of equations, and
obtaining equations in final form.
SI=W=2Z,=X9Y3, S, =2, =23 =24 = T;

S3 =73 ==2zg = X4 Ry = Y5, Ry = y3; R3 = yy;
Zl =X1+x11; Zl :W+T,Zz =x11;
Zy = Z7 = Xs5Xg; Zy = X190,

Zs = X7¥1; Zs = Zg = X5X7Y2;
zg = x, — blowing molds.

The diagram of the pneumatic control system of the
molding machine is shown in Fig. 7.

It should be noted that the methods of designing
circuits are presented in [7-12].

X10+—>-24 @ X9r>-21,-77 -

X725

X11+271,22

t=-71,-72,73,76

=l
-

Fig. 6. Graph of operations: -Z — signal to return the cylinder rod to its original position

X1 XgX5 X109 X9)3

0

[N

@, X5X7Xq = @ *
X1, X5X7X9 = Z7
Xg, X5Xg = Z4Z7
X10, X5Xg = Z4
X9, X5Xg = Z1Z75;
X7,X5Xg = Zg *
X11,X5X7Xg = Z1Z3
T, XgXg = Z1Z923Z¢S>
X5X7,X9 = Z5Zg *
X4, X5X7Xg = Z3ZgS3

O OO OO0 O0OOoOr o
O O0OFrPr OO Fr PFFLO
OO O OO PFr OO Oo
PO OO ORFr OFRFr Pk

o

X7Y1 X11 T X5X7Y2 X4
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
1 0 0 0 0
1 1 0 0 0
0 0 1 0 0
0 0 0 1 0
0 0 0 0 1
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Fig. 7. Scheme of the pneumatic control system of the molding machine: T-signal from the output of the time relay

Findings. Thus, the use of the proposed command
apparatus, the difference from the existing schemes of
command apparatuses, makes it possible to reduce by a
third the number of distributors in the synthesis of the
command apparatus itself and significantly reduce the
number of elements when using the chosen approach to
the design of circuits of pneumohydraulic control systems.
Note that the minimized scheme contains 9 devices for its
implementation, instead of 32 using the standard method,
i.e. 3.5 times less.
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O.JI. IIIYBEHKO, B. M. I'OJIOLJAIIOB, O. B. KOTYJIbCbKA, T. M. IAPAMOHOBA, /]. O. CEHEI][bKA

TEILJIOBUM CTAH POBOYUX JIONMATOK LIHT TEIJIO®IKAIINHOI TYPBIHHU T-250/300-240

Po3riaaHyTO BakuBy IpoOiieMy JOCTIIKEHHS TEMIIEpaTypHOro CTaHy LIIIHAPY HU3BKOTO THCKY IOTY)KHOI TerodikaniiiHoi TypOiHH, sIKa Mpalioe,
Ha BiAMIHYy Bill KOHICHCALIfHUX TypOiH, B yMOBaX 3HaYHUX 3MiH €JIEKTPUYHOIO Ta TEIJIOBOrO HaBaHTaKeHHs. L[e MOB'SI3aHO 3 THUM, WO LIJIHIP
HHU3BKOTO THCKY Temmo(ikariiHuX TypOiH B ONANIOBAJIBHMII CE30H i3-32a BENMKHX BiIOOpIB Iapy Ha TEIUIO(IKALiI0 IPAIIOE Y MaJOBUTPATHUX
pexumax. Taki yMOBH eKCILTyaTaliii CynpoBOKYIOTECS 3apOIXKCHHAM BUXPOBHUX CTPYKTYP y HPOTOUHIl 4aCTHHI, 1[0 MPU3BOAUTE 0 3HAYHOTO POCTY
BTpAaT MEXaHi4HOI eHeprii i, sIK CIIACTBO, X0 POCTY TEMIEPATYp CIEMEHTIB MPOTOYHOT YaCTHHHU. METO JOCHIKCHHS € BU3HAYCHHS TEIIOBOTO CTaHY
Iapu B LIMPOKOMY [iama3oHi 3MiHHM PEeXHMIB eKcIUlyaramil Temtogikaniiinoi TypOiHM. BukoHaHO aHami3 pe3yibTaTiB EKCIEPHMEHTAIBHUX
JIOCIi[PKeHb, OTPHMAHHUX HAa HATYPHHX [IUTIHAPAX HU3BKOTO TUCKY MOTYXKHOI mapoBoi Typ6iru T-250/300-240 pisHumu aBTOpaMu B yMOBax MIHPOKOL
3MIHH TTapaMeTpiB eKcIutyaTauil (TUCK B KOHAEHCATOpi, BUTpaTa Mapy B MPOTOYHIN YacTHHI, TEMIEpaTypa HIKHBOTO ONAIOBAILHOTO Binoopy). Lle
JIaJIo 3MOTY BH3HAYUTH PO3MOJUI TEMIIEPATyp II0 BHCOTI POOOUOI JIONATKH OCTAHHBOTO CTYIEHS, IO IPeACTaBIisie HaHOLIbIIMI iHTepec B yMOBax
poOOTH Ha MaJIOBUTPATHUX PEXMMax. BcTaHOBIEHO Miclie MiHIMAJIbHOI TeMIEpaTypH Ta 3alPOIIOHOBAHO 3aJISKHICTh JUIs il BU3HAYCHHS HA BUXOMI 3
po6oYoro Koeca CTYNEHs 3 ypaxyBaHHSM TOTO, [0 OCHOBHHM I'€HEpaTOpOM TEIUIa Mpi HATpiBi Mapu € BUXOP, SKHil 00epPTAETHCS B MIXKBEHIIEBOMY
3a3opi. [loka3aHo, o rpaHUYHE 3HAYCHHS BUTPATH [IApH Yepe3 OCTAaHHIl CTyIeHs, IO BiANOBiae IMepexomy Tedii 3 00JIacTi BoIoroi mapu B 001acTh
Heperpitoi mapy, NMpH 3aJaHOMy DiBHI TEMIEpaTypd B HIDKHBOMY OIAJIFOBaJbHOMY BifOOpI, 3aJ€XHTh BiJ TUCKY B KOHAEHCATOpi i Moxe OyTH
BU3HAYCHO y BUIIIAAL QYHKINT ux mapametpis. [Ipu npoMy, 4iM MeHIIIa TeMIepaTypa B HIKHbOMY OIaIIOBAILHOMY BiJOOpI Ta TUCK y KOHJEHCATOPI,
TUM IPH MEHIINX BHTPATaX CIOCTEPIracThes IepexiJ Bil Bosioroi 1o meperpitoi mapw, a 3pOCTaHHS HPOIECHOI BOJOIOCTI HA BHXOJII 3 po6odoro
KoJieca BiJI0OyBa€ThCs IPH BUTPATi Mapy 3aBOUIBIIKY HiX ii rpaHNYHE 3HAUCHHS.

KuarwouoBi cioBa: temnodikauiitna TypOiHa, HMIIHIP HU3BKOTO TUCKY, poOoda JIONMAaTKa OCTAHHBOTO CTYIEHS, MAJOBUTPATHHH DPEXUM,
TeMIepaTypa apH, CTPyKTypa IOTOKY.

0. SHUBENKGO, V. GOLOSHCHAPQV, 0. KOTULSKA, T. PARAMONOVA, D. SENETSK4

THERMAL STATE OF THE LOW-PRESSURE CYLINDER WORKING BLADES OF THE
COGENERATION TURBINE T-250/300-240

The important problem of researching the temperature state of the low-pressure cylinder of a powerful cogeneration turbine, which works, unlike
condensing turbines, in conditions of significant changes in electrical and thermal load, is considered. This is since the low-pressure cylinder of the
cogeneration turbines in the heating season operates at the low-flow rate modes due to the large selection of steam for heating. Such operating
conditions are accompanied by the nucleation of vortex structures in the flow path, which leads to a significant increase in mechanical energy losses
and, consequently, to an increase in the temperature of the elements of the flow path. The aim of the study is to determine the thermal state of the
steam in a wide range of changes in the operation modes of the cogeneration turbine. The analysis of the results of experimental studies obtained on
full-scale low-pressure cylinders of a powerful T-250/300-240 steam turbine by various authors in conditions of wide changes in operating parameters
(the pressure in the condenser, the steam consumption in the flow path, the temperature of the lower heating selection) was performed. This made it
possible to determine the temperature distribution along the height of the working blade of the last stage, which is of the greatest interest in the
conditions of operation at the low-flow rate modes. The location of the minimum temperature is established, and a dependence is proposed for its
determination at the exit from the working wheel of the stage, considering that the main generator of heat during steam heating is a rotating vortex in
the rim clearance. It is shown that the limiting value of steam consumption through the last stage, which corresponds to the transition of the flow from
the area of wet steam to the area of superheated steam, at a given temperature level in the lower heating selection, depends on the pressure in the
condenser and can be determined as a function of these parameters. At the same time, with a decrease in the temperature in the lower heating selection
and the pressure in the condenser, it will lead to the fact that the transition from the west steam to the superheated steam is observed at lower
consumption. The increase of process moisture at the outlet of the working wheel occurs when the steam flow is greater than its limiting value.
Keywords: cogeneration turbine, low-pressure cylinder, working blade of the last stage, low-flow rate mode, steam temperature, flow structure.

Beryn. Pexumu pobotn TemmodikamiiHuUX TypOiH
TELl mnpu BenukoMy poOo4yoMy Jiama3oHi 3MiHH
EJIEKTPUYHOTO Ta TEIUIOBOTO HAaBaHTAXXEHb MAaloTh
CYTTEBY BiJIMiHHICTB BiJ pexxumiB podotu typ6in TEC i,
HacamIepe], y YacTHHI HHM3bKOTO THCKy. EnexTpuuHe
HaBaHT@KEHHS  TemnodikaniiiHoi  TypOiHM TEIL
(opmyeTbCsl 32 paxyHOK TEIUIOTH TapH IPOTOYHOL
YacTWHHW, SKa  BIANpamoBaga Npd  BHPOOHHIITBI
MEXaHIYHOI eHeprii, IO BUTPAYa€THCS Ha BHUPOOICHHS
€JIEKTPUYHOI TOTY)XHOCTi. Ha BHpOOHHMITBO TemnoBoi
eHeprii ~ BHKOPHCTOBYETbCSA  BHYTPIIIHSA  TeIJioTa
MApoOyTBOPEHHS, IO HAAXOAWUTh y JBOCTYIICHEBY
OoiimepHy yCTaHOBKY JJs MIiAIirpiBy CITHOBOI BOJM.
30UIblIEHHS TEIJIOBOTO HABAHTAKEHHS 3JIHCHIOETHCS
IUISIXOM 3HMDKEHHST BUTpPATd Mapu B KOHJAEHCATOp i
301IbIICHHS] HOTO BHTpPATH B OOMIEPHY YCTaHOBKY, IO
PO3TaIIOBYETHCS nepen LWITTHIPOM HU3BKOTO
THCKY [1, 2].

Jns KepyBaHHA BUTpPATO0 TMapu B OOiJIepHY
YCTaHOBKY PpETYNIOIYUH CTYIIHb LWJIIHAPY HU3BKOTO
TUCKY (Wepmuii 1Mo XOay Tapu) BUKOHYETHCA 3
IMOBOPOTHOIO AiahparmMoro, 110 Mae MOBOPOTHE KiIbLE 3
KaHaJIaMH1 HaMpsSMHOTO amaparty niadparmu
peryiorouoro crymness. [IoBOpoTHE Kijblle, 3aeKHO Bil
HOro MOJIOKEHHS, I03BOJISIE PETYIIIOBATH TPOIYCK Mapy B
MIPOTOYHY YacTUHY LIiHApy HU3bKoro TcKy (LIHT) Big
noBHoi BenmuuuHu (100 %) mpu poborti TypOiHM Ha
KOHJICHCAIIIHHOMY PEXHMi 10 «YHCTO» BEHTHJISALIHHOTO
MIPOITyCKy HapH, omusbkoro npubmmsno 1o 0,5-1,5 % npu
TTOBHICTIO 3aKpWTiHi MOBOPOTHIH miadparMi Ta poOOTi
TypOiHH Ha TemIo(diKamifHOMY pPEXUMI 3a TEIJIOBUM
rpacdikom [3].

[Ipu poGoti TypOiHM 3a eneKTpudHHM Trpadikom
BUTpATH MapHu B OoinepHy yctanoBky Ta I[HT i mam B
KOHJICHCATOP PETYJIIOIOTHCS 3aJIE)KHO BiJ CIIIBBITHOIICHHS
€JIEKTPUYHOTO Ta TEIUIOBOTO HABAHTAXKEHHS MOJIOKESHHSIM

© 0. JI. llly6enko, B. M. T'onomamnos, O. B. Korynsceka, T. M. [TapamonoBa, /1. O. Cenenpka, 2023
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MOBOPOTHOTO  KiJbLs  jgiadparmMu, TOOTO CTyHEeHEM
BIIKpUTTA ii COMIOBMX KaHANiB & =93/ H, B 3aleXKHOCTI

BiJl TOJIOXKEHHSI WITOKY cepBonpuBoay. IloBHuI Xin
WTOKy, sKkuil Biamosigae 100 % BiOKpUTTIO KaHANIB
peryimorodoi miapparmu s Typ6in tTumy T-250/300-240,
cknanae Hy = 220 mM.

IIpu 3miHi THCKY P, B KOHIEHCATOpI i TUCKY Hapu
nepen PEryJIIOIYIM CTYIICHEM, PUOIU3HO
JOPIBHIOIOYOMY IPH MAJOBUTPATHUX PEKUMAX THCKY B
HIDKHBOMY OIITIOBAIBHOMY BiOOpi Py, Yy IIUJIMHU MDK
CTiiKaMH TOBOPOTHOIO KUNBLS i KPOMKAMH HANpPSIMHUX
JIOTATOK CIIOCTEPIracThCsl KPUTHYHUI PEKHM BHUTOKY

mapu. [msa perymorounx cryneniB  I[THT TypOin
T-250/300-240 KpUTHYHHN pPEKHM BHUTOKY MapH
30epiraerbest 10 BeaunyuHu O < 0,50 (must TypOiH 3 pi3HUM
CTyIEHEM nedopmarii MIOBOPOTHUX KiJIelb
HEYIIUTbHIOBAIBHUX JiadparM BiH MOKE BiAPI3HATHUCS JI0
18 %).

3MiHa BUTpATH TapH, IO MPOTIKAE Yepe3 MPOTOYHY
YACTUHY IPU PI3HOMY CTYIEHI BIIKPHUTTS MOBOPOTHOT
niadparMu, BUKJIMKA€E 3HAYHI 3MIHHA B CTPYKTYpi ITOTOKY,
SIKi 3aJIeXKaTh BiJ] BEIMYUHU BITHOCHOI 00'€MHOI BHUTpaTH

Gv, =Gv, / (Gv,)
[lpn ManoBHTpPAaTHHX peXHMMax BHTpaTa Mapu Yepes
CTYIiHb HW)X4Ye 00'€eMHOI BHUTpPATH XOJOCTOTO XOIY

Ha BUXO0/li 3 podouoro koneca (PK).

HOM

crymeni GVaxx =Gv,, /(GV,),., » &¢ G — MacoBa BuTpara

2xx
nmapu uepe3 CTyMiHb; V, — 00'€eM mHapu Ha BUXOII 3
pobouoro kojeca; iHAEKCH XX — PEXUM XOJIOCTOTO XOIY,
HOM — HOMIiHAJBHUHN pexkuM [4].

ManoBuTpartHi peKUMH (PEKHMaxX HHXKYE XOIOCTOTO
XOAy) HacamIiepes HacTaloTh B ocTaHHIX crynensx LIHT,
0 MalOTh BEIHKY BISUIOBICTh — BiJHOIICHHS JTOBXHHU
pobouyoi nomatku |, 0O cepemHbOro Hiamerpa CTYIEHS
1./Deep. ITpu 1mpoMy npu TOCTilHIH 9acToTi obGepTaHHS
poTopa » = const popmyrotecs [5-9]:

- IPUBTYJIKOBUI BigpPUB TOTOKY 3a poOounM
KOJIeCOM, IO TPOHWKAE B OOJACTh BHUXIITHUX KPOMOK
po0OYHNX JIOTIATOK OCTAHHBOTO CTYIICHS;

- BUXOp, IO O0EpPTaEThCs B MIXKBIHIEBOMY 3a30pi
CTyHeHi, sKui OJoKye mOTIK y Horo mnepudepinHii
(BepxHiif) YacTHHI Ta BIATICHSE HOrO B IPUBTYJIKOBY
(KOpeHeBY) 4aCTHHY MIXKBIHIIEBOTO 3a30DYy.

3apoKeHHsT IUX CTPYKTYp IOB'SI3aHO 3 BiJIHOCHOIO
00'€MHOIO0 BHTPATOK Tapu I KOXHOTO 31 CTYIICHIB
ITHT. Bouu y cBoiii OCHOBi € BHXPOBHMH 3 BHCOKHM
cTyneHeM TypOYJEHTHOCTI, IO IiJIBHIIYETHCS TPH
B3aeMoOJii IX 3 eleMeHTaMH MpOTOYHOI uacTwHHU. Lle
MPU3BOIUTE 10 3HAYHOTO 3POCTAHHS BTPAT MEXaHIYHOI
eHeprii MOTOKy, IO TEePETBOPIOIOTHCS Ha TEIUIOBI, Ta
CYIPOBOMXKYIOTbCS 3POCTaHHAM TeMIlepaTyp MOTOKY,
PO3IrpiBOM €JIEMEHTIB MPOTOYHOI YaCTHHH, HacaMIlepe/,
JIOIIATKOBMX arapaTiB Ta BUXiJHUX MAaTPYOKiB, 110 3HIKYE
eKCIUTyaTalliiiHy HaJiiHICTh poOOTH TypOOYCTaHOBKH
[10-12].

Merta nocaimxennsi. Ha ocHoBi aHani3y pesynbraTiB
BUMIpIOBaHb TEMIIEPaTypHOTO CTaHy Mapd B HAaTypHHX
o0'ekTax TNpW pI3HUX PEXUMax poOOTH KOHJIEHcaTopa
BU3HAYUTH XapakTEPHCTHKH CTaHy IapH B LIMPOKOMY
niama3oHi 3MiHU PEKUMIB.

Metox pociimkenHs. 30ip indopmarii mpo
TEMIEpaTypHUI CTaH eNEeMEHTIB MPOTOYHOI YACTHHHU
HOHT, ix y3aranbHeHHS Ta (QOPMYIIOBAHHS KpPUTEPItO
nepexoqy 3 TMEeperpiroro craHy y BOJIOTY Mapy, IO
IPYHTYETbCA Ha aHawui3i (I3WYHUX TIpoOILeciB, SKi
MPOTIKAIOTh Y CTYIMEHSIX MapoBHX TYpOIH NpH 3MIHHHX
peXUMax eKCILTyaTarlii.

OcHoBHi pe3yjabTaTH. AHaII3 MpOLECiB, MLIO
BiIOYBAIOThCS B CTYIEHSX BEIMKOi BISVIOBOCTI, B TOMY
yuclmi 1 3MiHM Temmepatypu mnapu B crynensx I[HT
termodikaiiHux TypOiH, mo ekcruyatyioTbes Ha TEL],
MI0Ka3aB, 1[I0 OCHOBHMM T'€HEPATOPOM TEIUIa Y MPOTOYHII
YacTHHI € BUXOp, SIKUM O0OEpPTAETBHCS B MEKBEHIIOBOM
3a30pl CTyIIeHs, IPH MAaJOBUTPATHHX PEKHMax POOOTH
OHT. 1Iett ¢akT WATBEPIKYETBCS  PO3IOALIOM
TEMIIEpaTypu Tapu 10 JOBXHHI poO0dOi JIOMaTKH, sKa
BUMIPIOEThCSL O€3MOCepeHb0 Ha BXIAHUX 1 BHUXITHUX
KpOMKax, TaKk 1 3 BHKOPHUCTaHHSAM TEPMOTPEOIHOK,
BCTaHOBJICHUX II00JIM3y €JIEMEHTIB CTymeHs (Tepen
HanpsiIMHUM araparoM, y MDKBIHIIEBOMY 3a30pi Ta 3a
poboUuumM Koecom).

[Mpn ManoBHUTpaTHHUX pEXUMax pPOOOTH CTYIEHIB
BEJIMKOI BISIIOBOCTI 31 3HHKEHHAM 00'€MHOT BUTpATH Hapu
Ha BUXOAI 3 poOoYOro Kojieca BinOYBaeThCsS PO3BHTOK
MIPUBTYJIKOBOTO BIiJIpUBY, II0 BHHUKAE BXE MPHU POOOTI
cTyneHsi B TypOiHHOMY pexwumi. IIpu 11bOMy OCHOBHUIA
MOTIK Tapw IepeMimaeTscst a0 mepudepiinoi obmacti
pobodoro koeca.

ITpu neBHi#t 00'eMHiil BUTpaTi mapu B pe3yJibTari
mepe0yIoBH TOTOKY 3 KaHamiB pobodoro Koieca
BiIOyBA€ThCS BUKHI Iapyd B MDKBIHIIEBHH 3a30p, maca
SKOTO Ma€ BEJMKY OKPY)XHY CKJIQJIOBY IIBHJKOCTI, IO
mocsrae  0,9-0,95 3HadeHHS OKpPYXHOI IBHIKOCTI
nepudepiifHux mnepepisiB podounx somartok. Lleit Bukmg
(dbopMmye BUXOp, 110 00CPTAETHCS Y MDKBIHIIEBOM 3a30pi
CTYIEHSI, HW)KHS MeXa SIKOTO IEePEMIIy€eThCs O BTYIKH
IIpY 3MEHIICHHI BUTPATH 11apyu Yepe3 CTYIIiHb.

ITpu bOMy B OCHOBHOMY TIOTOLIl TeMIIeparypa rnapu
MIBHUILY€ETHCS 32 PaXyHOK MpOIleciB TypOyJIeHTHOCTI, IO
BiIOYBAaIOTHCS Y CTBOPEHOMY BHUXODI.

Onwucana B3a€MO/Iisi OCHOBHOTO MOTOKY Ta BUXPOBOT
Tedii MiATBEPIKYETHCS pe3ynIpTaTaMu
eKCIIEPUMEHTAIBHOTO  JIOCTI/DKEHHS pyXy IapoBOTO
MIOTOKY B CTYHEHSX IOBHOMACIITAOHOTO OIHOIOTOYHOTO
IHT, Bukonanoro mif kepiBHIITBOM €. B. Yp'era [13].

Ha puc. 1 HaBepeHO cXeMy OCTaHHBOTO CTYIEHS
Typbinun T-250/300-240, mio Mae cepemHiii giamerp
Dep = 2390 MM, noBxkuHy pobouoi somatku |, = 940 Mm
(BisoBicte  crymeHa  |,/Dg;=0,393) i cxemy
po3TallyBaHHS XapakTePHUX [UIsl CTPYKTYPH IOTOKY
TOYOK BHUMIPIOBAHHS TEMIIEPAaTypHd y MaJIOBUTPATHOMY
pexnMi. BuMipsHi 3HaYeHHS TUCKY TTapy B KOHACHCATOPI
P, BuTpatM mnapu B OCTaHHbOMY 31-My cTymeHi Ta
TeMIepaTypd KOHJICHCAIil Mapw, IO BIATOBiZae LM
pekuMam, HaBeeHo B Ta0m. 1.

IIpy 1pomMy THCK y Kamepi Hapopo3HOALTY
HIDKHBOTO OTIAJIIOBANBHOTO BinOopy Py, 3HAXOIUTHCA B
miamazoHi Py, = 58,8-147 kIla, a cTymiHb pO3KPHUTTS

KaHaJIiB IOBOPOTHOI Aiadparmu 5 =0,027-0,318.
Pe3ynbraTit po3Moily TEMIIEPATYPH AP Ha BUXOI
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3 poboY0ro Koseca Mpu BOCBMH Pi3HUX PEXUMaX pOOOTH
IIHT, orpumani aBTOpaMuh Ha OCHOBI OOpOOKM JaHHX
[13], HaBeaeHo Ha puc. 2.

’] l = |
/ 1,0
1
2
1
03] 3
0 4
Y :
a 6

Puc. 1. Cxema ocranuboro cryrets typ6inu T-250/300-240:
a — cxeMa CTyTIeHsI; 6 — yMOBHHI PO3IIOLT TEMIIEpaTy Py TapH
Ha KPOMKaX JIOIIATOK 3 MMO3HAYCHHIM XapaKTEePHUX VIS aHAII3Y

TeMIepaTypy TOYOK TP MAJIOBUTPATHUX PEIKUMAX

I'padixu po3noxiay Temreparypu napu Ha BHXOJI 3
pobo4oro Kojeca MarOTh TPH pi3Hi hopmu:

- TeMIiepaTypa HapH IMOCTiifHa 1o JOBXHHI poOovoi
JIONAaTKW Ha BHUXOAlI 3 poOOYOro Kosieca i MpPUOIH3HO
JIOPIBHIOE TeMIIepaTypi KoHzeHcalii mapu mnapa f =t

(pexum 1). Ils cdopma BigmoBimae Tewii BoOTOI
(HacuueHol) napw;
- IePEeXiJHUA  pEeXKHM  OCHOBHOIO  IIOTOKY 3

MIHIMAIIFHOIO TeMIlepaTyporo y touli 2. Hanpukian, Ha
peXuMi 2 TOTIK y TOYII 2 TEperpiTHi MpHONM3HO Ha
6 °C, Ha pexxumi 8 — Ha 27 °C;

- TeMIIepaTypa napu Mae (Gopmy 3 JBOMa pPiBHUMH
MaKCHMaJIbHUMH 3HA4eHHSIMH (TOUkH 1 1 3), MiHIMAJTLHOIO
BEeJIMYMHOIO B TOYMi 2 1 3HAYEHHSIM y Touli 4 Uit
3BOPOTHIM Tedii NPUBTYIOYHOTO BigPUBY, B SIKOMY
TEMIIEpaTypa BHM3HAYAETHCS YMOBAMH MEpEMillyBaHHS

MOTOKIB Yy BHXIJIHOMY IaTpyOKy 1 HiJICMOKTYBaHHSIM

O1IBII XOJIO/IHOT TapH 3 KOHAEHCATOPA.

Tabmuns 1 — BuMipsHi 3HaUueHHS THCKY NIapH, BUTPATH MapH,

TeMIIepaTypy KOHJCH ALl mapu

Howmep pexumy P, xlla Gg,, KT/C t;, °C
1 9,8 23,9 45,2
2 12,7 24,7 50,3
3 14,7 24,7 53,5
4 19,6 24,7 59,3
5 24,5 24,7 62,0
6 29,4 20,8 68,3
7 29,4 40,8 68,3
8 29,4 54,2 68,3

Xapaktep 3MiHM TeMIlepaTypd Mapu MO JOBXKHUHI
poOoUoi JOMAaTKH CBIAYUTH MPO T, MO Mi3HIIIE BCIX Y
PEXUM 3 BHXOJIOM 13 CTYIEHs Ieperpitoi mapu BXOJHUTh
rmapa OCHOBHOTO TNOTOKY, SIKa 3HaXOIUTHCS B 00JacTi
TOYKH 2, TOOTO IIiCiag JOCATHEHHS B I{id TOUIl
Temmeparypu HacuueHHs ts (7" =t (P.)) Bech CTymiHb
MIpalioe Ha Ieperpitid mapi. 3 bOro BUIUIMBAE, IO IIFO
TEMIIEpaTypy [OOLUIBHO HPUMHATH SK XapaKTEPUCTHUKY
TEMITEPaTypHOT'O CTaHy CTYIEHS.

Ha  pmuc.3 HaBEIEHO 3MIHHA MIHIMaJIBHOT
Temmeparypu t;" Ha BUXOAi 3 poGOYOro Komeca s
YOTHPHOX BUTpAT IMpPU 3MiHI THCKY B KOHJEHcaropi Py,
OTpPHMaHI aBTOpaMHU 3a pe3yJbTaTaMH IOCITiHKeHb [13]
OpU TEMIEpaTypi Hapyd B HIKHBOMY OIAITIOBATBHOMY
Binoopi t,, = 105-130 °C.

Jisi  oTpUMaHUX 3aJeKHOCTeH CHOCTepiraeThes
miniiiHa  3mima  t" 31 30UIBMICHHSAM THCKYy B
KOHJICHCATOpi, TOYNHAIOYH BiJl TPAaHUYHOTO 3HAUEHHS fpg
Ha JiHIl HacudeHoi mapu l;, TOJNOXEHHSA SAKOi
BHU3HAYAETHLCS TAOMUYHUMU CIIBBIIHOIICHHAMH {5~ Py
npu P, < 30 kI1a.

- —o . — —
l 1 r 53 2 Y 3 94 134
43 56 49 92

60 98 135
0,5
45 \5 68 é 107
0
l 5 — O =0 7 —=° g
180 6 218 165 8 124
130 168 115 95
180 220 160
05 111
. 151 190 4 120

t t

t t

Puc. 2. 3mina TemiepaTypu napu Ha BUX0Ji 3 pobodoro koneca octaHHb0ro (31-10) crymens LUHT, °C
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Puc. 3. 3anexnicTs MiHIMaJIBHOI TEMIIEpPAaTypH IapH Ha BUXOMI 3
PK Bix THCKY B KOH/IEHCATOPI:
1-G3;=20,2 kr/c; 2 — G3y = 24,7 xr/c; 3 — Gz, = 40,8 kr/c;
4 — Gz = 54,2 kr/c

Xapaktep 3MiHH  MiHIMaJIbHOI  TeMIeparypu
JIO3BOJISIE BIA3HAYMTH BIUIMB MOYATKOBOI IJISI MOTOKY
IHT temmepatypu t; B KaMepi mapopo3oiry Ha piBeHb
TEMIIEpaTypu TNapd B OCTAHHBOMY CTYIEHI, SKUH s
CTYIICHIB BEJIMKOI BisSUIOBOCTI € KPUTHYHUM TIPHU TPUBAITIN
po6orti IITHT B obnacti MmaoBUTpaTHUX pekuMiB. Takum
YMHOM, MiHIMaJIbHa TeMIeparypa mapu B Todll 2 €
(yHKIIIEI0 TPHOX MapaMeTpiB:

- BUTpara 1apu uepes cTyminb G, Kr/c;

- TemIiepaTypa napu t,, Ha BXOAlI B TPUCTYIIEHEBY
npotouny yactuny I{HT, °C;

- TUCK IIapy Ha BHXOAI 3 poOoyoro Koseca piBHUI
JUIl MaJIOBUTpaTHUX pexuMiB pobotn ITHT Tucky B
KoHzIeHcaTopi Py, kl1a, ToOTO

tzmin = f(Gy 1, R 1)

HB' K

3anexnicts (1) Moxe OyTH OTpHMaHa BUXOISYU 3
aHamizy 3MiHM t)"" TpH 3MiHI OJHOro 3 mapamerpis i
MOCTIHHIX 1HIITUX ABOX.

Jts nociKeHnX peXUMiB POOOTH OJHOTO HOTOKY
IH/ pisastaES (1) MOXXHA TOATH Y BUTIIAL

" =t +At™, (2)

ne At™ zanexuts Bix mapamerpis Gz Ta P,

Ha puc. 4 HaBeneHO BIUIMB MacoBOI BUTpAaTH Hapu
HA DpiBeHb ii HarpiBy At™, sxuil BU3HAYAETHCS
BEHTWIALITHUMH BTpaTaMH, CTBOPIOBAaHHMH OOEpTOBUM
BUXOPOM B OCTaHHBOMY 1 IE€PEAOCTAaHHBOMY CTYMHEHSX
IHT y xoXHOMY 3 TOTOKIiB, MOOyZOBaHWI Ha OCHOBI
00poOku manmx [13] (mimii 1-6) Ta oTpMMaHMX npHU
BuMiproBanHsax Ha XapkiBchkiit TELL-5 (minii 7-8).

Mpu P, =294«lla i Gz =var (20,8; 40,8 i

54,2 xr/c) 3amexnicth 1 miHIHHA 1 MoXke OyTH
anmpoKCUMOBaHa (popMyIIor0
At™ =a-2,60-G,,, (3)

e At™ BusHawaethes B °C, MacoBa BUTpara IapH 4epes
OCTaHHIH CTYIECHB B KI/C.

MoskHa NOpUIyCTUTH, IIO TakUi caMuil xapakrep
3anmexxHocTi Oynme i 3a immmx P,. Tomi KoHCTaHTa a
piBHsHHI (3) 3aNeKWTH BiA piBHA THCKY Napu B
KoHzeHcaTopi P, (puc. 5).

Atmin’ °C

40
. N\
2\:&
0
NN
-40 : \4 \\\n
NN
8 N 6 N\ )
0 20 40

GSl, Kr/c

Puc. 4. BruiuB BUTpaTH mapu uepe3 OCTaHHIHM CTYIiHb Ha
HarpiBaHHS [TapH OCHOBHOTO ITOTOKY:
1-P,=294«lla; 2 - P, =249«lla; 3 - P,=19,6 xlla;
4- P =147 klla; 5 - P, = 12,7 xlla; 6 — P, = 9,8 klla;
7-P.=49«lla; 8 — P, = 3,7 klla

a, °C-(c/xr)

80 /
40 )
20 /

v °
0
0

0 10 20

P, xIla

Puc. 5. 3anexHicTh MOCTIHHOI ¢ B piBHAHHI (3) Bi TUCKY HapH B
KOHJICHCATOP1

Sk BUMIIMBAE 3 puc. 5, HA IO JHIAHY 3aJEXKHICTb,
oTpuUMaHy mpu 00poOii pesynbrarie  [13], m00pe
VKJIaJal0ThCcs 1 pPE3yJIbTaTH BHMIPIB Ui OCTaHHBOTO
crymerss [UHT typ6inu T-250/300-240 na XapkiBCchKii
TEI-5 npu po6oTi B 00JIaCTI HU3BKUX 3HAYCHb TUCKY B
kouzaeHcatopi (P, = 3,7-5,0 k[la, G3; =9,3-18,8 xr/c,
t: = 125, 145, 160 °C). ExcnepuMeHTaNbHI 3HAYCHHS
mocriitnol  a(P,) mis piBasHES (3) 3 MiHIMaIBHAM
PO3KHIOM OMHUCYIOThCS PIBHSHHSIM

a=438-P.—370. (4)

[MincranoBka (3) i (4) y (2) mo3Bonmiaa OTPUMATH
3aJISKHICTh JUI BHU3HAYEHHS MiHIMAJIBHOI TeMIepaTrypu
napu tJ'"™ B HOCIiKeHOMY poGOUYOMYy AiamasoHi 3MiHH
Horo mapamerpiB s ocrtaHHporo crymeHs LIHT y
BUTIISAIL

t" =t +4,38-P.—2,60-G,, —37,0, (5)

ne ty, mpuiiMaetbes B °C; Py — y klla; Gz, — y kr/c.
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B ymoBax ekcrulyaramii BuTpaTa mapu y
KOHJICHCATOp BHW3HA4YaeThes it 2-x motokie [IHT y
TOHAaxX Ha TOAWHY. Y IbOMY BHUIAAKY IUIS NMPAaKTHYHOTO
3aCTOCYBaHHS PiBHSHHS (5) MOXke OyTH MEpeTBOPEHO Ha
BUIIISA

AtTin — t, +4,38-P.—0,361- G]—U'[ﬂ —37,0, (6)

s sikoro Butpara mapu B [ITHT (mpm manmmx BHUTpaTax
mapu migirpiBad Huspkoro tucky I[IHT-1 He mparoe)
MoOke OyTH 3agaHdil 3 PO3pPaxyHKY TEIUIOBOTO OanaHcy
MPOTOYHOT YaCTUHU TYpOIHM B pOOOYOMY Jiaria3oHi 3MiHH
eJIEKTPUYHOTO HaBaHTaxeHHs (Big 150 no 300 MBT).

AHamniz 3MiHM TemIepaTypd Napud Ha BUXOIl 3
pobodoro cTymeHs 03BOJSIE  BU3HAYMTH T'PAHHUIIO
nepexoqy poOOTH OCTAaHHBOI'O CTYIEHS IIPHU 3HWKEHHI
Butparu napu B [IHT 3 oGmacti Bonoroi nmapu B 001acTh
meperpiToi mapum TO Bcid mporouHidi wactuHi IIHT,
BBAXKAIOYM, MO TEpexi Mmapd B TOYIi 2 BIATOBigae
OCTaHHId TO4YLi B JIOMATKOBOMY amapary MpOTOYHOI
gactuau [{HT, y sxiit mapa ctae meperpiroro. [yist miporo
ciing npuiiHsTH yMoBy t)" =t (P,), Konu Temmeparypa
KOHJICHCallii BU3HAYAETHCS TSI HACHYCHOI MapH 110 THCKY
B KOHJIeHcaTopi Py.

Y npomMy BUNIaKy piBHSHHS (6) HaOyae BUTIIATY

ts(P) = tyo + 4,38 P, — 0,361 - Gy — 37,0,
abo
ts(P) — 4,38 P = t,, — 0,361 - Gyyy — 37,0.  (7)

Jis miBOi YaCTWHHW PIBHSHHS 3aJICXKHICTh (DYHKIIT
ts(B) —4,38-B. = f(P) Bim THCKYy HAcHYeHOI mapu
MOXKHa BHM3HAUUTH YHCEJIbHO, BUKOPHUCTOBYIOYM JIaHi
Tabauipe HacudeHnoi mapu [14] (puc. 6, a). V nianazoni
sminn P, Big 2,5 po 6 klla iioro BIUIMB HE3HAYHHUU 1
cepende 3uauvenns ¢yuxuii f(P)=11,0. YV nianasoni
3minn Py Big 6 1o 18 kIla dyukuis f(B,) 3MeHIIyeThCs
TiHITHO i MOXe Oyt MpeICTaBlIcHA K
f(B) =26,5—2,583" P, misa obnacri 3mian P, Bix 18
1o 32 xIla—- f(B) = 43,71 — 3,539 - ..

[lincranoBka 3Ha4eHb MX (QYHKIIH 32 Aiara3zoHaMu
3MiHM P, JI03BOJIIE 3alMcaTH DIBHSHHS BH3HAYEHHS
IPaHWYHOI BUTPATH MAPH MICJIs IPOCTUX NEPETBOPEHB SIK:

- s 2,5 klla < P, < 6 kxIla

Gy = 2,769 - tyy, — 133,0; (8)
- s 6 xIla < P, < 18 xIla
Gy = 2,769ty + 7,155 P —175,9;  (9)
- s 18 kIla < P, < 32 xIla

Giyr = 2,769 - ty, + 9,801 B — 223,5.  (10)

Homorpama, mnoOynoBaHa 3a JONOMOIOI LUX
PIBHSIHB JIJISl 3a3HaYEHUX 00JIacTeil 3MiHu P, HaBelleHa Ha
puc. 6, 6 1 H03BOIISIE TIPH 3aaHUX TMapaMeTpax IIBUAKO
BU3HAUYUTU IpaHUYHE 3HAuYeHHs BuUTpatu napu B I[HT,
BPAXOBYIOUH, IO TPH t,, = CONSt 3HaueHHs Gy > Giyjy
BiJINIOBiJJafOTh POOOTI OCTAHHHOTO CTYIICHS HAa BOJIOTIH
napi, a sHaueHHs Gy, < Gpyj; — Ha MeperpiTiii.
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Puc. 6. 3mina dyukuii f(P,):
a — 3aJISKHO BiJ| THCKY B KOHJEHCATOPI; 6 — HOMOTpama
BU3HAYEHHS TPAaHUYHOI BUTPATHU MapH, 10 PO3Missie obmacti i
HEepEerpiToro Ta BOJIOIOT0 CTaHIB

3 Hel TakoX BHIHO, IO YUM MeHIIIe {y, 1 Py, TUM TpH
MEHIIIMX BUTpaTax BigOyBaeThCS Mepexid CTaHy IapH Bix
BOJIOTOTO JI0 TIEPETPiTOro.

BusnaueHHs IpaHUYHOI BUTPATU Napu G]?;{T B IIHT
JO3BOJISIE PO3TJSHYTH 3MiHY CTYNI€HI BOJOTOCTI Y, Ha
Buxofi 3 ocraHHporo crymnens L[HT, BukopucToByroun
TaKi MipKyBaHHSI.

MakcuManbHHUiA CTYITiHB BOJNOrOCTi y4'%* Ha BUXOi
3 poOOYOro Kojieca OCTAHHBOI'O CTYIEHS MPUHMAEThCS SIK
JIOCTOBIpHa BEJIMYMHA, OTPUMaHa B PE3yJIbTaTi TEIUIOBOTO
pO3paxyHKy  TPOTOYHOI  9YacTWHM  TypOiHM  JuIst
MaKCHMaJBHOT TIOTYKHOCTI (st TypOinm T-250/300-240
BOHa CTaHOBUTD Y3'** =7,75% mpu enekTpuyHii
noryxHocti N = 300 MBr, BuTpari napu B KOHAEHCATOP
Gty =640 1/r i Tucky B Konaencaropi P = 5,6 klla).

[pu GLF[ZT BOJIOTICTh TIApH TPHAMAETHCA PIBHOIO
Hymo. Y Jiama3oHi 3MiHH GLF[% 1 < Guug < Grgg, 9K
MOKa3aJIM TEIIOBI po3paxyHKH nporoynoi yactunu L[HT,
CTYIHb BOJIOTOCTI IPOIOPILiifHAa BUTPATI Mapu, M0 MOXe
OyTH IIPeNICTaBICHO Y BUIIISAL
max . GuHﬂ_GLFI?ﬂI

yZ = y2 max_ TP
Gung ~Grng

(11)

ae GL?;{T BU3HAuaeThes 3a 3anexHocTsmMu (8)—(10) abo 3a
HOMOTpamoro (puc. 6, 6).

BucnoBknu. [IpoBeseHo aHaii3 3MiHU TeMIlepaTypu
mapu B UHHT Temnodikanifinoi TypOiHM  BeIHMKOI
MOTYXXHOCTI, SIKNWA JO3BOJIMB SK  XapaKTEPHUCTHKY
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TEeMIIEpaTypHOIo piBHS CTyMEHs B obmacri
MaJIOBUTPATHUX PEXUMIB HPHHHATH TEMIIEpaTypy Iapu,
IO BIJIOBIJAa€ IIOJNIOKEHHIO OCHOBHOI'O IIOTOKY HpH
CKIamHIN CTPYKTypi pyxXy mapd B CTYNEHI BEIUKOI
BismoBocTi. L{g TemMnepaTypa Ha BHXO/Ii TAPOBOTO MOTOKY
i3 CTymeHs i € MIHIMaTbHOIO K NpH poOOTi CTymeHS B
obmacti meperpitoi mapu, Tak i IpU MEPEexXoi CTYIeHs Ha
poOOTY BOJIOTOKO MAapor0 31 30UIbIICHHSIM ii BHTPaTH B
LIHT.

3anpornoHOBaHO  3aJCKHICTh IS BHU3HAYCHHS
MiHIMaJBHOI TeMIlepaTypu Hapy Ha BHXOJI 3 poOOYOTro
KoJieca CTYNEHS 3 YpaxyBaHHSM TOTrO, IO OCHOBHUM
TCHepaTOpoOM TEMIIepaTypH IIpU HarpiBaHHI Mapud B
CTyNEHI € BUXOp, IO 00epTaeTsCst B ii MIKBIHIEBOMY
3a30pi.

3a yMOBH piBHOCTI MiHIMaJIBHOI TEMIIEpaTypu Mapu
B CTYIICHI TeMIlepaTypi KOHICHCAIIl Mapy MpH 33TaHOMY
THCKY B KOHJICHCATOPi I0Ka3aHo, 0 I'PaHNYHE 3HAYCHHS
BUTpaTH Iapu 4epe3 OCTaHHIM CTYIiHb, IO BiIIOBIIAE
nepexoqy poboTH 3 oOyacti BOJIOrOi Mmapu B 00IacTh
neperpitoi, Npu pIi3HOMY pIBHI TeMmepartypu Mapu B
HIDKHBOMY ONJIOBAJILHOMY BiZIOOPI, 3aJI€XKUTh BiJl THCKY
B KOHZEHcartopi 1 Moxxe OyTH NpEACTaBICHO B TPHOX
obOuactsx Horo 3minn: P, < 6 kIla, 6 xI1a < P, < 18 kIla ta
18 kIla < P, < 36 Ila. IIpu npomy B obnacti P, < 6 klla
PiBEHb THCKY Ha I'DaHWYHE 3HAYCHHS BUTPATH IIapH yepe3
ocranHiit ctynins [{HT He BrmnBae.

3MiHa TPOLECHOI BOJOTOCTI TOTOKY Ha BHXOIi 3
pobouoro kojeca 3anexuTh Bif BuTpatd mapu B LIHT i,
G{l]'f[T, [0 BHM3HAYa€ TIPaHMYHMI mepexii 3 o00nacTh
BOJIOTOI Tapu B 00JacTh MEperpiToi mo BCi MOBXKHHI
pobouoi JomaTku TpH 3aTaHUX TEMIeparypi mapa y
HIDKHBOMY OIIaJFOBAIGHOMY BinmbOopi ty; Ta THCKY y
KoHzaeHcaropi P, Otpumano, mo 9uM MeHIe ly, ta Py,
THUM TIpH MEHIIMX BHTpaTax Imapa BigOyBaeTsCcs e
nepexisn.

Cnucok jgireparypu

1. HopMamu(bele dHepeemuyecKue xXapakmepucmuku onoka
T-250 MBm Xapvrosckoti TOL-5. XappkoB: XapbkoBckas TOLI-5,
2000. 110 c.

2. Tpyxwiii O. 1., Jlomakin b. B. Tennogixayini naposi myp6inu ma
myp6oycmanosxu. MEI, 2020. 540 c.

3. HUuempykyus no sKkcniyamayuu menioQuKayuonHou YCmaHo8Ku
Xapvroscxoi TOL[-5. Xapekos: Xapskosckas TOII-5, 2006. 31 c.

4. Shubenko A.,  Goloshchapov V.,  Senetska D.,  Senetskyi O.
Determination of the Idle Mode of the Stage of Axial Turbine during
Operation at Partial Loads. Periodica Polytechnica Mechanical
Engineering. 2021. No. 65 (1). P. 103-109. doi:
10.3311/PPme.17359

5. Shubenko A. L., Goloshchapov V. N., Senetska D. O. The operetion
of the last stage of steam turbine at low-flow rate modes. Energetika.
2020. Vol. 66, no. 1. P. 58-67. doi: 10.6001/ energetika.v66i1.4299

6. Rusanov A. V., Shvetsov V. L., Alyokhina S. V., Pashchenko N. V.,
Rusanov R. A., Ishchenko M. H., Slaston L. O., Sherfedinov R. B.
The efficiency increase of the steam turbine low pressure cylinder
last stage by the blades spatial profiling. Journal of Mechanical
Engineering. 2020. Vol. 23, no. 1. P. 6-14. doi:
10.15407/pmach2020.01.006

7. CaolL., Wang W., Luo H., HuP., Li Z,, Zhang Y., Ma T. Analysis
on Flow Separation Characteristics of Last Stage. Thermal science.
2019. Vol. 23, issue 5B. P. 3239-3250. doi:
10.2298/TSCI1180904025C

8. HuP, LinT. YangR., Zhu X., Du Z. Numerical investigation on
flow instabilities in low-pressure steam turbine last stage under
different low-load conditions. Journal of Power and Energy. 2021.

10.

11.

12.

13.

14.

10.

Vol. 235, issue 6. doi:
10.1177%2F0957650921997199

Wang Z., Shi H., Cao L., Si H. Analysis on strength performance of
the last stage blade in steam turbine under low mass flow conditions.
Proceedings of the Institution of Mechanical Engineers, Part C:
Journal of Mechanical Engineering Science. 2022. Vol. 236 (13).
P. 7095-7106. doi: 10.1177/09544062211072487

Arakelyan E. K., PikinaG. A., Andryushin A.V., MezinS.V.,
Andryushin K. A., Kosoy A. A., Pashchenko F. F. Features of steam
turbine stages operation in low-flow modes when modeling
hydrodynamic processes in the turbine in steamless and motor
modes. Procedia Computer Science. 2020. Vol. 170. P. 935-940.
doi: 10.1016/j.procs.2020.03.105

Mambro A., Congil F., Galloni E. Influence of stage design
parameters on ventilation power produced by steam turbine last
stage blades during low load operation. Thermal Science and
Engineering Progress. 2022. No. 28 (6):101054.
doi: 10.1016/j.tsep.2021.101054

[Iy6enko A. JI., Tonomanos B. H., Babenko O. A. TemneparypHoe
COCTOSIHME IOCIEIHUX CTyNEHEeH NWINHAPOB HHU3KOTO MAaBICHUS
TeIIo(MKAIMOHHBIX TypOHH Ha MaJOpacXOIHBIX pexuMax. Bichuk
Hay. mexu. yn-my «XIll». Cep.: Enepcemuuni ma mennomexuiuni
npoyecu i ycmamxysanns. XapkiB: HTY «XIIl». 2018.
Ne 12 (1288). C. 11-16. doi: 10.20998/2078-774X.2018.12.02
VYpees E. B., Jlokanom C. A., Macnennukos JI. H., ®ykcman JL. [T,
Bucnoa B. M. HccnenoBanue  TEIUIOBOTO  COCTOSIHUSL — YacTH
HHU3KOro mapienHus TypOunsl T-250/300-240. Tennosuepzemuxa.
1985. Ne 3. C. 61-63.

PiBkin C. JI., OnexcannpoB O. A. Tepmoounamiuni eracmusocmi
600u ma 6oosmoi napu. Exeproaromsuaar, 1984. 80 c.

P. 1544-1562.

References (transliterated)

Normativnye energeticheskie kharakteristiki bloka T-250 MVt
Khar'kovskoy TETs-5 [Normative power characteristics of the unit
T-250 MW of Kharkiv CHPP-5]. Kharkov, Khar'kovskaya TETs-5,
2000. 110 p.

Trukhnii O. D., Lomakin B. V. Teplofikatsini parovi turbiny ta
turboustanovky [Combined heat and power steam turbines and
turbine plants]. MEI Publ., 2020. 540 p.

Instruktsiya  po  ekspluatatsii  teplofikatsionnoy  ustanovki
Khar'kovskoy TETs-5 [Instruction for operation of the heating plant
of Kharkiv CHPP-5]. Kharkov, Khar'kovskaya TETs-5, 2006. 31 p.
Shubenko A.,  Goloshchapov V.,  Senetska D.,  Senetskyi O.
Determination of the Idle Mode of the Stage of Axial Turbine during
Operation at Partial Loads. Periodica Polytechnica Mechanical
Engineering. 2021, no. 65 (1), pp. 103-109. doi:
10.3311/PPme.17359

Shubenko A. L., Goloshchapov V. N., Senetska D. O. The operetion
of the last stage of steam turbine at low-flow rate modes. Energetika.
2020, vol. 66, no. 1, pp. 58-67. doi: 10.6001/ energetika.v66i1.4299
Rusanov A. V., Shvetsov V. L., Alyokhina S. V., Pashchenko N. V.,
Rusanov R. A., Ishchenko M. H., Slaston L. O., Sherfedinov R. B.
The efficiency increase of the steam turbine low pressure cylinder
last stage by the blades spatial profiling. Journal of Mechanical
Engineering. 2020, vol. 23, no. 1, pp. 6-14. doi:
10.15407/pmach2020.01.006

Cao L., Wang W., LuoH., HuP., Li Z., Zhang Y., Ma T. Analysis
on Flow Separation Characteristics of Last Stage. Thermal science.
2019, vol. 23, issue 5B, pp. 3239-3250. doi:
10.2298/TSCI1180904025C

HuP., LinT., YangR., Zhu X., Du Z. Numerical investigation on
flow instabilities in low-pressure steam turbine last stage under
different low-load conditions. Journal of Power and Energy. 2021,
vol. 235, issue 6, pp. 1544-1562. doi:
10.1177%2F0957650921997199

Wang Z., Shi H., Cao L., Si H. Analysis on strength performance of
the last stage blade in steam turbine under low mass flow conditions.
Proceedings of the Institution of Mechanical Engineers, Part C:
Journal of Mechanical Engineering Science. 2022, Vol. 236 (13),
pp. 7095-7106. doi: 10.1177/09544062211072487

Arakelyan E. K., PikinaG. A., Andryushin A.V., MezinS.V.,
Andryushin K. A., Kosoy A. A., Pashchenko F. F. Features of steam
turbine stages operation in low-flow modes when modeling
hydrodynamic processes in the turbine in steamless and motor
modes. Procedia Computer Science. 2020, vol. 170, pp. 935-940.

Bulletin of the National Technical University "KhPI".
Series: Hydraulic machines and hydraulic units, no. 12023

23



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

doi: 10.1016/j.procs.2020.03.105 "KhPI". Series: Power and Heat Engineering Processes and
11. Mambro A., Congil F., Galloni E. Influence of stage design Equipment]. Kharkiv, NTU "KhPI" Publ., 2018, no. 12 (1288),

parameters on ventilation power produced by steam turbine last pp. 11-16. doi: 10.20998/2078-774X.2018.12.02

stage blades during low load operation. Thermal Science and 13. Ur'evE. V., LokalomS. A., Maslennikov L. N., FuksmanL.D.,

Engineering Progress. 2022, no. 28 (6):101054. Vislova V. M. Issledovanie teplovogo sostoyaniya chasti nizkogo

doi: 10.1016/j.tsep.2021.101054 davleniya turbiny T-250/300-240 [Investigation of the thermal state
12. Shubenko A. L., Goloshchapov V. N., Babenko O. A. of the low pressure part of the T-250/300-240 turbine].

Temperaturnoe sostoyanie poslednikh stupeney tsilindrov nizkogo Teploenergetika. 1985, no. 3, pp. 61-63.

davleniya teplofikatsionnykh turbin na maloraskhodnykh rezhimakh  14. Rivkin S. L., Oleksandrov O. A. Termodynamichni vlastyvosti vody

[Temperature state of the last cascades of low pressure cylinders of ta vodianoi pary [Thermodynamic properties of water and water

heat turbines in low flow rate modes]. Visnyk Nats. tekhn. un-tu vapour]. Enerhoatomvydat Publ., 1984. 80 p.

"KhPI". Seriya: Enerhetychni ta teplotekhnichni protsesy vy

ustatkuvannya [Bulletin of the National Technical University Haoiuwna (received) 27.07.2023

Bioomocmi npo asmopis | About the Authors

IHlyoenko Onexcandp Jleonioosuu (Shubenko Oleksandr) — mokTop TexHiuHMX Hayk, mpodecop, UICH-
kopecriornenT HAH VYkpainu, [HcTuTyT pobiem mammHOOyayBanHs iM. A. M. Ilinroproro HAH VYkpainu, ronoBHmiA
HAYKOBHH CIIBPOOITHHUK BIAIUTY ONTHMI3allii mpomeciB i KOHCTpyKHii TypOomarmmH; M. XapkiB, Ykpaina, ORCID:
https://orcid.org/0000-0001-9014-1357; e-mail: shuben@ipmach.kharkov.ua

Tonowanoe Bonooumup Mukonaiiosuu (Goloshchapov Volodymyr) — kammumar TeXHIYHHX HAyK, CTapIidii
HayKOBUH cmiBpoOiTHHK, [HcTUTYT Tpobiem MmammHOOynyBaHHS iM. A. M. Ilimropuoro HAH Vkpainm, crapmmit
HayKOBHH CHIBPOOITHUK; M. XapKiB, Ykpaina; ORCID: https://orcid.org/0000-0002-2075-5326;
e-mail: goloshchapov36@gmail.com

Komynvcoka Onvza Banepiisna (Kotulska Olga) — IncrutyT npoGiiem MammmuHoOyayBanHs iM. A. M. ITixropHoro
HAH Vkpainu, npoBigHuii imkeHep; M. XapkiB, Yxpaina; ORCID: https://orcid.org/0000-0002-5902-9313,;
e-mail: kot2017ov@ gmail.com

Ilapamonosa Temana Mukonaiesna (Paramonova Tetyana) — IdcturyT mnpoOieM MamMHOOYIYBaHHS
iMm. A. M. Ilinropnoro HAH VYxkpainu, nposiguunii imxenep; M. Xapkis, Ykpaina; ORCID: https://orcid.org/0000-0002-
0067-801X; e-mail: paramonova@ipmach.kharkov.ua

Ceneuyvka Jap'sn Oneziena (Senetska Daria) — I[nctutyr mpoGiem MammHOOynmyBanHs iMm. A. M. Iligroproro
HAH Vxpainu, npoBimauii imkenep; M. Xapki, Ykpaina; ORCID: https://orcid.org/0000-0003-2527-4529; e-mail:
dasha.seneckaya@gmail.com

Bulletin of the National Technical University "KhPI".
24 Series: Hydraulic machines and hydraulic units, no. 12023



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

YK 621.671.22 doi: 10.20998/2411-3441.2023.1.04

A. C. POTOBHH, A. C. A34POB, P. M. JEMYYK

YAOCOKHAJIEHHSA XAPAKTEPUCTHUK POBOYOI'O KOJIECA BUCOKOHAIIIPHOT'O
BIJHEHTPOBOI'O KOMITPECOPA ITPOEKTYBAHHSM 3A JIOIIOMOT' OIO CAIIP

BucokoHamipHi KOMIOPECOPU € OAHMMH 3 Hai[pO3MOBCIO/PKCHINIMX MHEBMATHYHHX MAlIMH Yy MPOMHCIOBOCTI Ta TpaHcmopti. Kimacu4ni meroan
MPOCKTYBAHHS TAaKUX MAIlMH OCHOBaHI Ha METOJMKAX MOJICNIIOBAHHS Tedii y JBOBHUMIpDHIH Ta OJHOBUMIpHiH mnocraHoBui. O3Ha4eHi MeToan
NPOSKTYBaHHS INPUBOJATH JO CTBOPEHHS JOCTATHBO NOCKOHANMX KOHCTPYKIiH, ale X XapaKTepUCTHKH INe MOXYThb OyTH mokpameHi. J{ms
MOJICIIIOBAHHS Te4ii y BHCOKOHAIIPHOMY KOMIIPECOpi, aKTyaJlbHUM CTa€ NOCIIDKEHHS MOXJIMBOCTEH ONTHMIi3alii KOHCTPYKIUI 32 BHKOPHUCTAHHS
CHCTEMM aBTOMAaTH30BAHOTO MPOEKTyBaHHSI Ansys Vista, [0 MOXE DO3BOJHTH 3HAYHO MiABHIMMTH e(eKTHBHICTH KoMIpecopa. MeToro poboTu €
YIOCKOHAJICHHSI XapaKTePHCTUK pPOOOYOro Kojeca BHCOKOHAIPHOIO BiALIEHTPOBOIO KOMIIpecopa HpOEKTyBaHHAM 3a pomomorono CAIIP.
JlociPKEHHs MPOBEACHO HAa OCHOBI NPOEKTYBAaHHsS IPOTOYHOI YAaCTHMHM POOOYOro Kojeca BHCOKOHAIIPHOIO BiJLEHTPOBOIO KOMIpEcopa 3a
JIOIIOMOTOI0 CHCTEMH aBTOMATH30BaHOTO IpoekTyBaHHS Ansys VistaCCD Ha OCHOBI mapameTpiB poGOTH KOMIIpecopa, IO CEepifiHO BUITyCKAETHCSL.
OTpuMaHo, 0 PO3TallyBaHHS MaKCUMYyMIB e()eKTHBHOCTI CIIPOSKTOBAHOTO Ta CEpiifHOro po0GOdYMX KoJlic KOMIIpecopa NMpUOJIM3HO CIIIBIIajac, Ipu
upomy nomitponuuii KKJ{ cipoekroBanoro pobouoro xosneca Ha 6 % Oinbimii. ITpu 1boMy 3HIKY€ETBCS CHIBBiJHOIICHHS MOBHUX THCKIB Ha 18 %. 3
iHILIOT CTOPOHH, 30HA BUCOKOT €()eKTUBHOCTI POOOTH KoJjeca 3HAUHO PO3IIMPEHa JUIi CIPOEKTOBAHOTO Kojeca. Llei aiana3on 30inbmuBes Oible HiX
B Tpu pasu. Ilpu mpomy B 30Hi ontuMansHoro KKJI BHTpadeHa HOTYXHICTH IUIS CIIPOEKTOBAHOTO Koieca 3MmeHIIyeTbes Ha 20 % mo 240 xBr.
CHpoekToBaHe KOJIECO Ma€ OLTbII JOCKOHAIMH PO3MOIII THUCKY Ul CIUTITTEpa 3a MPHOIM3HO OJHAKOBHMX XapaKTEPHCTHK A OCHOBHHX JIOHATeH
po6ouux Kojtic. AHaNII3yIOYM BEKTOPH IBHJKOCTI Ta PO3MOIUIN MOKHA MPUHTH BUCHOBKY, 1110 y CEPIHHOrO KOMIIpECOpa HasiBHi J(Bi BiIPUBHI 30HU: y
MICTI 3TUHaHHS JIOTIATi Ta HAa BUXO/i, HA BIZIMIHY BiJl CIPOEKTOBAHOTO.

KorouoBi ciioBa: BiIUeHTPOBHI KOMIIPECOp, aBTOMATH30BAaHE IPOEKTYBAaHHS, poOOYe KOJECO, MAaTeMAaTHYHE MOJCIIOBAHHS, YHCIOBHI
PO3paXyHOK.

A. ROGOVYI, A. AZAROV, R. DEMCHUK

IMPROVING CHARACTERISTICS OF THE IMPELLER OF A HIGH-PRESSURE CENTRIFUGAL
COMPRESSOR BY DESIGNING WITH THE HELP OF CAD

High-pressure compressors are among the most common pneumatic machines in industry and transport. Classical methods of designing such machines
are based on flow modeling methods in two-dimensional and one-dimensional settings. The specified design methods lead to the creation of
sufficiently perfect constructions, but their characteristics can still be improved. To simulate the flow in a high-pressure compressor, it becomes
relevant to study the possibilities of optimizing the design using the Ansys Vista CAD system, which can significantly increase the efficiency of the
compressor. The goal of the work is to improve the characteristics of the high-pressure centrifugal compressor impeller by designing with the help of
CAD. The study was carried out on the basis of the design of the flow part of the impeller of a high-pressure centrifugal compressor using the Ansys
VistaCCD automated design system based on the operation parameters of a mass-produced compressor. It was found that the efficiency maxima
location of the designed and serial compressor impellers are approximately the same, while the polytropic efficiency of the designed impeller is 6 %
more. At the same time, the ratio of total pressures decreases by 18 %. On the other hand, the high-efficiency zone of the impeller is significantly
expanded for the designed impeller. This range has increased more than three times. At the same time, in the zone of optimal efficiency, the power
consumed for the designed impeller decreases by 20 % to 240 kW. The designed impeller has a more perfect distribution of pressures for the splitter
with approximately the same characteristics for the main blades of the impellers. Analyzing the velocity vectors and distributions, it can be derived that
the serial compressor has two separation zones: in the blade bending region and at the outlet, unlike the designed one.
Keywords: centrifugal compressor, computer-aid design, impeller, mathematical modelling, numerical solution.

Beryn. BucokoHamipHi KOMIIpECOpH € OIHUMH 3
HaWpPO3MOBCIO[DKCHIIINX ~ MHEBMATHYHUX  MAlIMH Y
MPOMHUCIOBOCTI Ta TpaHcmopti. Kiacwyni wmeronn
NPOCKTYBaHHA TaKUX MAallMH OCHOBaHI Ha METOIHKAaX
MOJICITIOBAHHS Te4Yii y IBOBUMIpHIH Ta OTHOBHUMIpHIN
nocranoBui  [1]. OsHaueHi MeTOmM TNPOEKTYBAHHS
OPUBOAATE JO CTBOPSHHS JOCTAaTHBO JIOCKOHAJMX
KOHCTPYKIIH, ane X XapaKTepUCTHKH IIe MOXYTh OyTH
MOKpAIIleHi. 3arajioM, iCHy€e ABa MiAXOIH 10 MOKPAIICHHS
XapaKTEepUCTUK: 3MiHa NpOQUI0 Jonari 3 HACTYIHUM

MaIHH.

AmHaJi3 ocraHHix mociaimkenb. Ha ceorozaHi icHye
BEJIMKA KUTBKICTH PI3HOMAHITHUX MPOTPaMHUX MPOAYKTIB
ABTOMATH30BaHOTO MIPOCKTYBaHHS KOMITPECOPIB:
AxStream [5], Ansys Vista [6] Ta iH. Ame, ix
BUKOPHCTaHHS HE TapaHTye OTPUMAaHHS ONTHMAaJIbHHX
XapaKTepPUCTHK pOOOYOro Kojeca B aBTOMATHIHOMY
pexumi [7]. Tomy, micisi MOpOEKTyBaHHs, HEOOXiqHA
eKCIIepUMEHTaIbHA IepeBipka  XapaKTEepUCTHK  abo
YHCIIOBA HAa OCHOBI CyMICHOTO BHUpIIIEHHS piBHSHB

Gi3MyHAM ~ 9M YMCIOBMM  MOJETIOBaHHAM  abo  PeifHonsaca 3 mogemmo TypOymenTHocTi [8, 9]. Yncnose
BUKOPHCTaHHS METOJIB CHUCTEM aBTOMATH30BAaHOTO  MOJICNIOBAHHSA [O3BOJISIE 3HAYHO CKOPOTHTH IIPOLEC
npoekTyBaHHs [2]. ABTOMaTH30BaHe MPOCKTYBaHHS  JOCII/DKCHb Ta 3HAMTH Hailkpaili BapiaHTH KOHCTPYKIiH

JIO3BOJISIE 3HAYHO 3MEHIIUTH 4Yac TPOEKTYBaHHS Ta
YAOCKOHAIUTH KOHCTPYKIii 3 METOK 30LIBIICHHS
zaranpHoro KKJ[ kommpecopa [3, 4]. Tomy, akTyaibHOO
CTa€ 3ajaya NOIIYKYy JOCKOHAIMX KOHCTPYKLIH poOovoro
KoJleca BHCKOHAIIIPHOTO KOMIIpecopa 3a IOTIOMOTOIO
Cy4acHOTO TIPOTPaMHOTO 3a0e3nmedeHHs
aBTOMATH30BAHOTO TIPOEKTYBAaHHSA, IO MOXE 3HAYHO
MOKPAIIUTH OCHOBHI XapaKTEPUCTHKH IMTHEBMATUYHOI

3a HaiimMeHmmii 4ac [10], ane ue morpedye momepenHbOl
Bepu(ikamii Ta Bamigamii TPOTPaMHOTO TPOAYKTY ISt
supimennus 3agmanns [11]. Tak, B poGorax [12,13]
MPOBEICHO TMOPIBHSIHHS pPE3yJbTaTiB PO3PaxyHKy 3a
mporpaMHEM Komrmiekcom Ansys Vista, Ansys CFX 3
eKCIIepIMEHTATIBHIM JaHHUMH Ta 3p00JI€HO BUCHOBOK ITPO
MOXJIMBE  KOPEKTHE  BHKODHUCTAHHS  3a3HAYEHHX
OPOTPaMHAX KOMIUIEKCIB Ui OTPUMAaHHS aJeKBATHHX
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pe3ynbTaTiB ontuMizaiii kommpecopiB. B poboti [14]
MPOBEACHO JOCIIIKEHHS BUCKOHAIIIPHOTO KOMIIPECOPaA,
II0 BUITyCKA€ETHCS CEPiifHO, ae He IPOBEACHO MOPiBHIHHS
3 eKCIIepUMCHTANbHUMH JaHWUMH. B  pobGoti [15]
MIPOBEAICHO MOPIBHAHHSA PE3YNbTATiB PO3paxyHKY Tedil y
BHCOKOHAIIPHOMY  KOMIpecopi 3  pe3ylbTaTaMu
eKCIIepMEHTY Ta 3a3Ha4eHO, M0  IiATBEPIUKCHO
a7ICKBaTHICTh BHKOPHCTaHOI MaTeMaTH4YHOI Momenmi 3i
3MILICHHSM BUTPATHOI XapakTepucTHKU. [lomiTponHuit
KKJ[ mocmimkeHoro kommpecopa nopieHioBaB 80 %, Ta
3a3HaueHi HUTSIXU MOJAJIBILIOTO Ii/IBUILIEHHS
epextuBHOCTI. Takum YMHOM, 3a  MIATBEPIKCHOI
Bepudikanii nporpamaoro komiurekcy Ansys CFX mis
MOJICTIIOBaHHS Teuil y BHCOKOHAIIpPHOMY KOMIIpECOopi,
AKTYaJIbHUM crae JIOCITIIPKCHHS MOJIJIUBOCTEH
onTHMIi3allii KOHCTPYKII 3a BUKOPUCTAHHSI CHUCTEMH
ABTOMATH30BAHOTO MpoeKTyBaHHs Ansys Vista, mo moxke
JIO3BOJINTH 3HAYHO I IBUILIUTH e(EeKTHBHICTH
KOMIIpecopa.
Meta. Metoo  pobotm €
XapaKTepUCTUK poboyoro Koieca
BIJIIICHTPOBOTO  KOMIIpEcopa
nonomororo CAIIP.
PesyabTaTu nocaimkennb. J{ociipkeHHS IPOBEIEHO
Ha OCHOBI NPOEKTYBaHHS IPOTOYHOI YaCTHHU POOOYOTO
KoJIeca BHCOKOHAITIPHOTO BiAIIEHTPOBOTO KOMIIpECOpa 3a
JIOTIOMOTOI0 CHCTEMH aBTOMAaTH30BAaHOTO IPOCKTYBaHHS
Ansys VistaCCD (puc. 1) y pobouomy cepemouiiti Ansys

YIOCKOHAJICHHS
BHCOKOHAITIPHOTO
MPOEKTYBaHHAM 3a

Workbench [16] w©a ocHOBI mapameTpiB poboTH
KOMIIpECopa, IO  CepifiHO  BHUIIYCKaeThCsA  Ta
mochimkyBaBcss B poborax [14, 15]. BuxopucraHo

CTYINCHTCBKY JineH3ito ANSyS, mo oOMexye CiTKoBe
po3outTst 500 THC. eeMeHTIB.

Duty and Aerodynamic Data Gas properties Geometry Resutts

Qverall pressure ratic|
Casey-Robinson

kais () Correlation

Rotational speed |33050 rpm

Mass flow
olds number correction

User efficiency

Temperzture (288,15 K ©User O Polytropic 0,82
specify
Pressure [101325 | Pa @® Isentropic
RMSangle [0 | deo @ Linktostage (O Userspecify |0262
Radial distribution | constant angle ~
Vi ratio |1 @ Corrslation O User specify 104

@) User specify

Merid. velocity gradint
Relative velocity ratio

(O Caleulste from choke margin 0.9

Puc. 1. Po3paxyHKOBI apaMeTpy IIPOEKTYBAHHS IIPOTOYHOL
4yacTHHH Komripecopa B Ansys VistaCCD

OCHOBHI pO3paxyHKOBI IapaMeTpu: MacoBa BUTpara
rasy G =2,1kr/c, CHIBBIIHONICHHS T[OBHUX THCKIB
7° =3,4, wo Biamosigae XapaKTEePUCTHKaM KOMIIPECopa,
IO CEepiifHO BUITYCKAETHCS.

[licnss  oTpUMaHHS TEOMETPUYHHAX MapaMeTpiB
IPOTOYHOI YacTHHU KOMIIpECOpa BHKOPHUCTOBYBABCS
nporpamunii Moxyins Ansys BladeGen msst kopuryBaHHs
jormaTi Ta  OCHOBHHX TEOMETPHYHHX  IapaMeTpiB
KOMITpEeCOpa, TaKMM YHHOM, 11100 3a yciMa rabapuTHUMH

pO3MipaMH CTBOPEHHMH KOMIpEcop He BiAPI3HABCS BiX
KoMIIpecopa cepiitHoro (puc. 2).

-

MNormal Layer Thickness

-0 10 20 30 40 50 &0 70 80 90 100 110 120 130
(126.9257,3.2029) W (LE o TE)

ped

Puc. 2. Pe3ynbraTil IpOEKTyBaHHS IPOTOYHOT YACTHHHU Ta
JIoMaTel KOMIIpecopa 3a A0TOMOr0r0 IPOrpaMHOTO MOy JIS
Ansys BladeGen:

a — MepuaioHaJIbHA POEKIIisl; 6 — JIOMATi; 8 — PO3MOLI KYTiB
HaxMIy 3a XOPJOIO JIONaTi
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3po3yMisio, IO pe3yNbTaTOM aBTOMATH30BAHOTO
NPOCKTYBaHHA € IPOTOYHA YacTHHAa KOMIpecopa, sKa
BB@XKAETHCS ONMTHMANBHO0 mporpamoro Ansys VistaCCD
3a 0OpaHMMHM KPHUTEPiAMH, ajle I MPOTOYHA YacTHHA HE
MIIXOAUTh Uil TIOPIBHSHHSA 3 CEpIfHUM KOMIIPECOPOM.
ToMy, B LI0 CHPOEKTOBAaHY NPOTOYHY YAaCTHHY BHECCHO
3MIHM TOBLIMHH JIOTMAaTi Ta rabapuTHI po3Mipu, MIO
MOBHMHHI BIANOBIigaTH cepiiHOMy. TakuM YHWHOM, HOBHU
CIIPOEKTOBAaHUII KOMIIPECOP, MOXKE MaTH XapaKTEePHCTHKY,
SAKI  CKJIaJHO CIIPOrHO3yBaTu 0e3  TPUBHUMIPHOTO

PO3paxyHKYy.

ToMy, Ha HACTYMHOMY €Tami MPOTOYHA YACTHHA
nepejana 10 nporpamMHoro Moayiro Ansys TurboGrid mis
CTBOPCHHS TEKCArOHAIBHOI CITKH, IO JO3BOJHJIO, 3a
00OMEXEeHHSI B KUTBKOCTI €JIEMEHTIB MIOAO CTYJICHTCHKOI
JIeH3ii, OTpUMAaTH TOCTATHBO AKICHY CITKY IUISL SIKICHOTO
JIOCITiKEHHS XapaKTepHUCTHK (puc. 3).

—_______q___h‘/,’

Puc. 3. Po3pi3 ciTkoBOTO po30HUTTS, 3p0OOJICHOTO 32 JOIIOMOTOI0
nporpamuoro moyist Ansys TurboGrid

CiTkoBe po30UTTsI, 0 OYJIO CTBOPEHO CKIJIAAANI0Cs 3
500 Tiic. emeMeHTiB mus  TOro, 100  BiANMOBiZATH
mineHsiitnuM ymoBam Ansys. Ilomepenni citku Oyio
3po0JeHO s po3paxyHKy 3a  SST  momesmto
TypOyJeHTHOCTi, ajle, BHACHIZOK OOMEXeHHS 3a
KIIBKICTIO €JEMEHTIB 1 CKJIagHOCTI 3a0e3ledeHHs
napameTpa MPU3MATHYHOTO TNPHMCTiIHHOTO miapy Yy <5
NPUIHATO pIMICHHS CTBOPEHHS CITKOBOTO PO30OUTTS 3
y" =5, 10 IOCTATHBO ISl AKICHOTO BUKOPMCTAHHS MOJIENi
TypOynentrocti K —& [18]. Ilix wac pospaxyHKy, AJst
MiATBEPKCHHS HE3aJIS)KHOCTI BHPIMICHHS 3a4adi  Bif
CITKOBOTO PO30OUTTSI MEPEBIPEHO PE3yJIbTATH PO3PAXYHKY
3a BHKOpUCTaHHs Tpbox citok: 100 tuc., 300 Tuc. Ta
500 tic. enemenTiB. KpurepisiMu TOpiBHAHHA OynH
noxitTportanit KKJ[ xommpecopa Ta MacoBa BHTpara, M0
IPOXOIUTh Yepe3 MPOTOYHY YacTUHY. Pi3HMII 3Ha4eHb
nomitportHoro  KKJI s cirok 100 tre. Tta 300 THC.
ckmana 3,8 %, 300 tuc. ta 500 tuc. — 0,2 %. Pizuuns
3Ha4YeHb MacoBoi BuTpaTu ajs citok 100 tuc. Ta 300 TwHC.
cxinana 4,1 %, 300 tuc. ta 500 tuc. — 0,9 %. Tomy,
JIOBEJZICHO, IO CITKOBE PO3OUTTS MPAKTHYHO HE BILUTHBAE
Ha IHTErpajbHI MOKAa3HUKH PO3paxyHKy i oOpane s
OTPUMAHHS XapakTEPUCTUK pPOOOYOr0 Kolleca CIiTKOBE
po30uTTs 3 KinmbKicTio 500 THC. €EMEHTIB.

Ha puc.4 HaBeAeHO pO3PaxyHKOBY  MOJIEIb
pobodoro Kkojeca BIALEGHTPOBOIO KOMIIpecopa 3a
BUKOPHUCTAHHS CEKTOPHOT0 nigxony 10

MozemoBaHHs [17], WO [03BOJsIE 3HAYHO 3MEHILIMTH
HEOOXiTHY KUTBKICTh €IEMEHTIB U PO3PaxyHKy, aje Mae
NOTPIIIHICTE  PO3PaxyHKYy  3@JIEKHOCTI  OCHOBHHX
rapaMeTpiB 3a KyTOM IPOTOYHOT YaCTHHHU.

Puc. 4. Po3paxyHKoBa cxemMa CEKTOpy poOodoro kojieca
BHCOKOHAITIPHOT'O BiALICHTPOBOIO KOMIIpecopa

MarematiuHe ~ MOJIeNIOBaHHsA  Oa3yeTbcs — Ha
CYMICHOMY BHpILIIEHH] PiBHAHHA HEPO3PHBHOCTI, PIBHSIHb
PeitHonpaca, k—& mozeni TypOyJieHTHOCTI Ta PiBHSHHS
30epexxennss  edeprii  [19].  ['paHmuni  ymoBu:
pO3paxyHKOBHI IOMEH O0epTaeThCs HABKOIO OCi 3i
mBuaKicTIo 3460 c'l; Ha BXOJI B PO3PaxyHKOBHH JOMEH
3a7aHO 3araJIbHUH TUCK BEIMYMHOIO 1 aT™M B aOCONIOTHHX
omuuuipsix ta 288,15 K; Ha BHXOAI 3 pO3paxyHKOBOTO
JOMEHY 3aJlaHO CTaTHYHUH THCK PI3HOTO 3HA4YEeHHS I
BU3HAYCHHS  XapaKTePUCTHKH  Kommpecopa  (THCK
3MiHIoBaBca B aiana3oHi 0-120 kIla). Ha ycix tBepamx
HOBEPXHAX  3aJaH0  yMOBY  HyJIbOBOI  LIBHAKOCTI.
Po3paxyHOK BHKOHYBaBCS 10 3MEHIIEHHS HEB'I3aHb
OCHOBHHX DiBHSIHB 70 3Ha4eHb 10> Ta CTAmoCTi BUTpaTH
3a irepauismu [20].

Ha puc.5 T1a 6 HaBegeHO  TOPIBHSIHHA
XapaKTepUCTHK  poOOYMX  KOJicC. Bunso, 10
pO3TalryBaHHS MaKCHUMyMiB €(EKTHBHOCTI TMPHOIN3HO
CHiBIazae 1 BIAMOBIa€ MacoBiii BHUTpari 2 Kr/c, mnpu
npoMy nomitponHuit KK/ cmpoekToBaHoro 3a 10momMoro
CAIIP cucrem poboyoro kosieca Ha 6 % Oinbinumii. [Ipu
IIbOMY 3HIDKYETHCSI CIIBBIIHOIICHHS IMOBHUX THUCKIB Ha
18 %. 3 iHmOI CTOPOHH, 30Ha BHCOKOI €(EeKTUBHOCTI
poboTH KoJeca 3HaYHO PO3IMIMPEHa ISl CIIPOEKTOBAHOTO
koneca. lleit miama3oH 30UTbIIMBCA Oinble HIX B TPU
pasu. Haitb 3a myxe mamux macoBux BUTpar (0,1Gy)
nonitponauii KKl 3MeHIIyeThest nuine [0 3HAYCHHS
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80 %. IIpu upomy B 30HiI ontumaibHoro KKJ[ BurpaueHa
MOTYXHICTh JUISi CIIPOEKTOBAHOTO KOJIeCa 3MEHIIYEThCS
Ha 20 % mo 240 xBt. Ins cepiiiHoro poGodoro xoseca
cepenne 3HaueHHsa 300 kBt.
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Puc. 5. CriBBigHOLICHHS OBHUX THUCKIB U151 poOOYOro Koeca

KoMIpecopa
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Puc. 6. EpextuBHicTh pob0TH po60OYOro KOJIEeca KoMIIpecopa
[Noka3Huku eheKTUBHOCTI PoOOTH poOOYOro Koleca

koMmpecopa [3, 21]:
1. CniBBigHONIEHHS NOBHUX TUCKIB

~ P,
T = O:Il ,
pin
ae  Poys Pin MOBHI THCKM Ha BHUXOIi Ta BXOMi
KOMIIPECOPA.

2. Tonitponuuii KKJI (agiabatHe cTUCHEHHS)

- In(;r*) k-1
CIn(Te /Th) K

out

*

ge T, T, — TOBHI TeMmmepaTypH rasy Ha BHXOIi Ta

out?
BXOJIi KOMITPEcopa;
k =1,4 — noka3Huk agiabaT.

Ha ©puc.7 HaBeneHO TOPIBHSHHA PpO3IOJLIIB
CTaTHYHOTO THCKY B MEPHIIOHANBHINH MPOEKIii po6odoro
koneca. Jlna  cmpoekroBaHOro  pobodoro  Kkojeca

BiZI0OyBa€eThCS OLTBII piBHOMIpHA 3MiHA THCKY. CTaTHIHUI
TUCK Ha BUXOAl 000X KOJIC Ma€ OJHAKOBI 3HAYECHHS.
IMopiBHAHHS TPOBEAEHO I pPOOOYOI TOYKH 3 MAacOBOIO
BUTPATOr0 Gyt = 2 Kr/cC.

Ha puc. 8 Ta 9 HaBeJCHO PO3MOIIIA THCKY B3IOBXK

jJonari Ta cCIDIiTTepa pobodYoro Kojieca KOMIIPECOPIB.
CrpoekToBaHe KOIeco Mae Oimbll JOCKOHAIUH PO3MOALN
JUISL CIUTITTEpa 3a NMPUOJIM3HO OJHAKOBUX XapaKTEPUCTHK
JUISl OCHOBHHMX JIOTIaTeH poOOYMX KOJIiC.
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Puc. 7. 3MiHa cTaTHYHOTO THCKY B MEPHIIOHANBHIN MPOEKIIii:
a — cepilfHe KOJIeco; 6 — CIIPOEKTOBaHE KOJIECO

120
100 -

80 //27/
0 /{/

o
S 20 %
4
-20 CepiiiHe poboye koneco
-40 ——— ONTUMI30BAHE 33 [0NOMOroH
-60 VistaCCD
0 0,2 0,4 0,6 0,8 1

HopmanizosaHa foexuHa nonarti

Puc. 8. Po3mozisi THCKIB B310BXK JIONATi Kojieca KOMIIpecopa

AHami3yl0ul BEKTOPH IIBHUAKOCTI Ta PO3IIOMLIH
(puc. 10) MoxHa TPHHTH BHUCHOBKY, IO y CepiliHOTO
KOMIIpecopa HasiBHI J1Bi BIJPUBHI 30HU: y MICTi 3THHAHHS
JIOMATI Ta HAa BUXO/.
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Puc. 9. Po3nozi THCKIB B3JIOBXK JIOIIATI CILTITTEpa

Valoeity

Puc. 10. Po3mofin uiBuaKocTeid Ta BEKTOPHE MOJIE MIBUAKOCTI
B3IIOBX TypOOMOBEpXHi, 10 MPOXOAUTH MOCEPEACH] MiXkK
BTYJIKOIO Ta IIOKPUBHUM THCKOM:

a — CIPOEKTOBaHMI KOMIIpecop; 6 — cepiiHuit

BucHoBKm. Y nockoHaieHo XapaKTepUCTUKHU
pobodoro  Kojeca BHCOKOHAMIPHOTO  BIALIEHTPOBOTO
KOMIIpecopa MpoeKTyBaHHIM 3a gonomororo CAIIP.

OTpyMaHo, 10  pO3TallyBaHHS  MaKCUMyMIB
e(PeKTUBHOCTI CIPOEKTOBAHOTO Ta CEPIHHOro poOOYMX
KOJIiC KOMIIpecopa MPHOIHM3HO CIIBIAAAE i BIAMOBiAae
MacoBiii BuTpaTi 2 Kr/c, npu npomy moiitponauii KKJI
CIPOCKTOBAaHOTO poOodoro koieca Ha 6 % Oinbimuii. [Ipu
bOMY 3HIDKYETHCS CIIIBBiIHOIICHHS IOBHUX THCKIB Ha
18 %. 3 iHmoi cropoHH, 30HAa BHCOKOi €(QEKTUBHOCTI
poOOTH KOJIeca 3HAYHO PO3LIMPEHA ISl CPOSKTOBAHOTO
komeca. lle# miama3oH 30impImMBCS OinbIne HIX B TpU
pasu. HaBitb 3a nyxe mamux macoBux Butpar (0,1Gop)

nomitpontnuit KKJI 3MeHnryerbcs miie 10 3Ha4eHHS
80 %. IIpu upomy B 30HiI ontumansHoro KK/ BurpaueHa
MOTYXHICTh JUIsSl CIIPOEKTOBAHOTO KOJIECa 3MEHIIYETHCS
Ha 20 % 1o 240 xBr.
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K. A. MHPOHOB, O. B. IMUTPIEHKO, M. A. APOLLIEHKO

MOJIEPHI3AI[ISA POBOYOI'0 KOJIECA BHUCOKOHAINIPHOI TIJIPOTYPBIHU HA 3AJIAHI
ITAPAMETPH

PosrasayTta 3agaga MozepHizanii po60doro kojeca BUCOKOHAMIPHOI pajialbHO-0CHOBOI TiIpoTypOiHH Ha 3afaHi mapaMeTpH. MozepHi3oBaHe poboue
KOJIECO TIOBMHHO BiJIOBiaTu cy4acHuM BuMoraMm 1o piBHio KK/ Ta kaBitauii. 3a JOOMOro0 makeTa NpUKIaAHUX [PporpaM po3poOIIeHo JIonaTeBy
cucTeMy pobodYoro Kojeca Ha NPUHHATI MapaMeTpH ONTHMAJIBHOTO PEXHUMY 3 BHCOKHMH CHEpProKaBiTallifHMMH MOKa3HHKaMH. llpencraBieHO
Pe3yJIbTaTH PO3PaXyHKOBOTO aHaJi3y MapaMeTpiB MOTOKY B NMPOTOYHIN YacTHHI BUCOKOHAMIPHOI rifipoTypOinu PO310 mifBUIIEHOT BHUIKOXIJHOCTI.
IocTiiiHO 3pOCTaK4i BUMOTH A0 IMiJBUIICHHS CHEPTeTUYHHUX SKOCTEH TiIpOTYpOiH 3yMOBIIOIOTh HEOOXIIHICTh YIOCKOHAJICHHS METOIB, IO JAI0Th
3MOTY IIPOTHO3YBATH i ONTUMI3yBaTH €HEPreTHYHI XapaKTePUCTUKU HPOTOYHOI YacTUHH. [TiIBUIIIEHHs €HeprokaBiTalliiiHUX NOKA3HUKIB riIpoTypOiH
BHCYBA€ 3aBJIaHHS MOJAJIBIION0 PO3BUTKY METOLY MAaTEMaTHYHOTO MOJEIIOBAaHHS POOOYOro mporecy. 3acTOCYBaHHsS YMCEIBHOTO €KCHEPHMEHTY Ha
OCHOBI MaTeMaTH4YHOI Mopesli poGodoro mpouecy € e(eKTHBHHM 3aco00M IOIIYKY palliOHaJbHHX BapiaHTIB SK HOBO IPOCKTOBAHWX, TaK i
Mozu(]iKOBaHUX €IEeMEHTIB IPOTOYHOI YaCTHHU TifpoTypOiH. HeoOXinHOO CKIaJ0BOI0 YaCTHHOIO MPOEKTYyBaHHS IPOTOYHOI YACTHHH € BHOIp HU3KU
TEOMETPUYHHX TapaMeTpiB pobodoro Koseca (MEpUAiOHAIBHI OOPUCH OPOKHUHHM, BXIJHUX 1 BUXIJIHUX KPOMOK JIONATi Ta iH.), NPAaBUJIBHICTH SKOTO
iCTOTHO BIUIMBA€ HAa €HEPreTUYHI MOKa3HUKH. [1ix qac BHOOPY reOMETpUYHMX HapaMeTpiB pobOYOro Kojieca OpiEHTYIOTHCS, SIK MPABHIIO, Ha TOCTiAHI
JlaHi, OTpUMaHi JUIs TigpoTypOiH 3ajexHO BiX mBHAKoxigHocTi. Takuil minxin He 3a0e3nedye HAJIEKHOTO Y3TOMKEHHS F€OMETPHUYHUX IapaMeTpiB
pobodoro Kojeca, HACIIIKOM YOO 4YacTO € sIK PO3GDKHICTE PO3PaxyHKOBOrO PEXHMY 3 ONTHMAIbHHM, TaK 1 HEJOCTATHHO BHCOKHH PiBEHb
CHePreTUYHMX MOKA3HUKIB.
Kaou4oBi ciioBa: rizpotyp0iHa, MpoToyHa YacTHHA, poOOYe KOJIeCO, IIBUIKOXIIHICTh, CHEPrOKaBITAIlIHI MOKa3HUKH, MOJICPHI3aLLis.

K. MYRONOV, 0. DMYTRIIENKO, M. YAROSHENKO

MODERNIZATION OF THE RUNER OF A HIGH-HEAD HYDRAULIC TURBINE TO THE
SPECIFIED PARAMETERS

The paper considers the problem of modernizing the runner of a high-head Francis turbine for the specified parameters. The modernized runner must
meet modern requirements for efficiency and cavitation. Using a package of application programs, a blade system of the runner was developed for the
accepted parameters of the optimal mode with high energy-cavitation performance. The results of the computational analysis of flow parameters in the
flow space of the high-head hydro turbine Fr310 of increased speed are presented. Constantly growing requirements for improving the energy qualities
of hydraulic turbines necessitate the improvement of methods that allow predicting and optimizing the energy characteristics of the flow space.
Improving the energy-cavitation performance of hydraulic turbines poses the task of further developing the method of mathematical modeling of the
workflow. The use of a numerical experiment based on a mathematical model of the workflow is an effective means of finding rational options for
both newly designed and modified elements of the flow space of hydraulic turbines. A necessary component of the design of the flow part is the
selection of a number of geometric parameters of the runner (meridional outlines of the cavity, input and output edges of the blade, etc.), the
correctness of which significantly affects the energy performance. When choosing the geometric parameters of an runner, one is usually guided by
experimental data obtained for hydraulic turbines depending on the speed. This approach does not ensure proper coordination of the geometric
parameters of the runner, which often results in both a discrepancy between the design mode and the optimal one and an insufficiently high level of
energy performance.
Keywords: hydraulic turbine, flow space, runner, specific speed, energy-cavitation performance, modernisation.

Beryn. Y 3B'S3ky 3 TiABHINEHHSM BHMOT, IO
BUCYBAIOTBCS  JI0  CHEPreTHYHHX  XapaKTePHCTHK
riapoTypOiH, HEOOXiIHO peTeNbHile JOCITiIKyBaTH
CTPYKTYpY NOTOKY B IPOTOYHIH YacTHHI TiApOTYpOiHH i

€ Te, IO TUIbKM YacTHHA CTATUYHOI €Heprii THCKYy Yy
BXITHOMY TIepepi3i TMepeTBOPIOEThCS Ha KIHETHYHY
EHEPrilo0 Ha BUXOJ1 3 OpraHiB, 0 MiABOAATE. ToMy MOBHA
EHeprisi Ha BXOJ1 B poOO0Ye KOJIECO BCE IIE Ma€ CTATUYHUIN

BUSIBJIATH pe3epBu migsunieHHs KK/

Koxna peranp TigpoTypOiHM INPOEKTYEThCS 3
ypaxyBaHHSIM KOHKPETHHX BHMOT JI0 TEXHIYHOTO
3aBIaHH. PoGoue koileco €  HaWBaXKIMBIIIAM

KOMITOHEHTOM TiIpOTypOiHM, TOMY IO Iepenaya eHeprii
BiIOyBa€TbCSA TOJOBHUM YMHOM y HboMy. OTXe, pobora
OyIop-KOi  TimpoTypOiHM  3aleKHUTh  Bifl  CTYyIEHS
ebeKTHBHOCTI TIPOEKTyBaHHsA pobodoro koieca. Y
PEaKTHBHUX TigpoTypOiHaxX TMOTIK BoAM (OPMYETHCS
CHIpaliIbHOI0 ~ KaMepolo, CTAaTOPHHUMH  KOJIOHAMH  Ta
JIOTIAaTKaMH  HATPaBIISIOUOTO amnapary, sSKi piBHOMIPHO
PO3MOAUISAIOTh MOTIK M0 MEPUMETPYy POOOUOro Koeca.
IMotik ycepemuni po6o4oro Koseca MijIKOM HeCTaOLIbHUN
i HEOJHOPITHWUN, OCKUIbKM came y poOouoMy Koseci

BinOyBaeTbcsi  mepepo3mnoain  eHeprii.  [IpaBuibHe
NPOEKTyBaHHs MpoduliB Jsomari pobovyoro Koieca
JIO3BOJISIE  ONITHMI3yBaTH  PO3MOAIT  IIBHAKOCTI  Ta

KaBiTamii, Mo, y CBOI 4Yepry, BIUIMBaE Ha pobOoTy
rimporyp6inu B miomy [1, 2].

AHaJi3 JiiTepaTypHHMX /JxKepej Ta IOCTAHOBKA
npoodJeMn. I'0T0BHOIO OCOOIUBICTIO PEaKTUBHOI TypOiHI

THCK 1 JaJli NepeTBOPIOETHCS Ha KIHETUYHY EHEprilo Iij
Yyac MPOXOHKEHHS MOTOKY Yepe3 poboue koneco [1, 3].

[Totik y pobouoMy Koyieci Ma€ CKJIAIHY MPHPOIY,
TOMy HOro TOYHE 4YHCEIIbHE MOJENIOBAaHHS BHKOHATH
Iy’)Ke CKIagHO. 3a OCTaHHI TPH JACCATIITTS Oyiu
3po0ieHi 3ycWUIE 3 MOJENIOBaHHS TIOTOKY dYepes
CTamioHapHI Ta O00epTOBI eJIEeMEHTH TiApoTypOiHH 3
MakCHMallbHO  JONYCTHMHM  HaOmwkeHHsM.  Jlis
BUKOHAHHS YHCEIBHOI'O MOJIENIIOBAHHS IIOTOKY HEOOXIIHI
TPUBUMIPHI TEOMETPUYHI TapaMeTpd HEePyXOMHX i
00epTOBMX YAaCTHH TiAPOTYpOiHHW, 110  OMHUCYIOTh
MPOXO/PKEHHS MOTOKY Ta TpaHW4HI ymoBH. HasiBHI nai
BiZIOOpa)aloTh pe3ysbTaTh JOCTIAIB 13 TPUBUMIPHOTO
MO/ICTIFOBaHHS.

TpuBUMIpHI METOAM PO3paxyHKY Jionareil podoyoro
KoJieca TiApOTypOiHM po3poOieHi Ha OCHOBI Teopii
peuriTok [1, 2, 4].

SIKmo mTOpIBHATH METOAM Ta TAKETH Tporpam
po3paxyaky motoky (CFD Tools) 3 Ttoukm 30py
TPYZOMICTKOCTI Ta BHUTpPaT MAIIMHHOTO dYacy MOXKHa
VSBUTH TaKUM YUHOM [5]. SIKIIO yMOBHO MpPHUHSATH Yac
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PO3paxyHKy KBa3iTpUBUMIPHOTO HEB'SI3KOTO IMOTOKY 3a
noniomoroto nakera Q3D-Eu 3a ogunuio (3a3Buuail 1e
KiJIbKa CEKYH/I JIJIsl IIepLIOro HAaOIMKEHHS Ta NPHHHATOTO
peKUMYy pOOOTH), TO pelTa METOHIB PO3PaXyHKy B
HapOCTal04YoMy IOPSAKY CKIaJHOCTI BUMaraTMMe 3Ha4HO
OinbIoro obesry yacy Tadu. 1.

Ta6muws 1 — [TopiBHSHHS PO3paxyHKOBOTO Yacy IpH
BUKOpHUCTaHHI pi3Hux naketis CFD

Meron
) ) Q3D- 3D-
po3paxynky | Q3D-Eu 3D-Eu RANS | RANS
(maxer)
KpatHicTs 1 10 20 100
Bupauenuit Cexynmu | Xsununu | Yacu ﬂeCﬂ?KH
Jac JaciB

OpnHak, mMOCHigOBHE OaraTopiBHEBE 3aCTOCYBaHHS
nakeriB CFD 3abe3neunno pesynbrati 30uabmenHs KK
Ha 1,58 % [5]. Po3paxyHOok HaBemeHO aJisi TiAPOTYpOiHU
tuny Fr 40, pe3ynbratu npejcrasiieHi B Ta0. 2.

Tabmuus 2 — baratopiBHeBe NPOEKTyBaHHs pPoOOYOr0 KoJeca
pazianbHO-0ChOBOI T1iIPOTYpOiHN

MHaxer Yac, KinLKiQTL 301IbIIEeHHS
roauH | iTepariii KK, An, %
Q3D-Eu 3 62 0,31
3D-Eu 30 58 0,42
Q3D-RANS 80 60 0,85
3D-RANS 113 182 1,58

PobGode xomeco pamiadbHO-OCBOBOI TiAPOTYpOiHH
CKIIANIA€TBCSA 3 PANY BUTHYTHX JIONAaTeH, MPOTHICKHUX
JIoTmaTKam HaIpsIMHOTO amapary, PIBHOMIpHO
pO3TalIOBaHUX TI0 KOJIy Mixk 000710M Ta BTYJKO0. Jlomarti
MalOTh TaKy (QOpMy, IO IOTIK HAIXOAUTh Ha podoue
KOJIECO B pajialbHOMY Hamps MKy, a BHXOJAUTH B
ocboBoMy. lle mpu3BOAWTH A0 3MIHHM IMITyJIbCYy HOTOKY
BOJIY 1 PO3BUBAE KPYTHUI MOMEHT Ha JIONATIX pOoOOYOTO
KoJieca, IO MPHU3BOAUTH poboue Kojeco B oOepTaHHS.
TakuM 4MHOM, MOBHA EHEPris MOTOKY, II0 BUXOAUTH i3
poboyoro Koieca MeEHIE, HDK €HEprii Ha BXOJ.
[lepeTBOpeHHA TiApaBIiYHOI €Heprii Ha MeEXaHIYHY
BimOyBaeTbcss B poOodoMy Koiieci. 3MiHa HampsSMKY
MMOTOKY BOJM 3 PaialbHOIO B OChOBE pobOOYe KOJIEeCO
cripusie 30UTBIIIEHHIO KOPUCHOT MTOTYXKHOCTI T1APOTYpOiHH.

Ockimbku  Tiepemavya  eHeprii  BigOyBaeTbcs y
poboyoMy Koieci, HOro KOHCTPYKIiA € HaHBaKIIUBIIIOIO.

IIpoexTyBaHHS €JICMEHTIB MPOTOYHOI YACTHHHU
MPOBOAUTHCS IIUIIXOM BHPILICHHS MPSAMOi YW 3BOPOTHOI
3ajaui.

[Ipu BupimeHHi npsiMoi 3a7a4i 3HaXOIATh 3HAUCHHS
THCKIB Ta PO3IOJUTY IIBHJIKOCTEH Yy NMPOTOYHIH YaCTHHI,
B3JIOBK TIPOQ1ITEO JIoTaTi poOd0Yoro Koyeca.

3MicT 3BOPOTHOI 3ajadi TOJSITaE€ y BH3HAYCHHI
dopMu TomaTi TPH 3aJaHUX IapaMeTpax IMOTOKY B
pobodoMy KoJjieci, o 00epTaeThes.

Xapakrep 1 MacmTabu BTpaT B OKPEMHUX eJeMEHTax
KOHCTPYKIIi 3aJeXHUTh Big CTPYKTypu moToky. OTKe,
OIliHKa BTPAT B OKPEMHX €JIeMEHTaxX i Mo BCid MpOTOUHii
4acTUHI TiIpoTypOiHn HeoOXimHa s migsuineHHs KKJ]
TypOiHu. Brpatm MoxyTre Oyt oOumcieni abo
TEOPETUYHUM HIITXOM abo 3a JIOTIOMOT 010
eKCIIEpUMEHTANIBHUX ~ JIOCHI/pKeHb  Mojeni. HanexHe
JIOCHI/DKEHHSI BTpaT Yy TiIpoTypOiHI MOXe TaKOX

JIOTIOMOI'TH y PO3p0o0Ili HAHOLIBII €(hEKTHBHOIO MPOCKTY
IIPOTOYHOI YaCTUHHU.

Po3BUTOK METOJIB MaTeMaTHYHOTO MOJICIIIOBAHHS
JIO3BOJISIE  TIPOBOJMTH  0OararoBapiaHTHI  YHCEIbHI
JOOCHIDKEHHS]  BIUIMBY  T€OMETPUYHHMX  MapameTpiB
(opMyBaHHS €HEPreTHYHHUX XapaKTEPUCTHUK Y TIpoleci
NPOEKTYBaHHS MPOTOYHOT YaCTHHH. Y 0araThbOX BHITAJIKaxX
3aCTOCYBaHHS YHCEIIBHOTO EKCIEPHMEHTY € e()eKTHBHOIO
3amiHor0 (izuurHoro [6, 7].

Ha mouarkoBux eramax TIpOEKTYBaHHs Kpalle
BUKOPUCTOBYBATH CIIPOLIEHI METOIHMKU PO3PaxyHKY, SKi
He TOoTpeOyloTh 0araro uacy, ONKMC SIKMX HaBeIeHO
B [8, 9].

IMpoBenenuit anamiz [1-9], 103BOJIMB BHSABUTH, SIKi
MpOOJIEMH CTOATH Ha NIISAXY €(PEKTHBHOCTI MMPOEKTYBAHHS
MPOTOYHOT YACTHHU TiIpOTYPOIHM Ha 3a/1aHi TapaMeTpu.

Mera Ta 3amaui jgocaimkenns. B pobori
pO3MIIsIIANIach 3amavya po3poOku Moaudikalii pamiaibHO-
OCBOBOTO poboyoro Koyeca BHCOKOHAMIPHOT
riapoTypOiHu TUITY PO310 3 IT1IBUIIEHOIO
[IBAIKOX1IHICTIO Ta 3 MOJTITIIIEHUMHA
CHEepProKaBiTaI[itHIMHU MOKa3HUKaMH Ha 3a7aH1
napameTpu:

- HOMiHaJIbHA MOTYXHICTh TiApoTypOiHHU:
N = 340 MBrT;

- pospaxynkoBuii Hamip: Hy = 230 m;

- MiHIMaBHUH Hamip: Hpyin = 207 M;

- MakCUMaJIbHUH HaMip: Hyax = 275 M.

Jlit  nocsrHeHHs MeTH OyiaM  TOCTaBJeHi
3aBIaHHS:

-OIJIAA ~ €JEMEHTIB  NPOTOYHOI  YacCTUHH  Ta
BUSIBJICHHSI OCHOBHOTO €JIEMEHTa JIJIsl MOJIepHi3aIlii;

- momyk pe3epBiB  jansd  30umemenHs KK Ta
MIPOITYCKHOT CIIPOMOKHOCTI pOOOYOTO KoJjeca.

Metoauka MojJepHizaunii poGoyoro KkoJjeca.
Po3BHTOK  MeTOZIB  MAaTeMAaTHYHOI'O  MOJENIOBAHHS
pobodoro mporecy Ta IOTOKIB Y KaHalax TiIpoTypOiH
HoTpedye BIOCKOHAJICHHS MaTeMaTH4YHHX  MoJeJeil.
Oco0naMBO  BeJIMKI  CKJIaJHOCTI  BHHUKAIOTh  IIPH
MOJEJIIOBAHHI IOTOKY y BY3bKHX 1 NPOTSDKHHX KaHajax
BHUCOKOHAMIPHUX PajiaibHO-OCKOBHX TiAPOTYpOiH, e
ICTOTHHMI B3a€MHHUIl BIUIMB NPUCTIHKOBHX 3arajJbMOBaHHX
IapiB i TPaJIEHTHOTO TIOTOKY B IIEHTPaJIbHIN 30HI KaHaIy,
a TaKkoXX 3HAYHUA BIUIMB BUTBHOI 3aBUXPEHOCTI 1
TypOyJICHTHOCTI TOTOKY, SKUH (OpMyeTbCs y MiABiIHI
YaCcTHHI TiAPOTypOiHH.

VY 3B'i3ky i3 3a3Ha4€HMMH CKJIAJHOLIAMH MpPHU
pearmizamii TPUBHMIPHHX METOIIB PO3PaXyHKYy B'S3KOTO
MOTOKY  IPEACTAaBISETHCS  AKTYaJbHOIO  pO3pOOKa
HaOJIDKEHNX METOJIB PO3pPaxXyHKY BTPAaT 1 €HEPreTHYHHUX
MOKa3HUKIB, 0 0a3yIOTHCS HAa CHPOLIEHUX MOAEIAX Teil
B eJIeMeHTax INpOoToYHOI uacTMHH. Ha OCHOBI IHX
MoJIeNiell BU3HAYalOThCs Pi3HI BUIU BTPAT: BTPATH TEPTS,
KpOMOUYHi, yaapHi Ta iH. L{i gaHi BUKOPUCTOBYIOTBCS IJIS
CKJIaJlaHHsI 3aeJIEMEHTHOr0 OaaHcy BTparT.

AHai3 6anaHCy BTpaT HEOOXimHWU I 3'SCyBaHHS
yMOB (OpPMYBaHHS OINTHMAIBHOIO PEXKHMY, a TaKOXK
BUSIBJICHHS. THUX BHJIB BTpaT, SKi poOATH HAKOUIBII
icroTHuid BIUIMB Ha Xapaktep 3miam KKJ[ B obmacTti
OCHOBHUX pobouux pexxumiB. Ha mizgcraBi OanaHcy BTpat
3'SICOBY€ETBLCSl CTYIiHb Y3TOKEHHS €JIEMEHTIB MPOTOYHOT
YaCTHHHU.

Meroayka aHanizy KiHEMAaTHYHUX 1 €HEpPreTHYHUX

Taki
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XapaKTePUCTHK, PO3po0siecHa Ha Kadeapi TriapoMaIinH
HTY «XIIl» [10, 11], no3Bossic BU3HAYATH KiHEMAaTH4HI
(IwBUAKOCTI, KYTH NOTOKY) 1 EHEpreTH4YHi IapaMeTpH
(KK, mnoryxHicTh) Yy 3aJaHOMy Jiana3oHi 3MiHH
pexumMHuXx Tapamerpis N, Q7). Ili nani HeoOXimui s
OLIHKM OKpEeMHMX BHJIB BTpar (TepTsd, KpPOMOYHIX,
yAAapHUX 1 1H.) 1 CTyNEHIO Y3TO/DKCHHS EJIEMEHTIB
npotoynoi dyactuHH. OTprMaHa B Takuid  crocid
iH(opMaIlisi € OCHOBOIO Ui BHECCHHS 3MiH y TE€OMETPII0
MPOTOYHOI YacTHHH (MoAM(DiKaLiif) 3 METOO TIiIBHIIICHHS
€HePreTHYHUX ITOKa3HHKIB.

HaBenena mertonmka He BpPaxoOBYe€ BCIX KaTeropii
BTpar. lle B mepury 4Yepry CTOCYETbCS — BTparT,
00yMOBJICHUX BUHHMKHEHHSIM BTOPUHHUX Teuiil. OjHak,
BOHA JI03BOJISE 3'ICYBaTH OCHOBHI 3aKOHOMIPHOCTI 3MiHH

KK/l 3anmexxHO Big peXUMHHUX 1 TE€OMETPUYHHX
napamerpiB.  lle  miaTBepmKyeThCS  3a0BUIBHUM
Y3rOJUKEHHSIM  JOCHIIHMX  JAHUX 1  Pe3yJbTaTiB
PO3paxyHKy.

3 OLmpOIMM CTyNeHeM TOYHOCTI (y TOpIBHSHHI 3
enmunHamMid KKJ[) BusHauaroTeest mapamerpu Ny, Q7
ONTUMAJIBHOTO PEXKUMY.

Ilpu MIPOEKTYBaHHI MPOTOYHOT YaCTHUHU
BHCOKOHAMIPHOI paiialbHO-0ChOBOI TiAPOTYpOiHU, TOPSIT
3 Y3rOJDKEHHSM TEOMETpii BXiAHOI KPOMKH poOOYOro
KoJieca 3 MOTOKOM, (pOPMOBAaHMM HAlpsIMHUM anapaToM,
HEOOXiTHO 3a0e3MEUNTH Y3TrO/DKCHHS BXIJHUX CJICMCHTIB
JIONATKM HANpsIMHOIO amapaTry 3 HapaMmeTpamy IOTOKY,
(opmoBaHOrO CcHipaJIbHOIO Kameporo i cratopom. lLle
Y3rO/DKEHHSI MOXe OyTH JOCSITHYTE Ha IMiACTaBi
PI3HOMaHITHOTO  pO3paxyHKy Oajlancy  BTpaT 3a
JIOTIOMOTOI0 3a3HAYEHOI METO/IMKH.

[IpoBeneHHsT YHCETBHOTO IOCHTIMHKEHHS HEOOXiTHO
JUIS BUOOPY palliOHATBHUX BapiaHTiB MPOTOYHOI YaCTHHHU
B Tmporeci ii TpoekTyBaHHSA. PiBHSHHA MaTeMaTHYHOT
MOJAENi € BHUXIAHUMH JUIS PO3paxyHKy ¢ aHami3zy
rapameTpiB ONTUMAIBHOTO PEXKHUMY.

TouHicTb PO3paxyHKOBOI OLIIHKH KK
Oe3mocepelHbO TOB'I3aHa 31 CTyNEHEeM aJeKBaTHOCTI
MOJIeNIi BTpar, 1o BigoOpaxae AiMCHUN XapakTep IXHbOT
3MIHM 3aJIe)KHO Bl TEOMETPUYHHMX Ta PEKUMHHX
napameTpis.

CyuacHa Teopisi HE [O3BOJISIE JIOCTaTHBO HaJiHO
BpaxoByBaTH BCi BHAM BTpaT, MO0 MAlOTh MiCIEe ¥
npoTtouHii gactuHi. e, mepmr 3a Bce, CTOCYEThCS BTpAT,
3YMOBJICHHX TIOSIBOIO BTOPHHHUX TeYili y poOodoMy
KoJieci Ha TOPIEBUX CTiHKax, IO OOMexyroTh. lleBHa
moxubKka BHOCHUTHCA TpU MOOYIOBI Mopened BTpaT y
3B'SI3KY 3 MPUUHATHM MPUIYIICHHIM HE3aJICKHOCTI BUIIB
BTpaT APYT BiJ Apyra.

HaBenena meronuka He J03BOJISIE JAOCHTh TOYHO
Bm3Haunt BenuunHu KKJI. Opnak BoHa J03BOJIsiE
3'CYyBaTH OCHOBHI 3aKOHOMIPHOCTI HOTO 3MiHH 3aJIe)KHO
BiJl peKMMHUX Ta TEOMETPUYHUX MMapaMETPIB I Pi3HUX
BapiaHTIB IPOTOYHOI dYacTWHHU. Lle miaTBepmXKyeThCS
3a0BUJIBHOIO  30DKHICTIO  [JOCBIAYEHMX  JaHUX Ta
Pe3yJIbTaTIB PO3PAXyHKY.

dopma TOPONKHWUHU, a TaKOXK YHUCIO JIOMaTen
pobodoro komeca Z,, = 15 6ynu oOpaHi, OpiIEHTYIOYUCH Ha
kpaii poboui koneca PO 310 6au3bK0i MIIBUAKOX1THOCTI.

CmipanpHa Kamepa, ¢ KyTOM OXOIUISHHS Y TUIaHi
¢ =350° wmae kpyruii Ta oBanbHI mepepizu. llpu
PO3paxyHKy CHipajibHOI Kamepu OyB NPHIHATHI 3aKOH

3MiHu mBHuAKocTed Vy = const. Crarop TypOiHu mae 12
npodiIbOBaHUX  KOJIOH, BKJIOYArOud 3y0  cmipadi.
[TpodinroBaHHS KOJIOH poOMIIacs 3 ypaxyBaHHSIM IIOTOKY,
mo (GopMyeThCs CHIpaIbHOI KaMepow Ha BXOMi, a
BUXIMHMH KyT KOJIOH TOTOMKEHHH 3 TOJIOXKEHHAM

JIOTIATKW  HAMpPAaBIAIOYOTO  amapaTy Ha  PEKUMI
HAMOLIBIIOr0 BUPOOJICHHS CHEPTii MPH PO3PaXyHKOBOMY
Hamopi. KimpmeBa pemriTka HampsSMHOTO — amapary

YTBOPIOIOTBCA 24 JOMAaTKaMHd aCHMETPUYHOTO TPpodisio
tuny BH-31. Jliamerp posramryBaHHS oOcell MOBOPOTY
JIOTIATOK HAmpsAMHOro amapara popiBuHioe Dg=1,2D;.
Bucota Hanpsimuoro amapary — by = 0,12D;.

CnouaTtky Oysn0 mpoaHalizoBaHO 0a30Be poOoue
KOJlecO y  SIKOTO ONTHMYM  XapaKTEPUCTHKH
N lonr = 62,5 xB7, Q lomr = 405 11/c, Nmax = 91,2 %,
0 = 0,05 T0O6TO 0aszoBe pobOoUe KOJIECO Ma€ HU3BKUN
piBens KK]I, sikuif He BiIIOBia€ CydacHHM BHMOTaM Ta
Ma€ BEMKHUN KaBiTALIHHUNA MOKa3HUK (Tabu. 3).

Ta6muus 3 — [TopiBHSHHS pe3ybTaTiB PO3pPaxyHKiB

5

g
g =
IToxa3nuku y E =
i £
Bapiant ONTUMAJILHOMY PEKHUMI g ?
A =
B S
. p=

n Iy Q Iy Nomrs

x| n/c % Owp Zpx
Basosuit | 62,5 | 405 | 91,2 0,05 15 -
BEPX.
1 63,7 | 443 | 92,80 | 0,07 | 14 :
001
2 65,0 | 421 | 92,94 | 0,032 | 14 | MK
001z
3 63,0 | 418 | 93,02 | 0,033 | 14 | °*
KpOMKa
4 62,5 | 420 | 93,07 | 0,035 | 14 | B™
KpOMKa

MogaepHizanito poOoJoro Kojieca BHCOKOHAMIPHOI
TiapoTypOiHKM OyJ0 MPOBENCHO B IEKIIbKA E€TaIIiB:

- Uil 30UIBLICHHS  TPOIYCKHOT  TOTY>KHOCTI
poboyoro koseca OyJIO 3MEHIIEHO KUIBKICTh JOmaTen
pobouoro Kkosieca Ta KOHTYP BEPXHBOro 0001y, IO
npuBeo 10 36inbmenns N, Q°), KK/ ta 6,

- UIi  3MEHIIEHHA Gy, OyJ0 3MIiHEHO KOHTYp
HIDKHBOTO 00ony (puc. 1), mo mnpuBeno 10 30iIbIICHHS
n";, KKJI ta smMenmmmo Q, 6,p;

=500 D = 500w

R
-

bo=0.120+

Bo=D 120y
1=

" \

a 6
Puc. 1. ITopoxxauna po6o4yoro Kojeca BUCOKOHAIIPHOT
pazianbeHO-0ckOBOI TipoTypOinu Ty PO310:
a — 6a30Be; 6 — MOJICpPHI30BaHE

- Ui 3MEHUICHHS  ONTUMAaJbHUX  IIPUBEACHHUX
obepriB Oyma wmoaumdikoBaHa BXigHa KpOMKa JIOMATi
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pobodoro koseca, M0 MPUBEIO 0 3MEHIIEHHS KiTbKICTi
o0epriB, Tpoxu 30uTbmuBca KKJI, ame 3MeHmmiach
BUTpaTa, piBeHb KaBiTallii 3aIMIINBCS Maiyke HE3MIHHIM;

-Ha  OCTaHHBOMY  eTami  MoAepHi3amii s
30UTBIIEHHS]  MPUBEACHOI BUTpaTH  OyJo  3MiHEHO
MICIICTIOIOKEHHS BHXITHOT KpoMKHu (puc. 1), mo mano
360inpmenas Q°, KKJII 3 mnpueMHMM KaBiTaliiiHUM
MTOKa3HUKOM Ta MPUBEJCHUM YHCIIOM 00EpPTiB.

ITopiBHSIHHST OCHOBHUX pPE3yJIbTATiB PO3PaXyHKY
npeAcTaBieHo y Tabum. 3.

Ha puc. 1 3o00paxkeni
CHIBCTaBIICHHS 0a30BOrO0 Ta OCTATOYHOTO
po6o1oro Koyieca BUCOKOHAMIPHOT TiAPOTYpOiHH.

BucnoBkn. 1. Ha mincraBi npoBeneHux poOiT Oyino
pO3po0JICHO HOBE paaialibHO-OChOBE pobode Kojeco
1 IBUILEHOT MIBHIKOX1HOCTI, 3 MOKpalleHUMHU
CHEProKaBITAllIMHUMHU  SIKOCTSIMHU, BIITOBIA€
CcydacHUM BUMOTram 1oo0 pisas KKJI.

2. Makcumanpanit  piBeEs KKJ[ wmonepHizoBaHOI
riapoTypOiHu y onTHMalbHOMY pexxumi ckiane 93,07 %,
mo Ha 1,87 % Bue, HX Ha y 6a30BOMY BapiaHTi.
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I. A. ABPYHIH, M. A. IIO/IPUT'AJIO, O. I'. 3AKAIIKO, 1. 1. MOPO3, JI. B. PA3APbOHOB,
A. I1. X0JI0]0B, M. I1. X0/1040B

AHAJII3 ITMHAMIKHA OB'€EMHOT O I'IPOITPUBOJA PYJIBOBOI'O KEPYBAHHSA CAMOXI/IHOI'O
TPAKTOPHOI'O HIACI

Merta. AHaui3 [HHAMIKH 00'€MHOT0 TipONPHUBOAA PYJILOBOTO KepyBaHHS KOJIICHOTO TpakTopHOro camoxiaHoro maci CI2540 nuisixom iMitauiiinoro
MO/ICTIOBAaHHS pOOOTH TiAPOIMITIHAPA 3 OAHOOIYHUM LITOKOM /ISl HEPECYBaHHS PYJIbOBOI Tpanewii Npu MoBEPTaHHs KOJIIC 1 TOCHIIKEHHsI 3MIHU TUCKY
po6oYOoi pifMHKM Ta HEpeMillleHHs WITOKY TiJAPOLMIIHAPA HPU Pi3HHX PEXMMaX HaBaHTaXKCHHS. MeToanka JociijkeHb. BHUKoOpHcTaHa MeToJHKa
iMITaLifHOr0 MOJEIIOBaHHsI, KO 3MiHHI, [0 ONUCYIOTh MOBEAIHKY TiIPOLITIHAPA PYJIbOBOTO KEPyBaHHsI, BU3HAYAIOTHCS MEBHUMHU alrOPHUTMaMHU
HaBaHTXXEHHS 1 BUTpaTaMu poOOYOi piAnHHMI, i ONHMCYIOThCs audepeHuiabHUMK piBHSIHHAMU. ndepeHuianbHi piBHAHHSA, 110 BU3HAYAIOTh THCK
po0Oovoi piMHM B HMOPOXKHHMHAX TiAPOLILTIHIpA Ta NEepeMilleHHs HOro ITOKy, KOJIM poboda piuMHA IiJBOAUTECS B IIOPLIHEBY a00 IITOKOBY
MOPOXKHHUHH, PYHTYIOThCS Ha 3aKOHAX MEXaHIKH, IPHHIUII HEPO3PUBHOCTI OTOKA poOOYOl PiiMHU 1 iT cTHCAUBOCTI. s IPOBEACHHS MOICITIOBAHHS
3a 3aMpOINOHOBAHOI0 METOJMKOI0 BHKOPHCTOBYBABCS MAaKeT MPHKIaAHHX mporpam VisSim. JlocmimkyBamucs 3MiHH MapaMeTpiB B TiAPOLTIHADI
MOBOPOTY KOJIiC IpH iX 3pyNIyBaHHI BiJ 3aBIaHHS Kepylodoi Aii y BHIVIIAI 3pOCTaHHS 30BHINIHHOIO HABAHTAKCHHS Ta BUTPATH poOodoi piauHu B
BUXIHUX KaHajJaX HAacoca-103aTopa, L0 JONAETHCS TiApOommiHApoM. Takox JOCHiKYyBaBCs BIUIMB MOJIYJSI MPYXKHOCTI pOOOYOI DIAMHH, SKHI
3MEHIIYETHCS IPK 1i HACHYEHOCTI HEPO3UMHEHUM MOBITPsM. Pesynbratu. Ilpu mycky riaponpuBoaa pyiabOBOTO KEpyBaHHs, TOOTO HPH MOBEPTaHHI
PYJIBOBOTO KOJIeCa Bifi CBOTO HEHTPAIBLHOTO MOJIOKCHHS, B 3QJEKHOCTI BiJ 30BHIIIHBOrO HABAHTAXXCHHS Ta IHTCHCHBHOCTI POOOTH BOJIs KEpMOM
MalOTh Micle KOJIMBAJIbHI MPOLECH B MOPOKHUHAX TiIPOLIIIHAPA, SIKI MOXKYTh CYTTEBO MEPEBHILUTH poOounil THCK. Pe3ynpTaTn HOCHiKEHDb 1AI0Th
Mi/ICTaBy 3pOOUTH BUCHOBOK IPO HEOOXIIHICTh BUBYEHHS XapaKTepy 3pOCTaHHS BUTpPATU Ta THCKY poOOYOl piAMHM Ha HAaTypHOMY 3pas3Ky Hacoca-
J103aTOpa TPAKTOPHOTO I1aci, TOOTO 3aMIHMBIIIN MOJICTIOBAHHS BUTPATH Ha 1 (haKTHUHE 3HAYCHHS. 3aBIaHHS 4acy HABAHTAXXCHHS Ta BUTPATH PoOOUOT
PiJMHH 32 IOMOMOroro 610ka Map-VisSim 3py4silie, Hi 3a[aHHA aHATITHYHUMH BUPa3aMH, TaK SIK JIa€ MOYIIMBICTH MOJICIIIOBATH PI3HUI TEMII PO3TOHY
TiIpoLMITiH/pa Ta PU HEOOXIJHOCTI KOHTPOJIIOBATH CTALlIOHAPHUI PEXKHUM PYJIbOBOTO KOJIECa B HEHTPaIbHOMY MOJIOKEHHI.

KurouoBsi c10Ba: xomicHe TpakTopHE mIaci, 00'€MHUM TiIpONPHBOJ PyIbOBOrO KepYBaHHS, TAPONMIIHAP 3 OXHOOIYHUM IITOKOM, MaTeMaTHYHA
MO/I€JIb, MOJICIIOBAHHSI IMHAMIKH, TIaKeT porpam VisSim, KoJIMBaHHS THCKY.

G. AVRUNIN, M. PODRIGALO, O. ZAKAPKO, I. MOROZ, L. RAZARYONOV, A. KHOLODOQV,
M. KHOLODOV

ANALYSIS OF DYNAMICS OF VOLUME HYDRAULIC POWER STEERING SELF-PROPELLED
TRACTOR CHASSIS

Goal. Analysis of the dynamics of the hydraulic fluid power steering drive of the wheeled tractor self-propelled chassis CI112540 by simulating the
operation of a hydraulic cylinder with a one-sided rod for moving the steering trapezoid when turning the wheels and studying the change in the
pressure of the working fluid and the movement of the hydraulic cylinder rod under different load modes. Research methodology. The method of
simulation modeling is used, when the variables describing the behavior of the steering hydraulic cylinder are determined by certain load algorithms
and operating fluid flows, and are described by differential equations. The differential equations that determine the pressure of the working fluid in the
cavities of the hydraulic cylinder and the movement of its rod when the working fluid is fed into the piston or rod cavity are based on the laws of
mechanics, the principle of the continuity of the flow of the working fluid and its compressibility. The VisSim package of application programs was
used for modeling according to the proposed methodology. The changes of the parameters in the hydraulic cylinder of turning the wheels when they
are shifted from the task of the control action in the form of an increase in the external load and the flow of the working fluid in the output channels of
the metering pump overcome by the hydraulic cylinder were studied. The influence of the modulus of elasticity of the working fluid, which decreases
when it is saturated with undissolved air, was also investigated. The results. When starting the hydraulic steering drive, i.e. when turning the steering
wheel from its neutral position, depending on the external load and the intensity of the driver's work at the wheel, oscillatory processes take place in
the hydraulic cylinder cavities, which can significantly exceed the working pressure. The results of the research give a reason to conclude that it is
necessary to study the nature of the increase in the flow rate and pressure of the working fluid on a full-scale sample of the tractor chassis metering
pump, i.e. by replacing the flow rate simulation with its actual value. Setting the loading time and flow rate of the working fluid using the map-VisSim
unit is more convenient than setting it with analytical expressions, as it makes it possible to simulate different acceleration rates of the hydraulic
cylinder and, if necessary, to control the stationary mode of the steering wheel in the neutral position.

Keywords: wheeled tractor chassis, hydraulic fluid power steering, hydraulic cylinder with one-sided rod, mathematical model, dynamics
simulation, VisSim software package, pressure fluctuations.

Beryn.  Tpakropue  camoximHe maci  T-16
BUITyCKaJIOCS ~ XapKIBCBKUM ~ 3aBOJOM  TPAaKTOPHUX

Bil KOMIUIEKTAIlli 1 pOKY BHIIYyCKY) BajiB BimOOpy
MOTY>KHOCTI JUTS TIepeiadi KPYTHOIO MOMCHTY Ha HaBiCHE

camoxiguux maci 3 1961 o 1967 pik [1]. Foro pospo6ka
€ pe3yJbTaToM MoJiepHi3anii camoxigHoro mraci J{CIII-14,
mpoekT sKkoro po3pobmsecs B CKB mo TtpakTopHHM
CaMOXiTHUM TIaci B M. XapKoBi. 3a mepio]] BUIIYCKy OyIo
BHUTOTOBJICHO Maibke 600 trc. 3paskiB T-16. I B nanwmii vac
TPAKTOp MAa€ BEIHKHH IMONHUT Yy CLIbCHKHUX JKUTEIIB SK
yHiBepcaJlbHa MAaIllHA TS IPUCAAUOHMX 1 3aTOTIBETBHIX
po6it. Camoxigae mraci T-16 Maio ABOIUTIHAPOBHI
JIM3EIIbHUI JIBUTYH MOTYXHICTIO 16 K.C. 3 He3BHYAHUM
JUIS  TPAKTOPIB PO3TAllyBaHHIM 333y MICI1 BOJIs,
CEMUCTYINHYACTY KOPOOKY Iepenad i 0 TphoX (3aJIe:HO

oomamuanns (BBII). Cmepeny Ha pami maci € Micis
KpIIJIEHb JJIsl YCTAHOBKM PI3HOMaHITHOTO J10JaTKOBOTO
o0JiaiHaHHS: BaHTa)KHO{ IaTGOPMHU-CaMOCKH/Ia;
HABaHTAXXyBauiB PI3HUX THUIIB; MOTOIMIKH; TpeiinepHol
JIONIATH 1 IOPOKHBOI IIITKH, BCTAHOBIIIOBAHUX i/l PaMolo,
ciHoKocapku Ta iH. Lle oOnmamHaHHA TPUBOIMIIOCA B Iif0
BBII. Cnowatrky T-16 OyB mpu3HaueHHH T pOoOOTH B
OBOYiBHHLITBI 3 ONPUCKYBa4YaMH, NPOCATHAMH
KylnbTUBaTOpaMH 1 30UpaJbHAMH  MAaIlWMHAMH, aie
OTpHMaB HaOarato OipIIe MONIMPEHHS SK HEeBEINKa
pO3Bi3HA BaHTaXiBKa minBuiIeHol npoxiguocti. st T-16
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Oyna po3poOiiecHa 1 BHITycKajmacs BeENHKa KUIBKICTh
3MIHHOTO  OOJIaIHAHHSI: CIHOKOCapKa, CTOT'OKJIA/I,
MasiorabapUTHUA HABaHTAXXYBa4-eKCKaBaTOD,
caMOHaBaHTaxyBay (110 3a0e3Meuye BAHTAXKECHHS CHITKUAX
1 IOTyYHWX MaTepiamiB y CBilf Ky30B), OIpPHCKyBad,
KOMIIPECOpHA CTaHIis Ta iH.

Ilicns MopepHizamii caMoOXigHe Imaci OTPUMAio
JIBUTYH TIOTYXXHICTIO 25 K.C., HOBY KOpOOKy mepenay i

ingekc T-16M. 3'sBuiacsi MOXIIMBICTH  YCTaHOBKHU
KapkacHOi KaOiHM 3 TeHTOM 1 JjaBepuma. T-16M
BUTOTOBISIBCSL 3 1967 mo 1995 pik. MiniManbHa

mBHIKiCTE T-16M dyepe3 XOmO3MECHINTYBad CTaHOBHIIA
Bchoro 1,6 kM/rom, 1mo poOmIO HWOro MPAaKTHIHO
HE3aMiHHUM $K Y CUIBCBKOMY TOCIONApCTBi, Tak 1 B
KOMYHAJIBHUX a00 TOPOKHBO-OyHiBeTBHUX POOOTAX.

VY 1986 poui Oyino ocBoeno Bumyck maci T-16MT,
10 OTPUMAJIO 3aKPUTY KaOiHYy 1 MOKPALICHUH JIU3eIbHUM
neuryH J[-21A1 motyxwuictio 25 k.c. (puc. 1).

Puc. 1. Camoxinne maci CII12540

Ha camoxignomy maci CII-2540 (T-16MI, T-16M)
[2-4] BcTranoBneHO po3miNbHO-arperaTHuii yHi(ikoBaHHI
00'eMHUI TiIPONPUBO. (OrT1D), 1110 JI03BOJISIE
TPAKTOPUCTY KEPyBaTH MMOBOPOTOM CaMOXIJHOTO Iaci B
IIpoLIECi pyXy, a TAKOX KepyBaTH HABICHUMH 3aco0aMH Ta
MallMHaMHM, 10 arperaryloTbes 3 maci. [ixponpucrpoi
OI'Tl posMmimeni Ha maci 1 3'emHaHi MDK C000MO
METaJIeBUMH 1 TYMOBUMH TpyOompoBomamu. Jlo ckiamy
OI'Tl Bxomsate mectepenHuit Hacoc HIII-10, Hacoc-
mo3arop pymnboBoro kepyBaHHs [[100, mMoHOOIOKOBHI
JIBOX30JI0THUKOBUI TiAPOPO3MOaITBHUK P-80,
TiIPOLMITIHAPH PYJIbOBOrO KEPYBaHHS Ta TEXHOJIOTTYHOTO
obnmaananHs 3 mapamerpamum  40x25x250 mm.  OI'TI
JIO3BOJISIE  KEPYyBAaTH TPAaKTOPUCTY JBOMa  CEKLISIMHU
HaBICHUX MalIMH OJHOYAaCHO ab0 OKPEMO KOXKHOM, IS
4oro 3 JIBOro OOKY CHJIHHS BCTAHOBJCHI Baxeli
YIPaBIIiHHS PO3MOALTEHIKOM.

Hacoc-gosarop J1100-10.16-02 [5] mae poGouwmii
oG'em 100 cM®,  THCK HaJIAIITYBaHHS  3al001KHOTO
kiamaHa 16 Mlla, npotuynapaux knananis 10 MITa.

AnagiTuyHuil oryusx jgiteparypu. Ha tenepimHiit
4ac CHCTEMH pPYJIBOBOI'O KEPYBaHHS 3 BHKOPHCTaHHAM
OI'TI 3acTOCOBYIOTBCS MPAKTUYHO Ha BCIX CaMOXiTHHX
MallFHaX CIeIialbHOrO mpu3HaYeHHA [l], 1o sKux
BIZIHOCATBCS ~OyJiBeJbHI Ta JOpOXHI MamuHa [2],
Tpaktopu [3], pi3HOMaHITHI CiIbcbKOrOoCHOAapchKi [4] Ta
i MammmHd. J[s 3a0e3medeHHs SIKOCTI TaKUX CHUCTEM
PYJIBOBOTO  KepyBaHHS BemyThCsl poboTH mo  ix
BJIOCKOHAJICHHIO Ta MOJAEpHi3alii iX OCHOBHOrO By3Ja —

Hacoca-jo3aropa [6—10].

Ha pwuc.2 mnpezncraBineHi pe3ynbTaTH pO3paxyHKY
tucky B OITl pymsoBoro kepyBanHs miacci T-16M,
BHKOHaHI1 mpod. M. A. IToxpurano Ha erarti
MPOEKTYBaHHS TIPM BHUKOPHCTAaHHI TiApONWITIHApa 3
niamerpamu mopuras 36 MM 1 mroka 20 mMm. B mratHOMY
pexxnMi 1 Tuck He niepBuiye 7,1 Mlla, myakripHa miHis 2
IIOKa3y€e Ha 3pOCTaHHS THUCKY HPH IOJOJNaHHI 3yCHWIb Ha
KoJleca IIPU CTBOPEHHI CYTTEBOI MEPEIIKOAN, HAIIPUKIIAL,

npu HEOOXITHOCTI BHUI31Y 3 Koutei pu
CLIBCKOTOCIIOaPCHKHX pOoOOTaX.
,MIla
1042
N
I
_/} : \ 1
Tiel 1
| | | | I'panycu
['panycu 4
- T ) +

-30 -0 0 10 30 50

Puc. 2. 3miHa THCKY B HOPOXHUHAX TiAPONMIIHIPA PYIEOBOTO
KepyBaHHs TpakTopHoro maci T16M Bix KyTiB HOBOPOTY KoJIic

O0'ektom  pmocimimkenus € OITl  pynboBoro
KEepYBaHHSI KOJIICHOTO TPAaKTOPHOTO CaMOXiJHOTO Iiici
mozeni CII2540, B AxoMy MepeMilIeHHsS BUKOHABYOTO
TIAPOLMITIHAPA 3 OHOOIYHUM IMITOKOM CUCTEMHU TOBOPOTY
KOJIIC 3aJa€ThCI HACOCOM-ZI03aTOPOM, L0 MOAAE poOouy
pinuny (PP) moueproBo 10 INTOKOBOI 1 TOPIIHEBOI
MMOPOKHUH TIIPONMITIHAPA MPOMOPLIHHO KyTy IOBOPOTY
pyJbOBOTO Kojeca. B naHHIM crarTi aHai3yeTbes
CHCTEMa pYJIbOBOTO KEpyBaHHS KOJICHOTO TpPakKTopa
camoxigHoro TpaktopHoro maci CI2540 [2] 3 Touku
30py [IMHAMIYHUX HaBaHTaxeHb. [ 3a0e3neyeHHs
MOTPiOHOT SKOCTI aHami3y poOOTH y CHCTEMi, IO
PO3IISAAAETHCS, HOCTAJI0 NHUTaHHA PO3paxyHKy
QUHAMIYHHUX TIPOIECIB B PYITHOBOMY KOHTYPi OKpEMO ISt
MTOPIIHEBOM 1 MITOKOBHX TIOPOXKHHUH, I HYOTO OyJo
BUKOPHCTAHO METOJIUKY IMITalliiHOTO MOJICITIOBAHHSI.

OcHoBHa yacTHHA. Po3paxyHKoBa cxema AMHAMIKH
OI'Tl pynboBoro kepyBanHs camoxifguoro maci CI12540
npuBeneHa Ha puc. 3. [impaBniuHa cXxeMa MICTHTH [Bi
cucremu OI'Tl — pysipoBoro KepyBaHHs 3 OJIOKOM Hacoca-
no3aropa HJl Ta rigpomwmiaapom [l 3 omHOOIYHMM
LITOKOM, Ta KepyBaHHS HaBicCHUMH arperaramu (Oiox P
MOHOOJIOKOBHUX TiIpOpo3noALIbHUKIB). OOHIBI cucTeMu
JKUBILITHCS BT 0fHOTO TIectepeHHoro Hacoca H. Hacoc H
3 TpHBOIOM Bix KopoOku mnepenad KII Ta pBuryHa
BHYTpimHKOTO 3ropsHHs [IB3 HarHiTae PP ming Tuckom py
no BxigHoro kaHanmy HJI, ne BoHa dYepe3 3BOPOTHHIT
wianad KO1 nmorpamuisie Ha BXij rixpopo3noniisHuka Pua
OI'TI pynpoBOro KepyBaHHS.

Oco0MBICTh CHCTEMH PYJIBOBOTO KEpyBaHHS, MIO
pO3TIISNAETBCS, TONsArae B TOMy, IO B HIiH
BHKOPHCTOBYETHCS HACOC-/103aTOP 3 (GyHKIIIEI0
BOYIOBAaHOTO TIPIOPUTETHOTO KIalaHa, SKUH JT03BOJIE
¢yakmionyBat  rigpommmiHgpam 12 i I3 B
HEWTpanbHOMY TIOJIOXKEHHI PyIbOBOTO  Kojieca, K
moka3aHo Ha rigpocxemi [11]. Tomy, kpiM OCHOBHHX
BuximHMX KaHamiB L i R, me#t macoc-mo3zatop HJI micTuth
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JOJIATKOBHM, sikuii € Buxiguum kanaiom Py(EF)
BOYZIOBAaHOTO TIPIOPUTETHOTO KIiamaHa, 1 OO SKOTO
HIIKII0YEHa CUCTeMa KepyBaHHS HAaBICHUMH arperaTramu
TpakTopa (610k P). Bxigauii HamipHuU KaHAT P, Hacoca-
no3aropa HJI 3'ennano 3 Buxomom Hacoca >xuBjieHHS H, a
3MMBHUN KaHal | 3'€IHYETHCS 31 3THBHOIO MariCTpasuIio
Bciel rizpocucTeMu TpakTopa, 3Binku PP morparuisie B
rigpobak b uepes dinsrp ®. o ckiamy Hacoca-mo3aropa
BXOJUTh TakoX 3amoOibkHui kmamaH KII1, «BTOpuHHI»
(npotuynapni) 3amobixui kmamanum KII2 1 KII3, Ta
3BOpOTHI (aHTHKaBiTawiiHi) kianaan KO2 ti KO3.

BMmoHTOBaHa B TigpopO3mOMiNEHUK PHI QyHKISA
npioputeTy 3a niHiero pP,(EF) 3a6e3neuye nmomauy Hacoca
Qy; B OI'TI xepyBaHHSI TEXHOJIOTIYHIMH TiIPOIHIIHIPAMHA
[12 i 113 Tiabku B HEHTpPaLHOMY MOJIOKEHHI PYJILOBOTO
KoJeca.

OI'Tl pynboBOro KepyBaHHS MICTUTH HACOC-I03aTOP
H, 30JIOTHUK PO3MOAITIEHOTO By3J1a SIKOTO
OesnocepeHb0 3'€eqHaHMN 3 py’asoBUM Koiecom PK
(kepMOM), TTIOBOPOT SIKOTO Ha KYyT Y 3a7a€ Kepyrody Iiio
il cucremi. OcHoBHi BuxinHi kaHai L 1 R Hacoca-
nozatopa HJI 3'eqHani 3 BiIHOBIAHUMH ITOPOXKHUHAMH
rigporiaapa [[1, mWToK SKOro i€ Ha COMIKY, Bif SKOT
Yepe3 CHUCTEMY BaXKeliB 3aJal0oTh KyT IIOBOPOTY
KepoBaHUM KojiecaM. Tuck B KaHami minseaeHHs PP mo
TiApOIMITIHApa HAa CXeMi MO3HAYeHO P, a P, B KaHAJl
BinBeneHus PP.

Cucrema KepyBaHHS HABICHUMH arperaraMi MiCTUTh

MOHOOJIOKOBHII  TBO30JIOTHHUKOBHH  TigPOPO3MNOILUTEHUK
(6mox P), B KOMIIJIEKTI 3 SKHM 3aCTOCOBYETHCS
3armoOKHUK  KJamaH HemnpsiMoi  aii  —  OCHOBHHH

3anoOikHui knanan KII4 ta nonomikHMNA (MUIOTHMI)
KIIS. TimpoposnomineHuk Pl crnomydenuid pykaBamu

lipporuninap 112 € BukonaBumMm, a rigpomwrtiamp 113
3aCTOCOBYEThCS JUIsl MUIaTOPMHU HaBiCHOI cucTeMHu abo
MOe OyTH BHHOCHHM.

Cucrema aBTOMAaTHYHOTO CaMOIIOBEPHEHHS
30JIOTHUKIB B HEHTpalbHE MOJOXKEHHS CKJIAJa€ThCs 3
rizpoummiagpa [laB, mTOK sKOro HaTHUCKye (QikcaTop
30J10THUKA, kinanaHa Ttucky KlIlaB Tta gapocens JIPas.
dikcalis  30JI0THUKIB BHKOHYIOTBCS 3a JOIOMOTIOIO
npy>xuH B rigpouwninapax L{as. [1pu miaBUIEHHI THCKY B
rigponpuBoAl OJIM3BKO [0 MAaKCHMAJIBHOTO 3HAYCHHS,
kianan THcky KllaB BigkpuBaeTbcs 1 poOoua pinnHa
HOTparuisie B INTOKOBY MOPOXXHHHY TiAPOIMIIIHApA 1
MiHIMa€e IITOK BBEPX, IIO0 NMPHU3BOAUTH IO NPHUITUHEHHS
¢ikcanii 30J0THHKA 1 HOro HepeMilieHHs B HEHTpaJibHE
TIOJIOKEHHS 3aB/SKU NPYKUHAM 3 000X OOKIB.

Ho cxkmamy OI'Tl mraci CII2540 BXOmUTH TaKOX
3BopoTHHi KimamaH KO4, skuii BHKOHYe (QYHKIIIO
aHTHUKAaBITAIIITHOTO.

Posrnsinemo auuamiuni npouecu B OI'Tl moBopoTty
KOJIIC TIPY Pi3HHUX 3HAYCHHSX 30BHINIHHOTO HABAHTAXKCHHS
F.x ta Butpatn Q. Bim Hacoca-mo3aropa HJI. s
MIPOBEJCHHS  TAaKOro  JIOCHI/DKCHHS  BHKOPHUCTAEMO
METOJAMKY IMITAIlifHOr0 MaTeMaTHYHOI0 MOJICIIOBaHHS,
PO3TIIAAI0YH 3MiHY TUCKY B MOPO>KHUHAX
TiAPOLMITIHAPIB Ta MIEPEMIIIEHHS IX IITOKIB.

BuxigHuM mapaMeTpoM Hacoca-103aTtopa € BUTpara
Qp fAKa MOXKE 3MIiHIOBATHCA 3a CBOIM 3HAYEHHAM
3aJIeKHO BiJl IIBWJAKOCTI OOEpTaHHS PYJILOBOTO KoJjeca.
[HIIOFO CKITaZiOBOIO € 30BHINIHE HABAaHTAXEHHS 3 OOKY
KOJIiC TPakTopa Fp, MUl MOJOJAaHHS SIKOTO CTBOPIOETHCA
HeoOXigHui TUCK PP B mMOpOXHUHAX TiIpOIMIIiHApa
(muB. puc. 3).

IIpu moOynoBi  MaTeMaTHYHOI

monmem OITI

PYJIBOBOTO KEPYBaHHS MPUHMAaEMO HACTYIHI PHUITYIICHHS
[12]:

BUCOKOTO  THUCKY 3  rigpomwimiHapom 12, a
rigpoposnonuibHuk P2 3 rigpommmiaapom  113.
Bnok HJ

PynsoBe KepyBaHHs
TpaKTOpa
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Puc. 3. TigpasnivHa NPUHIMIIOBA CXeMa TiiponpuBoa camoxigauoro raci CI112540
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- wineHicTh PP (p) mpuiiMaeMo mocTiiHO;

- HEXTYEMO BHTOKaMH Kpi3b IOPIIHEBI Ta IITOKOBI
VIIIIPHEHHS B TIAPOUMIIHAPI, IO BiIMOBIIA€ CydYaCHOMY
PIBHIO TePMETHYHOCTI;

- HE BpPaxoBYEMO XBHJIBOBI [porecu B
TpyOOIPOBOJaX 3 MPUYHUHH 1X HEBEIHKOI JOBKHUHU;
- PO3IIISIIAEMO  JOJIAHHA ~ CHCTEMOIO  3HAYHHX

HaBaHTaXXEHb, IPU SKUX TUCK Ha BUXOJI 3 TIpOUMITIHAPA
P,; HE3HAUHMH 1 IM MOYKHA 3HEXTYBATH.

MarematiuHa MOZAETH PO3IIIAAAEMOI CHUCTEMH 3
ypaxyBaHHSIM MPUHHATUX MPUIYIIEHb JUIS PEKUMY
MOBOPOTY MOXKe OYyTH NpEeACTaBlieHa Yy HACTyITHOMY
BUTJISAII.

Burpara poGoyoi pimunHu Qp, 110 MOJAETHC 3
BUXIJIHOTO KaHaly Hacoca-po3aropa HJI, mizBoauTbes 1o
MOPIIHEBOI TOPOXKHUHU ab0 MITOKOBOI TiIPOIMIiHApA
I11. Ha ocHoBi piBHsHHSA Hepo3puBHOcTI PP 3ammcyemo
OanaHc BUTpaT B mopokHMHax Tigpouwninapa L{1. Tlpu
nepemimenHi noprraa Bupaso (PP Binm H/I magxomuts B
nopoxunay A) abo BmiBo (PP Bim HJ] mamxoauts B
MOPOXKHUHY B) pIBHSHHS HEPO3PHBHOCTI JUISl MOPOKHUH
A i B MaroTh BUTIISL:

QA = Qn +Qqe<1)A ; QB = QLur _Qﬂeth ! (1)

ne Q, — Burpatu PP Ha BX0/i B MOpIIHEBY TOPOKHUHY
rigporwtinapa 111;
Q4 — Burpatu PP Ha 11 nedopmartito B mopoxxHuUHI A;
Qur Butpatd PP Ha BuXomi 3i IITOKOBOI
MOPOXKHUHU Tiapormiiaapa 11;
Qp — Butpatu PP Ha 1i nedopmarnito B mopoxxHuHi B.
CxkmamoBi Q, i Qu piBEsHHA (1) BHU3HAYAIOTHCS
3aJISKHOCTSMH:

Q. = Sn Vi Qe = SmT Vg, )

.D?
pe S, = il 7 i S, :%(Df ~d?) — mronyi nopmHs

nmiamerpoM D, Ta edekTHBHa IUIOMIa  IITOKOBOI
nopoxXHuHU Tiapouwmminapa [l mpu miamerpi mroky d,
BIAIIOBIIHO;

va 1 Vg — IIBHOKICTh NEpEeMIlIeHHS MOPIIHI
rigpormiinapa npu niaBogi PP B mopoxauaun A4 abo B,
BIITOBITHO.

Hedopmarriiina BUpaTa BU3HAYAETHCS SIK:

QA :[(VOA +S.. : yA)/ E](dpA/dt);
QB :[(VOB _Smr ’ yB)/E](de/dt):

ge  dpA — THCK B MOPIIHEBIH MOPOKHKHI TiIPONUITIHIpa
I[1 mpu mepecyBaHHI MOPIIHS BIIPABO;

dpB — THCK B IITOKOBii MOPOXKHUHI TiAPOLHIiHAPA
L1 npu nepecyBaHHi MOPILIHS JTiBOPYY;

YA 1Yp — IEpEMIIIECHHSI MOPIIHS T1APOLMIIHIPA;

Voa 1 Vog — modaTkoBi 00'eMH B TOpPITHEBiH Ta
IITOKOBI TOPOXXHMHAX TIPH CEPEeIHbOMY IOJIOXKEHHI
nopurHs B rigpouwtiaapi {1, BiamosigHo;

E — momyms npyxHOCTI PP.

[Micns meperBOpeHs GopMmynu aist OajaHCcy BUTpat
PP mnsa ginsuku BXimHoro kaHamy A rimpormiaapa 111
Bim Hacoca-mo3zatopa HJI i Butpat PP mma nminsakm

©)

BHUXiHOTO KaHamy B
HaOyBaIOTh BUTIISAY:

3muBy 3 rigpomwrtiagpa 111

Vo, +VY.S, dp, .

QA = VA Sn + E dt ’ (4)
Q,=v,S _VOB_yBSIHTH .dﬁ
B B~ mrn E dt ’

[Micns neperBopenHss a0 ¢opmu Komri BigHOCHO
noxiaHoi dp/dt ogepkuMo HACTYMHI PiBHSIHHS:
dp, _

-E QA _VASn . de -E VBSu.rm _QB (5)
dt VOA + yA Sn dt VOB - yBSan

1 micnsi IHTerpyBaHHsI BU3HAYa€MO 3MIHY THCKY B 4Yaci B

MOPOKHUHAX T1POLMIIHPA PYJIBOBOTO KEPYBaHHS:

t
p =By,

t
D, :J‘EMdt , (6)
0 V0A+yASn 0

VO B

B~ mrn

3 ypaxyBaHHSIM pO3MipHOCTi THCKY B MIla maemo:

o - i £Q —60><10‘3vASndt Ma:
! 0 VOA +1073 yA Sn ' ’
O
l 60><10’31/BSUml -Q,
p,=|E v _10°v.S dt , MIIa,
0 0B yB jitevit
2
pe S, = z 4D" iS,., =%(D§ -d?), Mm%
D,id, Mmm;
Voa i Vg, HM3;
E, MIla;
valvg, M/C;
yA 1 y39 M;
Q41 Qg, 1/xB.
PiBHsHHS pyXy TOpHIHS I NPUCKOPCHHS

HaBaHTaKeHOro Tinpoumminapa LI, Buxoasdi 3 nmpuHIMIA
Hamambepa, HaOyBae BUTIIATY:

dv 1
A= d_tA :_[Sn Pa _Slu'rn Pg — pr - F»upA - FTPA];
m 8)
dv 1
aB :d_tB - H[SLUTH pB - Sn pA - FPK - F‘/K-TPB - FTPB],

Je M- Maca, 10 MiJyisirae IoBOPOTY;

Fp« — 30BHIIIHE 3ycwuis (HaBaHTaXEHHs), IO
JIOJIAETHCS TLAPOLMITIHIAPOM;

Foxapal Fxrps — piivHHEE TepTA B rigpoumtinapi I1;

Fipa 1 Frpg — HamiBcyXe TepTs MOPIUHA Ta LITOKA B
rigpormminapi 1{1.

[licns n[BOX TOCHINOBHUX IHTErpyBaHb piBHSHB
Ma€eMO BHpPa3M AJS MIBHIKOCTI Ta MEPEMIMICHHS MOPIIHS
TiApOLMIiHApa TpPH TOBOPOTI TpakTopa B 000X
HanpsAMKax, HanpuKiIa, npu miasoni PP B mopoxuauny A:

t
1
Vo= JE[SH Pa =S, Pue — Fo = Furpa = Fipaldt;
0
©)
t
Ya= IvAdt,

0
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abo0 B NOpoXHUHY B

t
1
Vg = j E[smm P = SuPun = Foc = Frms = Frpa ldt;
0

t (10)
Vg = J-VB dt.
0
[IpuiiMaeM0O  3aJI€XKHOCTI Ui HAaBaHTaXEHb
pimuHHOTO Ta HamiBcyxoro Tepts [12]:
Foa=Fpoa-signv,;
F‘rpB = F‘rp.oB Slgn VB; (11)

F)l(.TpA :B'VA; F)x.rpB :B'VB’

ae  Fpo 1 B — cuna Hasincyxoro TepTs Ta Koe(illieHT
PIAMHHOTO TEPTS, BiANOBITHO, IPHYOMY
F ooa=fF. HF_.=fF_ H

™.0A T pK ! Tp.0 B B' pk?

(12)

ae  fa=0,025 ta f3=0,03 — koedimientn TepTs A
NepeMilieHHs! MOPIIHS BIPABO 1 BIIiBO, BiIIOBIIHO;

B =1500 He/m.

Jdns  mopmampmioro  CHpPOLICHHS — PO3paxyHKIB
MpUHMAEMO THCK Ha 3JMBI 3 TiIPOIIIIHApPA MOCTIHHUM
HE3aJICKHO BiJl HAIIPAMKY HOTO PYXY Para = Parg = 0.

Hdus  npoBemeHHs muHaMigHoro anamizy OITI
CKOPUCTAaeEMOCS OOYHCITIOBAIBHAMH OJIOKAMU — TIaKeTy
VisSim [13] 3 ypaxyBaHHSM BHKOPHCTaHHS OJIOKIB
Variable. Tlpu MopgenioBaHHI CHCTEMH  PYJIBOBOTO
KEepyBaHHS 3 TiAPOLMIIHAPOM aHAI3yIOThCA IMEpexiaHi
nporecH B cucTeMi 1 1 BuXiJ Ha cranuii pexum. [lpu
pO3paxyHKax 3aJa€MO 3MiHy 30BHIIIHBOI'O HAaBaHTa)KEHHS
Fp Ta BUTpatu Q,; YMCIOBUMH 3HaYeHHAMH (070K Map-
VisSim). Burpara  Qp B  Hacoca-703aTopa
PO3paxoBy€eTHCA 3a GOPMYIIOLO:

Q, =107V, -n_, wxs, (13)
ne  Vy; — pobouuit 00'eM 103yHuOro By3jia Hacoca-
n03aTopa, cM>;

N, — MBHIKICTE OOEpPTaHHA KepMa, SIKy 3[iHCHIOE
BOJIIH, xB T,

Jus  BupimieHHS piBHIHH MAaTEMAaTHYHOI MOJEIi

CKOPUCTAaEMOCS ~ YHCENBbHHUM MeronoM Pynre-Kyrra
YeTBepTOro Topsaky 3 auckperHictio A = 0,001 c.
Pesynbratm  mocmimxeHb OTpUMaHi y BUTIISAIL

PO3paxyHKOBUX OCIHIIOTPAM.

3aBJaHHAd MaKCHMMAJILHOIO CTAaTUYHOTO 3YCHILIA Fp
Ha rigpoumninap {1 npu nuHamiunux pospaxytnkax OI'TI
PYJIBOBOTO KEPYBAHHS BUKOHAEMO 3a (POPMYIIOF0:

-(D; —d*) -1,

2 » (14)

pr = [chr] ' SnLur = [chr]
ne  [peer] = 10 MIla — MakcUManbHHUA TOMYCTUMUI THCK
y IITOKOBiH NOPOKHUHI TIAPOLIIIIHIPA, BUXOASYH 3 TOTO,
10 MPOTHUYJapHi 3amoODKHI KJIamaHd Hacoca-103aTropa
HJI nanamroani Ha Tick 10 MIla;
Nrw = 0,96 — rinpomexanivamii KK/ rizpoummiagpa
[14].
TakuM 4YMHOM, MaEMO MaKCHMallbHE 3yCHWIUIA TPHU

MOJIOJIAHHI  MIJBUIICHOT TMEPEIIKON Fp“f““ =7348 H.

3rigHO PO3paxyHKy Ha pHUC. 2, CIHiBBIIHONICHHS THCKIB
MaKCHUMaJIBHOTO  Ta  pobodoro  JOPiBHIOE 1,4
(10 MITa/ 7,1 MIla), Toni F =~ 5250 H.

Ile 3ycwuids BHKOPHCTOBYEMO SIK 3aJaHe IIpHU
HonepeIHbOMy cTaTHuHOMY po3paxyHky OI'TI pymsoBoro

kepyBaHHs [14] 1 oOTpuMaeMO 3HAYEHHS THCKIB B
Pacr=4,35MIla i  pger=7,15Mlla, sxi  Jgar0Th
MOXJIMBICTh ~ TIPOBEJICHHA NCPEBIPKH  aJCKBaTHOCTI
moOymoBanoi  MaTtematwdHoi wmogenmi. g 1wporo
BHKOPHCTOBYEMO (POPMYIIH:
4F,,
pACT = 2 s MHa,
ﬂ : Dl'[ ' 77I‘M 15
4F, (15)
Pper = MlITa.

7-(D; -d*)n,,

Ha puc. 4 npencraBieHa ocruiorpaMa OJHOYACHOT
3aMMCH  CHIBBIAHOIIEHh THCKIB B  IOPOXKHHHAX
rigportiaapa Pg / Pa (BEpXHSA KPHBa) MPH AHHAMIYHOMY
po3paxynky OITl i miomMH MOPIIHEBOi 1 IITOKOBOL
HOPOXHUH S, / Sy (HHXKHS TIpsiMa JTiHisK).

B —1

Time (sec)

Puc. 4. Ocunorpama minTBepKeHHS aleKBaTHOCTI TMHAMITHOL
matemariaaoi Mozeini OI'TI pyisoBoro KepyBaHHS
TEOMETPUYHOMY PO3PaxyHKY TiIpOLIIiHApa

Jami cTaTHYHOTO 1 IUHAMIYHOTO PO3PaxyHKYy B
peXrMi TIOCTIHHOTO HaBaHTaXEHHA Ta BuTpatu PP
BiZIpi3HSIOTHCA HE Oinpiie Hik Ha 3,8 %, mo 00yMOBIIEHO
PI3HUMH CrIOcO0aMHM 3aBAaHHS BUTPAT: IUIIXOM 3aBIaHHS
NoCTiHOTO 3HaueHHs rigpomexaniynoro KKJI mnpu
CTaTHYHOMY DPO3pPaxyHKy 1 3 ypaxyBaHHSIM HaBillCyXOro
TepTs Ta Koedinienty pimuaaoro tepts (11; 12). Takum
YMHOM, CIJiJi BB&XaTH, IO aJEKBaTHICTb MOJeINeH
T ATBEp/KEHA.

3 METOI OJHOYACHOTO OTPUMAHHS OCLIJIOrpaM B
maketri ViSSIM Juis 3aiexXHOCTI THCKY BiJ 4acy s
IITOKOBOI 1 IIOPIIHEBOI IOPOXXHWH TiAPOLMIIHIpA
33Ja€MO OJJHAKOBHH alNrOPUTM HABaHTAXEHHS IIHMX
NOPOKHMH 3i 3HaueHHamMu F ™ =7348 H i F, = 5250 H.

Iamri BuxigHi maHi s po3paxyHky muHamike OILTI:
m = 50 kr; Voa = 1,2 iv>; Vg = 0,8 mv>;
" =Q, =Qp =11 n/xs; E = 1500 MITa.

pK =
PoGoui 00'emu mopmiHeBoi V;a Ta MTOKOBOI Vg
MOPOKHMUH  OJHOIITOKOBOTO  Timpormiaapa L1
BU3HAYAIOTh 32 POpPMYJIaMu:

VnA = 1073 : % : D: : InA CMS;VanB = 1073 %(D: - d 2) : InB 1(16)
ne |, i1, —xig nopus winpormninapa npu Butpati PP

B IIOPIIHEBY Ta IITOKOBY IIOPOXKHUHY, BiJIIIOBIHO, MM.
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PoGounii 00'eM Hacoca-mo3aTOopa B 3araJlbHOMY
BHTJISII BU3HAYAIOTH 32 (DOPMYJIIOIO:

V, =V, /i, eM, (17)
V — poboumnii 06'eM TigpoUmITiHIpA, CM3;

| — KiTBKiCTh TIOBHHUX 0OEpTIB PYyJTBHOBOTO KOJieca 3
OJTHOTO KPaHBbOTO MOJIOKEHHS B 1HIIIE.

Hns omHomTOKOBOTO Timpommmiaapa L[1 mpu iioro
MEpeMIlIeHHi Bil HEWTPaJIbHOTO TIOJOXKEHHS IpHU
MOBOPOTI TPaHCIOPTHOTO 3ac00y KUIBKICTh 0O0EpTiB
PYJIBOBOTO KOJIECa PO3paxoBYIOTh 32 (hopMyIIor:

e

H VHLl H VHL(
i, = = , (18)
\Y \Y
nA uB
me Vya 1 Vyg — o0'em mopmHeBOi Ta IITOKOBOI

MOPOKHYH T1IPOITIHAPA, BIIIOBIIHO.

SIKImo KiTBKICTH OOEpTIB PYNBOBOTO Kojeca MpH
MOBOPOTaxX B OOWBI CTOPOHHM OJHAKOBA, TO IOBHUHHO
BUKOHYBATHCh PiBHSIHHS:

I, d?
I—Zl—F, IH=IHA+IrLB’ (19)
nB i

pimenns sxoro npu D, =40 mm, d =25 mm i |, = 250 mm
Jae 3Ha4YeHHs mepemimieHHss mopuist |, A =95 MM i
l,g =155 MM, i omHaKOBY KimbKicTh 00epTiB B OOHIBI
CTOpOHH ia = ig = 0,84,

Ilpu Bu3HaYeHHI TOjAaui Hacoca OEpyTh IO yBaru
pekoMeHzanii 3 00epTaHHS pyJbLOBOrO KoJieca Ha
peKEMax: aBapiifHOMy IIpH BiIMOBI Hacoca Ny, = 50 xB™
i HOpPMANBHOro (YHKIiOHYBaHHS Ny, = 100-150 xB™*
[15]:

Q, =10°.V,.n,, =107-V, -(50...150) , n/x, (20)

1 BH3Ha4alOTh HOro pobounii 00'eM 0e3 ypaxyBaHHS
KoediIlieHTa moayi:

Vv, =10° Q, , oM’ (21)
nH
ne n, gactora oOepraHHs Hacoca HIII-10
TpakTopHOTO mIaci Big [IB3, xB .
[ToTouHnii wac mepeMilIeHHs pPYJIBOBOTO KoJjeca
BU3HAYEMO 32 (HOPMYIIOLO:
60-i. .
t = -=0,4-i,c, (22)
nMaKC

BOJA

MakC —

pe¢ =100 x5, 3a1aemo (20).

TakuM 4YWMHOM, TMOBHHH 00EpT PYJIBOBOrO Kolieca
in=1ig =0,84 moxe Oyre 3xificuenuii Bogiem 3a 0,5 ¢, a
JaCTKOBI mepemimmennsi, Hanpukna, i; = 0,05; 0,1 maroTh
mBuakoiro B t; = 0,03 ¢; 0,06 ¢, a MakcumanbHa BUTpaTa
PP no rimpommminzmpa L[l Bim Hacoca-mo3zaTopa Moxke
nopiBHioBaTH 14 J1/xB Tpu pobouoMy o00'eM  Hacoca
10 em® (macoc HIII-10) Ta iforo wacrori 1600 xB™ 3rigxo
[2] Ta ypaxyBaHHSM HOro KoedillieHTa BUTPaTH.

Ha puc.5a¢ mpuBeneni TWKIM — 3aBIaHHA
HaBaHTaXeHHS Ta BuTparu PP mpu moBopoti maci 6e3
CYTTE€BUX TMEPEIIKOJ 3rimHo pexumy 1 Ha puc.2 i

ae n

BIJMOBI/IHI OCIMJIOTpaMH JTMHAMIYHOTO PO3PaxyHKy Ha
puc. 5, 6 (TUCKY B IITOKOBIili MOPOXKHUHI Pg BiJ vacy). Ha
puc. 6, ¢ TpuBelNeHI UMKIM 3aBJAHHSA INPH KPUTHYHIN
(excTpemanbHii) MepenKoi 3riAHo pexuMy 2 Ha puc. 2 i
BIJIIOBI/IHI OCLMJIOTPaMH JTMHAMIYHOTO PO3PaxyHKY Ha
puc. 6, 6. Yac 3pocTaHHS MaKCHMMajJbHOI'O 3HAYCHHIT
sycunna  F, Ta Butpath Qp I BCIX PEXMMIB
tr= tQ =0,02 c.

O]
K| o |[&] =
- 20
» £
= e
< 10 il
o
0 L
0 25 5
¥ Time (sec)
a
pB ]
X (=] = = K (=] = 22
-8 - 50 P
» = i » = 5
=) £
0 0
0 25 0 25 5
P Time (sec) P Time (sec)

o

Puc. 5. [lunamika pynsoBoro kepyBanHs CI112540 mpu

MakcuManbHi# nepermkoni B Fy, = 5250 H (turatuuit pexum 1

3riJIHO pHC. 2)

] = = =
2000 220
P = 6000 N X
£ 2000 £10
= 20001 5]

Time (sec)

[pB]

K o |[=2|= [] o |2 ] =
5 20 o 6

Sl CIED| Ra—
= 10 =4
2T

Y 0 0 L

0 25 5 0 25 5
P Time (sec) P Time (sec)

o
Puc. 6. [lunaMika pyTp0BOT0 KEpyBaHHS IPH MaKCUMAIIBbHIH
nepewkoai B F ™ =7348 H (excTpemanbuuii pexum 2
3rimHo puc. 2)
OyukuionyBanas OI'Tl pympoBOrO KepyBaHHS Ha

pexumi 1 (auB. puc. 2) 3 MOYaTKy MOBOPOTY BHKIIMKAE
KOJIMBaHS THCKY, alie X 3HadeHHs He nepeBuinye 8 Mlla,

MI0 3HA4YHO MEHIIE HAJAIITYBaHHS NPOTUYAAPHUX
(«BTOpHHHHX») 3amoOiKHUX kiamaHiB Ha 10 MIla
(puc.5,6). Ilpm wnpoMy 3ycWwuii HE IEpPEBUIIE
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Fp = 5250 H.
[Ipu xpuTHUHIN (EKCTpeMabHil) NepemKoai, Koiu
sycuis 3poctae o F ™ =7348 H, Tuck B mTOKOBI

NOpPOXKHUHI Pg 3poctae no 12 MIla, mo mnepesumye
HaJlAIITYBaHHS NPOTUYIAPHOTO 3aro0DKHOTO KilaraHa

(puc. 6, 6).
Ha puc. 7 npuBeineHi pe3yibTaTd MOJENIOBAHHSA

po6otu OI'Il pympoBOrO KepyBaHHS, 30KpeMa 3HAYCHHS
THCKY B TiIPOIMJIIHIpPi: BiJ dYacy 3pyLIyBaHHS, TOOTO
nowarky nii 3ycmmis  F ™ =7348 H (puc.7,a) Ta

BIUTUBY MAaCH PYXOMIB YaCTHH PYJbOBOIO MexaHi3ma
(puc. 7, 6).

b DM, MIla
13 p

_\\
12 +—~C

— \\"-._,__‘_:_ _____
11 i —+—

o | | | fc
10 T T T | B

0.02 0.06 0.1 0.14 0.18 0.22

a
Py, MITz

5 J [ M \ a

T ’
14 4 4

— 1 //
13 4 e
12 ‘,/f"’/-

4 =" i m, Ki
II T T T T T T

40 50 60 70 80 90 100

Puc. 7. 3MiHa THCKY B IITOKOBIiH OPOKHIHI Pg TiAPOIIITIHIPA:
a — BiJl 9acy 3pOCTaHHSI MaKCHMAIBHOT'O 3yCHILIS

Foi© =7348 H; 6 — Bix Macu M pyJIbOBOrO MeXaHi3Ma

Y mepuioMy BHIQAKY THCK 3MEHINYEThCS 3
12,5 MIla go 11,2 MIla npu miABHIICHHI 3pOCTaHHS Yacy

BUHMKHEHHS MakcuMalbHOro sycumnsn F i =7348 H 3

0,02¢c mo 0,2¢, ToOTO Ha TOpsAAOK. MoJentoBaHHs 3
MiIBUIIEHHSM Macd M pyJIbOBOTO MEXaHI3My JIa€ CYTTEBE
migBumeHas Tucky 3 11,4 MIla mo 14,4 MIla. Okpemo
Tpeba BiAMITHTH, IO BCi 3HAYCHHS THUCKIB MPH 3YCHILI
Fe =7348 H cTBOpIOTbCS  NpPH  MakCUMalbHiH

MepemKoi Mpu TOBOPOTI CAMOXiAHOTO TImaci Ta
MEPEeBUIIYIOTh 3HAYECHHS HAJAIITYBAHHS MPOTHYIapHUX
3anmo0ixuix kiamanie KII2 1 KII3 B 10 MIla. Taki
pe3yabTaTu MoTPeOyIOThH EKCIICPUMCHTAIBHOTO
MATBEPXKEHHS 3 BUKOPUCTAHHIM IEPETBOPIOBAaYA THCKIB
B TIOPO>KHHHI.

B Toi1 ke Yac 3MeHIICHHS iHTECHCUBHOCTI MTOBOPOTY
pyasoBoro koieca 3 0,02 ¢ mo 0,1 ¢, ToOTO 3HMKCHHS
gacy 30umpmenHs Butpatd PP, mae  3HmKeHHS
MaKCHUMaJIbHOro THCKy 3 12,5 mo 11,4 MlIla, mo Takox
OCTa€ThCA Ha PIBHI CHPalbOBYBAaHHS IPOTHYAAPHOTO

Takoxk ciiJ BiI3HAYUTH, 11O TMPH JOCTATHHO MaJIUX
3HAYCHHAX 00'eMiB TpyOONPOBOAIB Ta MacH PYJIHOBOTO
MexaHismy B maci CII2540 cyTreBuX KOJIMBaHb THCKY
TIpY 3MEHIICHHI MOyl mpyxHocTi PP He BuUsBICHO sIK,
HANpPUKIJIAJI, B KOicHOMY Tpaktopi XT3-17021 [16].

BucHoBkn. JlocnmimkeHHs TUHAMIYHUX TPOIECIB B
00'eMHOMY  TiOpONPHUBOII  PYIBOBOTO  KEpyBaHHS
camoximuoro maci CII12540 3 BUKOPHUCTaHHAM METOIUKH
IMITAIIfHOTO MOJCIIIOBAHHS 33 JOTOMOIOI0 IPUKIATHIX
mporpam B makeri VisSim maloTh MOXIHBICTH 3pOOHMTH
TaKi BUCHOBKH:

1. [Ipu moBopoTi KOJIIC B LITaTHOMY pexumi 0e3
BUHUKHEHHS CYTTEBUX 3YCWJIb Ha  TiJPOLMIIHAD
PYJBOBOTO KEpYBaHHS CTApTOBMH THUCK B IITOKOBIH
MOPOXKHUHI Ma€ KOJNMBAJIBHUM Xapakrep, aje He
MEPEBUILYE THCKA BCTAHOBJICHOTO pPEXHUMa 1 CYTTEBO
HIDKYEC HalalITyBaHHS OCHOBHOTO Ta IPOTHYHAAPHOIO
3armo0KHIX KIIanaHiB.

2. IIpu mOBOPOTI KOJIC B PEXKUMI EKCTPEMalIbHOTO
MJBUIICHHS HABAaHTA)XCHHS BHHHUKAIOTH KOJMBAaHHA 1O
12,5 MIla, 1m0 mnepeBUIy€e HAJAIITyBaHHsS 3armoO0iKHUX
NpOTUYAApPHUX KJIanaHiB Hacoca-fo3atopa B 10 MlTa.

3. Ilpu 30inblICHHI Yacy 3pOCTaHHsS HABAHTAKEHHS
Ta BUTpPATH poOOYOT PITUHHU JI0 TIAPOLMIIHIpa Maibke Ha
HOPSJOK THCK B LITOKOBIM MOPOXKHUHI 3MEHIIYETHCS 3
12,5 ngo 11,1 MIla, ane Bce X MEpeBUIIYE 3HAYECHHS
HaJIAIITyBaHHS [IPOTUYJAPHUX 3alI00DKHUX KJIallaHiB.

4. BigHocHO Maiti 00'eMu poO0oYOi piTMHN B pyKaBax
BHCOKOTO THCKY OOMEXYIOTHb KOJMBAJIBHI NPOLECH HpH
3MEHIICHHI 11 MOJYJISI IPYKHOCTI.
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0. HASIUK

HYDRO TURBINE SPEED CONTROL SYSTEM

The article presents a mathematical model of an hydro turbine speed control system. In the world and domestic practice of creating hydraulic turbine
equipment, there is a clear tendency to create computer-based rotor speed control systems for hydraulic turbines. Computer systems provide an
opportunity to implement the introduction of effective algorithms using software that improve the static and dynamic characteristics of the system.
This in turn increases the importance of mathematical modeling both at the design stage and during commissioning. The analysis of the performed
works devoted to the mathematical description of the elements of the hydraulic drive of the regulator showed that they are reduced to linearized
equations without taking into account a number of important factors that will increase the accuracy of the mathematical model. Improvement of static
and dynamic characteristics and the system as a whole can be achieved by solving the scientific problem of studying its dynamics based on the
development of a more complete mathematical model. To reduce friction and hysteresis, to prevent obliteration, the electrohydraulic converter plunger
in the lower part is equipped with a segner wheel. Improving the dynamic characteristics of hydraulic turbine speed controllers requires the
development of nonlinear mathematical models with subsequent analysis of transients in the hydraulic drive of the speed controller. Evaluation of the
quality of transient processes and subsequent adjustment of parameters allows to achieve a reduction in the duration of transients, increase the speed
and accuracy of positioning at small movements of the servo motor. A number of unaccounted factors during the preparation of the mathematical
model of the electro-hydraulic converter makes it possible to increase its adequacy to the real object of study and increase the speed of the control
system of the rotor speed of the hydraulic turbine.
Keywords: control system, runner, Kaplan hydro turbine, regulator, mathematical model, positional hydro pneumatic drive, synthesis.

0. 1. TACIOK
CHUCTEMA KEPYBAHHS OBOPOTAMMU I'l JPOTYPBIHHN

VYV crarTi HagaHO MaTeMaTHYHy MOJENb CHCTEMU KepyBaHHS 00OpOTaMH TifpoTypOiHM. B cBiTOBiff Ta BITUM3HSAHIH NPAKTHI CTBOPEHHS
riapoTypOiHHOTO OONaJHAHHS BH3HAUYMIACS UiTKa TEHJCHIsS CTBOPEHHS CHCTEM YIPaBIiHHSA YaCTOTOI OOEpTaHHS poTopa rinpoTypOiHn Ha 0asi
koMIT'foTepiB. KoMI'foTepHi CHCTEMH BiIKPHBAIOTH MOXKIJIMBICTH 32 JOIMOMOIOI0 IPOrpaMHOro 3abe3ledeHHs] peanidyBaTH BBEICHHs e()EKTUBHUX
QIrOPUTMIB, IO IOKPALIyOTh CTATHYHI 1 AMHAMIYHI XapaKTepUCTHUKH cucremu. lle, B CBOIO dYepry, MiJBHIIY€ 3HAYMMICTh MaTEMaTHYHOTO
MOJISIIIOBAHHS SIK Ha CTaJii MPOEKTyBaHHsI, TaK i M 4ac IIyCKOHAJIAro/UKyBaJIbHUX POOIT. AHAi3 BUKOHAHHX POOIT, IPUCBIYCHUX MATEMaTHIHOMY
OITHCY EJNIEMEHTIB TiAPONPUBOLY PEryiIsATOpa, OKa3aB, [0 BOHH 3BOTHCS [0 JTiHEAPH30BAaHUX PIBHIHBb 0€3 ypaxyBaHHs sy BaXIHUBUX (aKTOpiB,
SIKi JIO3BOJIATH MiZBUIIMTH TOYHICTH MaTeMaTH4YHOI Mojeii. ITOKpalleHHs CTATUYHHMX i AMHAMIYHMX XapaKTEPUCTHK i CHCTEMH B IJIOMY MOXXHa
JIOCSTTH LIISIXOM BHPILICHHS HAayKOBOI HMPOOJEMH 3 IOCIHIKCHHS HOro JUHaMikk Ha 0a3i po3poOKku Ounbin 1MoBHOI MaremarwyHoi Mojemi. Jlis
3HIDKEHHST TEPTS 1 TiCTepe3HCy, YHEMOXIMBICHHS oOuiTepanil IUTyH)KEp eNeKTPOTiApaBIiyHOro IMEePeTBOPIOBaYa B HIDKHIM YAaCTHHI OCHAICHHI
CETHEPOBMM KoJiecoM. [lomNimiIeHHs IUHAMIYHUX XapaKTePUCTHK pEryJSTOpiB IIBUIKOCTI TiAPOTYpOiH BHMarae po3poOJieHHS HeTiHIiHUX
MaTeMaTHYHUX MOJENeH i3 IOJaNbIINM aHaTi30M IEpeXiTHWX NPOLECiB Yy TiAPONPHBOLI peryiasropa mBUAKOCTi. ONiHKa MOKAa3HHKIB SIKOCTI
MEepeXiHUX TMpPOLECiB I MOJaNblIe KOPHI'YBAaHHS MapaMeTpiB Ja€ 3MOTY JOMOTTHCS 3HIDKCHHS TPHBAJIOCTI MEPEXiJAHMX MPOLECIB, MiABUIICHHS
IIBUAKOAII Ta TOYHOCTI TMO3HIIOHYBAHHS 3a MaJIMX IEpPEMillieHb cepBoMOTOpa. Hu3ka HEBpPaxOBaHMX YMHHHUKIB MiJ 4ac CKJIAJAHHS MaTeMaTHIHOL
MOJITi €JIeKTPOTiIPaBIiYHOr0 MEPETBOPIOBaYa Ja€ 3MOTY MiJABUINUTHU ii aJeKBATHICTh PEalbHOMY O0'€KTY JOCII/KSHHS 1 MiJBHIIUTH IBUIKOJIIIO
CHCTEMH KepyBaHHs 4aCTOTOI0 00epTaHHs POTOpa IiAPOTYpOiHH.

Kio4oBi cioBa: cuctema KepyBaHHS, pobode KOJeco,
TiJPOITHEBMOIIPUBO/, CHHTES.

rizpotypOiHa KaraHa, peryisiTop, MaTeMaTH4HAa MOJENb, NO3UIIIHHUN

Abstract. The paper analyzes the existing control
systems for hydraulic turbines and provides frequency
control schemes for hydraulic turbines from leading
manufacturers of hydroturbine equipment. The design
features of the construction of circuits with discrete and
discrete-analog control methods with an embedded
computer system for controlling the speed of a hydraulic
turbine, which guarantees trouble-free operation in case of
load deviations and power failures, are considered. A fully
automatic method for controlling a hydraulic unit is
proposed, in which the computer system independently
controls the turbine based on the parameters of the
operation of the hydraulic unit recorded by devices in
accordance with the computer control program. The
analysis of the operation of the schemes is carried out,
taking into account the specifics of the functioning of the
control system. A nonlinear mathematical model of the
hydromechanical part of the regulator is considered to
assess the quality indicators of transient processes
occurring during start-up, shutdown and reverse operation
modes of a hydraulic turbine. The use of this
mathematical model and control algorithms improves the

positioning accuracy and reliability of hydropneumatic
systems with the possible simplification of circuit
solutions is an effective solution to control problems. A
gradual study of the dynamics of the runner hydraulic
drive was carried out. The obtained results prove that the
use of a positional hydropneumatic drive to build a system
for controlling the speed of a hydraulic turbine with
discrete and discrete-analog control makes it possible to
synthesize a hydropneumatic drive with high positioning
accuracy.

1 Introduction. The hydraulic turbine rotor speed
control system (RSCS) is designed to perform the
following main functions: starting the hydraulic unit
(hydro turbine and electric generator), in which the
mechanisms are actuated in the desired sequence (turning
the runner blades), the unit is turned around, synchronized
and connected to the network); work on the power system
of high power; work on an isolated (dedicated) load;
stable idling; work during load shedding with
disconnection of the generator from the power system, etc.
A significant place in RSCS is occupied by hydraulic
drives (HD), which are a set of hydraulic devices that
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ensure the coordinated performance of the functions of
adjusting the wicket gate (WG) and the runner ® of the
Kaplan turbine.

2 Literature Review. A literature review on the
topic discussed in the article showed that it is relevant and
considered in many works.

The work [1] considers the synthesis of a precision
regulator of a hydraulic unit using the method of inverse
tasks of dynamics, which makes it possible to provide a
transfer function of the general control loop tending to
unity, as a result, the maximum values of static and
dynamic accuracy are achieved a controller, which, unlike
the existing ones, does not contain differentiation
contours, is proposed. It implements differential control
laws.

In work [2], a mathematical model of a hydro-
generator and a control unit of an electro-hydraulic control
system for the synthesis of a precision controller is
developed. The problem was solved using structural-
parametric synthesis and optimization of automated
control systems for frequency and rotational power. All is
based on the solution of inverse tasks of the dynamics of
the hydraulic unit, which allows to register leaks,
overflows, as well as the nonlinearity of the characteristics
of the servomotor. The proposed automated control
system for hydro-generator units provides a two-fold
increase in the accuracy of speed and power control,
which improves the quality of electricity generated at
hydroelectric power plants.

The work [3] is devoted to the study of the operation
of controller algorithms for introducing adaptive add-ons,
namely gain planning and adaptive control of the
reference model, to existing speed controllers to improve
network synchronization performance. Experiments show
that the proposed add-ons compensate for the negative
impact of head loss during network synchronization and
operate close to ideal performance at nominal head.

In paper [4] the mathematical model of a
hydroelectric power plant is obtained by using physical
characteristics of a real-world is proposed. Then by using
this model and corresponding real-world data, a set of
controller parameters is designed by using tuning
methodologies based on heuristic optimization algorithms,
and their performances are compared with each other and
with a classical tuning methodology. The results also
indicate that as long as the desired performance criteria
are defined as accurate as possible, the performance of the
optimization algorithms is acceptable

In paper [5] mathematical model of a hydropower
plant with a surge tank and medium penstock is described.
The Massachusetts Institute of Technology (MIT) rule and
Lyapunov method were exploited in order to improve the
performance of the speed governor for frequency
containment control. The active power control with
frequency control was enhanced by the aforementioned
adaptive control methods. Both methods perform
significantly ~ better compared to  conventional
proportional-integrator control. The performance of the
conventional controller improved by 58,8 % using the
MIT rule and by 65,9 % using the Lyapunov method.
When the two adaptive control approaches were compared

with each other, the MIT rule outputted better results than
the Lyapunov method when the disturbance frequency
was higher.

In paper [6] study of a hydraulic turbine control,
considering that the gate opening depends on the velocity
of the water. The behavior of the mechanical power of the
turbine and speed control of the generator affected by
parameter uncertainties have been simulated using the
Matlab/Simulink environment.

In article [7] describe the small signal stability of the
load-frequency control with hydro-turbine. The effects of
parameter variation on the dynamic behavior of the power
system have been investigated. Application of
compensation in response water turbine with eigenvalues
analysis and behavior dynamic simulation of the power
system is shown. Also, using transfer function, PID
controller for load-frequency control in power system is
design and the change of the gains controller is
investigated.

In article [8] a solution to the problem of reducing
the complexity of operations and the cost of mechanical
machining of tempered steels with the provision of quality
indicators are of priority value in the modern hydro
turbine engineering. Application of modern equipment,
materials’ information and software allows increasing of
hard steel processing efficiency to receive with necessary
characteristics, which is possible due to the introduction of
new programming tools and Industry 4.0.

3 Research Methodology.

3.1 The current state of development of the
hydraulic turbine rotor speed control system. The
further development of computer technology, automation
tools, the elementary base of hydraulic equipment and the
theory of automatic control made it possible to move on to
the development and creation of more advanced control
systems of hydro turbines and its components HDgy i
HDk [9].

Fig. 1 shows the functional diagram of the computer
RSCS developed by ALSTOM POWER HYDRO
(France, Grenoble) [9,10]. Similar systems were
developed by Woodword (USA), VaTech (Austria), Voith
Siemens (Germany).

Most hydraulic turbines of hydroelectric power
plants (HPP) are operated with hydro mechanical and
electro hydraulic speed regulators of the RK and EGRK
type, which were developed and manufactured in the 50s
and 60s.

These regulators are reliable in operation and
maintenance, but today they are inferior to modern digital
electronic regulators in terms of such parameters as the
speed of the regulator's response to changes in the external
load, network power frequency, the ability to diagnose the
state of the regulation links and carry out fault finding, to
make decisions about the economical use of hydraulic
resources.

In order to solve the problem of modernizing the
existing system for regulating the rotational speed of
hydraulic turbines at HPPs, the "Regulator” consortium
(Ukraine, Kharkiv), together with the ALSTOM POWER
HYDRO company (France, Grenoble), developed,
manufactured and put under load at the Dnipro Cascade

44

Bulletin of the National Technical University "KhPI".
Series: Hydraulic machines and hydraulic units, no. 1’2023



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

HPP digital regulators and feedback systems that allow
the regulation of Francis, Kaplan and Kaplan Bulb
turbines [10, 11].

The regulator provides both manual and automatic
regulation of the turbine, taking into account regular and
non-regular situations. The regulator is equipped with five
turbine protection systems against accidents. The regulator
consists of an electronic part (on-board computer), electro
hydraulic converters, hydraulic actuators and feedback
devices for the current and position of actuators of the
/S type.

H

Fig. 1. Functional diagram of the computer RSCS:
MTwus1, MTus2, MTswm1, MTsuz — measuring transducers of the
position of the main spool and servomotor, respectively;
OPU - oil pressure unit; ECM — electronic computing machine;
SM;, SM, — servomotors; EHC,, EHC, — electrohydraulic
converters; MS;, MS, — main spools; WG — wicket gate;

R - runner; HU - hydraulic unit; HDg — hydraulic drive for
turning the runner blades; HDyg — hydraulic drive for turning
the wicket gate vanes

The speed regulator can receive a command from the
speed of the turbine shaft, the position of WG or the
power of the generator:

1) quick start of the hydraulic unit (hydro turbine +
electric generator) and maintenance of stable operation in
various operational modes;

2) automatic synchronization of the operation of the
hydraulic unit and the electrical network;

3) optimization of the operation of the hydraulic unit
is aimed at increasing the efficiency of control by means
of collecting and processing information, controlling the
amount of load and the characteristics of the hydro turbine
in a wide range of heads;

4) autonomous operation of the hydraulic unit under
variable and stable loads.

The computer system for regulating the speed of the
hydraulic turbine guarantees trouble-free operation in case
of load deviation and power failures [12].

A fully automatic way of controlling the hydraulic
unit is possible, in which the computer system controls the
turbine independently, based on the parameters of the
hydraulic unit's operation taken into account by the
sensors, in accordance with the program of the control
computer. The control system constantly monitors the

operation of the hydro turbine, regulates its speed
according to the load and performs adequate control
operations.

The control system provides communication with the
operator: with the help of a personal computer keyboard,
the operator can change the points of the set of actions of
the system, change the control parameters and test the
entire system as a whole.

The system can be equipped with automatic local
control and safety devices that check the hydraulic unit,
control the temperature, vibrations, register failures, etc.

In general, the computer system for regulating the
speed of the hydraulic turbine is more reliable and
effective than the previously installed electro hydraulic
speed regulators at the Ukrainian HPPs.

3.2 Analysis of regulators. The electro-hydraulic
system for controlling the frequency of rotation of the
hydro turbine rotor (RSCS) "LMZ" of the EDR-211 type
differs from the previous ones in the wider use of means,
devices and equipment produced by the electrical,
electronic and instrument-making industry [13-15].

Fig. 2 shows the functional diagram of the system
and the mechanisms for generating the control signal of
this modification. The set value of the adjustable
frequency f; is applied to the input, with the help of which
the necessary changes in the rotation frequency of the
shaft of the hydraulic unit operating at idle speed or on an
isolated load are made.

Fig. 2. Functional diagram of the electro-hydraulic RSCS of the
new modification:
OPU - oil pressure unit; Iy, — main integrator;
MTC, MTV - current and voltage measuring transformers;
FSE-1, FSE-2 — frequency-sensitive elements;
A, Al, A2, A3 — amplifiers; OA — output amplifier;
EHC - electro-hydraulic converter; 1z — isodromic; St — device
for changing statics; EG — electric generator; RT — rotating
transformer; HT — hydro turbine; AD — adder; WG — wicket
gate; HDR — hydraulic drive for turning the runner blades;
HDw — hydraulic drive for turning the wicket gate vanes;
HU - hydraulic unit, PFC — phase-frequency converter;
FSE-11 — frequency-sensitive element

This input signal is compared with the actual
frequency on the output circuit of the electric generator fg
(measuring voltage and current transformers are used for
this purpose). The mismatch signal is sent to the amplifier
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Al, the integrator ly;, which are covered by the feedback
signal from the electrical isodrome 1z. At the output of Iy,
a task signal to change the position of the wicket gate
vanes (WG) is formed. At the adder (AD), this task signal
is compared with the signal of the actual position of the
rod of the servomotor of the wicket gate.

The mismatch signal is sent to EHC, which causes
the movement of the main spool (MS), and therefore SM,
until the frequency deviation that has appeared has been
worked out.

Features of the modification are: another method of
measuring the actual frequency of rotation of the
hydraulic unit (HU), other devices for converting the
signal on the hydraulic drive (HD) and reducing the
number of elements included in HD.

The normal functioning of the system is largely
determined by the dynamics of its hydro mechanical part.
For example, to rotate the vanes of the wicket gate (WG),
it includes the oil pressure unit (OPU), the main hydraulic
control valve (HV), two servomotors and the wicket gate
with the corresponding measuring transducers of their
position.

The mathematical model of this part contains the
equation of the area of the hydraulic control valve slit

A =2R*(a-sina);
( x) 1
o =arccos| 1 —— |,
R

the flow equation through the pressure and drain cavities
of the hydraulic control valve (HV)

the equation of pressures in the pressure and drain cavities
of a generalized (equivalent to two) servo motor (SM)

 (onile . [nial

1
VPV + Aar Xz VDV + Aar Xz

the equation of motion of the servo motor rod, which
rotates the vanes of the wicket gate

. 4

m).(.z:Aar(Pl_Pz)_Ffr_Bx.z_Fc; (5)

the expression that determines the movement of the spool
of HV caused by the control influence from ECM when
the load on the hydro turbine changes

x=x(t); (6)
here R — radius of the spool of HV; p, p — respectively, the

coefficient of flow and density of the working fluid (WF);
P, — pressure of WF in OPU; A, — cross-sectional area

of the inlet and outlet channels of HV;
E — volumetric modulus of elasticity of the working fluid
(WF); V,,,V,, — primary volume, respectively, in the

pressure and drain cavities of the servomotor; F; - force

of friction of the piston and servo motor rod against the
walls; m — total mass of the moving parts of the servo
motor; B — coefficient of viscous friction; A, — effective

area of the piston of the servo motor; x, — movement of the
servomotor rod; F. — resistance force.

When studying the mathematical model (1)-(6) and
the linear law of change x(t) in the environment of the
simulation package, the transient processes of the
movement X,(t) during the turning the wicket gate vanes
were obtained. The research formed the basis for choosing
the ratio of the opening of the edges of HV and the speed
of movement of the guide vanes to ensure the directive
time when starting and stopping the hydraulic turbine. The
graphs of transient processes taken during the adjustment
of the regulator in the turbine PL20-80Z of the
Kremenchug HPP showed that the digital regulator
significantly improves the characteristics of the turbine
with a wide change in external disturbing factors and can
be the basis for further improvement of turbine regulation
processes.

4 Results. To confirm the feasibility of using RSCS
as a control system for the operation of hydraulic turbines,
a study of the dynamics of runner HD was carried out.

The parameters of the EHC are determined, which is
the first to perceive the control action from the RSCS, as
an internal circuit of the system. Since the dynamic
characteristics of this unit affect the operating process of
the runner HD, the passage of a harmonic signal through it
was investigated. For this, the VisSIM software package
was used.

As a result of the research, diagrams of oscillations
of the input and two variable signals were obtained

(Fig. 3).

IS » Plot IN 6 Plot N o Plot
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Fig. 3. The passage of the harmonic component of the input
signal frequency in © = 6,283 sec™ (1 Hz)

The current curve i is practically sinusoidal. The
oscillations of the spool movement are triangular and are
not monoharmonic like the input signal Uy. This is due to
the nonlinearities of the EHC. Steady oscillations begin
one second after the transient. EHC freely passes
vibrations with a frequency of 1 Hz, and is not a filter for
this frequency.

With an increase in frequency to 62,83 sec™ (10 Hz),
the transient graphs are different (Fig. 4).

At the same amplitude of the input harmonic signal,
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the oscillation amplitudes have significantly decreased
compared to Fig. 3 and practically stop the passage of the
oscillatory component of the input signal further to the
hydromechanical part of the runner HD. Thus, as the
frequency of the input signal increases, the EHC becomes
a filter for frequencies above f = 10 Hz.

P 0 Plot IN Plot (SN Plot
"2 ALY P < EAARAAARARAY P12 2 o
3 PTATTITY | |-, o
g g
0 0 0
> 0 5 1 1.5’ 0 5 1 1.5’ 0 5 1 15
tc tc t,c

Fig. 4. Diagrams of processes of the EHC unit with the harmonic
component of the input signal frequency o = 62,83 sec™
(f=10Hz)

The spool was examined by issuing commands to
rise by 10 mm and stay in this position for 1,5 sec and
lower by 10 mm. After 4,5sec a signal is received to
return the spool to its initial position. The voltage Uout.k
is the input, the output is the displacement Xrz of the
spool.

Fig. 5 shows oscillograms of three variables: EHD
spool displacement, speed and displacement of the spool.

Thus, the curves on Fig. 5 confirm the efficiency of
the input into the control circuit of the PID controller and
feedback on the speed of the spool valve.

A study of the dynamics of the computing blocks of
the control device, which is part of the runner HD, was
also carried out.
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Fig. 5. Transient processes of the unit "EHD — spool valve"

Fig. 6 shows the oscillograms of six variables out of
thirteen during the development of the maximum setting
action, in which the SM rod traveled a path of 410 mm,
and the blades turned at an angle of 37°. Then, after 25 sec
there is a return to the starting position.
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Fig. 6. Transient processes of six variables of the runner

hydraulic drive at the maximum setting impact and m, = 0,025

The analysis of transient processes (Fig. 6) confirms
the normal functioning of the hydraulic drive at the
maximum setting action (Xz.cm =410 mm, electrical
signal 10 V) and the resistance force on the SM rod (due
to the hydrodynamics of the water flow in the runner)
equal to 7000 kN.

5 Conclusion. 1. The analysis of RSCS in recent
years shows a clear trend of introduction into the system
of modern instrumentation and electronic equipment,
including computers. This provides: on the one hand, a
significant reduction in auxiliary mechanical elements
(traction, levers, chains), hydraulic isodromes; on the
other hand, the installation of modern measuring
transducers (sensors) of rotational speed and the
movement of the spools of the hydraulic control valves
and servo motor rods.

2. The further development of computer technology,
automation tools, the elementary base of hydro pneumatic
equipment and the theory of automatic control and
synthesis of positional hydro pneumatic aggregates made
it possible to move on to the development and creation of
more advanced control systems of hydro turbines and its
components, the hydraulic drive for turning the wicket
gate vanes and the hydraulic drive for turning the blades
of the runner, which work according to combinatorial
dependence to ensure high efficiency and stable operation
of the hydro turbine.

3. A gradual study of the dynamics of the runner HD
based on the developed nonlinear MM and the
methodology for its implementation, starting with the
EHC, then the unit "EHD - spool valve" and the hydraulic
drive as a whole, allows to check: the operation and
frequency characteristics of the EHC, which is the input
electro-hydro device of the runner HD.
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COMPARATIVE ANALYSIS OF SOFTWARE SYSTEMS FOR HYDRAULIC TURBINE FLOW
SIMULATION

A comprehensive review of modern software complexes used for calculating spatial flow in hydraulic turbine flow parts was conducted. The widely
used software system, Ansys, was analyzed. An overview of Ansys was provided, including its history, popularity within the CFD community, key
features, and capabilities for analyzing the flow parts of hydraulic turbines. The preprocessing tools, solver parameters, post-processing functions, and
visualization capabilities of Ansys were described. The advantages and limitations of using Ansys for calculating spatial flow in hydraulic turbine flow
parts were analyzed. The open-source CFD software complex, OpenFOAM, was discussed. The main functions and capabilities of the OpenFOAM
program were described. Information about solver libraries, meshing capabilities, advantages, and limitations for analyzing hydraulic turbines was
presented, along with insights into the support from the scientific community and resources available to OpenFOAM users. SolidWorks
FlowSimulation, which integrates with SolidWorks software, was examined. The unique features of SolidWorks FlowSimulation for analyzing spatial
flow in hydraulic turbines were highlighted. The possibilities of CAD integration and the advantages of accurate geometric models were discussed.
The capabilities of parametric analysis were explored, and the advantages and limitations of using SolidWorks FlowSimulation for calculating spatial
flow in hydraulic turbine flow parts were analyzed. A comparison of the three software complexes was conducted based on their capabilities, ease of
use, accuracy, computational resources required, and cost. An assessment of the advantages and disadvantages of each program was provided, along
with recommendations for choosing the most suitable program based on specific use cases, objectives, and user requirements. This article serves as a
valuable resource for engineers, designers, and researchers seeking insights into the available software systems for analyzing hydraulic turbine flow
parts. It enables them to make informed decisions in selecting the most suitable software system based on their specific requirements, ultimately
contributing to the optimization of hydraulic turbine performance and efficiency.
Keywords: spatial flow, hydraulic turbine, numerical research, computational fluid dynamics, CFD software system, Ansys, OpenFOAM.

€. C. KPYIIA, P. M. IEMYYK, A. B. BOJIOBYEB, C. JI. KICh

MOPIBHSJIBHUM AHAJII3 TIPOIPAMHUX KOMILIEKCIB JIJI1 MOJAEJIOBAHHS IIOTOKY B
I'IAPOTYPBIHAX

IIpoBeieHO KOMIUIEKCHHI OIJISAA Cy4aCHHX IPOrPaMHHX KOMIUIEKCIB, 1[0 BHKOPHUCTOBYIOTHCS [UIS PO3PAaxyHKY HPOCTOPOBOI Tedil B MPOTOYHHX
YacTUHAX TigpoTypOiH. [IpoaHaizoBaHO MMPOKO BUKOPHCTOBYBAHY CHCTEMY IIporpaMHoOro 3abesnedeHHs: AnSys. BukoHaHo orsix qaHOI mporpam,
BUJJICHO KIIFOYOBI XapaKTEPHCTUKH Ta MOXJIMBOCTI [UIsl aHaNi3y MPOTOYHHX YACTHH TiApaBIiyHUX TypOiH. OmHCaHO IHCTPYMEHTH IONEpPEIHBOT
00po0KH, mapamMeTpy po3B's3yBaya, QyHKIIT HOCTOOPOOKH Ta MOXIIMBOCTI Bisyasizauii Ansys. [IpoaHaiizoBaHO mepeBary i HEOJIIKH BUKOPUCTAHHS
Ansys Juis po3paxyHKy HPOCTOPOBOrO IOTOKY B IPOTOYHUX YAaCTHHAX TifpaBiivHuX TypOiH. PosristHyTto nporpamuunii kommeke CEFD 3 BimkpuriM
nporpamuuM kogoM OpenFOAM. OmnmcaHo ocHOBHI ¢GyHKLIl Ta MoxxiuBocti mporpamu OpenFOAM. Ilpencrasneno indopmario npo 6idmioTexku
PO3B'si3yBaiB, MOKJIMBOCTI CITKH, II€peBard Ta OOMEKCHHS Ul aHaNli3y TifpaBiidyHUX TypOiH. KpiM TOro, BUCBITIIIOETHCS MiATPUMKA HAYKOBOI
CIIJIBHOTH Ta pecypcH, HocTymHi aiust kopuctyBadiB OpenFOAM. Posrisyro SolidWorks FlowSimulation, mo iHTerpyerbcs 3 mporpamMHUM
3abesneuyennsiM SolidWorks. Bucsitineno yuikamshi dynkuii SolidWorks FlowSimulation st anamisy mpocTopoBOro IOTOKY B TifpaBIIiYHHX
TypOiHax. O6roBopeno mosxiuBocti iHTerpauii CAITP i mepeBaru TOYHHMX T€OMETPUYHHX MOJENCH. PO3IJIsIHYTO MOMIMBOCTI MapamMeTpHUYHOTO
aHaJII3y Ta IPOAHANII30BaHO IIepeBary it oomexxeHHs BukopructanHs SolidWorks FlowSimulation muist po3paxyHKy IpOCTOPOBOTO MOTOKY B IPOTOYHUX
YacTHHAX TiAPaBIiYHUX TypOiH. BUKOHAHO MOPIBHSHHS TPHOX NMPOIPAMHHUX KOMIUIEKCIB Ha OCHOBI iX MOXJIMBOCTEH, MPOCTOTH BHKOPUCTAHHS,
TOYHOCTI, HEOOXITHUX OOYMCIIOBAIBHUX pecypciB i BapTocTi. [IpoBeAEHO OLIHKY MepeBar Ta HeJOMiKiB KOXKHOI MPOrpaMy Ta HaaHO PeKOMEH/Allii
010 BUOOPY HAMOIIBII JOIITEHOI HPOrpaMy Ha OCHOBI KOHKPETHHX BHIIAJIKiB BHKOPUCTAHHS, ITiJIel i BUMOT KOPHCTyBaya.

KutrouoBi ciioBa: pocTopoBHii NOTIK, TifpaBiaiyHa TypOiHa, YHCENbHE HOCHTIKCHHs, 00YHCIIIOBANIbHA TiIPOMHAMIKa, TPOrPAMHUI KOMILIEKC
CFD, Ansys, OpenFOAM.

Introduction. The efficient design and operation of
hydraulic turbines are essential for the generation of
hydroelectric power. Central to achieving optimal
performance is the accurate calculation and analysis of the
spatial flow within the flow parts of hydraulic turbines.
The study of flow behavior provides insights into various
parameters such as velocity distribution, pressure
gradients, turbulence, and energy losses, which are crucial
for understanding the performance characteristics and
efficiency of hydraulic turbines.

Computational fluid dynamics (CFD) software
systems have revolutionized the field of hydraulic turbine
analysis by offering powerful tools for simulating and
analyzing flow behavior. These software systems enable
engineers and researchers to numerically model and
predict the flow phenomena within the complex flow parts
of hydraulic turbines, providing valuable insights
for design optimization and performance
enhancement [1-11].

The objective of this article is to present a
comprehensive review and comparison of three widely
employed CFD software systems — Ansys, OpenFOAM,
and SolidWorks FlowSimulation — for the calculation of
spatial flow in hydraulic turbine flow parts. Through a
thorough examination of these software systems, an
assessment of their capabilities, advantages, and
limitations is intended to be provided, enabling engineers
and researchers to make well-informed decisions in
selecting suitable software for their specific analysis
requirements.

To achieve this objective, this article examines the
features, methodologies, and applications of each software
system, highlighting their distinct strengths and
weaknesses. The comparison encompasses various
factors, including accuracy, computational efficiency,
user-friendliness, pre-processing and post-processing
capabilities, availability of specialized modules, and
integration with other engineering tools.
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By gaining a comprehensive understanding of the
capabilities and limitations of these software systems,
engineers and scientists can effectively choose the most
appropriate CFD software for their hydraulic turbine
analysis needs, thereby enhancing design optimization,
performance prediction, and energy efficiency.

Ansys: A Comprehensive CFD Software System.
Ansys is a widely recognized and extensively used
commercial software system in the field of computational
fluid dynamics. With a rich history and a strong presence
in the CFD community, Ansys has become a popular
choice for engineers and researchers involved in hydraulic
turbine analysis [1-3].

Overview of Ansys. Software Ansys is a
comprehensive suite of software tools that encompasses
various engineering disciplines, including CFD. It
provides a robust platform for simulating and analyzing
fluid flow phenomena within complex geometries. With a
long-standing reputation in the industry, Ansys has gained
the trust of engineers worldwide for its accuracy and
versatility [12, 13].

Key Features and Capabilities. Ansys offers a wide
range of features and capabilities specifically designed for
hydraulic turbine analysis. These features enable
engineers to accurately model and analyze the spatial flow
within turbine flow parts. Key capabilities of Ansys for
analyzing hydraulic turbine flow parts include:

a) Geometry Creation and Mesh Generation: Ansys
provides powerful pre-processing tools that facilitate the
creation of complex turbine geometries. It offers options
for parametric modeling, allowing for easy manipulation
of geometric parameters. Additionally, Ansys provides
efficient meshing tools that generate high-quality meshes
suitable for resolving complex flow behavior in hydraulic
turbine flow parts [12-14]. Fig. 1 shows an example of the
computational mesh of the flow part of a hydraulic
turbine.

Fig. 1. The computational mesh made in Ansys

b) Solver Options: Ansys offers a variety of solver
options tailored for hydraulic turbine simulations. It
includes both steady-state and transient solvers that can
accurately capture time-dependent flow phenomena. The
solvers employ advanced numerical techniques, such as
finite volume or finite element methods, to solve the
governing fluid flow equations.

c) Turbulence Modeling: Ansys incorporates a range
of turbulence models, including the popular Reynolds-
averaged Navier-Stokes (RANS) models, to accurately
predict turbulent flow behavior within hydraulic turbine
flow parts. These models account for turbulence
phenomena, such as boundary layer separation, vortices,
and secondary flow patterns.

d) Multiphase Flow Analysis: Ansys also provides
capabilities for analyzing multiphase flows, allowing
engineers to study scenarios involving cavitation, air
entrainment, and free surface flows within hydraulic
turbines. This enables a more comprehensive
understanding of flow behavior and its impact on turbine
performance [14].

Pre-processing Tools. Ansys offers a user-friendly
pre-processing environment that facilitates geometry
creation and mesh generation for hydraulic turbine
simulations. The software supports CAD import and
provides tools for geometry modification and
manipulation. Ansys also offers reliable meshing tools
that can generate high-quality meshes with appropriate
grid resolution for resolving flow features in turbine flow
parts.

Solver Options. Ansys provides a range of solver
options suitable for hydraulic turbine simulations. It offers
steady-state solvers, such as the pressure-based solver,
which are commonly used for analyzing turbine flow parts
under steady operating conditions. These solvers ensure
accurate and efficient convergence, providing insights into
flow velocity, pressure distribution, and other flow
parameters [12, 13].

Post-processing  Features and  Visualization
Capabilities. Ansys provides comprehensive post-
processing features that enable engineers to analyze and
interpret the results of hydraulic turbine simulations. It
offers a range of visualization tools to represent flow
fields, pressure distributions, velocity vectors, and other
parameters of interest. These visualization options aid in
the identification of flow patterns, areas of high
turbulence, and regions of potential energy losses within
the turbine flow parts. Fig.2 shows an example of
visualization of the velocity distribution in the runner of a
hydraulic turbine.

Velocity in Stn Frame
Contour 1

3.221e+000
+ 3.050e+000
- 2.879+000
- 2.708¢+000
- 253e+000
- 23556 +000
- 21344000

| 202364000
| 1851e+000

| 1680e+000
| 1509¢+000
| 133864000
. 1.167+000
9,953e-001

8.241e-001
6.528e-001
4.816e-001
[m s*-1]

Fig. 2. The velocity distribution in the runner of a hydraulic
turbine

Furthermore, Ansys offers advanced post-processing
capabilities, such as streamline visualization, contour
plots, and cutting planes, which facilitate in-depth analysis
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and detailed examination of the flow behavior. Engineers
can extract quantitative data, generate reports, and
compare different simulation cases using the post-
processing tools provided by Ansys [12-14].

Advantages and Disadvantages of Using Ansys.
Ansys offers several advantages for calculating spatial
flow in hydraulic turbine flow parts:

» Wide range of features and capabilities specifically
designed for hydraulic turbine analysis.

« Efficient pre-processing tools for reliable geometry
creation and mesh generation.

» Comprehensive solver options for steady-state and
transient simulations.

* Support for advanced turbulence modeling
multiphase flow analysis.

e User-friendly  post-processing  features
visualization capabilities for result interpretation.

However, there are also some limitations
considerations when using Ansys:

» Complexity: Ansys is a powerful software system
that requires a learning curve to effectively utilize its
capabilities.

» Computational Resources: Accurate simulation of
hydraulic turbine flow parts may require significant
computational resources, such as memory and processing
power.

* Cost: Ansys is a commercial software system and
may involve licensing fees, which can be a factor for
small-scale projects or academic research.

OpenFOAM: An Open-Source CFD Software
System. OpenFOAM is a widely used open-source
software system in the field of computational fluid
dynamics. Its open-source nature has made it popular
among researchers and developers in the CFD community
[15-17].

Introduction to OpenFOAM. OpenFOAM, short for
Open Field Operation and Manipulation, is an open-
source CFD software system that provides a flexible and
extensible framework for simulating fluid flow
phenomena. Being an open-source software, OpenFOAM
allows users to access and modify its source code,
providing the freedom to customize and adapt the
software to their specific needs. This open nature has
fostered a vibrant community of developers and users who
contribute to its continuous development and
improvement [15-17].

OpenFOAM has gained significant popularity in the
CFD community due to its versatility, scalability, and
robustness. It offers a wide range of solvers, models, and
utilities that make it suitable for various fluid flow
simulations, including hydraulic turbine analysis.

Core Features and Solver Libraries. OpenFOAM
provides a comprehensive set of core features and solver
libraries that are relevant to hydraulic turbine analysis.
These features include:

a) Solver Libraries: OpenFOAM offers a variety of
solver libraries, including the Finite Volume Method
(FVM) solvers, which are widely used for simulating fluid
flow in hydraulic turbines. These solvers solve the
governing equations of fluid flow, such as the Navier-
Stokes equations, using the finite volume discretization

and

and

and

approach. They allow for accurate and efficient
computation of flow behavior within hydraulic turbine
flow parts [15-17].

b) Turbulence Models: OpenFOAM incorporates
several turbulence models, ranging from Reynolds-
averaged Navier-Stokes (RANS) models to more
advanced Large Eddy Simulation (LES) models. These
models capture the effects of turbulence on flow behavior
and are relevant for analyzing the turbulent characteristics
within hydraulic turbines.

¢) Multiphase Flow Analysis: OpenFOAM offers
capabilities for simulating multiphase flows, which are
essential for studying phenomena such as cavitation, air-
water interaction, and free surface flows within hydraulic
turbines [15-17].

Meshing Capabilities. OpenFOAM provides flexible
meshing capabilities that are crucial for accurately
resolving the flow behavior within hydraulic turbine flow
parts. It supports various meshing techniques, including
structured,  unstructured, and  hybrid  meshes.
OpenFOAM's meshing utilities allow for the generation of
high-quality meshes with appropriate resolution near the
boundaries and critical flow regions (Fig. 3).

:oad 0 s

Fig. 3. The computational mesh made in OpenFOAM

Additionally, OpenFOAM supports mesh adaptation,
which enables the refinement of the mesh in regions of
interest. This feature is particularly useful for capturing
flow features and phenomena that require higher
resolution, such as boundary layer separation, secondary
flows, and flow mixing.

Advantages and Limitations of Using OpenFOAM.
Using OpenFOAM for calculating spatial flow in
hydraulic turbine flow parts offers several advantages:

* Open-Source Nature: OpenFOAM's open-source
nature allows for customization and adaptation to specific
analysis needs, providing users with flexibility and control
over the software.

* Versatility: OpenFOAM's comprehensive features
and solver libraries make it suitable for a wide range of
fluid flow simulations, including hydraulic turbine
analysis.

A wide range of options for visualizing the results
of a numerical flow study [15-17]. Fig.4 shows an
example of streamlines and velocity —magnitude
distribution in a Francis turbine.

« Scalability: OpenFOAM is capable of handling
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complex flow phenomena and can be efficiently scaled for
large-scale simulations.

« Community Support: OpenFOAM benefits from an
active and supportive user community, providing access to
resources, forums, and shared knowledge.

U Magnitude
5

20

Fig. 4. Francis turbine, complete model view with streamlines
and velocity magnitude distribution

However, there are also limitations and
considerations when using OpenFOAM:

« Learning Curve: OpenFOAM has a steeper learning
curve compared to commercial software systems,
requiring familiarity with CFD principles and some
programming knowledge.

* Resource Requirements: Accurate simulations of
hydraulic turbine flow parts in OpenFOAM may require
substantial computational resources, including memory
and processing power.

* Limited Commercial Support: OpenFOAM being
an open-source software, limited commercial support is
available compared to commercial software systems.

Community Support and Resources. One of the
strengths of OpenFOAM is its active and vibrant
community, which provides extensive support and
resources for users. The community offers online forums,
mailing lists, and user groups where users can seek
assistance, share knowledge, and collaborate on research
and development projects. Moreover, numerous online
tutorials, documentation, and case studies are available to
help users navigate and utilize OpenFOAM effectively for
hydraulic turbine analysis.

SolidWorks FlowSimulation: Integration with
CAD for Hydraulic Turbine Analysis. SolidWorks
FlowSimulation is a powerful computational fluid
dynamics software system that seamlessly integrates with
SolidWorks CAD software [1, 2, 18].

Introduction to  SolidWorks  FlowSimulation.
SolidWorks FlowSimulation is a CFD software system
that enables engineers and designers to simulate fluid flow
and heat transfer phenomena within SolidWorks CAD
models. The smooth integration between SolidWorks
CAD and FlowSimulation allows for efficient analysis and
optimization of hydraulic turbine flow parts. This
integration eliminates the need for data translation or
model reconstruction, ensuring accuracy and consistency
throughout the design and analysis process [1, 2, 18].

Unique Features and Functionalities SolidWorks.
FlowSimulation offers several unique features and
functionalities specifically customized for hydraulic

turbine analysis:

a) Intelligent  Solution Control: FlowSimulation
incorporates an intelligent solution control algorithm that
automatically adjusts the solution settings based on the
complexity of the flow problem. This feature ensures
accurate and efficient simulations, even for complex
hydraulic turbine flow parts [19].

b) Thermal Analysis: FlowSimulation provides
capabilities for thermal analysis, allowing engineers to
study the temperature distribution within hydraulic turbine
flow parts. This is particularly relevant for analyzing heat
transfer phenomena and ensuring proper cooling and
thermal management of the turbine components.

c) Parametric  Analysis: FlowSimulation offers
parametric analysis capabilities that enable engineers to
study the impact of design variations on the performance
of hydraulic turbine flow parts. By defining parameters
such as geometry dimensions, boundary conditions, or
operating conditions, engineers can optimize the design
for maximum efficiency and performance [20, 21].

CAD Integration and Benefits. The integration
between SolidWorks CAD and FlowSimulation provides
numerous benefits for hydraulic turbine analysis:

a) Accurate Geometry Models: FlowSimulation
directly utilizes the SolidWorks CAD geometry, ensuring
accuracy and consistency between the design and analysis
stages. Any changes made to the CAD model
automatically propagate to the analysis setup, eliminating
the need for manual data transfer or reconstruction.

Fig. 5 shows the computational mesh of the draft
tube of a hydraulic turbine, made in FlowSimulation.
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‘ Fig. 5. The bomputational mesh made in FlowSimulation

b) Smooth Workflow: The integration enables a
smooth workflow, facilitating efficient setup and analysis
of fluid flow within hydraulic turbine flow parts. The
familiar SolidWorks interface and tools enhance
productivity and reduce the learning curve for users.
Fig. 6 shows the visualization of the velocity distribution
in the draft tube of a hydraulic turbine in the form of a fill
and vectors.

c) Design Optimization: The CAD integration
capabilities facilitate design optimization by enabling
engineers to quickly modify the geometry and analyze
different design scenarios. This iterative process can lead
to improved performance, efficiency, and reliability of
hydraulic turbine flow parts.

Parametric Analysis Capabilities. FlowSimulation
offers advanced parametric analysis capabilities that are
particularly relevant to optimizing hydraulic turbine flow
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parts [18-21]:

a) Design Exploration: Engineers can define design
parameters, such as blade profiles, impeller geometries, or
inlet configurations, and perform systematic variations to
understand their impact on flow behavior. This allows for
a comprehensive exploration of the design space and
identification of optimal solutions.
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Fig. 6. The visualization of the velocity distribution in the
draft tube of a hydraulic turbine

b) Sensitivity Analysis: Parametric analysis in
FlowSimulation enables engineers to evaluate the
sensitivity of key flow parameters, such as pressure drop,
flow rate, or efficiency, to variations in design or
operating conditions. This information can aid in
identifying critical design factors and guiding design
decisions.

c) Optimization Tools: FlowSimulation provides
optimization tools that allow for the automated search of
design parameters to achieve specific performance goals.
By defining design constraints and objectives, engineers
can utilize these tools to automatically identify the optimal
design configuration for hydraulic turbine flow parts.

Advantages and Limitations of Using SolidWorks
FlowSimulation. Using SolidWorks FlowSimulation for
calculating spatial flow in hydraulic turbine flow parts
offers several advantages:

« Integration with SolidWorks CAD: The seamless
integration allows for accurate geometry models and
efficient design and analysis workflows.

 Parametric Analysis: The parametric analysis
capabilities enable engineers to optimize the design for
maximum performance and efficiency.

 Thermal Analysis: The thermal analysis capabilities
aid in studying heat transfer phenomena and ensuring
proper cooling of the turbine components.

However, there are also limitations and
considerations when using SolidWorks FlowSimulation:
e Limited Solver Options: SolidWorks

FlowSimulation offers a limited selection of solver
options compared to specialized CFD software systems,
which may limit the range of complex flow phenomena
that can be accurately simulated.

« Simplified Physics Modeling: While
FlowSimulation provides a user-friendly interface, it may
have simplified physics modeling options compared to
more advanced CFD software systems.

« Integration Dependency: The seamless integration
with SolidWorks CAD means that users need to have
access to both software systems, which may involve

additional costs for certain applications.

Comparison of  Software Systems and
Recommendations. In order to conduct a comparative
analysis of Ansys, OpenFOAM, and SolidWorks
FlowSimulation, the following factors will be evaluated:

a) Capabilities: Ansys, OpenFOAM, and SolidWorks
FlowSimulation offer a range of capabilities for hydraulic
turbine analysis. Ansys provides a comprehensive set of
solvers and models, including turbulence models and
multiphase flow analysis. OpenFOAM, being an open-
source software system, offers flexibility and a wide range
of solver libraries. SolidWorks FlowSimulation integrates
with SolidWorks CAD and provides unique features such
as thermal analysis and parametric analysis capabilities.

b)Ease of Use: Ansys and SolidWorks
FlowSimulation are known for their user-friendly
interfaces and intuitive workflows, making them more
accessible to engineers and designers with varying levels
of CFD expertise. OpenFOAM, on the other hand, has a
steeper learning curve and requires a good understanding
of CFD principles and some programming knowledge.

c¢) Accuracy: All three software systems can provide
accurate results when properly configured and validated
against experimental data or other benchmark solutions.
Ansys and OpenFOAM offer more flexibility in terms of
solver options and customization, allowing for finer
control over the simulation accuracy.

d) Computational ~ Resources  Required:  The
computational resources required by each software system
can vary depending on the complexity of the flow
problem and the desired level of accuracy. Ansys and
OpenFOAM provide options for parallel computing,
enabling faster simulations for large-scale problems.
SolidWorks  FlowSimulation is  generally  less
computationally demanding, making it suitable for less
complex hydraulic turbine analyses.

e) Cost: Ansys is a commercial software system and
typically requires a license, which can be costly depending
on the desired functionality and usage. OpenFOAM, being
an open-source software, is free to use, but may require
additional resources for setup, customization, and support.
SolidWorks FlowSimulation is a commercial software,
and its cost may vary depending on the licensing options
and modules required.

Strengths and Weaknesses. Ansys, OpenFOAM, and
SolidWorks FlowSimulation have their respective
strengths and weaknesses for hydraulic turbine analysis:

* Ansys: Ansys provides a comprehensive range of
solvers, models, and pre- and post-processing tools. It
offers a user-friendly interface, extensive documentation,
and commercial support. However, its cost and the need
for computational resources may be limiting factors for
some users [12-14].

* OpenFOAM: OpenFOAM's open-source nature and
flexibility make it attractive for researchers and
developers. It offers a wide range of solver libraries and
customization options. However, it has a steeper learning
curve, limited commercial support, and may require more
computational resources for complex simulations [15-17].

« SolidWorks FlowSimulation: SolidWorks
FlowSimulation's smooth integration with SolidWorks
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CAD streamlines the design and analysis process. It
provides user-friendly interfaces, accurate results, and
efficient parametric analysis capabilities. However, its
solver options and customization capabilities may be more
limited compared to specialized CFD software systems
[18-21].

Recommendations. Selecting the most suitable
software system for hydraulic turbine analysis depends on
specific use cases, objectives, and user requirements.
Consider the following recommendations:

a) For engineers and designers seeking a user-
friendly interface, efficient workflow, and comprehensive
capabilities, Ansys or SolidWorks FlowSimulation can be
excellent choices. Ansys provides a wider range of solvers
and models, while SolidWorks FlowSimulation offers
seamless CAD integration.

b) Researchers and developers with a strong
background in CFD and a need for flexibility,
customization, and parallel computing capabilities may
find OpenFOAM to be a suitable option. It allows for
extensive solver customization and provides a platform for
code development and research.

¢) Cost considerations play a significant role. Ansys
may require a higher investment due to licensing fees,
while OpenFOAM offers a cost-effective option as an
open-source software system. SolidWorks
FlowSimulation's cost will depend on the licensing
options and modules required.

d) Consider the complexity of the flow problem, the
geometry of the hydraulic turbine, and the desired level of
accuracy. Ansys and OpenFOAM are well-suited for

complex flow phenomena, while  SolidWorks
FlowSimulation is more suitable for less complex
analyses.

e) Evaluate the availability of resources, including
user support, documentation, and online communities.
Ansys and SolidWorks FlowSimulation benefit from
extensive commercial support and resources, while
OpenFOAM relies on an active user community for
support.

Conclusions. In this article, the use of modern
software systems for calculating the spatial flow in
hydraulic turbine flow parts was explored. Ansys,
OpenFOAM, and SolidWorks FlowSimulation were
discussed, highlighting their key features, capabilities,
advantages, and limitations in the context of hydraulic
turbine analysis. A comparison was made among these
software systems based on factors such as capabilities,
ease of use, accuracy, computational resources required,
and cost. Additionally, recommendations were provided
for selecting the most suitable software system based on
specific use cases, objectives, and user requirements.

The accurate calculation of spatial flow in hydraulic
turbine flow parts is crucial for optimizing turbine
performance, efficiency, and reliability. The software
system chosen for this analysis plays a vital role in
achieving accurate and reliable results. Careful
consideration must be given by engineers and designers to
the capabilities, ease of use, accuracy, computational
resources, and cost factors when selecting a software
system.

By comparing Ansys, OpenFOAM, and SolidWorks
FlowSimulation, the strengths and weaknesses of each
system have been highlighted. A comprehensive range of
solvers and models is offered by Ansys, while SolidWorks
FlowSimulation provides seamless CAD integration.
OpenFOAM, as an open-source software system, offers
flexibility and customization options. The choice of
software system should align with the specific needs of
the hydraulic turbine analysis project.

Looking ahead, the field of CFD software systems is
continuously advancing, and future developments may
further enhance the capabilities and performance of these

tools for hydraulic turbine analysis. Potential
advancements include improved solver algorithms,
increased computational efficiency, and enhanced

visualization and post-processing capabilities. Significant
implications for hydraulic turbine analysis will be brought
about by these advancements, enabling engineers and
designers to tackle more complex flow phenomena and
optimize turbine designs more effectively.
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N. FATIEIEVA, O. FATYEYEV, V. POLIAKOV

RELIABILITY OF HYDROPNEUMODRIVES FOR METAL CUTTING EQUIPMENT

The reliability of hydropneumodrives largely determines the safety of machine tools, metal cutting equipment, the movement of transport vehicles, and
the flight of modern passenger aircraft, and their failures can in some cases lead to accidents. The design stage is crucial in ensuring reliability. The
main tasks of reliability research and calculation at this stage can be divided into three groups. First, it is a justification of reliability requirements for
the main elements of the hydraulic pneumatic actuator (the task of reliability norming). This task is solved at an early stage of design and involves the
preliminary development of the unit structure and justification of design principles. Secondly, it is to ensure the reliability of the elements and the unit
as a whole. This group of tasks includes research and quantitative assessment of the efficiency of possible ways to ensure reliability; selection of basic
design characteristics, statistical reserves of durability and longevity, stability reserves and other indicators; comparative analysis of options and
selection of optimal designs. Thirdly, these are control calculations of the unit's reliability according to the design documentation. Algorithms for the
distribution of normalised reliability indices at the design stage for hydropneumodrives implemented by the standard positional structure method and
the minimisation method are obtained. Algorithms allow already at the early stages of hydropneumodrive design to normalise reliability indices, which
makes it possible to obtain optimal solutions of reliability issues at the subsequent stages of development of the drive life cycle. The methods of
calculation and determination of design relations for finding quantitative characteristics of failure-free indices of designed hydropneumodrives,
implemented by the method of standard positional structure and the method of minimisation, are selected, which allows designing highly reliable
hydropneumodrives for new metal cutting equipment. Evaluation of reliability indicators of hydropneumodrives at the stage of preliminary design
allows to make a rational choice of structural scheme and parameters, to select appropriate materials and elements of scheme realisations.

Keywords: reliability, hydropneumodrive, probability of failure-free operation, failure rate, method of distribution of reliability norms,
vulnerability factor.

H. M. DATEEBA, O. M. PATEEB, B. B. II0OJIAKOB
HAJIAHICTH I'JIPONHEBMOIIPUBO/IIB METAJIOPI3AJILHOT'O YCTATKYBAHHS

HanifiHiCTh TiApOMHEBMOIPHBO/IB y BENUKil Mipi BH3Haudae Oe3leKy pOOOTH BEpCTATiB, METANOPi3albHOIO YCTaTKYBAaHHS, PyXy TPaHCIOPTHHX
MaIlIUH, MOJBOTIB CYYaCHHX MAaCaXUPCHKUX JITAKIB 1 iX BIAMOBH B psiIi BUIAAKIB MOXKYTh IPUBECTH /10 aBapiil. Etam npoekTyBaHHS € BU3HAYAIbHUM
y 3a0e3nedeHHi HaaiiiHoCTi. OCHOBHI 3aBJaHHs JOCIHIKEHHS 1 PO3paxyHKy HaJIHHOCTI Ha IbOMY €Tali yMOBHO MOXKHA PO3JUIMTH HA Tpu rpynd. Ilo-
nepiue, OOrpyHTYBaHHS BUMOI IO HaJilHOCTI IO OCHOBHHX EJIEMEHTIB TiJpOITHEBMOIPHBONY (3aBJaHHS HOPMYBaHHs HamilHOCTi). Lle 3aBmaHHS
BHUPILIY€ETHCSI HA PAHHIN CTail IPOSKTYBaHHS 1 epeadadae MonepeaHio po3poOKy CTPYKTYpH arperaty i oOrpyHTYBaHHS HPHHIMIIIB OPOSKTYBAHHS.
[o-npyre, 3abe3neyeHHst HAAIHHOCTI €JIEMEHTIB 1 arperaty B mioMy. Llst rpyna 3aBaHb BKJIIOYAE JOCIHIDKEHHS i KibKICHY OIL[IHKY €()eKTHBHOCTI
MOXUIUBUX CIIOCO0IB 3a0e3NeucHHs] HaJiHHOCTi; BUOIp OCHOBHHX IIPOEKTHHX XapaKTePUCTHK, CTATHCTHYHHX 3alaciB MIIHOCTI i JOBrOBIYHOCTI,
3amaciB CTIMKOCTI Ta IHINMX MOKA3HWKIB; MOPIBHJIBHHUI aHaii3 BapiaHTiB i BUOIp ONTUMalbHHX KOHCTpYyKLiil. Ilo-TpeTe, KOHTPOIBHI PO3PaxXyHKH
HaJIMHOCTI arperary 3a IMPOEKTHOI JOKyMeHTauiero. OTpUMaHO QJIrOpUTMH Uil PO3NOALTY HOPMOBAHMX IOKAa3HHWKIB HaaiiiHOCTI Ha erari
IPOEKTYBaHHS JUI TiIPOMHEBMONPHBOJIIB, peali30BaHHX METOJOM CTaHIAPTHOI IO3MLIHHOI CTPYKTYpH 1 METOIOM MiHiMi3amil. AnropurMu
JIO3BOJISIIOTh B)KE HA PAHHIX CTAAisX MPOEKTYBAHHs TiAPONHEBMONPHUBOIIB HOPMYBAaTH MOKA3HUKH HAIIMHOCTI, IO Ja€ MOXJIUBICTH OTPUMYBATH
ONTUMAIIbHI PIlICHHS NMUTaHb HAAIMHOCTI HA HACTYNHHX €Talax PO3pOOKH JKHTTEBOTO IUKIY MpuBoxy. OOpaHO METOAM PO3PaxyHKy i BU3HAYEHHS
PO3PaxyHKOBUX CIIBBiHONIEHb JUIS 3HAXOJ/DKCHHS KIIbKICHUX XapaKTEPHCTUK MOKAa3HUKIB O€3BiIMOBHOCTI IPOEKTOBAHHX TiJPOIHEBMOIPHBOLIIB,
peari3oBaHHX METOIOM CTaHIAPTHOI MO3ULIHOI CTPYKTYPH 1 METOJOM MiHiMi3allii, [I0 Z03BOJISIE TPOEKTYBATH BUCOKOHAIIHI TiApOITHEBMOIPHBOIN
HOBOTO MeTaJopi3aibHOTO oOsagHaHHA. OLiHKAa TOKa3HMKIB HaAiHHOCTI TiAPOIHEBMOIIPMBOJIIB HAa €Talli €CKI3HOTO IPOEKTYBaHHS JO3BOJIIE
3IHCHUTH pallioHaNbHUI BHOIp KOHCTPYKTUBHOI CXEMH 1 ITapaMeTpiB, MiibpaT BiAIOBIIHI MaTepiany i eIeMEHTH peatizamiil cxeM.

KarouoBi cioBa: HaxiiiHicTh, T'iJpONHEBMONPHBOJ, HMOBIPHICTH 0E3BIAMOBHOI pOOOTH, IHTEHCHBHICTH BiJMOB, METOJ PO3IOILIY HOPM
HaJIIHOCTI, KOe(ili€HT ypa3IMuBOCTI.

Introduction. In recent years, there has been a
tendency to expand the scope of application of
hydropneumodrives and increase the number of machines
and equipment that are installed with
hydropneumodevices, so the question of ensuring the
reliability of hydraulic pneumatic drives and their
elements has become especially important. Firstly, the
reliability of hydropneumodrives largely determines the
reliability of the entire machine or equipment, and the
timely completion of a given amount of work often
depends on the proper operation of hydropneumodrives.
Failures of hydraulic pneumatic drives on mass-produced
machines (machine tools, agricultural machines, tractors,
etc.) lead to downtime and significant economic
losses [1, 2]. Secondly, reliability of hydropneumodrives
to a great extent determines the safety of machine tools,
metal-cutting  equipment, movement of transport
machines, flights of modern passenger aircraft and their
failures in some cases can lead to accidents [3]. Therefore,

the questions within the competence of hydropneumodrive
reliability science are still relevant today.

Problem statement in a general way. The analysis
of earlier works connected with calculations of reliability
of hydropneumodrives has shown that researches and the
decision of a considerable part of questions arising in the
reliability theory in relation to hydropneumodrives, only
begun, and therefore in it many problems have not
received the due decision. Recently, there has arisen the
necessity of significant increase, in comparison with the
existing ones, of reliability of new high-performance
hydropneumodrives and insufficient development of
theoretical bases and practical methods of their reliability
analysis at the design stage [4,5]. Operational and
accurate analysis of reliability of hydropneumodrive
elements allows to reasonably take progressive design and
technological solutions to improve the reliability of
elements, thus guaranteeing the optimal performance of
the new design.

© N. Fatieieva, O. Fatyeyev, V. Poliakov, 2023
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Thus, increasing reliability and improving and
simplifying the process of selecting the best variant of
hydropneumodrives of metal cutting equipment at the
design stage by carrying out synthesis of schemes taking
into account quantitative reliability indicators and
distribution of normalised reliability indicators, is an
actual scientific and practical problem.

Main part. The design stage is a determining one in
reliability assurance. The main tasks of reliability research
and calculation at this stage can be conditionally divided
into three groups [6, 7]:

1) The first group is justification of reliability
requirements to the main elements of hydropneumodrive
(the task of reliability norming). This task is solved at the
early stage of design and provides preliminary
development of the drive structure and justification of
design principles.

2) The second group is to ensure the reliability of
elements and the drive as a whole. This group of tasks
includes research and quantitative assessment of the
effectiveness of possible ways to ensure reliability;
selection of basic design characteristics, statistical
reserves of durability and longevity, stability reserves and
other indicators; comparative analysis of options and
selection of optimal designs.

3) Control calculations of actuator
according to project documentation.

1. Algorithms for normalisation of reliability
indices for hydropneumodrives implemented by the
standard positional structure method and the
minimisation method. Distribution of reliability norms is
carried out at the stages of preliminary and detailed design
of a technical system [8]. It is assumed that at any of these
stages of design the system can be divided into a certain
number of subsystems in the form of separate assemblies
and proceed from the initial reliability of each subsystem,
obtained by calculation or according to the results of tests
of the subsystems [7]. Using methods of distribution of
normalised reliability indices, it is possible to lay down
the required functionality of the hydropneumodrive
already at the design stage.

For hydropneumodrives, which are synthesised by
the method of standard positional structure [9-11], the
distribution of normalised reliability indices at the design
stage is preferably carried out by two methods: the method
of proportional distribution and the method of distribution
of reliability requirements taking into account the relative
vulnerability of elements [7,8] and its algorithm is
implemented as follows:

- decomposition — breaking down the original
complex system into simple elements;

- for the command apparatus we apply the method of
proportional distribution of reliability indices, since the
command apparatus is considered as a system consisting
of sequentially connected subsystems containing k;
elements;

- determine  the quantitative composition of
subsystems in the command apparatus: each subsystem
consists of an AND element (A), a memory element
(ME) and an OR element (v ), i.e. ki = 3;

- determine the total number of subsystems of the

reliability

command apparatus: n;

- set the required probability of failure-free operation
PE(t) ;

- calculate the number of "reduced" elements:

- determine the required probability of failure-free
operation of the subsystem of the command apparatus:

P =4PF;

- determine the quantitative composition of the
remaining elements: identify the basis and intermediate
elements {the basis is a constant hardware part of the
hydropneumodrive, which remains unchanged both at
realisation of the scheme by the method of standard
positional structure (SPS) and at realisation by the method
of minimisation. The wvariable part of the
hydropneumodrive are intermediate elements (IE), the
number of which, in general, depends on the ways of
realisation of logic functions};

- apply to the remaining elemental composition the
method of distribution of reliability requirements taking
into account the relative vulnerability of elements;

- calculate vulnerability coefficients:

coj:xj/[inj, j=12...n;
i=1

- determine the required failure rates of elements
M=o A%, j=12,..n;

- find the necessary values of probability of failure-
free operation of elements;

- check the correctness of normalisation of reliability
indices of elements by calculating the total probability of
failure-free operation of the hydropneumodrive:

Psps 1= (Pcs/lib)n 'PBasis(t)'PlE ()= P* ),

if the hydropneumodrive doesn't contain any intermediate
elements:

Pegs (1) = (Pe")"  Paagis (1) = P7 (1) -

For hydropneumodrives, which are synthesised by
the minimisation method [9, 10], the distribution of
normalised reliability indices at the design stage is
preferably carried out by the method of distribution of
reliability requirements taking into account the relative
vulnerability of elements [7,8] and its algorithm is
implemented as follows:

- decomposition — break down the initial complex
system into simple elements and consider the quantitative
and elemental composition of the hydropneumodrive:
identify the basis, intermediate elements and memory

element — if they are provided by the scheme
implementation;
-set the required probability of failure-free
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operation PR (t);
- calculate vulnerability coefficients:

mj=xj/(2xi], i=12..,n;
i=1

- determine the required failure rates of elements
x? =0, AR j=1,2,..,n;

- find the necessary values of probability of failure-
free operation of elements;

- check the correctness of normalisation of reliability
indices of elements by calculating the total probability of
failure-free operation of the hydropneumodrive:

Pmin (t) = PME (t) 'PBasis (t) 'PIE (t) = PR (t) .

If the hydropneumodrive does not contain a memory
element, then:

I:’min (t) = PBasis (t) 'PIE (t) = PR (t) .

Proceed in the same way if the hydropneumodrive
doesn't contain intermediate elements or, if the
hydropneumodrive doesn't contain both memory elements
and intermediate elements.

2. Algorithms  for calculating  quantitative
reliability indices for hydropneumodrives
implemented by the standard positional structure
method and the minimisation method. All reliability
indices of the designed systems must ensure normal
functioning of the systems during the specified service
life. It is known that the main reliability indices are
unambiguously related to each other by appropriate
mathematical dependencies. Therefore, it is sufficient to
define some of them. When analysing hydraulic-
pneumatic drives as systems consisting of a certain
number of elements, it is convenient to use such an indices
as probability of failure-free operation, which refers to
quantitative indices of reliability [6, 7].

For hydropneumodrives, which are implemented by
the standard position structure method [9-11], the
algorithm for calculating quantitative reliability indices at
the design stage is as follows:

- decomposition — break down the complex system
into elements and consider the quantitative and elemental
composition of the command apparatus, based on the
graph-operations and the principle scheme of the
hydropneumodrive;

-using statistical and operational data of
hydropneumatic drives similar to the designed ones,
determine the average failure rate of the elements included
in the drive;

- find the probability of failure-free operation of the
command apparatus using the dependence:

Pea ®= Pue ®)- P, OF P, ® .

In the cases considered in this paper, this dependence
is generally represented as follows:

Pea (t) =exp{—tn(k,e +A, +1,)},

but may vary depending on the elemental and quantitative

composition of the command apparatus;

- determine the other elements that make up the
hydraulic pneumatic drive: select the basis and
intermediate elements;

- calculate the reliability function — probability of
failure-free operation of the basis Pgasis(t) and intermediate
elements Pe(t) (if there are intermediate elements in the
hydropneumodrive, respectively), taking into account their
elemental composition;

- find the total probability of failure-free operation of
the hydropneumodrive, which is synthesised using the
standard positional structure:

Paps = PCA(t)'PBasis (t)'PIE ().

For hydropneumodrives synthesised by the
minimisation method [9-11], an algorithm for calculating
quantitative reliability indices at the design stage is
implemented:

- decomposition — break down the complex system
into components and determine the elemental composition
of the hydropneumodrive, based on the system of logical
functions and the principle scheme of the drive
synthesised according to them;

- select the basis and intermediate elements of the
hydropneumodrive;

- calculate the probability of failure-free operation of
the memory element if it is a part of the
hydropneumodrive;

- find the probability of failure-free operation of the
basis Pgasis(t) and intermediate elements Pg(t) (if there are
intermediate elements as part of the hydropneumodrive,
respectively), taking into account their elemental
composition;

- find the total probability of failure-free operation of
the hydropneumodrive, which is synthesised by the
minimisation method:

Pmin (t) =Py (t) “ Poai (t) Py (t) )
if there is a memory element in the system or:
Pmin (t) = PBasis (t) ' PIE (t) !

in the absence of an ME. Proceed in the same way if the
hydropneumodrive does not contain intermediate elements
or, if the hydropneumodrive does not contain both the ME
and intermediate elements.

If the calculated fault-free operation indices are
lower than the required ones, then the units and sections of
the hydropneumodrive, which most of all affect the fault-
free operation of the unit as a whole, are determined, and
measures to improve their reliability are developed. Such
measures include: replacement of elements for more
reliable ones; easing the operating modes of elements, for
example, moving the element from the zone of high
temperatures; reservation of elements or separate sections
of hydropneumodrives; changing the design or
manufacturing technology of separate parts and units of
aggregates having low reliability. If necessary, the
structure of the construction of functional sections of
hydropneumodrives is changed [12, 13].

Conclusions. The obtained algorithms for
distribution of normalised reliability indices at the design
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stage for hydropneumodrives realised by the method of
standard positional structure and the method of
minimisation allow to normalise reliability indices already
at the early stages of hydropneumodrives design, which
makes it possible to obtain optimal solutions of reliability
questions at the subsequent stages of development of the
unit life cycle.

The selected methods of calculation and
determination of design relations for finding quantitative
characteristics of failure-free indices of designed
hydropneumodrives, implemented by the method of
standard positional structure and the method of
minimisation, allow to design highly reliable
hydropneumodrives of new metal cutting equipment.

Evaluation of reliability indicators of
hydropneumodrives at the stage of preliminary design
allows to make a rational choice of structural scheme and
parameters, to select appropriate materials and elements of
scheme realisations.

References

1. Tepman B. ®., Ilanuenko B.O., TI'ycak O.I., Ilamyenko A. A.
Haoiinicms ma excnuyamayis eiopomawiun i 2ioponpueodie. Cymu:
CyMchKHii epkaBHUH yHiBepeuteT, 2016. 175 c.

2. ®inkensmrein 3. J1, Amngpenxo I1. M., Jmutpienko O. B.
Excnnyamayis, 06cny208y6anns ma  HAOIHICMb  2i0pABIIYHUX
Mawun i 2ioponpusodig: nasy. nocio. Xapkis: HTY «XI1l», 2014.
308 c.

3. ChenJ, LiuR. Reliability Research on Hydraulic System of Civil
Aircraft. 6th International Conference on Machinery, Materials,
Environment, Biotechnology and Computer. 2016. P. 84-88.

4. Tikhenko V. Reliability prediction of a mechatronic hydraulic drive
at the early design stages. UIMEMS. 2023. Vol. 9, no. 1. P. 17-25.

5. ChenD., Yao C., Feng Z. (2013). Reliability Prediction Method of
Hydraulic System by Fuzzy Theory. 6th IFAC Symposium on
Mechatronic Systems. The international federation on Automatic
Control (10-12 April 2013, Hangzhou, China). Hangzhou: Elsevier
Ltd, 2013. P. 457-462. doi: 10.3182/20130410-3-CN-2034.90001

6. Kanapuyk B. €., Tlonsucekuii C. K., JImutpieB M. M. Haoitinicme
mawun. Kuis: JIubins, 2003. 424 c.

7. Birolini A. Reliability Engineering: Theory and Practice.
Deutschland: Springer-Verlag GmbH, 2017. 666 p.

8. Bacinescekuii O. M., INomkapenko B. O. Hopmysanns nokasnuxie
Haoiinocmi mexuiunux 3acooie. Binnuig: BHTY, 2010. 129 c.

9. Sokol Ye., Cherkashenko M. Syntesis of control schemes of drives
system. Kharkiv: NTU "KhPI", 2018. 120 p.

10. Lynnyk A., Cherkashenko M., Fatieieva N., Fatyeyev O.,
Ponomarov V. Synthesis and analysis of control schemes of
hydropneumatic drives. Bulletin of the National Technical
University "KhP1". Series: Hydraulic machines and hydraulic units.
Kharkiv: NTU "KhPI". 2021. No. 2. P. 11-17. doi: 10.20998/2411-
3441.2021.2.02

11. Fatyeyev O., Fatieieva N., Sushko S., Pastushenko A.,
Ponomarov V. Comparative Analysis of Design Methods for
Pneumatic Control Systems. Advances in Design, Simulation and
Manufacturing VI. DSMIE 2023. Lecture Notes in Mechanical
Engineering.  Cham:  Springer,  2023. P.23-32.  doi:
0rg/10.1007/978-3-031-32774-2_3

12. Orosnjak M., Jocanovic M., Karanovic V. Quality Analysis of
Hydraulic Systems in Function of Reliability Theory. Proc. of the
27th  DAAAM International Symposium. Vienna: DAAAM
International, 2016. P. 0569-0577. doi:
10.2507/27th.daaam.proceedings.084

13. Jocanovic M., Sevic D., KaranovicV., Bekerl., DudicS. Increased
Efficiency of Hydraulic Systems Through Reliability Theory and
Monitoring of System Operating Parameters. Journal of Mechanical
Engineering. 2012. Vol. 58, no. 4. P. 281-288.

References (transliterated)

1. HermanV.F., PanchenkoV.O., Husak O.H., Papchenko A.A.
Nadiynist' ta ekspluatatsiya hidromashyn i hidropryvodiv
[Reliability and exploitation of hydraulic machines and hydraulic
drives]. Sumy, Sums'kyy derzhavnyy universytet Publ., 2016. 175 p.

2. Finkel'shteyn Z. L., Andrenko P. M., Dmytriyenko O. V.
Ekspluatatsiya, obsluhovuvannya ta nadiynist' hidravlichnykh mashyn i
hidropryvodiv [Operation, maintenance and reliability of hydraulic
machines and hydraulic drives]. Kharkiv, NTU "KhPI" Publ., 2014.
308 p.

3. ChenlJ, LiuR. Reliability Research on Hydraulic System of Civil
Aircraft. 6th International Conference on Machinery, Materials,
Environment, Biotechnology and Computer. 2016, pp. 84-88.

4. Tikhenko V. Reliability prediction of a mechatronic hydraulic drive
at the early design stages. UIMEMS. 2023, vol. 9, no. 1, pp. 17-25.

5. ChenD., Yao C., Feng Z. (2013). Reliability Prediction Method of
Hydraulic System by Fuzzy Theory. 6th IFAC Symposium on
Mechatronic Systems. The international federation on Automatic
Control (10-12 April 2013, Hangzhou, China). Hangzhou, Elsevier
Ltd Publ., 2013, pp.457-462. doi: 10.3182/20130410-3-CN-
2034.90001

6. Kanarchuk V. Ye., Polyanskyy S. K., Dmytriyev M. M. Nadiynist'
mashyn [Reliability of machines]. Kyiv, Lybid' Publ., 2003. 424 p.

7. Birolini A. Reliability Engineering: Theory and Practice.
Deutschland, Springer-Verlag GmbH Publ., 2017. 666 p.

8. Vasilevs'’kyy O. M., Podzharenko V. O. Normuvannya pokaznykiv
nadiynosti tekhnichnykh zasobiv [Standardisation of reliability
indicators of technical means]. Vinnytsia, VNTU Publ., 2010. 129 p.

9. Sokol Ye., Cherkashenko M. Syntesis of control schemes of drives
system. Kharkiv, NTU "KhPI" Publ., 2018. 120 p.

10. Lynnyk A., Cherkashenko M., Fatieieva N., Fatyeyev O.,
Ponomarov V. Synthesis and analysis of control schemes of
hydropneumatic  drives. Bulletin of the National Technical
University "KhPI". Series: Hydraulic machines and hydraulic units.

Kharkiv, NTU "KhPI" Publ., 2021, no.2, pp.11-17. doi:
10.20998/2411-3441.2021.2.02
11. Fatyeyev O., Fatieieva N., Sushko S., Pastushenko A.,

Ponomarov V. Comparative Analysis of Design Methods for
Pneumatic Control Systems. Advances in Design, Simulation and
Manufacturing VI. DSMIE 2023. Lecture Notes in Mechanical
Engineering. Cham, Springer Publ., 2023, pp.23-32. doi:
0rg/10.1007/978-3-031-32774-2_3

12. Orosnjak M., Jocanovic M., Karanovic V. Quality Analysis of
Hydraulic Systems in Function of Reliability Theory. Proc. of the
27th  DAAAM International Symposium. Vienna, DAAAM
International Publ., 2016, pp. 0569-0577. doi:
10.2507/27th.daaam.proceedings.084

13. Jocanovic M., Sevic D., Karanovic V., Bekerl., DudicS. Increased
Efficiency of Hydraulic Systems Through Reliability Theory and
Monitoring of System Operating Parameters. Journal of Mechanical
Engineering. 2012, vol. 58, no. 4, pp. 281-288.

Received 11.09.2023

Bioomocmi npo asmopie | About the Authors

®ameesa Hadin Mukonaisna (Fatieieva Nadiia) — kauaumar TeXHIYHUX HayK, AOLEHT, HartioHa bHMI TeXHidHM#
YHIBEPCUTET «XapKIBCBKUH MOJITEXHIYHUHA IHCTUTYT», noueHT Kadenpu «['inpasiiuni Mamuuu im. I'. @. [Ipockypu»;
M. Xapkis, Ykpaina; ORCID: https://orcid.org/0000-0001-6955-5301; e-mail: nadin_yak@ukr.net

Dameee Onexcandp Muxonaitosuu (Fatyeyev Oleksandr) — kangumar TexHiyHMX Hayk, HamioHansHHH

TEeXHIYHHHA YHIBEpCUTET

«XapKiBCBKUH TOMITeXHITHHUHA

IHCTHTYT», HOomleHT Kadeapm «[iapaBiiyHi MamIMHA

im. T'. @. TIpockypm»; M. Xapkis, Ykpaina; ORCID: https://orcid.org/0000-0002-9212-4507; e-mail: fatyan1l@ukr.net
Ilonakoe Banepiii Banepiniosuu (Poliakov Valerii) — HamioHambHuil TeXHIUHHE YHIBEpCHTET «XapKiBCHKHI
MOJMITEXHIYHUI 1HCTHTYT», Marictp kadenpu «[impaBmiyni MammHu iM. . @. Ilpockypu»; M. XapkiB, YkpaiHa;

e-mail: valerii.poliakov@mit.khpi.edu.ua

Bulletin of the National Technical University "KhPI".
Series: Hydraulic machines and hydraulic units, Ne 1’2023

59



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

YK 665.7 doi: 10.20998/2411-3441.2023.1.10

H. I HIEBYEHKO, B. B. KATIO;KHHH, B. C. AH/IPIEBChKA

YUCEJBHE MOJIEJTIOBAHHS TEUII TEXHOJOTTYHOI PIJUHU Y TPYBAX KOJITIOBIHI'OBOT
YCTAHOBKH

Ha cporofHimmHiii AeHb OJHUM i3 Cy4aCHHX HAIpPSIMKIB € BUKOPUCTaHHS TEXHOJOTiH KOJITIOOIHTY Ta BIOCKOHAICHHsS CKJIaay NPOMHBHHX arcHTIB
(pizuH). Po3risiHyTO 0COOIMBOCTI TEXHOJIOTIYHUX AUISIHOK KOJNTIOOIHTY — CHipaibHe YKiIaaaHHs TPyO, CHiBBIJHOIIEHHS OCHOBHHX PO3MipiB THYYKHX
Tpy0, GapabaHa Ta HampsIMHOTO cekTopa. HasBHiCTE TpaHCHOpTepa TpyO Jae 0COONMBY BiIOBINAIBHICTD 3311 3a0€3II€UCHHS NIEPEMILIEHHS KOJIOHH
THYYKUX TpyO y 3ajaHoMy [iama3oHi HaBaHTakeHb. JlomxkuHa TpyO csarae 5000 m. Pamiansni po3mipu cBepmnoBunu 150 mm. IlepepaxoBano eramnu
BU3HAYECHHsS] OCHOBHUX IapaMeTpiB HACOCHOT YCTAHOBKM IJIs IOJadi TEXHOJIOTIYHOI PIAMHHM 10 CBEPAJOBUHHU. IIpu mpoBeNeHHI TEXHOJOTIYHUX
olepariii Hacoc IIOBHHEH JI0JIATH TiJPOAMHAMIYHI BTPATH NPSIMOI Ta 3BOPOTHOI IOyl pijMHN y cBepAIoBUHY. HeoOXinHO BpaxoBYBaTH MOMKIHBICTH
HOPYLICHHS CIIBBICHOCTI LHIiHAPUYHUX TpyO. JIst mMpoBeAeHHsS TEXHOJOriYHHMX omepauii iHreHcuikauii BUIoOyTKy HadTH BHKOPHCTOBYIOTH
0araTOKOMIIOHEHTHI TEXHOJIOTiYHI piguHU. HasBHICTH XiIMIYHMX Ta MOMIMEPHHUX J00ABOK Y DiMHI iCTOTHO BIUIMBA€ Ha BIACTHBOCTI BOJHHX Ta
BYIJIEBOAHEBUX CHCTEM, YTBOPIOE I'elli Pi3HOI MIIEHOCTI, B'SI3KOCTI Ta peosorii. BizoMo, 1o HaBiTh He3HAYHHUH BMICT ITOTIMEPHUX JOOABOK y PO3UMHI
(6-30 r/i1) mpU3BOANTH 10 HEHBIOTOHIBCHKOI MOBEAIHKM MPOMHUBHOI PifIMHU B TpYGax CBEpUIOBHHH. Y POGOTI BHKOPHCTOBYIOTHCS €KCIICPUMEHTANIbHI
naHi, orpumani kommanieto TOB "Perion" VYkpainu. J{is 4MCENBbHOrO MOJCTIOBAHHS TiAPOAMHAMIYHMX XapPAKTEPHCTHK TEXHOJOTIYHOI DPiIMHH
BHUKOPHCTOBYIOTHCS JIHIHHI Ta HENiHIWHI MoJeni B'I3K01 piiMHK. Y BCIX BHIIAIKaX pO3IJIAAABCS IepeOdir, 0 BCTAHOBHUBCSA. Y 3B'SI3KY 3 THM, LIO Y
po0OTi BUKOPHCTOBYEThCs akageMiuna Bepcis makery ANSYS CFD 3 o0MexeHHMH MOXKIMBOCTSAMH 32 KIIBKICTIO OCEpPElKiB, PO3paxyHKOBI 001acTi
BUOPAHO 3a CIPOLICHUMHU CXeMaMH. PO3IJISHYTO CXeMH: chipanb — HampsMHa — IpsMa TpyOa, JuIle crHipajbHa 4acTWHA HAMOTYBaHHS TpyOM Ha
GapabaH, KiJbLeBHil MPOCTIp MK WIIHAPHIHAMA TPyOaMU 3 MOXKIMBHUM E€KCLIEHTPHCUTETOM. Pe3ynbTaTi YMCICHHHUX TOCIIKEHb 3aCTOCOBYIOTHCS
JUIsL IPOTHO3YBAHHS TiJIPaBIIYHUX KOE]IllieHTIB omopy B Tpybax Ta XapaKTEPHCTHK HACOCHOrO OOJIafHAHHSA JUTA MOJadi TEXHOJOTIYHOI PiIUHH y
cBepAIOBUHY. TakoX pe3y/nbTaTH MOKHAa BHUKOPHUCTOBYBATH Ul MEPEBIPOYHHMX PO3PAXYHKIB MIIHOCTI KOJOHM THYYKHMX TpyO A HeOe3neyHux
nepepisis.

Kurodosi cioBa: THyuki TpyOM KONTIOOIHTY, CBEpIUIOBHHA, PEOJIOTis, HETiHiifHA MOJENb B'S3KOi PiAMHHM, TipaBiiuHuil KoedilieHT omopy,
BTPATH TUCKY, YHCEIIbHE MOJICIIOBAHHSI.

N. SHEVCHENKO, V. KALIUZHNYI, V. ANDRIIEVSKA

NUMERICAL SIMULATION OF PROCESS FLUID FLOW IN THE PIPES OF A COILED TUBING
INSTALLATION

Today, one of the modern trends is the use of coiled tubing technologies and improvement of the composition of washing agents (liquids). The features
of coiled tubing technological sections are considered — spiral pipe laying, the ratio of the main dimensions of flexible pipes, drum and guide sector.
The presence of a pipe conveyor gives special responsibility for ensuring the movement of a string of flexible pipes within a given load range. The
length of the pipes reaches 5000 m. The radial dimensions of the well are 150 mm. The stages of determining the main parameters of a pumping unit
for supplying process fluid to a well are listed. When carrying out technological operations, the pump must overcome the hydrodynamic losses of
direct and reverse fluid supply into the well. It is necessary to take into account the possibility of misalignment of cylindrical pipes. To carry out
technological operations to intensify oil production, multicomponent process fluids are used. The presence of chemical and polymer additives in
liquids has a significant impact on the properties of aqueous and hydrocarbon systems and forms gels of varying density, viscosity and rheology. It is
known that even a small content of polymer additives in the solution (6-30 g/l) leads to non-Newtonian behavior of the washing fluid in the well pipes.
The work uses experimental data obtained by Region LLC of Ukraine. For numerical modeling of the hydrodynamic characteristics of a process fluid,
linear and nonlinear models of a viscous fluid are used. In all cases, steady flow was considered. Due to the fact that the work uses the academic
version of the ANSYS CFD package with limited capabilities in terms of the number of cells, the computational areas were selected using simplified
schemes. The following schemes are considered: spiral — guide — straight pipe, only the spiral part of winding the pipe on a drum, an annular space
between cylindrical pipes with possible eccentricity. The results of numerous studies are used to predict hydraulic resistance coefficients in pipes and
the characteristics of pumping equipment for supplying process fluid to a well. The results can also be used for verification strength calculations of
flexible pipe columns for hazardous sections.

Keywords: flexible coiled tubing, well, process fluid, rheology, nonlinear model of viscous fluid, hydraulic drag coefficient, pressure loss,
numerical modeling.

Beryn. IlinBumieHHst e(eKkTHBHOCTI MpPOBEOEHHS  TEXHIKM Ta TEXHOJIOTI] 3 BAKOPUCTAHHAM KOJIOHH IHYYKHX

TEXHOJIOTIYHUX OIepaliid mpu poOOTi y CBEPUIOBHHAX €
aKTyaJIbHUMH THTaHHSAIMH y HadrorazoBoi ramysi. Ha
CBOTO/IHI OJTHMM 13 Cy4acHHUX HAlpsIMKIB € BUKOPUCTAHHS
TEXHOJIOTIH KONTIOOIHTY Ta YJIOCKOHAJICHHS CKIamy
mpoMHUBHHUX areHTiB (piguH). KonTioOiHr 3 aHrmiHCHKOT
"Coiled tubing" - komona THyuknx Tpy6. Imes
3aCTOCYBaHHS KOJIOHH THYYKHX TpyO € HpiOpUTETHUM
MiAXOIOM [0 BHUPINICHHSA MpoOeM  KamiTaJbHOTO
PEMOHTY, OCBO€HHS Ta  OypiHHI  CBEpUIOBHH.
3acTocyBaHHS CHEIMiali30BaHOTO O0JaIHAHHA yCTAaHOBOK
tuny "KonTioOiHr" m03BOJSIE  3aMICTh  TPaAUINIHHOT
30ipHOT KOHCTPYKIIT KOJIOHU TpyO criyckaTu Oe3nepepBHi
THYYKIi TpyOu 6e3 MIPOBEACHHS orepariii
cknananss / po3oupannsa. OCHOBHI MOJNOXKEHHS PO3BUTKY

tpy6 (KI'T) mnst Oypinss, iHTeHCH]iKail Ta OCBOEHHS
CBEp/JIOBHH, X IepeBard Ta HEJONIKM IIPEJCTaBIEHI B
poborax [1-4]. CyuacHuii JOCBIT Ta BIOPOBAKCHHS
KOJNTIOOIHIOBUX TEXHOJIOTIH B YKpaiHi, HaJaHO ¥ poOoTax
[5-7].

Ha pwuc.1 mpeacraBmeHa cxema pO3MIlIEHHS
OCHOBHOTO 00JIa/THAHHSI KOJNTIOOIHTOBOi YCTaHOBKH.

Ocobnugocmi  Kkononu  eHyukux mpy6. Tpyou
KOJNTIOOIHTY BUITYCKAIOThCSI PI3HHX THIIOPO3MIpiB. Y
Tabn. | Hamano TumoBi po3mipu KI'T, Oapabana Ta
HAIPSIMHOT'O CEKTOPY.

B gammit  wac  OLIBIIICT  THYYKHX  TPYO
BUTOTOBIISIIOTh i3 CTami 3BHUYAHOI MAaloOBYTJIEHEBOT,
HHU3BKOJICTOBAHOI Ta Hepxkapirouoi. MilHicTh TPYO i3
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HHU3BKOJIETOBaHMX CTaJel BHIIe MajoByriieneBux Ha 40 %
(Mexxa mummHHOCTI  690-760 MIla) 3a  30epexeHHS
IUIACTUYHUX BIACTHBOCTEH. ['Hyuki TpyOM MOXYTb
BHTOTOBJISITHCS 13 3MIHHUM BHYTpilmIHIM miamerpom. Lle
JTO3BOJISIE 30UIBIIUTH MaKCHMAallbHY TJHOWHY CITyCKY
KONTIOOIHTY 1 WiABWINY€ HAIIMHICT TIPH IPOBEACHHI
poOiT Ha TIMOOKMX CBEPUIOBHHAX. 1pyOH, BUTOTOBIEHI
3a TAKOK TEXHOJIOTI€I0, MAaloTh IMOCTIMHHMHA 30BHILIHIN
JiaMeTp, aje 3MiHHY TOBIIMHY CTIHKH — YMM OJIFDKYE JI0
ocep.st OapabaHa, TUM TOBILI CTiHKa 1 MEHIIIE BHYTPIIIHIH
nmiamerp. TakuM YWMHOM, TpH 30UTBIIECHHI TIIMOMHU 1, SIK
HACIIIZIOK, HABAaHTAXXCHb, Bara CIPUAMAETHCS OLIBII
MIITHOIO CEKITiE€r0 TPYOH.

Puc. 1. MoHTaxxHa cXeMa KONTIOOIHIOBOT YCTaHOBKU Ha
CBEp/JIOBHHI:
1 — aBTOMOOiNB; 2 — Kabina oneparopa; 3 — 6apadaun 3 KI'T;
4 — yxnaguuk KI'T; 5 — xonoHa rHydkux TpyO;
6 — HampaBIIsOYa; 7 — TPAHCIIOPTED; 8 — TEPMETH3ATOp THUPIIA;
9 — npesenrop; 10 — omopa; 11, 12 — obnagHaHHs rupia
cBepuIoBHHY; 13 — HacocHa ycraHoBKa; 14 — pama arperary.

Tabmums 1 — TumoBi criBBiAHOIIEHHS OCHOBHHX PO3MIpPiB
THy4KHX TpyO, GapabaHa Ta HAPsIMHOTO CEKTOpa

30BHIMIHUHT Paniyc Pastiycn
miametp KI'T, CepAcYHHKA

JIFOMM OapabaHa, cM HAMPAMKY, CM
0,750 61 122
1,000 51-76 122-137
1,250 63-91 122-183
1,500 76-102 122-183
1,750 89-122 183-244
2,000 102-122 183-244
2,375 122-137 229-305
2,875 137-147 229-305
3,500 165-178 229-305

Ocobnusocmi gysna 01 36epicanHs KOJIOHU SHYUKUX
mpy6. Komona rHydkux TpyO abo ii wacTmHa, mo He
3HAaXOJUThCS B  CBEPIUIOBHMHI, pPO3TAalIOBYEThCS Ha
Oapabani. bapaban 00epTaeThCsl HA Bajly, BCTAHOBJICHOMY
MiAMUITHAKAX KodeHHs. [ ¢ikcarii "mMepTBOro" KiHIIA
THy4Koi TpyOu € 3aruckayi. "MepTBuil" KiHELb THYYKOl
TpyOu 3'eIHYETHCS uYepe3 3BOPOTHHMH KialaH KaHaJloM,
NPOCBEPIUICHUM y Baiy OapabaHa. Y BHXOIY 3 OTBOPY Ha
TOPLI BaTy PO3MIIIYIOTh BEPTIIIOT, 10 3a0e3reuye nogavy
TEXHOJIOTIYHOT PiIMHY BiJl HACOCIB y TOPOXHHUHY Baly i
Al KOJOHY THYYkuX TpyO. Bci ©Oapabamm MaroTh
TiApaBIiYHANA MPHBII, X0Ua CHCTEMH KEPYBaHHS Ta THIIN
IIBUTYHIB 3aJie’KaTh BiJl BUpOOHWKA Ta Mozemi OapabaHa.
ligpaBniuHUil THCK Yy TNPHBOAHIN cucTemi OapabaHa
MOXKHa 3MIHIOBAaTH, 1100 pEryjioBaTd  BEJIHYHHY
BUXIZHOTO KPyTHOTO MOMEHTY nBHUryHa. Lle nosBomse

3MIHIOBaTH CWJIy HaTsIry TpyOM Ha JOUIAHII MiX
TpaHCTIOpTEepOM (IHXKEeKTOpoM) Ta OapabaHOM.
Ipusnauennss ma ocobaugocmi  mpauncnopmepy.

OpmHuM 13 HaWOLIBII BIAMOBITATBHUX BY3IB arperaty €
TpaHcnopTep. BiH moBuHEH 3a0e3meuyBaT MepeMIIIeHHS
KOJOHM THYYKHX Tpy0 y 3aJaHOMy [iama3oHi
HABaHTAXKCHb 0€3 IOIIKO/KCHh 30BHIMIHBOI IMOBEPXHI
TpyOu Ta ii reomerpii.

I[Ipy BHUKOHAHHI TEXHOJOTIYHMX Omepamid y
CBEPUIOBHUHY 4Yepe3 KOJIOHY THYYKHX TpyO MOmaeThCs
TexHosoriyHa pinuHa. OCHOBHI T€OMETPHYHI HapaMeTpu
KI'T - ne niamerp 1py® Ta ii nmomxkuna mo 5000 m.
OCHOBHMMH TapaMeTpaMH HAaCOCHOI YCTaHOBKH € THCK
TEXHOJIOTIYHOT PIAMHU Pmax, IO TEPEKadyeThCcs, Ta il
mogada Qmax. Mg momaui  TexHONOTiYHOI  abo
MIPOMUBAIBEHOT pinuHN y CBEpIUIOBUHY
BUKOPHUCTOBYIOTHCSI HACOCHI arperaTtd 3 MaKCHMalbHOIO
nogauero 30 n/c Ta Tuckom a0 70 MIla. Tlpu npoBeneHHi
TEXHOJIOTIYHUX Olepaliid Hacoc, M0 TMOAAE piAWHY,
NOBUHEH JoiaTH TiapoauHamiydi BTpatn y KI'T ta Mmix
TpyOHOMY TIPOCTOpi TpPH HPOMUBKH CBEP/UIOBHHH 3
MOJJIUBICTh €KCIIEHTPUCHUTETY. A TaKOX Iepernaj THCKY
Ha BUOIfHOMY JBUTYHI a00 TiJpOMOHITOPHOI HACaIKH.

OCHOBHI eTanu BU3HAYEHHS OCHOBHHX IapaMeTpiB
HACOCHOT yCTAHOBKY ISl [IOAa4i TEXHOJIOTTYHOT PIANHH:

1. Obupatoth TEXHOJIOTIYHY piauny, 3
BUKODHCTaHHSAM SIKOi  3JiiCHIOBaTUMYTh poOOTH. 3
PO3BUTKOM  TEXHOJOTiIH OypiHHA CBepIUIOBHH  abo

iHTeHCHQiKamii BUAOOYTKY HapTH 3'ABISIOTHCS CydacHi
0araTOKOMITOHEHTHI POMHBAJbHI PIIMHA a00 CycIeHsil.

Hanpuknan, momiMepHi cHCTEMH. IX TmepeBaror €
30aTHICTh y MaJHX KOHIEHTpALAX CYTTEBO BIUIMBATH Ha
BIIACTHBOCTI ~ BOJHUX Ta  BYIJICBOJHEBHX  CHCTEM,
YTBOpPIOBaTH Treji pi3HOT IIUJIBHOCTI, B'SI3KOCTI  Ta

peoorii [2, 3].

2. BuzHavaroTh HEOOXigHY IOJa4y TEXHOJIOTIYHOL
PIAMHU JUIS TPOBEICHHS TEXHOJOTIYHUX Omeparii y
CBEP/UIOBHHI.

3. Bu3Ha4aloTh cXeMy CBEpAJIOBUHH, BiJIIOBIJIHO 10
SIKOI BUKOHYIOTh PO3PaxXyHOK TipOJUHAMIYHHX BTpatT
MIpH TPOKAYyBaHHI TEXHOJIOTIYHOI PIAVHU MO KaHaJax y
CBEP/UIOBHHI.

4. Bu3HayaioTh THCK, HEOOXIOHUN 171 BeICHHS
JTAHOT'O TEXHOJIOTIYHOTO MPOIIECy.

5. BUKOHYIOTh TIepeBipOYHHI PO3PaXyHOK MIITHOCTI
KOJIOHH THYYKHX TPYyO Ui BEPXHBOTO HEOE3MEYHOro
repepi3zy TpaHCIOpTepy.

VY pasi, sKkio MaTepiai TpyOu He 3a10BOJIbHSIE YMOBI
MIITHOCTI, CITiI 3SMEHIITUTH POOOYHH THCK JI0 MPUHHATHOTO
piBHs. 3HW)KEHHSI TUCKY Moxe OyTH 3a0esnedyene abo 3a
paxyHOK 3MEHIIEHHS I10/1adi TeXHOJIOTIYHOI pianHH, abo
BUKOPHCTAHHS KOJIOHU THYYKHX TPyO OLIBIIOrO Aiamerpy.
OcraHHil BapiaHT 3arpoxye BUHUKHCHHSIM
OpraHizamiiHux mpooeMm, OCKIJTbKA BUMArae
MepeHANATO/KEHHS arperary — yCTaHOBKHM OapabaHa 3
BEJIMKUM JIiaMeTPOM THYYKHX TPYO Ta 3MiHH po0OOYOro
niameTpa TpyO iHXeKTopa.

Jlns HOBONPHWIHATOrO BapiaHTa [iaMeTpiB Tpyo,
TUCKIB Ta TOAA4Y TEXHOJOTIYHOI PIIWHU TMOBUHHI OyTH
MMOBTOPHO MPOBE/ICHI BC1 PO3PAXYHKH.

Jnsa 3abe3nedeHHss 0OpaHOTO PEKUMY INPOBEIACHHS

Bulletin of the National Technical University "KhPI".
Series: Hydraulic machines and hydraulic units, no. 1’2023

61



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

TEXHOJIOTIYHOI omepamii 3a JOIOMOIoO KOJTIOOIHTY B
HapTOra30Bii CBEpPAJIOBHHI HEOOXiTHO BpPaXxOBYBATH
B3a€EMHHMI BIUIMB TaKHX NapaMeTpiB, SK Hojada Hacoca,
BTpPAaTH THUCKYy B OOJNACTi, MO TOCHIKYEThCA, (Pi3UdHI
BJIACTUBOCTI 1 ckjmaxm pobodoro areHTy. Tomy
MaTeMaTH4YHEe MOJCINIIOBAHHSA INPOTIKaHHSA TEXHOJOT14HOT
pizuau B enementax KI'T Ta cBepaoBUHI 3 ypaxyBaHHM
ii peosoriuHux Ta (PI3MYHUX MApaMETPiB € aKTyaJIbHUM
3aBAAHHSM.

Indopmauiiinuii orasin. PoGora [8] oxomiroe
IMIMPOKUHA  CHEKTP JOBIIKOBOTO Marepialy sK 3a
PEOJIOTIUHIMH BJIACTUBOCTSIMA HEHBIOTOHIBCBKUX DiJIHH,
METOJaMHM  iX  BUMIpDIOBaHHS, TaKk 1 MeETOAaMH
TiIpOANHAMIYHOTO MOZETIOBAHHS [UIS IIUPOKOTO KOJIa
IHKeHepHUX 3aBnaHb. Y pobortax [9-11] mpeactasneni
pe3ynabTaTH TOCITIKEHD peodorii piauH, 1110
BHKOPHUCTOBYIOTBCS Y TEXHOJOTiAX OypiHHS CBEpAJIOBHH
Ta iHTeHCH(]iKamii BUOOOYTKYy HadpTH. Po3rimsmaerbes

y3araJibHeHa  HBIOTOHIBCBKA  MOAENb, Yy  SKii
3alpoBa/DKYEThCS  MOHATTS  e(EeKTUBHOI  B'SI3KOCTI.
Y3aranbHeHa MOJEIb JUISL B'SI3KO-TUTACTHYHO1
HEHBIOTOHIBCHKOT PIIMHK Ma€ BUTJISIL:

T=py (7)1 1)

EdextuBHa MoONEKyNIspHA B'S3KICTH 3aJEKUTHh Bil
BHAKOCTI Jgedopmalii cepenoBuina §=+/2S-S, ne

1( ou; ou; y
S=8,=7| —+— —  TEH30p  IUBMJKOCTEH
2( ox; O
Jedopmarii; U, U i~ JIEKapTOBI KOMIIOHEHTH BEKTOPHOL
MIBHAKOCTI.
Haii6inpim HOLINPEHUMHU B Hadrora3oBii

MPOMHCIIOBOCTI € HACTYIIHI MOJENI PiTUHK: 31 CTATCYHUM
peosnoriunmm 3akoroM (Power Law), biarmana (Bingham)
ta [epmens-bankni (Herschel-Bulkley). 3anexnocTi

eeKTHBHOI B'SBKOCTI I, (7) IS LHX TPBOX Mozenei

MarThb BUTJIAI:

e (V) =k,7"" — Mozens crateuna; 2

K v )
ey (7) = VY—-HO — Mozens biarmana;,  (3)

ky"
e (V)= VY—-HO — mogens ['epmens-Bankmu. (4)
Y

ne  k, — Mipa koHcucTeHii cepenopuiua, MIla;

N — MOKa3HUK HEHBIOTOHIBCHKOT'O CEPEOBHILA;

Tp — TpaHWYHA HampyTa 3CcyBY (MeXa IUIMHHOCTI), [1a.

Y pobori [11] HaJaHO pe3yibTaTu
EKCIIEPUMEHTAIIHUX JIOCII/DKEHb BJIACTUBOCTEH BOJHOTO
PO3YMHY 3 PI3HMMH KOHLICHTPALISIMH KCAaHTAaHOBOI KaMei
Bix 1,2 v/ go 12 r/n. JocmimKeHHs MmoKa3aio, o BOIHUI
pPO3YMH 3  POCIMHHUM  IIOJIIHOMOM  CTBOPIOE  HE
HBIOTOHIBCBKY  TOBemiHKy  pimman.  Koedimientn
peonoriuHoi craTedyHoi Moxeni pozumHy K, Ta n Oymu
OTpHMaHi NUIIXOM alpoKCHMalii JJabopaTOpHHUX JaHUX.
PesynbraTi HaBeneHO Ha puc. 2.

[Ipn 3HaueHHAX KoedimieHTIB peoyorii N=1 Ta

k,=1MIlla'c KoHIEHTpallii KaMeldi IOPIBHIOE HYIIIO,
TOOTO AOCHIKyBaHA PiTUHA — BOJA.

PesynpraT  YHCENBHUX  JOCHI/DKEHb  TEiid
HEHBIOTOHIBCHKUX Mozelein B'I3KOI  piIuHH B
OWTHAPWYHIA TpyOi, KUTBLIEBUX IPOMDKKAxX, KaHajax
TipOMaIvH peacTaBieHi B poborax [12-14].

304 1

mPa-s "‘
2,

k -4

"

18]

0
0 2 4 6 8 10 12
Concentration of xanthan gum. g1

Puc. 2. 3anexHOCTI peosIOriYHNX TOKA3HUKIB 3a CTATCYHOT
Mozeutio (2) Bix KOHIEHTpaLlii GiomoaiMepy y Boi:
1-n;2-k,[11]

Y  pobGorax [7,15-17] HaBeaeHO IPHUKIAIU
YHCEILHOTO MOJISIIOBAHHS TiPOJUHAMIYHHX IIPOLECIB Yy
THYYKUX TpyOax KOJITIOOIHTY.

Ocob6smBocTi BHOOPY MaTeMaTH4YHOI Mojesdi Ta
po3paxyHkoBoi o6aacti. ExcnepumenTtanpHO — Oyio
JOBEJICHO, IO PEXHM Teuil TEXHOJOTIYHOI PITuHHA Y
KOJOHI THYYKHX TpyO KONTIOOIHTY 3alie)KUTh Bif
KOHIICHTpaLii MoJIiMepHUX J00ABOK y PO3YMHI Ta BUTPATH
pimuen Q. ToMmy mId 4YHCENBHOTO BH3HAYEHHS BTPAT
tncky Ap y KI'T tpeba obupaTtu mMareMaTHyHy MOJENb
JUTS JTaMIHAPHOTO a00 ISl TYPOYJIEHTHOI'O PEKUAMY.

st BU3HAYEHHS pexumy Tedii TS
HCHB}OTOHiBCBKI/IX pi}II/IH BBOJATH MMOHATTA y3araJbHCHOI'O
uncna Peitnonmsnca Re™. Tak, s pIIWH 31 CTaTeYHUM
peosioriyHUM 3aKOHOM (2), BHKOpPHCTOBYIOTH Reynolds
number [8] 3a popmysioro:

. DnV 2-n P

e =——m—.
kv(6n+2jn
8 n

MaremaTtiuyHa MoOJeNb TiIAPOAMHAMIYHUX IPOIIECIB
Tedii B'sI3koi pinuHM € HabopoM piBHsHb Has'e-Ctokca B
TEH30pi1 Hanpy>KeHb, PIBHSIHHS HEpPO3PHBHOCTI,
PEOJIOTIYHUX PiBHSHB CEPEOBHIIA Ta TPAHUYHUX YMOB.

Tpanuuni ymoeu. Y BXigHOMY Tiepepisi o0'emy
piOMHM, IO 3allOBHIOE BHYTPIIIHIA MPOCTIp THYYKOL
TpyOu, 3amaBaBcst BaroBuid nebiT. Ha Buxomi 3
PO3paxyHKOBOI OOJIACTI CTaBMUBCS CTATUYHUN THCK, IO
JOPIBHIOE aTMOC(HEPHOMY TUCKY.

YucenbHi JOCHIDKEHHS MPOBOIWINACST JUISL JIBOX
pexumiB poboru Hacoca — Q =100 ta 200 s/xB. Takox
PO3IIISIHYTO JIBa 3HAYCHHS KOHIEHTpalii Kameai y
pozumni CXG: 24r/m ta 61/m [11]. 3aBasku
MOJJIMBOCTSIM CydacHOi mporpamuoi mpoaykuii ANSYS
CFX MoxHa BCT@QHOBIIOBATH ONIi JUIA Pi3HUX MoJeNeH
HBIOTOHIBCHKOI Ta HEHBIOTOHIBCHKOI PiTMHH — PEOJIOTIUHI
3aKOHHM PIJIMHU Ta OCHOBHI 1X moka3uuku [18].

V 3B'13Ky 3 THM, II0 B POo0OOTi BHKOPHCTOBYETHCS
crymenTchka Bepcist makery ANSYS Student [19] 3
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0OMEXCHUMH MOXIIMBOCTSMHU 33 KUIBKICTIO OCEpEIKiB
PO3paxyHKOBOI 00IacTi 0OpaHo 3a cCXeMaMHu:

1) Cxema Ne 1 — mpsiMoniHiliHa HwTiHApPUYIHA TPyOa
KI'T noBxuHOW0 Lo, =1M Ta BHYTpIIIHIM JiaMeTpom
d =38 mm.

2) Cxema Ne 2 — ymoBHHI OapabaH 3 OJJHUM BUTKOM
Ta HAIPSIMHOIO CEKIIi€0 Tpyou — puc. 3.

3) Cxema Ne 3 — 7iBa BHUTKa CHipalli — MOJICIIOBAHHS
namotku KI'T Ha 6apabani — puc. 5.

4) Cxema Ne 4 — mpoctip Mk TpyOamMu KOJTIOOIHTY
Ta HacocHO Kkowmmpecopuumu TpyOoamu (HKT) vy
ceepioBuHi: Dygr = 100 mm; Dyrr =44 mv; L =1 M.

OcHoBHI po3Mipu OapabaHa Ta HampsAMHOI 0OpaHi
3rigao Tabi. 1. [IpuiiMaemo BHyTpituHii aiamerp Tpy6u d
MOCTIHHIM.

PesyabTaTin rigpoaMHaMidyHMX JOCJTiIKeHb Y
KI'T. YucenbHi JOCHIIKEHHS MPOBOAMINCS ISl JBOX
3Ha4YeHb BHUTpaTH mnpomuBHOI pimuan Q =100 i/xB Ta
200 1/xB Ta @A TPHOX 3HAYCHb KOHIIEHTpAIll Kameni
CXG y Bomi — Or/n; 6r/n ta 8,4 r/n. Bizyanizauito
YHCENIbHUX PE3YJIbTATiB HaJaHo Ha puc. 3—0.

SHERAAY O~ v g

=
% ~ 1py6af
d*=70,038%M
EL =My

=
0°=200%/x8Y
#-£°MOJENb TypOyIe]

0 1000 (m) L
L S—
0500 ']

Puc. 3. Po3nozin tucky y po3paxynkosoi mogeni KI'T 3a
cxemoro Ne 2

2-2

o
Ims*1]

Puc. 4. Emopu BUAKOCTI y Tiepepi3i HAPSIMHOTO CEKTOPY
KI'T — cxema Ne 2 (Q = 100s1/xB, CXG = 6 r/x)

VY 3B'A3Ky 3 THM, LIO NPU TPaHCIOPTYBAaHHI THYYKi
TpyOMm HamoTaHi Ha OapabaH, a B mporeci poboTH
MOCTYNOBO (31 MBHUIKICTIO 70 2—3 M/C) NMOAAIOTHCS Yepe3
TPaHIOPTEP Y CBEP/UIOBHHY, JOLIJIBHUM OyAe OLIHUTH
BTpaTH THCKY HAMOTAHOT YaCTHHH KOJIOHH THYYKHX TPYO.

Ha puc.5 mokasaHi pe3yapbTaTd YUCEIHLHOTO
MozenoBaHHsA 3a cxemoro Ne 3 — mBa Butka KI'T, mio
HaMmoTaH1 Ha OapabaH.

Puc. 5. Bizyauizamist pe3yibratis 3a cxemoro Ne 3

Ha puc.6 HagaHo 3ajeXHOCTI BTpaT THUCKY 3a
PO3paxyHKOBHMH CXEMaMH BiJi KOHLIEHTpaLil MojimMepy y
Bomi 3a mporpamoro Ansys CFX. [is mopiBHSHHS
pe3yJbTaTiB PO3pPaxyHKY 3a TPhOMa CXEMaMH IPOBE/ICHO
NepepaxyHOK Ha eKBIBAICHTHY JOBXHHY TpyO 9wm.
CrnocTepiraeTbCsl 3HauHa PI3HUISA B CHII TEPTS MiX
BUNPSAMIICHIMH Ta HAMOTaHNMH Ha Gapaban KI'T.

035
- Cx 3
03 =
;1 Cx2
—Pu R
chlw ,’,
B S e
P //
Pcx3 02 1
== bc-n---¢--—c‘~p~-~-~- y
-----'
0.15 —==p="
e : 4 6 8 10

KonneHTparis noninl/‘[?:py y BOZi , T/1

Puc. 6. 3aexHOCTI BTpaT TUCKY 3@ PO3PaXyHKOBHMH CXEMaMU
BiJl KOHLIGHTpALisl [IOJTIMePY Y BOJi

[lepebir B's13k01 piAMHY y KiIbLIEBOMY IIPOCTOPI MK
chiBBicHUMH mmmiHAprndHAME  TpyOamu  «HKT-KI'T»
TAaKOXX CTaHOBHThH INPAKTUYHY WiHHICTH. sl mepeBipku
YHCETbHUX PO3pPaxyHKIB IPOBEJCHO TECTOBA 3ajada I
JaMiHapHOi Teuil HBIOTOHIBChKOI pianHu Re = 1475,
OOpani  po3paxyHKOBI  JUISHII ~ HAYaJlbHOTO  Ta
CTablIi30BaHOTO0 IOTOKIB MDK CIHIBBICHHX KIJIBLEBHX
Tpy0. ['eomeTpuyHi po3Mipu npuiHITH 32 cxeMoro Ne 4,

[IpoBeneHo uncenbHi TiAPOANHAMIYHI PO3PAXYHKH Yy
MK TpyOHOMY mpocTopi mis 4-X 3HaueHb JAMHAMIYHOI
B's3kocti pinuau, cllz: 0,889; 5; 12; 20. PosrmsayTo
MOJJIUBICTh TIOPYIICHHS CIIBBICHOCTI IMIIHAPHYHHUX

Tpy6 HKT i KIT. JochipkeHO 4YOTHpH 3HA4YECHb
BIJJTHOCHOTO eKCLIeHTpHcuTeTy € . e =0;0,35;0,535; 0,714,
e e= %, D,=D-d - TiApaBTIYHUNA  JTiaMeTp

9
KiJIBLIEBOTO TIPOCTOPY.

Ha pwuc. 7,8 HajmaHO pO3MOJIT MIBUAKOCTI Y MiX
TpyoHomy mpocropi «HKT-KI'T», mo posramoBani 3
€KCLIEHTpUCUTETOM e = 0,35.

Ha puc.9 HaBeneHo dYMcenbHI pe3ysibTaTH BTPAT
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TUCKYy Yy KUIBIIEBOMY IIPOCTOpi Ha  JuIsHOI 31
cTabini30BaHUM TpodiieM MIBUAKOCTI UII YOTHPHOX
BapiaHTIB 3MiHU CHiBBiCHOCTI muiHaApuaHUX TpyO «HKT-
KI'T» npu 4-x pexxumax Tedii y Mk TpyOHOMY IPOCTOPi.

Puc. 7. Bizyanizanist po3noiny MBHIKOCTI Y KiTbLIEBOMY
npoctopi KI'T-HKT-KI'T npu eKCIEeHTpHYHO PO3TALIOBAaHUX
TpyOax

BucnoBku. Pe3synbratn noCHipKEHb J03BOJISIOTH
IIPOTHO3YBATH BEJIMUYMHY Koe(illieHTa OIopy Ta BTpaTH
TUCKY NpPU NPOKadyyBaHHI TEXHOJOTIYHUX PIIMHM Yepe3
THY4Ky TpyOy KoONTIOOIHTY. Pe3symbratm mociimkeHb
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3aCTOCOBYIOTBCSL JUIsI IPOTHO3YBaHHS CHEPreTHYHHX
XapaKTEepPUCTHK HACOCHOTO OONagHaHHS TpH MoAadi
TEXHOJOTIYHOI ~ PIAMHM Yy  CBEPUIOBHHY.  Takox
pe3yIbTaTH MOXXHA BHKOPHCTOBYBATH IS TIEPEBIPOYHUX
PO3paxyHKiB MIITHOCTi KOJIOHH T'HYYKHX TPYO.
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Puc. 8. Po3mozia mBuaKoCTi y Mixk TpyOHOMY pOCTOpi
«HKT-KI'T» 3 ekcuenrpucurerom e = 0,35
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Puc. 9. 3anexnocti koedimieHTy onopy A y Mix TpyoHomMy nipoctopi « HKT-KI'T» Bin ekcuentpucurery é = 0; 0,35; 0,535; 0,714 Ta
pexumy Teuii Re_kp
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A. C. POTOBHH, 0. J1. LIV/IPUK, C. L. IVK'IHEILb, A. 0. HECKOPOKEHHH, JI. B. IEBE/JHHEI[b

XAPAKTEPUCTUKHU BIIIIEHTPOBOI'O HACOCA IIPU ITEPEKAYYBAHHI BIHTAMIBCBKOI
PIINHMU I3 PI3BHUMU 3HAYEHHAMU IIOYATKOBHUX HATIPYT 3CYBY

3aranbHi METOAMKM IIPOEKTYBAaHHS BIJLICHTPOBUX HACOCIB 3aCHOBAaHI Ha OCOOJMBOCTSX pPO3PAaXyHKY Ta EKCICPUMEHTAIbHHUX JaHHX OO0
nepeKadyBaHHS BOAW. 3 IHINOI CTOPOHH, IepeKadyBaHHS HEHBIOTOHIBCBKHX piguH, Ta BiHramiBChKIX 30KpeMa, MOXKYTh 3MIHIOBATH IOJOXKEHHS
ONTUMAJIBHUX POOOYMX TOYOK Ta 3MIHIOBATH XapaKTEPHUCTHKY. BUKOPHCTAaHHS YHCIOBHX METOAMK JO3BOJSE HE TUIBKU IPHIIBHILIATH HOIIYK
ONTUMAJIBHUX MPOTOYHHUX YACTHH, aje il HepeBipUTH MOXIMBICTH POOOTH Hacoca 3a eKCTPEMAbHUX MapaMeTpiB poOOTH i3 Pi3HHUMH MOKa3HHKAMU
B'I3KOCTI HEHBIOTOHIBCHKOI PIAMHMU: BiJl HYJBOBOI B'3KOCTI (ieaibHa piluHa) 10 HaJ3BUYAHO BEJIMKUX 3HAYECHb Ta CTBOPHTHU OUIBII yHIBEpCajbHI
METO/IMKH IIPOEKTYBAHHS HACOCIB Pi3HHX THIIB. 3arajibHi METOJHMKH HPOEKTYBAaHHS BIALIEHTPOBHX HACOCIB JUISl NEpPEKavdyBaHHS HEHBIOTOHIBCHKHX
pinuH nepenbavaroTh KOPUTYBAHHS XapaKTEPUCTHKU B 3aJIEKHOCTI Bil e(eKTHBHOI B'SI3KOCTI, ska Ui BiHramiBCbKoi piHMHH PO3PaXxOBYEThCS 3a
CTPYKTYPHOIO B'si3KicTIO. B po0OTi BH3HAYCHO BIUIMB 3HA4CHb [OYATKOBUX HAMpYr 3CyBY BIHramiBCHKOI PiIMHHM Ha XapaKTEPUCTHK BiLEHTPOBOTO
Hacoca IUIIXOM BUpILIeHHS piBHSIHB PeifHoublca, HEpO3PHBHOCTI, MOJENl TypOyIEHTHOCTI Ta peosoriqHoi Mozeni binramiscbkoi pinnau. OTprMaHo,
1110 32 OfIHi€1 oAy, HaIIip, [0 € Ha BUXO/I 3 HACOCY 3MEHIYEThCs He Oinblue HDK Ha 5,1 %. BinOyBaeThesi HeBeNnUUKe 3MILIEHHS XapaKTEPUCTHKU Y
30HY MEHIUHX BUTpAT. TakuM 4HHOM, II0OYATKOBI HANPYTH 3CYBY IPAKTHYHO HE MAIOTH BIUIMBY HA HAMIPHY XapaKTCPHCTHKY BiALICHTPOBOIO HAcoca.
ITouaTkoBi Hampyry 3cyBy MalOTh NOCTATHII BIUIMB Ha €(EKTUBHICTH POOOTH Hacoca, Mo Tpeba BpaxoBYBaTH iX MiJ 9ac MPOCKTYBAaHHS IPOTOYHOT
vactunu. KKJI 3mennryerses Ha 10 % 3a nmepekauyBaHHs piAMHE 3 TOYaTKOBUMH Hanpyramu 3cyBy 100 Ila. 3meHmeHHs epekTuBHOCTI poOOTH Hacoca
Moxe OyTH MOB's3aHa 3 KIHEMaTHYHUMHU TTapaMeTpamMu poOOTH HAacoca Ta HACHiIKOM 3MEHIIEHHS TUCKIB Ha JIOMATI.
KurouoBi ci1oBa: BinneHTpoBuii Hacoc, biHramiBcbka pifiiiHa, IIOYaTKOBI HAIPYTH 3CYBY, METOJHKA PO3PAXyHKY, YHCIOBUIl PO3PAXyHOK.

A. ROGOVYI, O. SHUDRYK, S. LUKIANETS, A. NESKOROZHENYI, D. LEBEDYNETS

CHARACTERISTICS OF CENTRIFUGAL PUMP FOR PUMPING BINGHAM LIQUID WITH
DIFFERENT VALUES OF YIELD STRESSES

General techniques for designing centrifugal pumps are based on calculation features and experimental data on water pumping. On the other hand,
pumping non-Newtonian liquids, and Bingham liquids in particular, can change the position of the best efficiency points and change the
characteristics. The use of numerical methods allows not only to speed up the search for optimal flow parts, but also to check the possibility of pump
operation under extreme operating parameters with different viscosities of a non-Newtonian liquid: from zero viscosity (ideal liquid) to extremely high
values, and to create more universal design methods pumps of various types. General techniques for designing centrifugal pumps for pumping non-
Newtonian fluids involve adjusting the characteristic depending on the effective viscosity, which for Bingham fluid is calculated from the plastic
viscosity. The paper determines the influence of the values of the yield stresses of the Bingham fluid on the characteristics of the centrifugal pump by
solving the Reynolds equations, continuity, the turbulence model and the rheological model of the Bingham fluid. It was found that with the same flow
rate, the pressure at the pump outlet decreases by no more than 5,1 %. There is a slight shift in the characteristic to the zone of lower flow rate. Thus,
the yield stresses have practically no effect on the pressure characteristic of the centrifugal pump. The yield stresses have a sufficient influence on the
pump efficiency that they must be considered during the design of the flow part. The efficiency decreases by 10 % when pumping liquid with yield
stresses of 100 Pa. A decrease in the efficiency of the pump may be related to the kinematic parameters of the pump and the result of a decrease in
pressure distribution on the blade.
Keywords: centrifugal pump, Bingham fluid, yield stresses, design method, numerical solution.

Beryn. OgamM 3 HafOUTBII PO3MOBCIOKEHUX Y
MPOMHUCIIOBOCTI Ta TOCIOJAPCTBI THIIIB HACOCIB €
BiZiueHTpoBUit Hacoc [1]. JlocTaTHs mpocToTa KOHCTPYKIIIT
Ta HaJIMHICTH eKCIUTyaTtallii 03BOJIiE BUKOPHUCTOBYBATH
Horo JuIsl epexadyBaHHs IPaKTUYHO OyIb-IKUX PiUH, y
TOMY UYHCII piJUH, 10 BHSABISIOTH BJIACTUBOCTI
HCHBIOTOHIBCBKUX pimmH [2]. 3arampHi METOIWKH
NPOSKTYBAaHHS BiIIIEHTPOBHX HACOCIB 3aCHOBaHi, B IEPIIy
qepry, Ha 0COONHMBOCTAX PO3paxyHKY Ta
eKCIIepHMEHTATPHUX ~ JaHWX  INOJ0  IepeKadyBaHHI
HaOLIBII PO3MOBCIOPKEHUX PiOUH, TaKUX K Boma [3]. 3
IHIIIOT CTOPOHM, TIePeKavdyBaHHS HEHBIOTOHIBCHKUX PIiIHH,
Ta bBiHramiBChbKiX  30KpeMa, MOXYThb  3MIHIOBATH
MOJIOKEHHSI ONTHUMAIbHUX POOOYHMX TOUOK Ta 3MIHIOBATH
XapaKTePUCTHKH [4, 5]. Oco06mBoCTI Teuil
HEHBIOTOHIBCHKMX piJIMH, B OCTaHHI 4acH, Bce Oiblie
MPUBEPTAIOTh YBaru JOCITITHUKIB BHACTIIOK BiIMIHHOCTI
3HAXO/DKEHHST OCHOBHHUX IapaMeTpiB poOOTH HAacocCiB Ta
rinpoanapatypu  [6]. Kpim Toro, y Oaratbox
TEXHOJIOTIYHUX TpoIlecax pi3HUX Tamy3ed BHPOOHHUIITBA
BCce OuIblIe BHUKOPHCTOBYIOTHCSI 0araTOKOMIOHEHTHI
piauHHM, OiomoyiMepw, XiMiYHI peareHTd Ta iH., MIO0

MPUBOAUTE IO 3MIiHU PEOJIOTIYHUX TOKA3HUKIB PiTUH Ta
JI0 1X HEHBIOTOHIBCHKOT IOBEMIHKH [7].

AHaJi3 ocTraHHiX JocaigKeHb. SIBHI  3MiHUK
XapaKTePUCTUK Teuil HEHBIOTOHIBCHKOT piauHu
MIPUBOJSATH o YCKJIaJHEHHS 3HAXO0IKCHHS

XapaKTEpUCTUK HACOCIB Ta TiApoamnapariB BHACHIJIOK
HEMOXITUBOCTI SIKICHOTO TPOTHO3YBaHHS BTPAT CHEPTii Ha
MiciieBux omopax Ta uepe3 Tepts [8]. Ha Biaminy, Bix
BEJIMKOI KIJTBKOCTI €KCIIEPUMEHTAFHIX JaHUX, 10 HASBHI
JUTS BU3HAYCHHS KOCIIi€HTIB MICIIEBOTO OIMOPY Ta iHIITNX
BTpAT, MOB'SI3aHUX 3 BiIpUBAMH PIAWHH, IS 3BUYANHUX
pLOvH, UTST HCHPIOTOHIBCHKUX PiAMH MPAKTHYHO BiACYTHS
indopmariis oo Takux ocobnmBocteit Tewii [9].
Knacwuynmii migxig A0 TPOEKTYBaHHA TPOTOYHOI
YACTHHM BIJLIEHTPOBOrO Hacoca sl TMepeKadyBaHHS
HCHBIOTOHIBCHKHX PIIMH CKJIAJA€ThC 3 JBOX CTAlliB:
MPOCKTYBAaHHS Hacoca Ui [epeKadyyBaHHSA BOAU Ta
nepepaxyBaHHs XapaKTEePUCTHK 3 ypaxyBaHHIM
e(heKTUBHOI B'A3KOCTi [5]. AJse Takuil miAxig Mae
JIOCTATHBO BEJMKY KUIBKICTh HEJONIKIB: MPOCKTYBaHHS
MPAaKTUYHO HE 3aJICKUTh BiJi KOHKPETHOTO BHIIAJIKY
pimvHM, T CKIIQAy Ta PEOJIOTIYHHX XAapaKTCPHCTHK Ta
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MOXKE  JIaBaTH  IOMHJIKOBI  3HAYCHHS
XapaKTEPHCTUK CIPOSKTOBAHOTO HACOCA.

B Takomy BHUManKy, Bce OLIBIIOTO PO3MOBCIOIKCHHS
OTPUMYIOTh METOIY BU3HAYCHHS XapaKTEPUCTHK Tedil 3a
JOIIOMOTOI0  YHCJIOBOTO  MOZENIOBaHHS  LUIIXOM
BupimeHHs piBHIHEP HaB'e-CTokca ocepenHeHHX 3a
Peitnomsacom  [10].  OGumcmioBanbHa —TigpoaWHAMIKa
JI03BOJISIE 3HAYHO MPHIIBUANIATA AHAN3 XapaKTEPUCTHK
Teuil, Ta BU3HAYCHHS XapaKTEepUCTHK Hacocis [11].

BI/IKOpI/ICTaHHH YUCJIIOBUX METOAHUK O03BOJISIE HE
TUTBKH TPUIIBAALIIATA MOUIYK ONTHMAJIBHUX MPOTOYHHX
YaCTHH, aJle i NepeBipUTH MOXIIUBICT POOOTH Hacoca 3a
eKCTpeMalbHUX  MapaMeTpiB  pobOTH 13 pi3HUMH
MOKa3HUKAMH B'SI3KOCTI HEHBIOTOHIBCHKOI PIAWHU: Bif
HYJIbOBOI B'SI3KOCTi (ileaybHa pianHA) 10 Haa3BHUYAHO
BEJMKHX 3HA4YE€Hb Ta CTBOPUTH OUIBIN YHIBepcalbHI
METOJIMKH TTPOCKTYBAHHS HACOCiB pisHuX THiB [12, 13].

CydacHi MeTonW aBTOMATHYHOTO TMPOEKTYBaHHSI
JIO3BOJISIFOTH  CTBOPIOBATH IMPOTOYHI YAaCTHHH HACOCIB
BUTpaYyarOud Ha Ieil mpolec MiHIManbHUN bac. s
CTBOPEHHSI NMPOTOYHHMX YaCTHH TypOOMAalIMH HaldacTilie
BHKOPUCTOBYIOTHCS Ansys [14], AxStream [15] Tta in.

MeTta. MeTo10 poOOTH € BU3HAUYEHHS XapaKTEPUCTUK
BIJILIGHTPOBOTO Hacoca 3a INepexadyBaHHs biHramiBcbkoi
pimMHU i3 PI3HUMH 3HAYCHHSIMH MOYATKOBHX HAIpyr

OUiKyBaHHUX

3CYBY.
PesynbTaTn  pmocaimkenb. J[nmg  gocimimkeHHS
BUKOPHCTAaHO  BIAIEHTPOBHH  HAacoc, IO  OyJo

CIPOEKTOBAHO 3a J0moMororo mporpamu Ansys VistaCPD
IUTT HACTYHMHHX TapamerpiB: momada Q =500 M3/F0,Z[,
Hamip H=30M, wuacrora o0epraHHs Baja Hacoca
n=1450 xs}, pimmHa — Boja. 3arambHa pPO3PaxyHKOBA
cXeMma CIpOeKTOBAaHOTO Hacoca HaBejeHa Ha puc. 1.

MpanuyHa ymosa!

Inlet: pin /

MpanuuHa ymosa’
Qutlet: pe

o

Puc. 1. Po3paxyHkoBa Ta ciTKOBa MOZEi 3MO/ICJIbOBAHOTO
BiZIIICHTPOBOT'O HAacoca

MopenmoBaHHs 30iiICHEHO Ha OCHOBI BUKOPHUCTAHHS
MoayniB makery mporpam Ansys: BladeGen, TurboGrid,

CFX. CiTka cripaibHOTO BiJJBOAy BUKOHaHa 3 TETpae/IpiB
Ta NPHU3M Ha CTiHKax, CEKTOpa, II0 BKIIOYAE JIONATh — 3
rekcaenpi. CiTka MiABOAY PiIUHH CKIaJanacs TakoX 3
reKcaeqpiB. 3araibHa KiIbKICTh €JIEMEHTIB BCi€l MoJelni
Bkimogae 500 ThC. eneMeHTiB, MmO HE IIePEBHILYE
oOMeXXeHHS ~ CTyOeHTChbKoi  Jimensii  ANSys  mus
pO3paxyHKiB Tedil piauH Ta rasis [16].

MopenroBaHHsl 3IiHICHEHO Ha OCHOBI BHpIIICHHS
cucTeMH piBHSHB: piBHsHHS Hag'e-CTokca ocepenHeHi 3a
PeitHonb/icOM,  DIBHSIHHS ~ HEPO3PUBHOCTI,  PIBHSHHS
Mozeni TypOysieHTHOCTi «K—e» Ta peonoriyHa Momenb
binramisebkoi piannu [17, 18]. MoaesroBaHHs 34iHCHEHO
Ha OCHOBI CEKTOPHOI'O IIAXOAY: CITKOBa MOJENb
pobodoro Koyeca, sika BKJIo4Yana 6 yonateld po3ouBanacs
Ha 6 CEeKTOpiB, a B PO3paxyHKYy NPHUIMaB y4acTb JIHIIC
omuH cekrop. Taka cama mpomenypa 3HaifiCHEeHA st
KaHaIy TigBomy. 3araibHa MOAETh pPO30WTa HA TpHU
YaCTWHU: NIBI HepyxoMi (iJBiA Ta CIipalbHUN BiABiN) Ta
onHa pyxoma (poboue Koieco 3 OJHHM CEKTOPOM).
Pyxomuii momen obGepraBcs 31 mBHaKicTI0 N = 1450 xB L,
Mix TpboMa JOMEHaMH BHKOpUCTaHi iHTepdeiicu.
[lepexon pinuHM yepe3 iHTepdelCH MK PYyXOMHM Ta
HEPYXOMHM JIOMEHOM MOJIEIIIOBaBCS Ha OCHOBI METORY
Frozen Rotor [19].

I'panmuni ymoBu (puc. 1, 6): Ha BXOAi A0 MiABOIY
3a7aBaBcs 3aranbHuil BignocHuii Trck 0 Ila, Ha BuxOMi 31
CHIpalbHOTO BIABOAY — CTAaTHYHUA THCK Pi3HOTO
3HAUYEeHH JUI1 MOJEIIOBAHHS XapaKTepPUCTHUKH HACOCa Bif
0 mo 3,1 atM. Po3paxyHOK BHKOHYBaBCSI O TOCATHEHHS
cTaOlIBHOCTI BUTpATH, MO TPOXOAWTH dYepe3 Hacoc.
3HaueHHs BUTpaTH MOBUHHE OYyJIO HE 3MIHIOBATUCS
npotsirom 1oHaiMenire 300 itepariit. B cepennbomy
PO3paxyHOK KOXXHOi TOYKH XapaKTEPUCTHKH BHUMaras
1000 itepariii.

JUis  yHUKHEHHsST  CHHTYJISIPHOCTI  PEOJIOTiYHHX
CHiBBiTHOIICHs BiHraMiBCHKUIX ITACTUKIB BUKOPHCTANIACS
peryisipu3anis B'SI3KOCTI ITpY 3HAYESHHSX IIBUIKOCTI 3CYBY
MDK mapamu Onu3bKux 10 Hyns [21]. st msoro obpana
moxenb ['epmerns-bankii 3 BunpasinenssaM [lamanacraciy:

HBYH +1, (1 _e—my/G )

n= .

Y
Ie Top — MOYAaTKOBA HANpyra 3CyBYy; ¥ — LIBUIKICTb 3CYBY
MDK I[IapamMy piIMHHM; [g — CTPYKTYpHa B'SI3KICTb;
M — peryispu3aliiiHuii napameTp, L0 IOPIBHIOE JUIs
nmaHoro jgociimkeHas 1000, BHACTIIOK KOMIIPOMICY Mik
TOYHICTIO PillIEHHS Ta YaCOM PO3paxyHKy; G — mBUAKICTh
3CyBY MiX IIapamMH PifuHH He30ypeHoro MoToky; N =1 —
MMOKa3HUK CTyneHs (iHmekc tewii) mmsa BiHramiBcbkoi

piauHu.

Ha puc. 2 HaBeneHO MOPIBHSAHHS BIUTUBY ITOYAaTKOBOI
HANpyry 3CyBy HAa XapaKTepHCTHKH CHPOSKTOBAHOTO
BifeHTpoBOro Hacocy. CKJIaJHO NOMITHUTH DI3HUIIO B
xapakrepuctukax st 1o = 0-100 I[Ta. 3a opmiel monaui
HAaIIip, [0 € Ha BUXO/Ii 3 HACOCY, 3MCHIIIYETHCS HE OIS
Hix Ha 5,1%. BinOyBaeTbcs HEBETUYKE 3MIMICHHS
XapaKTEepPUCTHKU Y 30HY MEHIIUX BUTpar. Lle mpakTuyHo
MaJio BIUIMBAE€ Ha 3HAYCHHs HAINOpy 3a OAHi€i BUTpaTH,
ajle MOX€ 3HAYHO BIUIMHYTH Ha edexTuBHICTH. [lig uac
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MOJICIOBAHHS JUIsl YCiX BHIAJKiB BHKOPHCTOBYBAIACs
OllHa ¥ Ta caMa CTPYKTYpHa B'SI3KICTb, siKa JOpiBHIOBaJA
JuHaMiuHIi B'a3kocTi Boau pg = 0,00089 ITa-c. Takum
YUHOM, MOXKHAa 3pOOHWTH BHCHOBOK, IO IOYAaTKOBI
HAPYrd  3CyBY, IO 3HAXOAATHCA B  Jiama3oHi
7o = 0-100 I1a mpakTHYHO HEe MalOTh BILIMBY Ha HAMipHY
XapaKTePHCTHKY BIILIEHTPOBOTO HACOCA.

Ha puc. 3 HaBeneHO NMOPiBHAHHS BIUIMBY ITOYaTKOBOT
Hampyru 3CyBy Ha e(EeKTHBHICTb CIPOEKTOBAHOTO
BIZIIEHTPOBOTO Hacocy. 3a oOfHiel momadi, 0coOIMBO
OJIM3BKO IO ONTUMANBEHOI Touku pobotu Hacocy 3a KKJI,
e(eKTHBHICT, 3MEHIIYETHCS MakcHUMainbHO Ha 10% B
a0CONIOTHOMY BHpaXeHHI. TakuM 4YHMHOM, MOXKHA
3pOOUTH BHCHOBOK, IO MOYATKOBI HANpPyr# 3CYBY, MIO
3HaxomaThCs B Aianaszoni 1o = 0—100 ITa maroTh gocTaTHii
BIUIMB Ha e(eKTUBHICTH POOOTH Hacoca, 1o Tpeba itoro
BPaxOBYBATH I/l 4aC MPOCKTYBAHHS MPOTOYHOI YaCTHHH
Hacoca.

40

30 \
:E:- 20 —_— 7o=0la \
- = To=5Ma ‘\
—_— 7o=10Ma
10
0
0 0,05 01 0,15 0,2 0,25
Q, m’lc
Puc. 2. XapakrepucTrka 3M0JIeJIbOBAHOTO BiIIICHTPOBOTO
Hacoca 3a pi3HUX MOYAaTKOBHUX HAIpPYT 3CYBY PiIUHI
1
0,8
0,6
= — 7o=0a NS
0,4 == To=5Ma
—_— 7:=10Ma
0.2 — To=100 MNa
/
0 I
0 0,05 0,1 0,15 0,2 0,25
Q, m’fc

Puc. 3. KK/I 3Moze/1b0BaHOTO BiIIEHTPOBOTO HAacoca 3a Pi3HUX
MOYaTKOBUX HAIPYT 3CYBY PiAUHU

3aranbHI METOAWKH TPOEKTYBAaHHS BIOIIEHTPOBUX
HACOCIB ISl TepeKauyyBaHHS HEHBIOTOHIBCHKHX pLINH
nepenbayaloTh ~ KOPUTYBAaHHS — XapakTEPUCTHUKH B
3aNIeKHOCTI  Bil  e(eKTHUBHOI B'A3KOCTI, sKa I
BiHramiBCbKOi PiIJMHU PO3PaxOBYETHCS 3a CTPYKTYpHOIO
B'BKicTIO. B Takomy BuUmazky, He  IOBHHHA
CTIOCTEpiraTucs pPI3HMI B XapaKTEpUCTHKaX Hacoca 3a
pi3HUX 3Ha4YeHb MOYATKOBHX Hampyr 3cyBy. Lle nilicHO
HiITBEPIKYEThCA U1 HAMIPHOI XapaKTepUCTUKH Hacoca,
ajie He MiATBepIKYETHCS Ul PO3PaXyHKY €(heKTHBHOCTI.
3MeHIIeHHs! e(eKTUBHOCTI pOOOTH Hacoca MOXe OyTH
TMOB'si3aHa 3 KIHEeMaTHYHUMHU [TapaMeTpamMu poOOTH Hacoca
Ta HACIIIKOM 3MEHIICHHs THCKiB Ha yomari (puc. 4). Ha
puC. 4 TPEACTABICHO PO3MOJI THUCKIB B3JIOBXK JIOMATCH

pobouoro §=0,5 (rypbomoBepxHs
MIPOXOJUTH MTOCEPEANHI BUCOTH JIOMATI).

Ha puc. 5 HaBeieHO pO3MOIT CTATHYHKUX BiTHOCHHX
TUCKIB Y MepHIiOHANBHIN mpoekmil amsa Q = 0,12 M/c 3a
PI3HHX TOYATKOBUX HANpyT 3CyBy. IloyaTkoBi Hampyru
3CYBy NpPaKkTHYHO HE BIUIMBAIOTH HAa PO3MOJUT THCKIB.
Pi3Humro B THCKax MOJKHA IOMITHTH JHIIE HA BHUXOII 3

Hacocy. Bona ve nepesuirye 5 %.
250

Kojileca ISt

200

150

]
//

- To=0Ma
— T0=100 Na

100 -

\VA\

50

0 //

N N\

p, kMNa

0 01 02 03 04 05 06 07 08 09 1

HopmanizoeaHa poexuHa nonari

Puc. 4. Poznonin tuckis B3nosx jonati (S =0,5) pobouoro
xouneca Hacoca (Q = 0,12 m%c)

Pressure

3.600e+005
3.293e+005
2.987e+005
2.680e+005
2.373e+005
2.067e+005
1.760e+005
1.453e+005
1.147e+005
8.400e+004

Pressure

3.600e+005
3.283e+0035
2.987e+005
2.680e+005
2.373e+0035
2.067e+005
1.760e+005
1.453e+005
1.147e+005
8.400e+004

0

Puc. 5. Po3nozis THCKIB y MepHIiOHaNbHIH TpoeKii
(Q = 0,12 M¥c):
a—-19=01IIa; 6 — 19 =100 ITa
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BucnoBku. Bu3zHaueHO BIUIMB 3HaYeHb MOYATKOBUX
HanpyT 3cyBy BiHramiBCBHKOi piIMHM Ha XapaKTEPUCTUKU
BIIICHTPOBOTO HAacoca IIISXOM BHUPIMICHHA piBHAHB
Peiinonbaca, HEPO3PUBHOCTI, MOJIEI TYpOYJICHTHOCTI Ta
peororigHoi Moaeni binraMiBCchKo1 piauHU.

3a onuiel moxadi Hamip, IO € Ha BUXOJI 3 HAcCOCY,
3MeHIIyeTbcd He Oimpime HiX Ha 5,1 %. BinOyBaetbcs
HEBEJHMYKE 3MIIEHHS XapaKTePUCTHKU Y 30HY MEHIIHX
BuTpar. lle mNpakTHYHO Majo BIUIMBAE€ Ha 3HAYCHHS
Haropy 3a OJHi€l BUTpPATH, ajleé MOXKE 3HAYHO BIUIMHYTH
Ha edeKTUBHICTb. TakUM YHHOM, IOYATKOBI HAaNpyTrH
3CYyBy, IO 3HaxXOIsIThcs B nianmasoHi 1o = 0-100 I1a
NpaKTUYHO  HE  MAaTh  BIUIMBY HA  HAIpHY
XapaKTePHCTHKY BIILIEHTPOBOTO HACOCA.

[MowyaTkoBi Hampyrm 3CyBY, LIO 3HaXOAATHCS B
miamasoni T = 0-100 ITa MaroTh goCTaTHiil BINIMB Ha
e(eKTUBHICTH POOOTH Hacoca, M0 Tpeba BpaxoBYBaTH ITiJl
yac mnpoekryBanHs. KKJ/[ Hacoca 3a mnepekauyBaHHs
pinnnu 3 1o = 100 [1a 3mennryersest Ha 10 % y nopiBHSIHHI
3 KKJ| macoca, mo mnepekauye piauHy 3 To =0 Ila.
3MeHIIeHHsT e(eKTUBHOCTI pOOOTH Hacoca MOXe OyTH
NOB'si3aHa 3 KIHEMaTHYHUMHU ITapaMeTpaMy pob0TH Hacoca
Ta HACJIIIKOM 3MEHIIICHHS THUCKIB Ha JIOMATi.
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O. I I'PUF, I. T. KPAIIAJIIOK, C. B. ILIBEI[b, T. C. JOHEIIBKA, O. B. JAYEHKO

BTPATH EJJEKTPUUYHOI EHEPI'1i B EHEPTETUUYHINA CUCTEMI YKPAIHHU TA iX 3HUKEHHS
3A PAXYHOK BIPOBA’)KEHHSI IOCTIMHOI'O CTPYMY

Po3risgaeTbest MUTAaHHS MIOJ0 BTPAT EIEKTPUYHOI €Heprii B eHepreTH4HiH cucremi Ykpainu. [loka3zaHo TeHICHMIT 3MiHH BETMYMHH BTPAT 338 OCTAHHI
poku y Oik 3pocTaHHs. Take 301NbIICHHS BTPAT IPU3BEIO He TUIBKU 10 (ikcarii cyTo TeXHIYHUX IapaMeTpiB, a i MpH3Beso 10 (iHAHCOBUX BTPAT y
KpaiHi Ta CHOXXHMBAUiB Ha AECATKH MINbSPAIB IpuBeHb. [loka3aHO CTAaTUCTHYHI JaHi IMOJO PiBHS 3arajJbHOCBITOBHX BTPAaT €JEKTPHYHOI eHeprii, mo
MOKa3ye€ 3aralbHOCBITOBY TEHCHIIIIO Y 3MEHILCHHI BEJINYHH BTpAT. TeHACHIIIO 010 3HIKEHHS BTpaT peasi3yioTh yci po3BuHeHi kpainu. [lani mono
BTPAT EIEKTPOCHEPril KOPEIIOI0Th 3 EKOHOMIYHIM PO3BUTKOM KpaiHH. 3HAa4HI BEIMYMHH BTPAT € O3HAKOK HETATHBHHX SBHIL CKOHOMIKH, i HABIIAKH,
MaJli BEJIMYMHH BTPAT € 03HAKOIO CTIHKOrO €KOHOMIYHOro cTaHy. Byio npoaHanizoBaHO CTPYKTYpy BTpaT. 3alpOIIOHOBAHO 3arajbHe IOJAHHS BTpAT,
SIKE OTPUMAIO rpadivHe MPeACTAaBICHHS Y BUIJIAAL Jiarpamu, ¢ pO3IISAA0ThHCS ABA BUAM BTPAT CICKTPUYHOI €HEprii: TEXHOJIOTHI Ta KOMEpL{HHI.
Taxwuif moIin Ha rpymy BTpar JO3BOJMB BiIOKPEMHTH IPOaHaIi30BaHi 4acTHHH. PO3IISIHYTO came Ti BHIM BTpAT, HA SIKi € HAaiiMEHIINH CTOPOHHII
BIUIMB JIFOJMHHM, TaKi sK KpPaJiKKH, pyWHyBaHHs oOJiagHaHHs, Hemuarexi Ta iH. IIpupona TakuxX BIUIMBIB HE € TEXHIYHOK, TOMY BOHH HE
posrisipanucs. IIpoBeneHo mapanens MDK piBHEM 3HOCY oOiagHaHHS Ta piBHEM BTpaT eiekTpoeHeprii. Iloka3aHo JOTIYHMIT JNAHIIOKOK, LI00
3MEHIIUTH BTPaTH HEoOXiIHO OHOBUTH 06naaHaHHsA. EHepreTHuHa cHCTeMa BKJIIOYAE Pi3Hi €IEMEHTH i € JyKe PO3ramy:KeHOI0. [1 MOXKHA BUMIpATH He
JIMIIE 3HAYHOKO KUIBKICTIO €/IEMEHTIB 00IaiHaHH, a i BapTICTIO X EJIEMEHTIB. 3arajbHa BapTiCTh CHEPreTHYHOI CHCTEMH Jy)Ke 3HaYHa, i IPOBECTH
CHEePronepeoCHAICHHS] MOKIMBO JIMIIE MOCTAHO. [IpONOHY€EThCS BUAUIMTH €IEMEHTH €HEProCHCTEMH, SIKi HaiOLIbLI 9y TIMBI 3 HOMIISAAY iXHBOTO
BIUIMBY Ha BTPATH, IJIS SIKMX Mepeo30poeHHs Oyso 6 oriyHo mpoBoauTH Hacamiiepen. OJHaK, BUXOASYM 3 MIXKHAPOJHOTO JIOCBiLy, 3alIPONOHOBAHO,
[IpH IUTaHyBaHHI BiJHOBJICHHS CHEPrOCHCTEMH BiJpa3y HMPUIHATH HAMIEPCICKTUBHININI HAIPSIMOK, a caMe He 3BHYaiiHe repeobiiaHaHHs Mepex 3a
PaxyHOK BCTaHOBJICHHs HOBOTO 00JIa/{HAHHSI, a 3pOOUTH SIKiICHUH KPOK 110 BIPOBA/PKEHHIO CHCTEMH MOCTIHHOTO CTPyMY B HM3bKOBOJIBTHHX MepexKax
1o 10 kB BxutouHo. 1o 3a nocnikeHHAME €BpONEHCHKUX BYEHUX JO3BOJIUTH CYTTEBO 3HU3UTH BTPATH, MiABUILUTH KEPOBAHICTh MEPEX, MiJBUIIUTH
SIKICTB €JICKTPUYHOI eHeprii.
Kuro4oBi ciioBa: BrpaTy eJIEKTPUYHOI €Heprii, CTPYKTypa BTpaT, HU3bKOBOJIBTHI MEPEiKi, TOCTIHHUI CTPYM, CII0XKMBaY, €IIeKTPHYHA CTAHLIs.

0. GRUB, I. KRAPALYUK, S. SHVETS, T. DONETSKA, O. DIACHENKO

LOSSES OF ELECTRIC ENERGY IN THE ENERGY SYSTEM OF UKRAINE AND THEIR
REDUCTION DUE TO THE INTRODUCTION OF DIRECT CURRENT

The issue of losses of electrical energy in the energy system of Ukraine is considered. Tendencies of changes in the value of losses in the direction of
growth in recent years are shown. Such an increase in losses led not only to the fixation of purely technical parameters, but also led to financial losses
in the country and consumers in the amount of tens of billions of hryvnias. Statistical data on global losses of electrical energy are shown, showing a
global trend in reducing the magnitude of losses. The trend to reduce losses is being implemented by all developed countries. Data on electricity losses
correlate with the economic development of the country. Significant losses are a sign of negative phenomena in the economy, and vice versa, small
losses are a sign of a stable economic condition. The structure of losses was analyzed. A general representation of losses has been proposed, which has
received a graphical representation in the form of a diagram, where two types of electrical energy losses are considered: technological and commercial.
Such a division into groups of losses made it possible to separate the analyzed parts. It is precisely those types of losses that are least affected by
extraneous human impact, such as theft, destruction of equipment, non-payments, etc., are considered. The nature of such influences is not technical,
so they were not considered. A parallel is drawn between the level of equipment wear and the level of electricity losses. A logical chain is shown, in
order to reduce losses it is necessary to upgrade the equipment. The energy system includes different elements and is very branched. It can be
measured not only by a significant number of equipment items, but also by the cost of these items. The total cost of the energy system is very
significant, and it is only possible to carry out energy re-equipment in stages. It is proposed to identify the elements of the energy system that are most
sensitive in terms of their impact on losses, for which it would be logical to carry out rearmament in the first place. However, based on international
experience, it was proposed that when planning the restoration of the power system, immediately take the most promising direction, namely, not the
usual re-equipment of networks through the installation of newer equipment, but to take a qualitative step towards introducing a DC system in low-
voltage networks up to 10 kV inclusive. Which, according to the studies of European scientists, will significantly reduce losses, increase the
controllability of networks, and improve the quality of electrical energy.
Keywords: electrical energy losses, structure of losses, low-voltage networks, direct current, consumer, electric power station.

IMocranoBka mpodsemu. OpHa i3 OCHOBHUX  CpPEAHBOCBITOBI  BEIMYMHM  ITIOKa3HHKIB  BTpar, TO

npoOJieM EHepreTMYHOro KOMIUIeKCy YKpaiHu — 1
BTpaTH eJIEeKTpUYHOi eHeprii. BenuunnHa BTpar He €
MOCTIHHOIO BENMYMHOIO, BOHA 3MIHIOETHCS HE TUIBKU Bij
CE30HYy J0 CE30Hy B MeXaxX OJHOTO pOKy, aje ¥ Mix
pokamu. B VYkpaiHi BenuuMHa BTpaT 3a OCTaHHI POKH
3MIiHIOETBCSI B cTopoHy 30impmieHHs [1]. Tak B [1]
3a3HadaeTecs, 10 «Brparm emexTpmuHOi eHeprii B
enektpomepexkax y 2020 pomi 3pocim go 10,4 %, mo
KOIITYBaJI0O KpaiHi Ta CIOXKMUBadaM JECATKH MITBSPIiB
rpuBeHb». ABTOpH B [1] mpuBOAATH IS TOPIBHSHHA 3
2020 poxOM BeIMYHHY BTPAT CIEKTPOSHEPTIi B Mepexkax y
2018 porti, Tomi 11eit MOKa3HUK cTaHoBHB 9,8 %.

Mo>kHa TIOPIBHSTH CTaH BTpPAT €JIEKTPUYHOI eHeprii

BIAMOBITHO [2], BOHM TaKOX HE € KOHCTaHTOK 1 MaloTh
JTUHAMIKY, 110 TI0Ka3aHa Ha puc. 1.

Ha puc. 1 nokazaHo wacoBuii Bifpizox 3 2000 1o
2014 poku. Sk MoxHa 1O0AYMTH, CEPEIHBOCBITOBE
3HAQYEHHs BTpaT EJIEKTPUYHOI eHeprii 3HmwKyeTbes. 1o
3aCBiYy€ 3arajbHO CBITOBY TEHJCHIII0 — 3MEHIICHHS
BTpaT enekTpuyHoi eHeprii. | e 3posymino, 60 BTpatu
eHeprii — 1e 370poKYaHHs caMol eJIeKTPUYHOI eHeprii i,
SK HACNiZIOK, 3A0pOKYaHHA MPOMYKMii, 3HIKCHHS
KOHKypeHTO3#aTHOcTi. Tak cramocs, mio YKpaiHa
BHOMBAETLCA 13 3araidbHO CBiTOBOI TeHAeHIii. Koman
MepeBaKHa OUTBIIICTH KpaiH CBITYy 3HWXKYE BTpaTH, TO B
VYkpaini cnocTepiraeTsCsi NMPOTHISKHA AuHamika. | e

B IHmIMX  KpaiHax  cBiTy. SIKmo  po3rissHyTH  BKpail HeOe3neyHa TeHAeHIis.
© O.T.TI'pub, I. T. Kpanamok, C. B. llIseus, T. C. Joueuska, O. B. [Isruenxo, 2023
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® Detaits

\/\/’\\\/

R

2000 - 2014

Puc. 1. CepenHbocBiTOBa IUHAMIKA BTpAT EJIEKTPUIHOI €HEPTil y
BIJICOTKaX JIO BiJl BiITyIIEHOT

SIKIIO PO3MIISIHYTH TITBKU KpaiHW i3 HaHOLIbIINMU
BTpaTaMH eJIeKTpOoeHepTii (puc. 2), TO MOXKHA HPOBECTH
napajeliib i3 eKOHOMIYHMM CTaHOM B TaKHMX KpaiHax —
Hirep 42 %, Benecyena 36 %, 'ougypac 35 %.

Togo 2014 7
Libya 2014 0
Benin 2008 61
Haiti 14 60
Irag 2014 51
Congo, Rep.

Niger 2014 42
Namibia 14 3€
Venezuela, RB 2014 36

Honduras

Puc. 2. [Tepesik kpaiH i3 HallGLIBIINMU BiZICOTKaMHU BTpaT
CJIEKTPUYHOI eHeprii

B ToOit e 4ac kpaiHM i3 HaWMEHIIMMH BTpaTaMu
€JIEKTPUYHOI eHeprii — 1e KpaiHW i3 HalOuIbImI cTanumu
exoHomikamu (puc. 3): Cinramyp 2 %, Himeuuuna 4 %,
Diunmsaunis 4 %.

B domy momsirae OCHOBHA MPHYMHA 3HAYHUX BTPAT
enekTpuuHOi  eHeprii?  Bimpmricte  aBropiB  [1, 3-5]
CXWJIAIOTHCS, 110 BEIWYMHA BTPAT MOB'A3aHA 13 TEXHIYHUM
CTaHOM EHEPreTHYHOTO OOJIaJHAHHA, PO3BUTKOM CHCTEM
YIpaBITiHHS, YaCcTKOIO OHOBJICHHS obnanHaHHA
E€HepreTUYHUX  CHCTEM, BHKODHCTAaHHS  CyYacHHX
TEXHOJIOTIH B €HepreTHUuHii cdepi, HU3BKOKI SKICTIO
€JIEKTPUYHOI eHeprii.

CrpykTypa  BTpaT  eJIeKTPHMYHOI  eHepril.
CrpyKTypa BTpaT eNeKTPUYHOI eHeprii posrisiiaiacs
pi3HMMU aBTOpaMH i3 pizHOto Meroro [6-11]. Hanpuknan,
BIZIOKpEMJICHHST BTpaT 3a SKHMOCh BIUIMBOM a0o
3aJIeXKHICTh BTpAT BiJ HESKICHOCTI eJeKTpoeHeprii. €
MOMEHTH (opMmaiizamii CTPyKTypH BTpaT B 3aJICKHOCTI
Bil BHKOPHCTOBYBAaHHX  TEXHOJIOTIYHMX  IIPOIECIB
TeHepyBaHHSI 1 mepenadi eneKkTpudHOi eHeprii. Tomy
CTPYKTypa BTpaT, 3alpOIIOHOBAaHA PI3HUMH aBTOPaMH,

TPaKTYETbCS HUMH He SK 3arajibHa, a SK Taka, II0
MiJKpectoe Aeski (i3uuHi MporecH, abo TEXHOJOTIUHI
0COOJIMBOCTI.

Singapore 2014 2
Trinidad and Tobago 2014 2
Slovak Republic
Iceland 2014
Israel 2014
Gibraltar 2014 3
Korea, Rep. 2014 3
Germany 2014 a
Bahrain 2014

Cyprus 2014 a

Finland 2014

Puc. 3. Ilepeiik kpaiH i3 HAHMEHIIMMH BiJICOTKaMH BTpaT
CJICKTPUYHOI eHeprii

3po3yMino, OO BH3HAYUTH BTPATH HEOOXITHO
BUKOHATH 3aMipyl OOCATIB TOTYXXHOCTI EIEeKTPHYHOI
eHeprii.

EnextpuuHa eHeprist Mae fesiki 0COOIMBOCTI:

- BeCh 00csAT BUPOOJICHOI eNeKTpU4HOi eHeprii Oye
BUTPAYEHO;

- CIIOXKHMBa4i MOXXYTh BHUKOPHCTaTH TINBKU CTLIBKA
€Heprii, CKiITBbKHY ii BUPOOJICHO;

- HAKOITMYEHHSI €HEePrii B Mepexki He PO3TIISIAETHCS.

EnexTpnuHa Mepeka Mae 3HayHy NPOTSDKHICTH 1
posraimyxeHicTb. [l o0OJiKy eNeKTpUYHOi eHeprii B
MepeXi BUKOPUCTOBYIOTh BiIIOBiIHI mpuiaau oOuiky. |
32  YMOBH CKJIQMHOI CXEMH €JCKTPUYHOI Mepexi
BHUKOPHCTOBY€EThCS 3HA4YHA KUIBKICTH NPHIAIIB OOJIKY i
JI0 TOTO X BOHH PO3HECEHI B IpocTopi. Buxozsun 3 Toro,
10 MIBUIKICTH NEpeAaBaHHS EIEKTPUYHOI EHeprii myxe
BHCOKA 1 CTAaHOBUTH MaibKe IIBUAKICTH CBITIA, 1, 3a
YMOBH, III0 HAKONMYEHHS B MEPEXi HE PO3IIISNAETHCS, TO
MOKa3aHHsl MPHUJIaJIiB O0JIIKY MaloTh OyTH CHHXPOHI30BaHi
3a 4YacoM IpoBeJeHHs 3aMipiB. [lpunmagu oOumiky
BCTAHOBJIIOIOTh HAa MEX1 OalaHCOBOI BiANOBINAIBHOCTI.
ChopomieHe  NpeNCTaBIEHHS — €JNEKTPUYHOI — Mepexi
MMOKa3aHo Ha puc. 4, 3 BIAMITKAMH MEX BiIIOBIIAJEHOCTI.

[
Mesa
Croer

Mewa
CrrEre——rr)

Mema
Frr Ty

t

N

B

Nownanes) mepewi

Tesepayia

MaricTpanesi mepemsi

Puc. 4. Ciporiere npecTaBIeHHS eICKTPHYHOT MEpexi Bif
@JIEKTPOCTAHIIT IO CHOXKUBaYa

[lepma mexa BiATIOBiAAIBHOCTI 3HAXOOUTHCS HAa
MiACTAHII] eNEeKTPUYHOI CTAHII], [0 BUKOHY€E T€HEPALio
eIEeKTPUYHOI eHeprii. 3a TMOKa3aHHAM MPWIAAIB, IO
3HAXOOATHCS Ha i MEX1 BiAIIOBIAJIBHOCTI,
KOHTPOJIIOETBCSI BECh 00CAT BIINMyIIEHOT €IeKTPUYHOT
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edeprii B Mmepexy (We). Enexrpuuna enepris, 1o
MOCTYNHJIa B MEpEeXy, IEepelacTbCsl MariCTpajJbHUMH
Mepe)XaMH Ha 3HauyHi BiACTaHi i MCIS TPaHCHOPTYBAaHHS
MO JIOKAIBHIM Mepexi pO3MOAUIIEThCA 1 I0JIAEThCS
CIIO’KMBA4aM, € i CIIOKUBAETHCA. Y KOXKHOTO CIIOXKHBaya
HAa MEXi BIIMOBINANEHOCTI BCTAHOBIIOETHCS MPHIIALT
001iKy, sKil 1 (iKcye OOCATH eNeKTPUYHOI eHeprii, Mo

BUKopucTaHi cmoxkuBadeM (Wsi). Bci  mokasanHs
MpUJIaniB OOMIKY CII0)KHBAYiB CyMYIOTBCS:
Ws = Ws1 +Ws2 + ... + Wsn.
OtpumaHe 3HAYCHHS BIIHIMAETHCI BiA  TOrO

3HA4YEHHs, 1110 OYyJIO BIIIMyIIEHO B MEPEXY EJIEKTPHUYHOIO
cranmiero. Ciix 3BepHYTH yBary, 1110 MOKa3aHHs IPUIajIiB
00Ky MaroTh OyTH CHHXPOHI30BaHi B yaci 1 3amucaHi 3a
MEBHUIA OJTHAKOBHY MPOMIXKOK Yacy 1 JUIs TeHepaIii 1 s
CHOXKMBAHHS, 110 BHUMararoThb OCOOJMBOCTI €JIEKTPUYHOT
eHeprii. SIKImo cMHXpoHi3alis 3a YacoM He 30epexeHa, TO
MMOKa3aHHA MPWIAJIB HE OYAyTh BUITOBLIATH IHCHOCTI:

Wd = We — Ws.
Mu po3rianaEMo CHpPOIIEHHMH BUMNAAOK, KOJHU
JOKEpPEeNIOM  eJeKTPUYHOi  eHeprii  BHCTymae  TUTBKA

eleKTprYHa CTaHIlisA. Toai 00CAT CIOKUTOI €ICKTPUIHOT
eneprii (WS) He Moxe OyTu Olnblie, HDK BiINYIIEHOT B
Mmepexy (We). Tobto 3aBxmu We > WS, i, BiAmoBimHo,
BTpaucHa enckTpuuHa eHepris (Wd) Oyme Oinmbliine Hyiis
Wd > 0. o as1st HAOYHOCTI MPEAICTABICHO Ha PHC. 5.

wd Brpauera
eneKTpudHa
eHepria
Ws
Bignywexa Cnoxura
eNEeKTPMUUHA  ENeKTPUYHA
eHepria eHepria

Puc. 5. Brpauena enexTpudHa eHeprist

SIKIIO po3riIsiiaTH eNeKTPHYHY SHEprilo K TOBap, TO
CTae 3pO3yMUTUM Oa)KaHHS BCiX BHPOOHHKIB 3MCHIIUTU
BTpatu ToBapiB. Enexrpoenepris Oyna BupoOicHa, ane He
TOCTYIIHJIA JIO CIIOXKHBAYa.

Po3rnsiHeMO CTPYKTypy BTpaueHOi eJIeKTPOSHeprii
(Wd).

Ilig wac mepenadi i po3MOALTY €IEKTPUIHOI CHEprii
000B's13k0BO OyIyTh MaTH MicCIle BHUTpPAaTH €Heprii Ha
MIATPUMKY TEXHOJOTIYHOTO TMPOIeCy TMepeAaBaHHs 1
posmofiny enektpoeHeprii. yHKIIOHYBaHHS MTPUIALIB Ta
oOsamHaHHs, IO J[J03BOJIIE 3a0e3leYuTH HeoOXimHi
peKUMH  pOOOTH  CHUCTEMH, BHUKOPHCTOBYIOTH CaMme
eJIeKTpuuHy eHeprito. ToMy Taki TpaTH MalTh Ha3BYy
TexHojoriyHuX BTpar (Wt). be3 Takux TexHOIOTiYHHX
BTpaT poOOTa CHCTEMH HEMOXKJIMBA. TOMy TEXHOJIOTi4Hi
BTpaTH € 3po3yMumMH. | iX piBeHb 3aJeXHUTh BiJl piBHA
PO3BHUTKY TEXHOJIOTiH. AJle B pealbHIX YMOBaxX BTpadcHa
eneprist (Wd) e He Tinpku TexHomoriyHi BTpatu (Wt), a
me sKick He mporHo3oaHi Brpatd (Wc). Orrara
TEXHOJIOTIYHAX  BTpPaT BHOCHUTHCS B  COOIBapTICTh
eNIeKTPUYHOI eHeprii. A OT He MPOTHO30BaHiI BTPATH Mae

XTOCH CIIJIAaTUTH, 1 BOHH HanpsMy 3MCEHIIYIOTb pE3yJibTaT

Bil KOMEpI[HOT MisTIbHOCTI, TOMY IX Ha3MBalOTh
KoMepIiiiiHi BTpatu (puc. 6).
Komepuini
BTpaTM
wd
Wt
4
Brpauena gt
TexHonoriuxi
enekTpuyHa
: BTpaTH
eHepria

Puc. 6. CtpykTypa BTpaueHoOl eleKTPUIHOI eHeprii

Jlo koMepiiffHHX BTpaT BIZHOCATHCS KPATKKA
eJIEKTPOCHEPTii I CHCTEMHI HEMOMIIMBOCTI YypaxyBaHHS
BHUTOKY €JIEKTPOCHEPTIi.

B TOif Xe uac TeXHOJOTiuHi
00'eTHATH B TPU TPYIH:

- BTPaTu B CHEPreTHYHOMY OOJIaJHAHHI;

- BUTpaTu eHeprii Ha MiITPUMKY TEXHOJOTTYHOTO
npoliecy MepeaaBaHHs 1 pO3MOALTY SISKTPHYHOI CHEPTii;

- HEZIOCKOHAICTh O0JIIKY.

3ampornoHoBaHe 3arajibHe MPEACTaBICHHS BTpar,
BiToOpaxkeHo Ha miarpami (puc. 7), e po3TIISIAIOTHCS 1B

BTpaTu MOXXHa

BUAM BTpaT €JEKTPUYHOI EHeprii: TEeXHOJIOriuHl 1
KOMEpUiiHi.
BrpaTv eNneKTpoeHeprii B posnoAibumMx Mepexax
. Kome pujini
TexHonoriuHi BTpaTH
BTpaTH
Brpam & Br‘npar?x_ HeobocHosana
noe 'szan i3 || Hepocko- .
EHEpre- . . PISHHMLA MOKAasaHbL
THYHOMY TEXHONOTIE0 Ham.cn npinanis obaiky
- ° . || mepenaBarHA obmiKy . .
O0aTHaH ¥ . PI3HMX PUEHIE
1 posnomay

Puc. 7. CtpykTypa BTpaT eJIeKTpUIHOI eHeprii

Po3risiHemMo OibII JeTaIbHO IPYNU BTPAT B PO3ILTI
TEXHOJIOTI4HI BTpaTH.

Brpatu B eHeprernuHoMy obnanHanHi. [lo SKUX MU
BiTHECEMO BCi BTpaTH, IO TNPU3BEIH JIO HArPiBY
CTPYMONPOBIIHUX €NEMEHTIB 1 Micub IX 3'€JHaHHA,
po3irpiB oOmagHaHHS 3a paxyHOK JIxoyrneBa Tera,
SHEeprilo, [0 BHTpPAdyaeTecs MiTJac CTiKaHHA CTPyMy Ha
3eMJII0 332 paxyHOK MpoOJieM 130JI1il, BTpaTH €Heprii Ha
raciHHf JAyrd 1 BTpaTH mmif dYac mnepeMukaHHsa. [lo
TEXHOJIOTIYHHX TAaKOXX BiTHECEMO BTPATH €HEeprii Mmix Jac
aBapiif, 00 KUIbKICTh BTpaueHoOl eHeprii mij Jac aBapii
3aJIeKHUTh B OOJIQJHAHHS 1 PIBHS TEXHOJIOTI camoro
o0agHaHHS.

Butparn, nos's3aHi i3 TEXHOJIOTIEI0 NepeaaBaHHs 1
po3mnojily enekTpu4yHoi eHeprii. Mu po3riisgaemMmo BTpaTtu
CJIGKTPOCHEPTii, a B PO3IUTI IMPEJICTABICHI BUTpPATH Ha
MATPAMKY TEXHOJIOTIYHOTO Tpolecy. Taka eHepris He
Moke OyTH mponmaHa abo mepemaHa, 00 BOHa HEOOXimHa
TUTS MiATPAMAHHS TEXHOJIOTITYHOTO TIPOIIECY
TPAHCIOPTYBAaHHS Ta PO3MOAUTYy EJIEKTPHIHOI EHEepTii.
ToMy wacTky eHeprii, ska Oe3MOBOPOTHO BTPAYAETHCS
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micns i reHepyBaHHSI, MOYKHA BiJIHECTH JIO BTpar. Xoya
(¢opmanpHO BOHa HE BTpayeHa, a BHTpaueHa Ha
MiATPUMaHHS TEXHOJIOTiYHOro mpouecy. Jlo mmx BTpaT
BiJHECEMO  BUTpaTM  Ha  MIATPUMAHHI  CaMmoro
TEXHOJIOTIYHOTO MpOLecy IepefaBaHHA eJIeKTPUIHOT
eHeprii. A came: Heprilo, 0 BHTPAYa€ETHCS B MPHIIaIax
BAMIPIOBaHHS 1 KEpyBaHHS; CHEPrif0 Ha 3B'A30K, Ha
00poOKy maHuX, Ha eHepro3abe3ledyeHHs IePCOHATY.
3arayioMm Taki BUTpaTH MalOTh Ha3By — BUTPATH Ha BIACHI
motpebu. Ase € me W Ti, IO BUTPAYalOThCA Ha
V3rO/DKEHHsSI PI3HUX EJIEMEHTIB CHEPrOCUCTeMH, IX
MIAKITIOYCHHS ¥ BigkiroueHHs. 1li BuUTpaTtd Takox
BiJTHECEMO JI0 I[bOTO PO3ALTY.

Henockonanicts mnpuiamiB 00Ky — €JIEKTPUYHOT
eHeprii. OOJIK eJ1eKTpUYHOI eHepril MPOBaIUTHCS HA MEXI
OanaHCOBOi  BIJANOBIAANBHOCTI  PI3HUX  HIIIPUEMCTB
eHeprocucreMn abo pi3HHX ii 4acTOK (eneMeHTIiB). 3a
YMOBH, IO €HEprisd, siKka 3reHepoBaHa 1 BiIIylIeHa B
MepexXy, He Moke OyTHW HakoIMYeHa 1 BCs 1 Bimpasy
CIIOXKHMBAETHCS, TO TIIOKa3aHHA TpWiIamiB oOJiKy 3a
YacOBMMH  MITKaMH  MalOTh  IIOBHICTIO  30iraTmcs.
3p0O3yMiJio, MIO TaKWi CTaH MOMIIUBHNA TIUIBKH JUIS
iZieabHIX YMOB.

[punan 00Ky eNeKTPUYHOI eHeprii, He 3BaXKardn
Ha HOTr0 MOIIMPEHICTh, € CKIATHUM NpuiiagoM. ToOTo BiH
He JemeBud. ICHYIOTh pi3HI BHMOTH JI0 BHUMIpPIOBaHHX
BEJIMYMH, TOMY € DI3HI BUIM TakuX NpwiaaiB (Ha pi3Hi
HAalpyry, Ha pi3Hy KUIbKIiCTb (a3, Ha Pi3Hi THUIN eHeprii —
peaKkTHUBHA, aKTHBHA 1 TaKe iHIIE).

Bigmoeimmo g0 Hopm  [13]
TOYHICTH MpunaaiB o6miky (0,5; 1; 2).

Ha TtouHicTs mpmnanmiB oONIKy BIUIMBAIOTH pi3HI
(hakropwm, ski 3a3Ha4eHi B [13]:

- 3MiHa HaBKOJIMIITHBOI TEMIIepaTypH,;

- 3miHa Hanpyru £ 10 %);

- 3MiHa yactotu * 2 %;

- 3BOPOTHS MOCIIAOBHICTH (ha3;

- acMeTpisi HalpyTH,;

- FapMOHIYHI CKJIQJIHUKK Yy KOJax Hampyra Tta
CTpyMy;

- IOCTIMHUIA CTPyM Ta NapHi TapMOHIKH Yy KoJi
3MiHHOTO CTPyMY;

- HeTIpaHi TApMOHIKH Y KOJIi 3MiHHOTO CTpyMY;

- cyOrapMOHIKH y KOJIi 3MIHHOTO CTPyMY;

- IHAYKIiS 30BHIIIHFOTO HETEPEpBHOTO MAarHiTHOTO
TIOJIA,

- IHAYKIisA 30BHIITHBOTO MarHiTHOTO 1ot 0,5 T,

- PaiOYacTOTHI eIeKTPOMATHITHI OIS,

- (DyHKI[IOHYBaHHS JOTIOMDKHUX HPUCTPOTB;

- KOHJIYKTHBHI 3aBaJid, HaBeICHI palio4acTOTHUMH
HOJISIMH,

- MIBUKI IepexifHi nporecy (MaKeTH IMIyJIbCiB);

- 3aracHi KOJIMBaJIbHI XBHIII.

Jns  eHepromocTayaJbHUX ~ KOMIIaHI — BHHUKA€E
€KOHOMiYHa BMMOTa MK BapTiCTIO, TOYHICTIO Ta CTPOKOM
OKYIHOCTI mpuiany oOiiky. € mie iHmi Kpurepii: cTpok
eKCILTyarallii, 4acToTa MOBipOK, PEMOHTOIIPHIATHICTb.

Jnst  3MeHIIGHHS  BTparT INIpH  NIPOBEICHHI
BHUMIpIOBaHb. TOYHICTH TpWiIany OONIKY MPHU3BOIAWUTEH IO
HEOOXiTHOCTI IPOOWTH CHOXWMBada HA BENMHKI 1 Mali
00'€KTH €HEprOCMOXKMUBAHHA 1 BHKOPHCTOBYBAaTH OKpeMi
mpuiaanu o0IiKy s pi3HUX 00'ekTiB. Lle mpu3BOaUTH 1O

PErIaMCHTYETBHCA

YAOPOKYaHHS CHCTEMH OOJIIKY.

[lepBuHHI KPOKH 10 3MEHIICHHIO BTPAT EIEKTPHYHOT
eHeprii HalBipoOTiAHINIE Mae€ CEHC INPOBOAWUTH TaM, e
BTPATH € HAHOLTBIIIMH.

Po3risiHeMO eHepreTHyHi NOTOKK B YKpaiHi (puc. 8).

3a JTaHUMHU HAI[IOHAJILHOTO CTATUCTUYHOTO
VOpPABIiHHA JIUHAMIKA BHUPOOJICHHS 1 CIHOXKHBaHHS
eJIEKTpUYHOI eHeprii B Ykpaini [14] Mae Takuil po3monin
(puc. 9, 10).

Enoproiomi noTOKM, e 8. 2018
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Puc. 8. Enepreruuni notoku B YkpaiHi

BrpobHULTEO eneKTpoeHepril

Puc. 9. BupoOuuurBo eiekrpoeHeprii B YkpaiHi o pokam
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Puc.10. CnioxxuBaHHs efeKkTpoeHeprii B YKpaiHi o pokam

B peanbHHMX yMOBax 3reHepoBaHA eJEKTPHUYHA
€Heprisi BUTPaYaeThCs HA Ti caMi BTPATH, LIO MOKa3aHi Ha
puc. 7, IK TEXHOJIOT14HI BTPaTH.

Jlisi TEeXHOJIOTIYHMX BTpaT MOKHAa BHPAaXOBYBaTH
JIesIKl 3aJIeKHOCTI, 1 BOHH MOXYTh OyTH po3paxoBaHi i3
NEBHOIO TOYHICTIO. Tak sl eHepreTMYHoi CUCTEMH
VYkpaiHu BHPaxOBYBaHHS pIBHS TEXHOJOTIYHUX BTpaT
BUKOHY€TbCA 332  «METOIMUYHIMH  PEKOMEHJALisIMH
BH3HAUCHHS TEXHOJIOTIYHUX BHUTPAT €JEKTPHUYHOI eHepril
B TpaHC(opMaTopax i JNiHIAX eneKTporepeaaBanas [12].
[Ipore 3a knacudikamicro aBTOPIB Take BH3HAYCHHS HE €
ITOBHHUM 1 OUTBINIE BiNIMOBiAa€ BTpaTaM B €HEPTeTUYHOMY
obmamHanHi (puc. 11). A oT BU3HAUYEHHS BUTpAT Ha BIACHI
NOTpeOH 3aTa€ThCA NEIKAM HOPMATHBOM CHOXKHBAaHHSA, a
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HE BHPAXOBYEThCS HAMPHUKIA BiJINOBIIHO JO CTaHy
3HOIICHOCTI  OONagHaHHSA, abo0  IHIIMX  3MIHHHX
napameTpis.

Brpatu enexTpoeneprii Poun

1150 " i I i il
2018 2019 2020

[ BAACHE CNOMMAAHHR EHEPTETHUHHM CRKTOPOM

TYBAHHI Ta POINOgineH

O Brpatv npw Tpancnof

1500

Puc. 11. Oxpemi no3unii BTpaT enekTpoeHeprii B Ykpaini mo
pokax

ABtopu B [1] HaBomATe Taki maHi «monan 70 %
CIeKTPUYHUX Mepexk B YKpaiHi 3actapimm  Ta
nepeOyBalOTh B aBapiiHOMy cTaHi. 3a KUIBKICTIO Ta
TPHUBAJIICTIO BiIKJIFOUYEHB CIIOKMBAviB YKpaiHa € JigepoM
cepen KpaiH €Bponm».

3po3yMizio, M0 CTaH 3HOIICHOCTI OOJaTHAHHSI
€JIEKTPOEHEPIreTUYHOI CUCTEMH YKpaiHUu IPOJOBKYE
301IbIIyBaTUCS. BinmoBimHO MOXXHA MPOBECTH Mapajeiib
PiBEHb 3HOLIEHOCTI 1 piBeHb BTpaT enekTpoeHeprii. TooTo
BOYEBH[b, 100 3MEHIIUTH BTPATH, HEOOXiTHO OHOBHUTH
oOnagHaHHs. AJle eHepreTMdHa CUCTeMa BKIIOYae B cede
Pi3HI €NEeMEHTH 1 € IyKe PpO3TaIyKEHOKW i 1i MOXKHA
BAMIPSITA HE TUIBKH 3HAYHOK KUIBKICTIO €JIEMEHTIB
oOnamHaHHS aje ¥ BapTICTIO IHX elleMeHTiB. | mpoBecTn
€HEproIepeOCHAaIIEHHsT MOXKIMBO TITBKH TMoeTanHo. | 1e
BCE OJIHO MOXJIMBE TIJIbKM 32 HAsBHOCTI Iy)K€ 3HAYHMX
(inancoBux pecypciB. [loTpiOHO BU3HAUMTHCA i3
HAYyTIMBUMH €JIEMEHTAMH €HEPIOCHCTEMH 3 TOYKH 30py
iX BIUIMBY Ha BTPATH.

[Ile pa3 3BepHEMO yBary, IO HaBEJEHA CTPYKTypa
BTpaT HE BKJIIOYAE BTPATH, 110 BUHUKAIOTH B pe3yJbTaTi
mii  mromuHA  (KpaaibKKW, pyHHyBaHHS — oOJiaJHaHHS,
HeraTexi 1 Tomo). Taki BTpaTH MoraHo MporHO3yIOThCS i
OopoTe0a i3 HHMH 37eOUTBIIOTO 3aJEKHTH HE BiJ
00JaTHaHHS, a BiJl OpraHi3alliifHuX i COLIATEHUX 3aXOJIiB.

Ax BugHO 13 miarpamm (puc. 12) HaWOLTBIIIIA
BiICOTOK  BHUTpaT TOB'I3aHUl i3  BTparamMd B
BHCOKOBOJIFTHHX JIiHISX enekrponepenad 64 %. Ha
JpyroMy Miclli € BTpaTH Ha KOpoHHUH po3psan 17 %. s
3HAYHOTO 3MEHIIEHHS BTpaT HEOOXiIHO B IepIry 4epry
3MEHIIUTH BTPATH caMe MO IUX MO3UIIsX.

3rikaHna no
isonatopax; 1,3

Tpancdopmaropu crpymy i

TpaHcdopmatopu Hanpyru; 0,4
LyHTyloui

peaktopw; 3,6 Inwi; 0,4

HKomneHcytoui
npucrpoi; 0,8

3acobu eracknx
NOTPe enexTpHIHMX
nigcrarin; 3,1

Anosni xig
asToTpaHchopmar
opis; 6,7

Kopowumii pospag;
17,0

W HasantamysanuHi
BHCOKOBONBTHI
niwii; 64,0

HasaHTamyBansHi 8
asToTpaHchopmaTopax i
Tpauchopmartopax; 2,7

Puc. 12. CepeqHpoCTaTHCTHYHHUNA PO3IOALT BTPAT
SHeprokoMITaHii piBHs obnenepro, (%)

IMutanusM 3aiimanucst  pisui  Bueni [2, 17, 18].
BrcHOBOK 10 3MEHIIEHHIO BTpaT OyJI0 3alpONOHOBAHO B
3aMiHI 3MIHHOTO CTpyMy Ha TIOCTIHHMH CTpyM B
HU3BKOBOJIBTOBHX CXEMax eJIeKTporocTadanHs. ToOTo Bifg
04xB 1o 10kB mepeBecTH eJeKTpUYHI Mepexi Ha
moctiianit ctpym (DC). Ins BUKOHaHHS Takol 3a1advi B
paMKax €BpONEHCHKHX HAayKOBHX HOCTipKeHb Horizon
Europe Oynmu BuAiieHI TpaHTH Ha pO3pOOKY METOIUKH
IIOCTYIIOBOTO ~ Tlepexoay 31 3MIHHOTO CTpyMy Ha
moctiiamit  ctpym  [18,19].  Taki  mocmimxeHHS
OXOIUTIOIOTh TMOHaJA 14 €BpONEWChKUX YHIBEPCHTETIB i3
CyMapHHUM OIOKETOM ToHa[[ 6,656 MIH. €BPO.

BucnoBkn. Posymiroum, 1m0  eHeprocucrema
YKpaiHu 3HOIIEHA, 1, O TOTO XK, MOCTPaXK/aia B HACIIIOK
pYHHIBHUX Jii BIHCBKOBOI arpecii pociiicbkol deneparii,

BUHHKAE HEOOXIIHICTE BIJHOBJIEHHS €JIEMEHTIB
CHEprocucTeMH YKpaiHA. ABTOpH TMPOMOHYIOTH MpH
IDIAaHYBaHHI ~ BIJHOBJICHHSA  CHEPTOCHCTEMH  BiJpa3y

MIPUAHATH HAWIEPCNEeKTHBHIIINK HampsiM, a came —
repeobIaTHaHAA MEpeX Ha CUCTEMY IOCTIHHOTO CTPYMY
B HH3BKOBONBTHHX Mepexax 1m0 10xB Bxirrouso.
BukopuctaHHsI MOCTIHHOTO CTPYMYy B MEPEXi J03BOJHUTh
3MEHILIUTU BTPATH, MiJBUIIUTH KEPOBAHICTb, IiJBHIIUTH
SIKICTB CJIEKTPHYHOI CHEPTIi.
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M. I. YEPIIAKOB

AHAJITUYHUAN OTJIAJ HJISIXY TA METOAIB CUHTE3Y CXEM I'IZIPOMHEBMOATPETATIB

MeToto Li€l CTAaTTi € BU3HAYECHHSI OCHOBHUX METO/IIB CHHTE3Y CXEM TiIpOIIHEBMOArperariB Ta MoOyayBaHHs HUIIXY, IKOTO MOYKHA IOTPUMYBATHCH TIPH
00yI0BI CXeM i3 YIpaBISIOYNMH aBTOMaTaMU. 3aB/ISKU BU3HAUCHHIO OCHOBHUX IiIXO/IB CTPYKTYPHOTO CHHTE3Y, a caMe eJISMCHTHHH, arperaTHUH Ta
ix xoMmOiHamis, Oyna moOymoBaHA CTPYKTYpHY OpraHi3allis OUX IIIXOXNiB. PO3IIISIHYTO OCHOBHI METOIHM CHHTE3y CXEM TiJpONHEBMOArperaris, sKi
MOYMHAIOTHCA 3 (OPMAITI30BAHOTO ONKCY 3aBAaHHsA. PO3MIAHYTI NPUHIMITK OOYJOBM CXeM Ha MepIliil JIaHIi MICTATh Y c00i CTaHIAPTHY MO3UIIHHY
CTPYKTYpy. PO3risiHyTa CyTHICTH MO3MUIHHOI CTPYKTYpH Ta Mepexil N0 MiHIMi30BaHOI CTPYKTYpu. Bu3Ha4eHi acreKTH CHUHTE3y MiHIMi30BaHOL
CTPYKTYPHU Ta CTaHAAPTHOI IO3MI[IHHOI CTPYKTYpH y KOHTEKCTi CHCTEM JiHIHHHX PiBHAHb. PO3IIHYTI METOMM i3 3aCTOCYBaHHSM CHCTEM JIOTIYHHX
PIBHAHBb Ta MaTpUlb BiANOBITHOCTEH. PO3IIISHYTI METOIM CHHTE3Y JIOTIYHHMX PIBHSAHB Ta IX MOJAJIbIIA MIHIMI3allig 3 ypaXyBaHHSAM CTaHIB CUCTEMH,
€JIEMEHTIB MaM'aTi Ta BUXIAHMX HPHUCTPOiB. Bu3HayeHi pamku 3acrocyBaHHs Teopii rpadiB Ta ii posiib y CHHTE3I CXEM TIiJpOIHEBMOArperaris.
Po3risHyTi OCHOBHI TOJIOKCHHS 3aCTOCYBaHHS METOAIB  JEKOMIO3WMii. Po3risiHyTHii MeToj CHHTE3y CXeM i3 MO3HI[IOHYyBaHHIM
TiZPOIHEBMOATPEraTiB IUIIXOM peaii3alii Ha JaTYMKaxX Ta HECHIOBHMX YNopax. 3BEpHEHAa yBara Ha 3acTOCYBaHHsS IPOMHUCIOBHX JIOTIYHHX
KOHTpOJEPiB Ta iX poiib y Cy4acHHX METOJaX peanizamil cxeM Ha npakTuii. [liakpecieHi nepeBaru Ta HETOMIKH IIMX METO/IB, a TAKOXK HaJaHi JesKi
ITOPUTMH POOOTH.

KurodoBi cioBa: cuHTE3 cXeM, TiIpONHEBMoOAarperat, MeETOJAM JCKOMIIO3MILi, CTaHZAapTHa IO3MIiHHA CTPYKTypa, INO3HI[IOHYBaHHS,
YIPaBISIOYNIA aBTOMAT.

M. CHERPAKOV

ANALYTICAL REVIEW OF THE WAY AND METHODS OF SYNTHESIS OF HYDROPNEUMATIC
UNITS SCHEMES

The purpose of this article is to determine the main methods of synthesizing hydropneumatic units circuits and to build a path that can be followed
when building circuits with control machines. Thanks to the definition of the main approaches of structural synthesis, namely elemental, aggregate and
their combination, the structural organization of these approaches was built. The article discusses the main methods of synthesizing schemes of
hydropneumatic units, which begin with a formalized description of the task. The considered principles of building schemes on the first link contain a
standard positional structure. The essence of the positional structure and the transition to a minimized structure are considered. Aspects of the synthesis
of the minimized structure and the standard positional structure in the context of systems of linear equations are determined. Considered methods using
systems of logical equations and correspondence matrices. The methods of synthesis of logic equations and their subsequent minimization taking into
account the states of the system, memory elements and output devices are considered. The framework of the application of graph theory and its role in
the synthesis of schemes of hydropneumatic units are defined. The main provisions of the application of decomposition methods are considered. The
method of synthesis of schemes with positioning of hydropneumatic units by implementation on sensors and non-power stops is considered. Attention
is drawn to the application of industrial logic controllers and their role in modern methods of implementation of schemes in practice. The advantages
and disadvantages of these methods are highlighted, as well as some work algorithms are provided.
Keywords: synthesis of schemes, hydropneumatic unit, decomposition methods, standard positional structure, positioning, control machine.

Beryn. v MIPOEKTYBAHHI cxeM  (OpMai30BaHOTO OIUCY POOOTH YNPABISFOYOTO anapara

TiAPOITHEBMOATPETATIB BAXIMBO PO3YMITH SIKHA IIJISAX
PO3pOOHUK Mae MPOWTH Bill MOYATKY CBOEI poOOTH 1O ii
3magi. Ile ©Oa3oBe pO3yMiHHSA MPHUHIUMIIB POOOTH,
IHCTPYMEHTIB Ta METOJIB CHHTE3y CXeM. | pyHTyIo4HCch Ha
[1] moHA BHIIMMTH HACTYNHHHA NUIIX Ta METOAU Y
CHHTE31 CXEeM TiIpOITHeBMOArperaris.

OnHUM 3 TepHuX Ta OCHOBHUX IIMTaHb IMiJ 4ac
NPOEKTYBaHHS CcXeM € (QopMaltizaliss Omnucy poOOTH
cucteMu ympasiiHHsA. @Dopmamizauis omucy poOOTH
CHCTEeMH TiJpo- ab0 ITHEBMOINPHUBOJIB TEXHOJIOTTYHOTO
o0'ekTa [O3BOJNsIE TepedTH Big  BepOaNBHOTO 10
MaTeMaTH4yHOrO  OMHUCY pOOOTH  CHCTEMH, TOOTO
MIEPETBOPUTH TIEPUIOKEPENIO Y MaTEeMaTHYHy MOJIEIb,
SKa JTO3BOJIMTh CHHTE3YBAaTH HEOOXiZHY CXEMy CHCTEMH
YOpaBIiHHS.

Etan Qopmanizamii ommcy TicCHO TIOB'I3aHUA 3
€TaroM CTPYKTYPHOTO CHHTE3Y, OCKUIBKU CIIOCIO OmMHCy
0araTo B 4OMy BH3HA4Ya€ METOJ CTPYKTYpHOTO CHHTE3Y.
Mo’xHa BH3HAUUTH JABa METOAM OIS CTPYKTYPHOTO
CHUHTE3y TiZpo- 1 IHEBMOIIPHUBOJIB PI3ZHOMaHITHHUX
MPOMHUCIIOBHX POOOTIB Ta aBTOMaTH4YHHUX cucTeM. Lle
€JIeMeHTHHUH Ta arperaTHuii meronu. [1]

EneMeHTHHI WiAXig M0 JIOTIYHOTO TMPOCKTYBAHHS

(HampuKIIaa, Y BUDIAA TAaOMHUIF BMHUKAHb); MOCIIIOBHE
BBEJICHHSI €JIEMEHTIB MaM'aATi 3 IepeBipKaMu pealtizarliii;
OJlep)KaHHS CHCTEMH JIOTIYHUX PIBHSAHB Ta 11 MiHIMI3aIlis;
peatizallisi CHCTEMH PiBHSIHD 3ac00aMI aBTOMATHKH.

Bximni curranm 1 (Big 30BHImHIX mxepen) i 2 (ki
KOHTPOJIIOIOTh ~ TIOJIOKCHHSI BHUKOHABYUX  IPUCTPOIB)
MOJarOThCsT Ha BXoaW Omoka mam'siti I, sikmii MICTHTH
TPUTEpHU 3 PO3ALIBHUMHU BXoaMH. J[0JaTKOBO, CUTHAIH 3,
OTpHMaHI 3 BUXOIy OJioKa JOTiKH JI, 1110 MiCTUTh JIOT14HI
€JIEMEHTH, MOJAI0ThCS Ha BXOJH OJIOKA MaM'sATi, a TaKOX
BUKOPUCTOBYIOTBCS ~ JUISI ~ BKJIFOUCHHS ~ BHUKOHABYHMX
npuctpoiB. Ha Bxonu Gnoka noriku JI moctynaroTs BXiqHi
CUTHAJIX 2, MO KOHTPOIIOIOTH MOJOXCHHS BHUKOHABYHMX
MPUCTPOIB, BXiAHI CHUTHANMHM | BiJ 30BHIIIHIX JKepen i
curHand 4 3 BuxomiB Omoka mam'ati II. Cxema
mpecTaBlieHa Ha puc. 1, a.

[Tpu CTPYKTYpHOMY CHHTE31 CIIOYaTKy BU3HAYAETHCS
TIOCTTiIOBHICTB pobotu BHKOHABYUX TIPUCTPOIB
(manpuknan, IF I 1517, ne T nosHauae nepemimenns
MITOKY IMIIIHAPA y KIHIEBY MO3UIIi0, L[~ — mepeMinieHHs
LITOKY B [OYAaTKOBY IO3MIIiI0), BU3HAYAIOTHCS METOIHU
IepeMuKaHHs TO3HIIi HITHIPIB (TIepeMHKad, TOMIO) i Ha
OCHOBI I[LOT0 OYJIYETHCS IUKIOTpaMa, siKa € BTIJICHHIM

[1,2] Bxmrowae Taki OCHOBHI eTamu: CKJIGAaHHS  (HOPMai30BaHOIO OIHUCY.
© M. 1. Yepmnakos, 2023
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Puc. 1. CrpykrypHast oprasizais CHCTEM TiJjpo- i ITHEBMOIIPUBO/IB!
a — eJIEMEHTHUM MiAXiM; 6 — arperaTHuid miaxia; 6 — ciM6103 miIXo/iB
Ha ocHOBI pmaHux Takoi TaOJNULI-IMKIOrpAaMU  ypaxyBaHHAM iX MO3UTHBHUX ocoOimuBocteidl (puc. 1, 6).

MIPOBOANTHCS aHAJ3, KU J03BOJSIE BU3HAYUTH, B SKHX
nepexojax 3'SBISIOTbCS OJIHAKOBI BXigHI HAOOpH, SKi
NPUBOJATE 10 BBEACHHSA EIEMEHT HaM'sATi JUIA JaHOTO
ukity. Kpim Toro, npu ckiajgaHHi JOTiYHUX PIBHSIHb JJIS
JTAaHOTO IIMKJIy CIIiJi BUKOHATH IHTYITHBHY MNeEpeBIpKy Ha
BIZICYTHICTh TOMHIIKOBHUX CHpAallbOBYBaHb BHKOHaBYHX
npuctpoiB. MiHIMI3alil0 JIOTIYHUX PpIBHSAHb MOXKHA
BUKOHATH 3 BUKOPUCTAaHHAM BioMux kapT KapHo.

EnementHnii npuHumn noOynoBu (IOpPIiBHSHO 3
arperaTHUM) TOMITHO 30iNbIIye IIBHIKOIIIO CXEM; BiH
BUKOPHCTOBYETbCS Ha MPAKTUIl Yy IIBUAKOMIIOYMX
00'exTax aBTOMaTH3aLLil.

Arperarnuii miaxin [1, 3] 1o3Bossie CTBOPUTH CXeMy
CHCTEMH YTIPABISIFOYOTO arapaTy HUIIXOM KOMITOHYBaHHS
okpemux O1okiB. Lle crpornrye npouec moOyJ0BU CUCTEMH
Ta CKOpodye dac, MOTpiOHWH mnms il TpOEeKTyBaHHS.
CrpyKkTypHa  Oprasizamis arperaTHoOro miaxomy
mpeacTaBieHa Ha puc. 1, 6.

Ha Bxomm Onoka mnam'sti Il momatorbest Taxi
CHUTHANW: BXiAHI CHTHaIW | BiIl 30BHIIIHIX Keper,
CUTHaJM 2, MIO BIAINOBIJAIOTH 332 KOHTPOJIb IOJIOKEHHS
BUKOHABYMX IPHCTPOIB, a TAaKOX CUTHAIM 3 BUXOIIB 3
0J10Ka JIOTIKM 1 cCHrHaNu 3 BUXOJIB 4 Onoka nam'sti. biok
noriku JI orpumye Ha BXomu curHamm | 1 curHamm 2.
CurHamun 4 s aKkTHBallii BHKOHABYHMX IIPHCTPOIB
HAJXOJATh 3 BUXOAy Onoka mam'sti. HasBHicTh OJioka
mam'sITi TO3BOJISIE BUMKHYTH Pi3HI HEMPHUITYCTUMI CTaHU
CHCTEMH.

Le#t ommc ™oxe OyTh TepeBegeHWH  Ha
(dopMaiizoBaHi MOBH JUIs MMOYaTKOBOro aHamizy. Ilig wac
CTPYKTYPHOTO CHHTE3Y CHUCTEMH BiH BHKOPHCTOBYETHCS
Oe3rnocepes b0, 1 KITBKICTh TPHUrepiB y BHU3HAYAETHCS
KUTBKICTIO TIEPEXOJiB MK TEXHOJIOTIYHUMH OTECpaIlisIMH,
a KUIBKICTh JIOTIYHUX €JIEMEHTIB — KUILKICTIO KOH FOHKIIIH,
10 JOPIiBHIOE YHCIY TPUTEPIB IUTFOC YUCIIO OJIOKYBaHb, Ta
iH.

OCHOBHUM HENOJIKOM arperaTHOro IMiIXOmy €
HaJIMIPHICTh CTPYKTYpH, IO YCKIAIHIOE cxeMy. Po3BHTOK
arperaTHUX METOIIB MPOCSKTYBAaHHS HAKJIaB BiIOMTOK i Ha
dopMaizaiifo OMUCy POOOTH YIPABIIAIOYMX aBTOMATIB
BEJIHMKOi pPO3MipHOCTI. bBymm po3poOieHi KOMITaKkTHi
dbopMHU OMUCY Yy BUIJIAAL JIOTIYHHUX CXEM QJITOPUTMIB 1
rpadiBs, a TakoX MeToaHM iX MiHiMizawii. ['pad — e Oe3niy
SKUX-HEOyJb  CJIEMEHTIB, 3BSI3aHUX MDK  C000I0
croiBBigHOMeHHsAMY [4]. Crtif BiI3HAYHUTH: JIOTIYHI CXEMHU
anropuT™MiB (anredpaiuHa ¢popMa) MOXKYTh OyTH TO/aHI y
BUIIISIAI rpadiB mepexomiB (puc. 2 — mpukiaan rpada
MEPEXOIB).

Haii6inp1 AOIINBHUME € METOJM MPOCKTYBAHHS, SIKi
TPYHTYIOTBCS Ha CHMOi03i /JBOX ICHYIOUMX IIJIXOMIB, 3

[Ipn upomy sik ¢opmanizoBaHUil OmUC OyB NPUHHSTHIA
rpad ormepamiii, TOBHAa MiHIMI3amis SKOTO JO3BOJISIE
OJlepXKaTH MiHIMaIbHUN OJIOK maM'sTi (MiHIMaJlbHE YHCIIO
eIeMEHT  TaMm'sTi), M0  BHUKOPHCTOBYETbCA  IIPH
arperaTHOMY IIXOMi. 3 eIeMEHTHOTO MiIXOMy B3sTa imes
MMOOBKEHHS  BXigHUX HaOOpiB, IO BHUKIHKAIOTH
MepexXoq MDK TEXHOJNOTIYHHMH omeparismu. s
peamizamii  Takoro MiAXOAy  CIiJi  KOPHCTYBaTUCh
MaTEeMaTHYHOK MOJCIUTI0 — MAaTPHICIO BiAIOBITHOCTEH,
PO3MIpHICTh 5IKOT, Ha BiAMIHY BiJ TaOJHIb NEPEXOJIB i
BMHKaHb, 3aJI€XKUTh HE BiJl KIIbKOCTI BXOZIB 1 BUXOIIB, a
JIMILE BiJ KIJIBKOCTI CTaHiB.

X3 +-Y,;

X4FVZ

x4x3 I7Y1
Puc. 2. I'pa¢ onepauiit [uis GpyHKIIH nepexoniB

CrangaprHa mno3umiiina  crpykrypa. [licns
CKIamaHHA (QOPMAai30BaHOTO OIKCY € HE MEHII
BaXKJIUBUH CTPYKTYpHHMH cuHTe3. Bubip wmeroay
CTPYKTYpHOTO  CHHTe3y  BHU3HAYae€Thcs  OararbMa
(daxkTopamu,  HampuKiIan ~ CKJIAJHICTIO  CTPYKTYpH,
MIBAIKOIIEI0 CXEMH TA 1H.

B  ocHoBy nmpuHnumy moOynoBH  cXeM 3
BUKOPUCTaHHSIM CTaHAAPTHOI IO3MIIMHOI CTPYKTypH
MMOKJIAZICHO METOX MOOYIOBU CXeMH Oe3locepeqHbo Mo
rpady  omepamiii  [1]. TyT  BHKOPHCTOBYETHCS
KOMaHIoamapaTHui cnocié moOyaoBu. Uncio eneMeHTiB
mam'aTi KOMaHjoarnapara BHOWPAETbCS TakuM, IO
JIOpiBHIOE dYHCIy BepmmnH rpada omepamiii. Y Takuit
croci0 31iHCHIOEThCS OMHUYHE KOJyBaHHS BHYTPIIIHIX
CTaHIB CHCTEMH, a YUCIJIO BHYTPIIIHIX CTaHIB 30iraeThcs i3
YHUCIIOM OIlepaliil TexHojoriyHoro npouecy. DPyHKIT
BKIIOUEHHs eneMeHT mam'sti S =f(p,y) 3anexars Big
BXI/IHOTO CUTHAITY Ta BiJ] 3HAYEHHSI BUXOJy MONEPEIHHOTO
€JIEMEHTA TIaM'sITi:

Si = PivYio1,

Je S; — CHIrHAJI BKJIFOYEHHS I-r0 €IEMEHT mam'sti; Pi —
BXiJIHAH HaOip CHTHANIB, MIO TEPEBOJIUTH CUCTEMY BiJ
OJIHOTO CTaHy B IiHIIHUH B i-My MEpexoji; Yi 1 — BUXITHUIHA
CUTHAJI CJICMCHTY MaM'sTi y TIONCPEAHBOMY IEePEeXOIi
(i—1). HactynHuM 3a OCTaHHIM [TEPEXOIOM € TICPIIHIA.
Oyukuii BuxomiB y wpoMy Bumagky Z = f(y)
3aJIeKaTh JIUIIE BiJ BHYTPIIIHIX CTaHIB i HE 3alie)XaTh Bif
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BXiTHUX HaOOpIB:
Zm =Yi

1€ Zy — GyHKIIIsA BUXOLYy M.

MiunimizoBana CTPYKTYpA. Metox
M. Yepkamenko. [licis BU3HAUYCHHS CTPYKTYpH ii Tpeba
MiHIMI3yBaTd, TOOTO BH3HAYMTH YNCIO BHYTPILIHIX
CTaHIB, sIKi IOPIBHIOIOTh YHCIYy €JIEMEHTIB mam'siTi Oioka
mam'sTi. 3a HacTymHUM ainroputmoM [1, 5-7] ma BuxOmII
OTPUMYEMO MiHIMI30BaHUIA Tpad omepartiii:

1. Bubupaemo wuymcno BepmmH rpada G,, ske
JOPIBHIOE YHCITy TIIMHOXKHH |B| po306uTTS, ske Mae
HaWO1IbIIE YICIO GJIOKIB.

2. OxHaKkoBi eneMeHTH OJI0KIB BiJHOCHMO 10 OJHI€l
netii i cyMikHOI 3 Hero HacTymHol ayru rpada G (sKio
TaKi ICHYIOTb).

3. Po3mimryemMo Ha ayrax, siki HE € HETISIMH, OCTaHHI
CJIEMCHTH MiJMHOXHWH. SIKIO HA OJHIA ay3i, MO0 HE €
TMIeTIIEI0, BUSBIISTIOTHCSI HEOHAKOBI €JIeMEHTH (CEeKBEHIIIT),
TO BOHHM BiJI3HAYAIOThCS HOMEPOM KOHTYPY, JIO SIKOTO
BOHH HaJIeXKaTb.

4.3anncyemo  (3BepXy  BHM3) Ha  IETIHX
YIOPSAAKOBaHI MIIMHOXKHHHA po30uBKH (0€3 OcCTaHHIX
eneMeHTiB). Pi3HI emeMeHTH, sKi HameXarb A0 PI3HUX
KOHTYPiB, BU3HAYAIOTHCS BiIMOBITHIMHA HOMEPAMHU.

Cunre3 noriynux piBHAHb. HacTymHuM Kpokom
fae CHHTE3yBaHHS O€3MOCEPEAHBO JIOTIYHUX DIBHSHB.
MeTox CTPYKTYpHOTO CHHTE3y YIPABISIOYMX aBTOMATIB
MHEBMO- 1 TIAPONPHBOAIB IOEAHYE arperaTHUil Ta
€JIEMEHTHUH MINXOAW Ta JO3BOJSIE ONEPKATH CHCTEMY
ninidaux  piBasap  (CJIP), mo onmcye  cxemy
YIPaBISIOUOro aBToMara. ¥ Tigpo- i MHEBMOINPHBOJAX €
PI3HOMaHITHI By3JI{, BUKOHAaBUi IIPUCTPOT, 110 OTPUMYIOTh
pobouy piAWHY BiJl THEBMOPO3MOIIFHUKIB 3 JBO- M
OJTHOOIYHMM YIpaBIiHHSM.

CTpyKTYpHHH CHHTE3 JIOTIYHOI CXEMH JIO3BOJIIE
onepxkatu CJIP, mo MaTeMaTHyHO OIMHUCYE II0 CXEMY.
CJIP MicTUTh pIBHAHHS [UII BMHUKAaHHS 1 BUMHKAaHHS
KOJKHOTO €JIeMEHTa MaM'siTi 1 KOXHOTO BHKOHABYOTO
npuctporo. Minimizamist CJIP 3abesmeuye Ha erarmi
moOyIOBH CXEMH CKOPOYCHHSI KUIBKOCTI €JICMEHTIB,
BUOpaHuX K 0azucHi. TakuM YMHOM, 320€3MEYHUBIIN TIPH
CTPYKTYPHOMY CHHTE31 OJIep)KaHHS MiHIMaJIbHOTO YHCIa
€JIEMEHTIB MaM'ATi, MU, THM CaMUM, CKOPOYYEMO YHCIIO
piBHsHB, 1m0 BxoAaTh no0 CJIP, a MiHIMI3yrOuHM KOXHE
PIBHSIHHSI, CKOPOUY€EMO YUCIIO OA3UCHUX MPUCTPOIB.

Meton ckopo4yeHHs1 Yucaa piBHAHb. CKOpPOYEHHS
YyHuciaa  pIBHSAHB  JIOCATAETHCS  JBOMA  IIUIIXaMHU:
3MEHIIECHHSIM KITBKOCTI DIBHSHb BMHKaHb €JIEMEHTIB
mam'siTi ab0 3MEHIIEHHS KUTBKOCTI PiBHSHb BMHKAaHB Ta
BUMUKaHb BHKOHABYMX HPHUCTPOIB MPH HEBHKOPUCTAHHI
€JIEMEHTIB MaM'sTi y BUXITHOMY OJIOILi YIIPaBISIOYOTO
amaparty [1].

3anpornoHOBaHUK ~ METOX  3MEHIIYE  KUIBKICTh
PIBHSHB, CHHTE€30BaHMX BHACIIIOK MOJOBKEHHS HAOODIB.
VY 3B'SI3Ky 3 UMM MIiHIMI3YEThCSI YHCJIO CTOBIIIIB MaTpHIIi
BiINOBiqHOCTEH. [10/10BKEHHS 3HAXOIMMO 3a HACTYITHUM
AITOPUTMOM.

1. JInst cexBeHIii MOJOBXKY€EThCSI HaOOpoM (ne Juist
TOrO, 100 3 MEepeMilleHHsIM BHKOHAaBYMX IPHUCTPOIB HE
BimOymocst ix HemepembaueHe TIepeMUKaHHS. SKIIo

MONOBXKEHHS He "ycyHyno" oaumHHUIN, 300paxeHi
KYPCHUBOM, TO MEPEXOJAUMO J0 M. 2, SKI[o "ycyHyso", To
Jo 1. 3.

2. Habip, mnonosxenuit 3a 1.1,
CUTHAJIAMH 3 Ha0OPY; IEePEXOIUMO JIO II. 3.

3. SIkmo momoBxeHMiA 3a mi. 1, 2 Habip He BXOAUTH
J0 BCciXx Ha0OpiB Ha 4YacoBOMYy IHTepBaJi Jii, TO
MIEPEXOMMO JI0 . 5. SIKII0 BXOIUTH, TO 11O II. 4.

4. OnepKyeMo OCTaTOYHE IIOJIOBXEHHS Habopy,
MIEPEeXOIIMO JT0 1. 6.

5. OyHkIito  GopMyeMO  IU3'FOHKIIEI  BXIiTHUX
Ha0O0PIB I IEPEXO0/IiB YaCOBOTO IHTEPBAITY iX Ii.

6. Kinenp mpoueaypwu.

[Ipu momomkXeHHI CIiJ BPaxOBYBaTH MOXKIMBOCTI
eJIeMEeHTa NaM'sATi BHYTPIIIHBOI aM'ATi.

Jdexommno3unisi JoriyHux piBHAHL. Hactymamm
MCHA  CTPYKTYpHOTO CHHTE3y €TaloM  JIOTi9HOTO
MPOEKTyBaHHS € moOymoBa y BHOpPaHOMY amapaTHOMY
0a3uci CXeMH YHPaBIISIOYOro amnapary 3a JOTIYHUMHU
PIBHSIHHSIMH, OJCp)KaHMMH TIPH CTPYKTYPHOMY aHai3i.
[1,2]. Takum umHOM, I Oe3mocepenHe MmiaOUpPaHHS
MOJTYJB, SIKi MOKYTh BUKOHYBATH (DYHKIIiT CHHTE30BaHUX
JIOTIYHMX PiBHSIHB. J[0 TAKOTO MOJYJIsl MOXKE BITHOCHUTHCH
MIPOTIOPIIHHUKA  TiIPOPO3MONUIBHUK 13 crienupidHo
BU3HAYCHUM YIPABIiHHAM a00 XapaKTepUCTUKAMH, LIO
KOMOiHYIOTh y c00i inmi ¢yskmaii [8]. Tobro npu
3aCTOCYBaHHI LBOr0 METOAY JUIA BHpILICHHSA 3aadi
OepeTbcs TOTOBHH MOJYJIb, IO BHKOHY€E NEKiTbKa OLTBIT
mpocTuX (YHKIIA BCEPeIUHI OAHOTO Kopmyca. Takox i
MOIyNli MOXXYTh BHKOHYBaTH pi3HI 3amadi, 3aMiHATH
JIEKiIbKa eJIEMEHTIB Ha OJUH, TOLLO.

IMo3umionyBannsi. OgHa 3 OCHOBHUX BHMOT, IO
BHCYBAIOTHCS JI0 TiPOIHEBMOArperaTiB — 1ie MOXKJIMBICTb
MO3MIIOHYBaHHs, TOOTO 3YNWHKH BHXITHOI JIaHKH
BUKOHABYOTO0 MEXaHi3My B psiAi MPOMDKHUX MO3UIIH. €
JIeKiIbKa BapiaHTiB peanizauii mporo Mmeroxy. OmmH 3
HUX — 1€ 3aCTOCYBaHHSl €JEKTPOHHMX, IHIYKLIHHHUX
JIaTYHKIB TIOJIOKEHHS, AKi KOHTPOJIIOIOTHCS
BUILE3raJJaHUMU KOHTPOJIEPaMH, a DPETyJIOIOThCS uepes
TIOJIOKEHHS Y TpocTopi. [HmmMiI mMetox — 3acTOCyBaHHS
HECUJIOBOTO YIOpPY Yy TrixpomHeBMocHcTeMi. IlepeBara
TaKUX CHCTEM — BIICYTHICTh JaTYMKIB 3BOPOTHOTO 3B'S3KY
Ta eJIEKTPOHHOI CHCTEMH YIIPaBIiHHSA, Oe3ynapHa 3yIuHKa
i BHCOKa IOBTOPIOBaHICTh mo3wmiitoBaHHSA [2]. Takum
YHHOM, BUKOPHCTOBYETHCSI BUXIIHA JIAHKA YIPABISIOYOTO
PHUCTPOIO (TiApo- ab0 MHEBMOIWIIHAPY), sKa 3a0e31euye
piBHOBary y cHCTeMi HUISIXOM B3aeMOJIl i3 KiHLIEBHUMHU
nepeMuKkadamMu. ToOTO TO3MILIOHYBAaHHS JOCSTAETHCS
MOYEpProBUM KOMOIHYBaHHSIM HaTHCKY JATYUKIB Tak, 00
Ha KOXHY TIO3UII0 CHUCTeMH Oyja CBOSL KUIBKICTb
HATHCHYTHX a00 BIAKPUTHX NATYHMKIB 3 ypaxyBaHHAM ix
TOYOK crpanboByBaHHs [9-12]. OmHuM i3 MOXJIHMBHX
METOJIB peami3amii CXeMH TOJSITaE y BHKOPHUCTAaHHI
mporpamoBaHux cucteM. Cepen HUX  HaHOUTbIIe
PO3TOBCIOKEHHS oJlepIKaIn MIKPOIIPOIIECOPHI
eNIEKTPOHHI cuctemMu ympasiinesa. [lpu 3actocyBaHHI
LBOTO METOJY €JIEMEHTH MaM'aTi nepexo/sth 3 (izudHol
¢dbopMu y BUDIIAII Tigpo- Ta MHEBMOPO3MOAUIHLHUKIB 110
(GbOpMH  €NICKTPOHHOT Yy BHUIJISAI OCEPEIKIB MaM'sTi B
cepenuHi  KOHTpojiepa. TakuM  4YMHOM,  3pocTae
(GyHKIIOHaIbHA MOXKJIMBICTh, alleé 1 3pPOCTa€ BapTICTh

MTO/IOBXKYEMO
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cucteMd, 00 Taka cucTeMa MOTpPeOye YHpaBIsiIOUi
CJIEMEHTH 13 eNeKTPOMArHiTHUM KepyBaHHSIM, a Y
Cy4YacHHX pealisix Ui 3a0e3neueHAs OUIBII0T TOYHOCTI Ta
MO3WIIOHYBaHHI 3  BHUKOPHCTAHHSIM  MiHIMaJdbHOI
KUTBKOCTI €JIEMEHTIB, BHKOPHCTOBYETHCS MPOMOpIiiHA
Tipo- Ta MHEeBMoamaparypa.

Cnucok jgireparypu

1. Yepkamenko M. B. Ademomamuzayis npoexmysants cucmem 2iopo-
i nueemonpueodie 3 Ouckpemuum ynpaeninnam. Xapkis: HTY
«XIII», 2001. 182 c.

2. Rohner P. Pneumatische Schaltkombinatoric fur den Praktiker.
Olhydraulik and pneumatik. 1980. No. 9. P. 693-698.

3. Pessen D. W. Fast design of pneumatic sequencing circuits. Part 1:

Introduction and fundamentals. Hydraulics and pneumatics. 1983.

No. 8. P. 63-65. Part 2: Example 1 — one cylinder counting circuits.

Hydraulics and pneumatics. 1983. No. 10. P. 57-58.

Harary F. Graph Theory. Boston: Addison-Wesley, 1971. 274 p.

Cherkashenko M. Synthesis of minimum control systems of hydraulic

and pneumatic drives. Kharkiv: NTU "KhPI", 2022. 125 p.

6. Cherkashenko M. Synthesis of discrete control systems of industrial
robots. Automation and Remote Control (USA). 1981. Vol. 42, no. 5.
P. 676-680.

7. Cherkashenko M. Synthesis of schemes of hydraulic and pneumatic
automation. International Fluid Power Symposium in Aachen. The
report no. 1. Fundamentals (20-22 March 2006, Aachen, Germany).
Aachen: Apprimus, 2006. P. 147-154.

8. Cherkashenko M. Universal devices for building pneumatic control
circuits for industrial robots and automatic machines. Soviet
engineering research (England). 1985. \ol. 5, no. 2. P. 29-31.

9. Sokol Ye., Cherkashenko M. Syntesis of control schemes of drives
system. Kharkiv: NTU "KhPI", 2018. 120 p.

10. Sokol Ye., Cherkashenko M. Synthesis of control schemes for
hydroficated automation objects. Germany: GmbH & Co, 2018.
214 p.

11. Mygushchenko R., Vurye B., Cherkashenko M., Kropachek O.,
Rezvaya K. Logic devices of systems of electronic, hydraulic and
pneumoautomatics. Germany: GmbH & Co, 2021. 185 p.

12. Cokon €., UYepkamenko M., Ilorerenko O., JlpaHkoBcbkuii B.,
Tactok O., I'pu6 O. I'iopoenepeemuxa. Tom 2. iopasniuni mawunu.

oA

10.

11.

12.

XapkiB: HTY «XIII», 2020. 534 c.

References (transliterated)

Cherkashenko M. V. Avtomatyzatsiya proektuvannya system hidro- i
pnevmopryvodiv z dyskretnym upravlinnyam [Automating the design
of hydraulic and pneumatic drive systems with discrete control].
Kharkiv, NTU "KhPI" Publ., 2001. 182 p.

Rohner P.  Pneumatische Schaltkombinatoric fur den Praktiker.
Olhydraulik and pneumatik. 1980, no. 9, pp. 693-698.

Pessen D. W. Fast design of pneumatic sequencing circuits. Part 1:
Introduction and fundamentals. Hydraulics and pneumatics. 1983,
no. 8, pp. 63-65. Part 2: Example 1 — one cylinder counting circuits.
Hydraulics and pneumatics. 1983, no. 10, pp. 57-58.

Harary F. Graph Theory. Boston, Addison-Wesley Publ., 1971.
274 p.

Cherkashenko M. Synthesis of minimum control systems of hydraulic
and pneumatic drives. Kharkiv: NTU "KhPI", 2022. 125 p.
Cherkashenko M. Synthesis of discrete control systems of industrial
robots. Automation and Remote Control (USA). 1981, vol. 42, no. 5,
pp. 676-680.

Cherkashenko M. Synthesis of schemes of hydraulic and pneumatic
automation. International Fluid Power Symposium in Aachen. The
report no. 1. Fundamentals (20-22 March 2006, Aachen, Germany).
Aachen, Apprimus Publ., 2006, pp. 147-154.

Cherkashenko M. Universal devices for building pneumatic control
circuits for industrial robots and automatic machines. Soviet
engineering research (England). 1985, vol. 5, no. 2, pp. 29-31.
Sokol Ye., Cherkashenko M. Syntesis of control schemes of drives
system. Kharkiv: NTU "KhPI", 2018. 120 p.

Sokol Ye., Cherkashenko M. Synthesis of control schemes for
hydroficated automation objects. Germany, GmbH & Co Publ.,
2018. 214 p.

Mygushchenko R., Vurye B., Cherkashenko M., Kropachek O.,
Rezvaya K. Logic devices of systems of electronic, hydraulic and
pneumoautomatics. Germany, GmbH & Co Publ., 2021. 185 p.
Sokol Ye., Cherkashenko M., Potetenko O., Drankovs'kyy V.,
Hasyuk O., Hryb O. Hidroenerhetyka. Tom 2. Hidravlichni mashyny
[Hydropower engineering. Vol. 2. Hydraulic machines]. Kharkiv,
NTU "KhPI" Publ., 2020. 534 p.

Haoiuwna (received) 14.09.2023

Bioomocmi npo aemopa / About the Author

Yepnaxoe Muxuma Il2oposuu (Cherpakov Mykyta) — HanionaneHuil TeXHIYHHH yHIBepCHUTET «XapKiBChKHM
MOJITEXHIYHUHA IHCTUTYT», acmipant Kadenpu «[inpaBmiyni Mamuman im. . ®. [Ipockypu»; M. XapkiB, YkpaiHa;
ORCID: https://orcid.org/0000-0002-8801-1489; e-mail: mykyta.cherpakov@gmail.com

Bulletin of the National Technical University "KhPI".
Series: Hydraulic machines and hydraulic units, no. 12023

81



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

YK 621.224 doi: 10.20998/2411-3441.2023.1.14

10. M. KYXTEHKOB, C. 0. HA3APEHKO

MATEMATHYHI MOJEJI B3AEMO/IIi KOHCTPYKLI 3 PLZIMUHOIO TA PO3PAXYHKHU HA
MIIHICTh I PE3OHAHC JIOMATEBUX I'/IPOMAILIAH

Awani3 cknagHoi B3aeMogii «piguHa — koHetpykiis» (Fluid Structure Interaction, FSI) € akTyanbsHOI0 HayKOBOIO IPOOIEMOI0 111 GaraTbox raysei
MPOMHUCIIOBOCTI, TaKKX fK IiIpoTypO0OyayBaHHS, CyqHOOY yBaHHS, OyAiBHHUIITBO TOIIO, PillIEHHIO SIKOI NPHCBSYEHO 3HAYHY KLIBKICTh TEOPETHIHUX
JIOCIIiKEeHB. Y po0OoTi 3iliCHeHn#T aHauti3 npalk 3 IpoOJieM ITiAX0/iB, MOJEIIeH, METOIIB JOCIIKCHHS Ta HABiJOMIIIMX MOJCIIOIUYNX MPOrPaMHHX
cucteM FSI. [onpu 3Ha4Hi icHyI0Ui TeOpeTHUHI po3poOKu aHaii3 AeGopMyBaHHsS BUCOKOHABAHTAKEHHX KOHCTPYKLIH, BKIIOYAIOYH TiAPOTYpOiHH Ta
HAcoCH, MOTpedye PO3BUTKY Ta ajanTalii BiANOBiTHMX Mojenedl 1 MPOrpaMHUX CHUCTeM. Y pe3ynbTaTi HU3KH BHKOHAHUX JOCIiUKEHb Oyma
po3pobieHa MaTeMaTH4Ha MOJeNb HalpyKeHO-Ie()OPMOBAHOTO CTaHy Ta BHUKOHAHE YHCEIbHE MOJCIIOBAHHS JIONATeBHX TIigpomammuH. J{ms
BIITBOPEHHS PyXy SIK CIEMEHTIB KOHCTPYKILIi, Tak i PiIMHM BUKOPHCTaHI CIiBBIAHOLICHHS MEXaHIKM CYLIIbHHX cepemoBuil. IIpu pospaxyHkax
MOYKHA BU3HAYATH TI0JIS1 IEpEeMIillleHb, HANpyT Ta AedopMalliii; BIIaCHI YaCTOTH KOJHMBAHb €JIEMEHTIB TipOTYpOiH Ta HACOCIB, @ TAKOXK X 4yTIUBICTh
10 3MiHM KOHCTPYKTHBHHX IapamerpiB. IIpu oMy 3a0e3medyeThesi KOMILUIEKC 3aXOMIB IPH CTBOPEHHI Ta YAOCKOHAICHHI JIONATEBHUX TiJPOMAIINH i3
HIIBUICHUMH TEXHIYHUMH XapaKTEPHCTUKAMH, a TAKOX BH3HAYAIOTHCS TaKi MPOEKTHI Ta eKCIUTyaTaliifHi mapaMerpH, siki 3a/0BOJIBHSIOTE YMOBaM
MiIBUILCHHS MinHOCTI. Po3po0bieHa MeToarKa A03BOJISE LIECHPIMOBAHO MPOBOJAMTH BiOYIOBY BiJl PE30HAHCIB Ha CTa/il MPOEKTYBAHHS JIONATEBUX
TiIPOMAIINH Pi3HHX KOHCTPYKTHBHHX ()OpPM 1 OLIHIOBaTH BIUIMB XHO BHTOTOBICHHS 1 eKcIUTyaramii. 3HIDKEHHs BiOpamil HacociB, OyniBelnbHHX
KOHCTPYKILiii Ta TpyGorpoBoxiB B 5—10 pasi Ha XapkiBcbkiil craHIii 6i0049HCTKH, Ha sIKi BCTaHOBIEHI BifueHTpoBi Hacocu Ty CJIB-9000/45,
n =500 xB™ Gy/10 HOCATHYTO NIIAXOM BCTAHOBJIEHHS 1OJATKOBHX OIOpP HA HAIPHHUX TPyGOMIPOBOAAX IC/s BibpaliifHuX BUIPOOYBAHb i PO3PAXyHKY
TpyOOIIPOBOJIB Ha PE30HAHC, TAKOXK HaJaHI PeKOMEHIALT JUIs TOJANIBIIO] eKCIUTyaTanil CTaHIil.

KuiouoBi cioBa: piuHa, KOHCTPYKILIs, METOIH I'PaHMYHHX Ta CKIHYCHHHX EJIEMEHTIB, TiApoTypOiHa, pe3oHaHC, BIOpaLlis, BiJLEHTPOBHI
Hacoc.

Y. KUKHTENKOV, S. NAZARENKO

MATHEMATICAL MODELS OF THE INTERACTION OF STRUCTURES WITH LIQUID AND
CALCULATIONS ON THE STRENGTH AND RESONANCE OF BLADE HYDRAULIC MACHINES

The analysis of the complex interaction "fluid — structure” (Fluid Structure Interaction, FSI) is an actual scientific problem for many industries, such as
hydroturbobuilding, shipbuilding, construction, etc., the solution of which is devoted to a significant amount of theoretical research. The paper
analyzes works on the problems of approaches, models, research methods and the most famous FSI modeling software systems. Despite significant
existing theoretical developments, the analysis of deformation of highly loaded structures, including hydroturbines and pumps, requires the
development and adaptation of appropriate models and software systems. As a result of a series of studies, a mathematical model of the stress-strain
state was developed and numerical modeling of blade hydraulic machines was performed. To reproduce the movement of elements of structures and
fluids, the relations of the mechanics of continuous media are used. During calculations, it is possible to determine the fields of movements, stresses
and deformations; natural frequencies of oscillations of elements of hydroturbines and pumps, as well as their sensitivity to changes in structural
parameters. At the same time, a set of measures is provided for the creation and improvement of blade hydraulic machines with increased technical
characteristics, as well as such design and operational parameters are determined that satisfy the conditions for increased strength. The developed
technique makes it possible to purposefully carry out reconstruction from resonances at the design stage of blade hydraulic machines of various
structural forms and to evaluate the impact of manufacturing and operational errors. Reduction of vibration of pumps, building structures and pipelines
by 5-10 times at the Kharkiv bioremediation station, which is equipped with centrifugal pumps of the FDV-9000/45 type, n = 500 min™, was achieved
by installing additional supports on pressure pipelines after vibration tests and calculation of pipelines for resonance, recommendations for further
operation of the station are also provided.
Keywords: fluid, structure, boundary and finite element method, hydro turbine, resonance, vibration, pipelines, centrifugal pumps.

Beryn. IlpoGmemMu po3paXxyHKOBHX —JOCIHIIKEHB
B3a€MOJIii KOHCTPYKWIA 3 PIIMHOI0 aKTyajdbHI mpHU

pesyiabrariB. ToMy moTpiOHE BHKOPHCTaHHS METOJIB Ta
3aco6iB uncensHOTO MoemoBants [1-8]. YuiBepcampHmii

BHpIIIEHH] TPUKIATHUX 3aBIaHb U OaraThOX Taiy3ei
MPOMHCIOBOCTI, TaKUX K  TiApoTypboOymyBaHHS,
OymiBHUITBO, CcyaHOOymyBauHs Ttomio [1-12]. IcroTHa
CKJIaJHICTh MOJEJIOBaHHS TOJNArae y HEoOXiIHOCTI
OTPHUMaHHS CIIBHOTO PO3B'S3aHHs PIBHAHB PYXY PIAMHH
Ta JWHaMiKM KOHCTpyKuii. Ilpm 1pOoMy oOCHOBHI
CHIBBIJTHOIICHHS  MEXaHIKH  CYIUIbHUX  CEpEIOBUII
BUKOPHCTOBYIOTBCSL JUIsL ONHCY pYyXy SIK HPYXHHX
KOHCTpYKIiH, Tak i pinun [1-8]. ¥ mMozensax cyminsHOTO
cepeloBUIIa  mependadeHi METOAM  OIIHKH  ITOJIB
Hampy)XeHb Ta JaedopMaliid, MepeMilieHb, THCKY Ta
IITBHOCTI  3alekHO Bim dwacy. [lpm BuKOpucTaHHI
AQHANITHYHUX  Ta  HANIBEMIIPUYHUX  METONIB  y
PO3paxXyHKOBHX MOJEIAX MPUCYTHS 3HA4YHA KUIbKICTH
MPUITYIICHB I 00'€KTIB 13 HARIPOCTIIION T€OMETPIENO.
[Ipu po3paxyHKy peasbHHX KOHCTPYKIIH TMOaIOHI
CHPOLIEHHSI CYTTEBO 3HIKYIOTh TOYHICTH OJAEPIKYBaHHX

TIOTEHIlia)l BIPTyaJIbHOTO TECTYBaHHSA JO3BOJSIE ICTOTHO
3MEHIIUTH TPYAOMICTKI €Talmd eKCHePHMEHTAIBHHX
nocnimkenb noporux MakeriB (Physical Prototyping) i
nepedTr 10 OUTBII OIepaTWBHOI, ACMIeBOi Ta HAIIHHOI
anpo0ariii KOHCTPYKTHBHUX peaji3alliif i3 3aCTOCyBaHHAM
mudposux npororunis (Digital Mock-Up) i1 BianoBigHux
METO/IiB KOMIT'FOTEPHOTO MO/JIEITIOBAHHSI.

Husa mocmimkenns 3aBaanb FSI po3pobieHo Garato
o04YnCITIOBaIBHUX MeToiB. Po3pobieHi Ha ixHiM OCHOBI
METOJIUKH I1HTEHCHBHO IHTETPYIOTBCS Yy MpOrpamHi
koMmrutekcd.  Lle  Meronq  CKIHYEHHHMX — €JIEMEHTIB
(naiiBimomimni Momenmoroui nporpamui cucremu ANSY'S
Fluent, OpenFOAM, STAR-CCM+, ANSYS CFX,
COMSOL Multiphysics, ADINA); rpaTKOBUX piBHSHb
Bomeimana  (XFlow, PowerFLOW), TPaHUYHAX
eeMEHTIB  Ta JHCKpeTHHX ocobmueocreit  (Linflow,
3DynaFS-Bem) [1,2,4,6-8]. CninbkHe 3acTOCyBaHHs

© 0. M. Kyxrenkos, C. O. Hazapenko, 2023

82

Bulletin of the National Technical University "KhPI".
Series: Hydraulic machines and hydraulic units, no. 12023



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

porpamMm po3paxyHKy TiIpOAMHAMIKA Ta MIIHOCTI €
CKJIATHUM 3aBJaHHSAM dYepe3 BiAMIHHOCTI y (opMyBaHHI
PO3paxXyHKOBUX OOJNAcTel Ta MIIXOAM O AWUCKPETH3ALil
PIBHSHB. lNnppoxuHamivHi MMaKeTH 3a3BUYai
BUKOPHCTOBYIOTh CKiHYEHO-00'€eMHMH MiAXix, Tomi SK
MilHOCHI — ckingeHo-enemenTHH (CE). OnuH 3 BizoMux
cnoco0iB 00'eqHAHHS KOMIB TiAPOAMHAMIKK 1 MIITHOCTI
noJsrae B OpraHizauii oOMiHY JaHUMH 4epe3 MPOMIKHI
CTPYKTYPH, SIKi IHTEPIIOJIIOIOT 1 TIepearoTh AaHi 3 ofHiel
ciTku Ha iHy. Hanpukmag, 3B'I30K MK MOIYJSIMH
ANSYS CFX ta ANSYS Structural 3pilicHroeTbcs 3
BUKOPHCTaHHIM TEXHOJIOTI1 MDKITPOIIECOPHUX
KoMyHikarii 3acooamu ANSYS Workbench.

JociaigxenHss B3a€eMoAil piguH I KOHCTPyKHIii 3
METOI0 BHpIIIEHHA 3arajbHOI TpoOJieMH TOTpedye
OJTHOYACHOTO MOJIEITFOBAHHS KoMOiHamii pizHEX
B3aeMofitounx (Gi3MYHUX ABUII (TiZpoAMHAMiKa Ta
MeXaHiKka) 3 ypaxyBaHHSM iXHBOTO B3a€EMHOTO BILIHBY.
[Tpu poMy MOB'sI3aHICTH MOXKE OYTH MOCTIJOBHOI (TIpH
OIHOCTOPOHHIN [ii), CHUIbHOIO (ITOBHOIO), CIa0KOH 3
ypaxyBaHHsIM 3BOPOTHHX 3B'SI3KiB (IIpU JIBOCTOPOHHIMN
B3aemoyii) [1-8].

ligpoauHaMiyHUN aHali3 BUKOPUCTOBYETHCS IS
BU3HAYCHHS MapaMeTpiB pyXy PpIAKOrO CepenoBHIla,
TaKUX SIK TepemnajJy THUCKY, pPO3MOAUT NIBHIKOCTEH,
HarpsIMOK Tedil, maioMHa cuia Ta JIOOOBHUil OMip, BIUIMB
HarpiBaHHsS Ta OXOJIOJDKEHHS. KOMIIOHEHTH NIBHIIKOCTI,
3HAYCHHS THCKY Ta TEMIEpaTypyd BH3HAYAIOTHCS Ha
OCHOBI 3aKOHIB 30€peXCHHS MaCH, IMITYJIECY Ta €HEepril.

Cucrema piBHSHb /I TOB'S3aHOI 3amadi  pyxy
CYLIJIBHOTO CepeIOBHIIA Ma€ BUTIISL

Ky K Xy Ke -B. 0 [[V, F,

K - K W K v = By 0 Vy Fy

sz sz Kzz _Bz 0 Vz = Fz '

B B B 0 0P| |0
L KTX KTy KTZ 0 KTT i T I:T

ae sekropu V,, Vy, V, P, T sBndiore coboro n'ars
OCHOBHUX CTYNEHIB CBOOOIM Yy BYy3JaX: KOMIIOHCHTH
IIBHIKOCTI MMOTOKY, TUCKY Ta TeMIepaTypu. Y riio0anbHil
MaTpuni KoedimientiB migmarpuis K BigoOpaxkae
B3a€MOBILINB IpoIIeCiB anBeKIii (MexaHiYHOTO
MIEPEHECEeHHS cepenoBHIa) i Audys3ii.

[MigmaTpuui B yTBOpeHi omeparopaMu Tpaji€HTIB
THCKy, miaMatpumi B’ — omeparopamm nuBepremuii
mBuaKocTi. CkIamoBi BekTopa F 0OyMOBIIOIOTH BHECOK
MOBEPXHEBUX TMOTOKIB, O00'eMHMX CHiI, a Yy pasi
HecTalioHapHOTro nepediry — BIUIMB HONEpeaHbOoI icTopil
Tparchopmariii mapaMeTpiB MOTOKY.

VY Mozmemi MIIHOCTI MOHa IJOKJIACTH MEXaHIdHI
ciii, OOYMOBJIEHI PyXOM CEpelIOBHINA i OTpPUMaHI Ha
eTami TigpOAWHAMIYHOTO aHaji3y, 1 3HANTH BiAMOBiAHI
nedopmanii 1 Hanmpyru. [Ipu mBocTOpOHHIN B3aemonil B
TiAPpOOMHAMIYHOMY  aHami3i  HEoOXigHO  BpaxyBaTu
nehopMallifo KOHCTPYKTHBHHX EIIEMCHTIB 1 TOBTOPHTHU
PO3paxyHOK MapaMeTpiB pyXy CepeAoBHINa Uit HOBOI
reometpii. [lpu 1bOMYy BHKOHYIOTBCS iTepamii Mix
PI3HMMHM JUCHMIUTIHAPHUMHU aHalli3aMH JIOTH, JIOKM He
OyJe, JOCATHYTO HeOOX1THOTO PiBHS 301’KHOCTI.

Jns Bumazky aHamizy CHJIBHOIOB'SI3aHOI 3ajadi
3BUYAIHO-eNIeMEHTHE (DOPMYITIOBAHHS B3a€EMOJIi TOTOKY
piAMHM 3 KOHCTPYKII€D 332 YMOBH MaJOCTi 3MiHH
CepeIHBOT MUTEHOCTI CepeIOBUINA HA0YBA€E BUTIISALY:

[Ke1p +[Co | p+IM.1 5 +p [R]d=0;
[K1d +[C, Jd + [M,1d - [RT 5 = £, ()

ne [Ks], [Csl, [Ms] - wmarpumi >xopcTkocTi  (MOXke
BKJIFOYATH  JOJATKOBO  MATPHII0  TEOMETPHIHOI
JKOPCTKOCTi,  fAKa  3aJ€XHTh  Bil  IOMEPEIHBOTO
HAIMpPY>XEHOTO CTaHy, IO BH3HAYAETHCS TiIPOCTATHIHAM
THCKOM), nemidyBanus Ta Mac KoHCTpykii; [Mg], [Cel,
[Ke] — wmatpuri mac, memmbyBaHHS Ta >KOPCTKOCTI

o (D)

piauHuy; {d }, {d }, {d} — BEKTOPH MEPEMIIICHb, [IIBUIKOCTEH
Ta TPUCKOPEHb KOHCTPYKIIT; {p}, {p}, {p} — BEKTOpH
THCKYy Ta MOro mOXimHHX 3a dacoM; [R] — marpurs
B3a€MO3B'SI3KY "THCK-TIepeMillleHHs", M0 BHU3HAYAETHCA 3
YMOBH CHUTBHOCTI Ha MeXi KOHCTPYKHii 3 piIUHOIO;
{Fs} — BexTOp cHII, 110 TIOJAETHCS 10 KOHCTPYKITIT.

VY pa3i HU3BKUX YacTOT 30y/KEHHS, KOJMH JAOBXKHHA
XBHJII ~ 3HAYHO MEPEBHUINYE  XapaKTEpPHHH  PO3Mip
KOHCTPYKIIii, MOYX€ BHKOPHUCTOBYBATHCS MOJENb DPiJMHH,
0 HE CTHCKaEThCS. BIAKMHYBIIM YJIEHW MEpIIOro
piBasHHES (1) piBHI HyIIO, OTpEMAa€EMO TaKuid BUpas3 (2):

B=—p[K-][R] d. @

[MigcraBuBmm #Horo B apyre piBHaHHS (1),
OTPUMA€EMO 3BHYAlHE AWHAMIYHE PIBHSHHS KOHCTPYKIIi,
B ssikoMy 110 [Ms] nomano matpumro npuegHanux mac. [pu
MOJaJIbHOMY ~ aHajli3i, 10 BHUKOPUCTOBYETHCS  JUIS
BU3HAYCHHS BJACHUX 4YacToT 1 (opM  KOJIHMBaHb
KOHCTPYKIii 1 € 0a30i00 MJaHuUX M pI3HUX BHIIB
JMHAMIYHOTO BIATYKY (HAaNpHUKIJIAJA, aHai3y IepexiTHUX
MIPOIICCIB) PIBHSHHS Ma€ BUTJISL

[K]d —o® [Mg]d - o’p[R]' [K.'[R] d =0.

VY psani 3amad, KOJIM MeXa KOHCTPYKIII 3 pPiguHOIO
BapifOeThCS, MO MPHU3BOJUTH JO 3MiHM  MAaTpPHIl
NpUETHAHUX Mac piAMHHM, KOPHUCHHM € 3acTOCYBaHHS
MaTeMaTHYHOTO anapary aHaji3y 4yTiauBoCTi [3, 6].

PosrnssHEMO 0OOOJIOHKOBY CHCTEMY TiIpOJOKaIii 3
METOI JAiaTHOCTUKHM 4M Jokamil (puc. 1). IpuitomHO-
nepenaBajibHUN  NpHCTpid  mapabomiyHol  Qopmu,
3aKpIUIGHUH B IEHTPi, Wi BIUIMBOM MOTY>KHOTO
HErapMOHIYHOTO iIMITyJIbCY, 3/IMCHIOE HecTalliOHapHi,
KOJIMBAaHHS, 10 IIBHJIKO II0TacaloTh 3  BSI3KUM
nemrdyBaHHSIM, OOYMOBJIEHHM 3aHYPEHHSM B DiAuHY.
SIkicTp BUNpOMiHIOBaua ©OaraTo B YOMYy BHU3HaYae
TOJIOBHUH KOE(DII[IEHT TOCHICHHS (MakCUMaJbHUHA 3a
4acoM THCK TiJpOaKyCTHYHOI XBHJI, IO CTBOPIOETHCS Y
HaIpsIMKY TOJIOBHOTO MaKCHUMyMy Jiarpamu
CHPsIMOBaHOCTI). Y pa3i HECTAalliOHAPHOTO PEXUMY MiCIs
pO3KJIAJaHHS 3a BIACHUMH (opMaMH KOJUBAaHb Ta
BUKOpHCTaHHS iHTerpasa J[lroamens pimeHHS 3amadi
ONTHUMAJIFHOTO MPOEKTYBAaHHs 3BOJUTHCS JIO YIPaBIiHHS
(hyHKIIOHAIOM, IO 3aJIEKHUTH BiJ] KIUTBKOX YacTOT, IO
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"pe3onytoTh" (3amyyaroTecs), i popm. Ha puc. 1 HaBeneHo
NPUKIa PO3MOALTY KOe]Iili€HTIB YYTIMBOCTI BIIACHUX
4acTOT OOOJIOHKOBOI CHCTEMH [0 3MIHM HaBEIEHUX
IHepUIHIX XapaKTePUCTHUK.

«2578-03
144823
.20939
433086 .

578522

.723089 _f-.I

067655
1.012
115714

1.301

Puc. 1. ITone xoedinieHTiB Uy TIMBOCTI 6-1 BIACHOT 4acTOTH 210
3MiHM HaBEeICHUX IHEPLIHHUX XapaKTEePUCTHK

Pe3yabTaTH fAochHiqKeHb JonaTteii MOBOPOTHO-
JIOMATHHX TiAPOTYPOiH, 110 BUKOHYBAINCS O 3aBIAHHIO
AT "Typ6oatom" (M. XapkiB). OCHOBHUM pPOOOYHM
OpraHoM  TiapoTypOiHH, B  SKOMYy  BigOyBaeTbcs
MEPETBOPEHHS MEXaHIYHOI €Heprii BOJM B SHEPTi0 Bally €
poboye Koieco, TpU TPOEKTYBaHHI SKOTO ITOBHHHI
BUKOHYBAaTHCsSI MIIHOCTI OOMEXEHHS 1 BigOymoBa BiX
OCHOBHUX PE30HAHCIB y HWXKHIIl YacTHWHI CHEKTpy
BJIACHHX 4YacToT. Po3poOneHuil MaTeMaTH4HUWIl amapar
PO3paxyHKy 1 aHali3y YyTJIHBOCTI BHKOPHUCTOBYBABCS SIK
Ha  eTami  IIPOEKTyBaHHS  Jiomared  TriApoTypOiH
(manpukman, mapka I1J120/811-500), Tak i Ha erami
JIOCHI/DKCHHSI TIPUYMH EKCIUTyaTalliiHUX MOIIKO/KECHb
(nanpukian, i rigpotypbinm I1J1 70/3164-410) i
I1J1 60/1075-B-600).

JlomaTi MatoTh CKIIAAHY KOH(ITYpALiio i BiTHOCATHCS
10 00OJIOHOK CepenHBOi TOBIUHHM, SKi MOXKHA BBaXKaTd
KOPCTKO ~3aKpIIUICHUMH [0 YaCTHHI BHYTPIIIHBOTO
KOHTYpY 1 BUIBHUMH MO IHIIOMY KOHTYpY. Po3paxyHok i
aHaIi3 Yy TIUBOCTI JIonarei MIPOBOIUBCS 3
BUKOpHCTaHHM cyrneprapamerpuunnx CE, ocHoBaHMX Ha
rimote3ax Tumomrenko [3]. IHTeHCHBHICTH Hampyr Ha
BXxoi Jionati rigporyp06inu I1J170 npubnusHo B Tpu pasu
OunbIe, HDXK Ha BHXOJI. Big3Haummo, MO TigpaBIivHi
Hanpyrd Ha BXOJI 1 BUXOJl MaloTh Pi3Hi 3HaKku. PiBeHb
Hampyr BiJ THCKY piAMHH B po0OOYOMY pEXHMI HHXKUE,
HiX BiJl BIAIICHTPOBUX HaBaHTAKCHb.

B T1abm 1 wHaBemeHi pe3ymbTaTH pO3pPaxXyHKIiB
BIacHWX d4actoT (B [Im) momarteid pi3HOMAaHITHHX
KOHCTPYKIIHA MOBOPOTHO-JIONATHUX TiApoTypOin. [lepma
BJIacHa (opMa KOJHMBaHb Jomati rigporypbirm I1JI70 €
KPYTHJIBHOIO (SKIIO BUKOPHUCTATH CTPWIKHEBY aHAJIOTIIO).
[MepemimieHHs Ha BXiZHIA KPOMIII Ha JiBa MOPSIIKY MEHIII,
HiK Ha BUXinHIA. [Ipyra i Tpers BiaacHI GopMH KOJIHMBaHb
€ KpYTHJIbHUMH (BiAMOBIIHO 3 OJIHIEO 1 JBOMA BY3JIOBUMU
minismu). Ilepma BnacHa ¢Qopma KoluBaHb JIOMATI
rigporyp6inu I1J160 € BUrHHHOIO, Ipyra — KpyTHIBHOIO
(By3noBa JiHis Oisl BHXIJHOI KPOMKH), TPETsS — TeX
KPYTHJIBHOIO (O/1Ha BY3JIOBA JIiHisl OIS BHX1JTHOT KPOMKH,
iHIIa — TpHOIM3HO TmocepeanHi Jomati). st somati
rizpotyp0inu I1JI 60 30HEM MaKCHMAaNbHUX IUHAMIYHIX
HATIPyT 3HAXOIATHCS Ha OPYTil BIacHid (opMi KOJIHBAHB.
BimzHaumMo, 1o IiHIA, TpoBeNeHa uYepe3  30HU
MaKCHMaJIBPHUX JAWHAMIYHUX HAampyr Ha TPeTiil BIacHid

(hopmi KoNMBaHb CIiBHAa€ 3 JIiHIEIO 0OpHUBY Tepa Jiomnari
7 rigpotyp6inu I1JT 60.

Hns  nomari  rigporyp6inm  I1JI120  30HM
MaKCHUMAIIbHUX JUHAMIYHUX Halpyr 3HaXoAsATbCS Ha
nepiuii BiacHii Gopmi KOTMBaHE MPAKTHYHO MOCEPEIUHI
KopeHeBoro repepi3y. Ha puc. 2 1 3 HaBeneHO pe3ynpTatu
aHaJi3y 4yTIHMBOCTI 1-i Ta 2-1 BIIACHOT YaCTOTH KOJIMBAaHb
0O 3MIHH PO3MOMALTY TOBIIMHK JIOMATI TiAPOTYpOiHU
I1JT 20.

Ta6nuus 1-Pe3ynbraTit po3paxyHKiB BlacHUX 4acToT (B I'ir)
nonareit I rigpoTypbin

Yacroru, 'y 1 2 3 4 5 6
11J160/1075-B-600 | 64 | 82 | 123 | 166 | 181 | 208
I1J170/3164-410 | 114 | 158 | 214 | 284 | 324 | 344
T1J1 20/811-500 58 | 74 | 111 | 153 | 167 | 190

Puc. 2. AHani3 4yTJIMBOCTI MEpIIOi BIACHOI YaCTOTH 10 3MiHH
po3moaity ToBIIKHY Jonarti rixpotyp6inu I1JI 20-811

Puc. 3. AHani3 4yTJIMBOCTI Ipyrol BIaCHOT YaCTOTH [0 3MiHH
PO3MOIiTy TOBIIMHM Jonari rigporyp6inu I1J1 20/811-500

Haii6inpmmii BIUIMB Ha OCHOBHY BJIACHY 4YacTOTY
yomati rTimpotypOinm I1JI 20 mae 3MiHAa TOBIIMHH B
CepeIMHHIN 30HI KOPEHEBOTO Tepepi3y, Ha JPYTy — B 30Hi,
AKa TPWIATaE 10 BHUXIAHOI KPOMKH; Ha TpETIO i
YeTBEPTY — B 30HI Ha nepudepii, ska NpUIIsrae 10 BXigHol
KpoMkd. Ha TpeTio BiacHy 9acToTy JomaTi TigpoTypOiHn
I1J1 60 maitbinble BIUIMBA€ 3MiHA TOBIIMHH B 30HI, sKa
NPWISTa€ 70 BXIAHOT KPOMKH. SIKIIO e(eKTH 3HATTS
(momanHs) Marepiaay Ha poOOUiil i TUIBHUX MOBEPXHAX B
30HaX  EKCTPEeMAIBHHX  «MIHYCOBUX»  KOe(iIli€HTIB
YyTJIMBOCTEH MpPUONM3HO OJHAKOBI, TO B 30HAX
MaKCHMaJIBHUX «IUTIOCOBUX» KOE(DII[IEHTIB 4yTIMBOCTEH
MOXHA BHJIUTUTA OIUTBII «BIUIMBOBI» TOBEPXHI: IS
TIepIIoi, TPETHOI 1 IOCTOI BIACHUX YacTOT — podoua; A
Ipyroi, d4erBepToi 1 m'stoi — THiabHA (y Jiomarti
rigpotyp6inu I1JI 70 mns 4 BracHOi yacToTn — poboya).

Ha puc.4 HaBeneHo MpuUKIan — PO3paxyHKY
obopotHoi  rigpomamuHu  BHcokoHamipuoi ['AEC.
Kpumka rizpotyp0inu € 6araTOKOMIIOHEHTHOIO HECYYOI0
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MIPOCTOPOBOIO MOBOPOTHO-CUMETPUYHOIO KOHCTPYKIIETO,
mo ckiaagaerbess 3 ob'emHanmx N pebpamu 0007I0HOK
obOepranHs. OTBOpM TpW3HAYEHI IS PO3MILIEHHS
MeXaHI3MiB 1 3MEHIIIEHHS Bard, a TaKOX U pEMOHTY 0e3
MOBHOTO  PO30MpaHHS  HANpaBIAIOYOro  amapary i
JEMOHTa)Xy OKpeMHX JomaTok. Y sKocti (opMu
UTFOCTparlii pe3yNbTaTiB HABEACHO PO3MOILUT TUHAMIYHUX
Hampyr Ha BiAMOBiAHIA (opmi kommBaHe 4-i BiIAcHOI
94acTOTI TiIpOMaIINHH. YepBoHUM KOJILOPOM
IpelCTaBlIeHa 30Ha eKCTPEMaTbHUX JHHAMIYHUX HAIpyT,
CUHIM — OJHM3BKUX JI0 HYJIS.

Puc. 4. Po3nozin AMHaMivHUX HAIpyT Ha BiAMOBiAHIHM (opMmi
KOJIMBaHb 3-1 BJIaCHOT YacTOTi IiipOMaIINHI

OuiHka MOXKJIMBOCTI pe30HAHCY HAacociB Ta
TpPyO0ONpoBOAiB HACOCHOI CTAaHWIi Ta pekoMeHaalii 1Mo
3HUKeHHI0 BiOpamii. BaxxinBoro 3amadero B HACOCHUX
CTaHIISIX € PEryJIIOBaHHS IOTY>KHOCTI B EHEPreTHUYHIiH
cucremi. Ilpm 3MiHI HaBaHTaXEHHS Tigpoarperatu
HEO/IHOPa30BO MPOXOATh Yepe3 HEPO3PaxyHKOBI PEKUMHU
pobotu. 3 HECTIMKICTIO 3aKPY4YEHOTO IOTOKY IIOB'A3aHE
BUHUKHCHHS 1HTCHCHUBHHX TIIPOJUHAMIYHHUX MTyJIbCAIlil
THUCKY 1 BiOpariif, mo CTaHOBIATH 3arpo3y HaAIHHOCTI
KOHCTpYKLil Trigpoarperary. IligBuimeHHs CTiHKOCTI
poOOTH KOHCTPYKIII «HACOC-HAIIpPHUN TPYyOOIPOBim»
HEMOXXJIMBO 0e3 BHBYEHHS (I3UYHMX  MeEXaHi3MiB
TiAPOJUHAMIYHHUX TPOIIECiB, ICTOTHY pPOJNb Cepelx SIKUX
BIZIrpaloTh ~ HECTalliOHapHI  SBUINA, TOB'S3aHi 3
YTBOPEHHSM BHXPOBHUX CTPYKTYpP 32 HACOCHHUM KOJICCOM 3
000poTHOIO Ta JomareBord uvactotamu [9-12]. Skio
HamipHi TpyOOmpoBOAM 3a HACOCOM, IO MiTiMalTh
pinuHy, MMOraHo 3akKpillieHi, TO Yy 3B'I3Ky 3 IOTYKHHUMH
BiOpaIlisiMi TIOTOKY, IIe TMPUBOJUTH IO CIJIBHOI BiOparii
Hacocy 1 TpyOompoBoAiB 1 B pa3i pe3oHaHCY MOXKe
NPUBECTH 1O pYHHYBaHHS OOJagHAHHS 1 TEPEKPHUTTA
oymirm cranmii. Ha XapkiBcekiii craHimii 0i00YMCTKA
BCTAHOBIICHI BimueHTpoBi Hacocu tumy CJIB-9000/45,
N=500x8". Jlis BHSBICHHS 3HAYHMX PE3OHAHCHHX
SBHI 1 NUIAXiB 3MEHIIEHHS BiOparii oOnagHaHHA Ha
cTaHuii Oi0OYMCTKM Oy TpOBEAEHI IyJbcaliiiHi 1
BiOparmiiiHi  BumpoOyBaHHS  [UIsI  [IBOX  HAIpHUX
TpyOOnpoBOAiB. 3a iX pe3yiabTataMu OyJId MPOBEACHI
PO3paxyHKH Ha PE30HAHC Ta HaJaHi PeKOMEHIALIl 100
MICT BCTaHOBJICHHSI JOJaTKOBUX OIOp Ta 3MEHIICHHS
BiOpaIliifHoTO CTaHy.

Y  chekTpaibHOMY — pO3KJIaJaHHI  CyMapHOTO
KOJIMBaHHS TOJOBHUMH OYJlIHM BHUSBJICHI IIBI YacTOTH —
obopotHa (8,3T) Ta momsiiiHa obOopoTtHa (16,6 I'm).
3Bakaroun Ha BHCOKI 3HAYEHHS CyMapHOi BiOparmii 1o
450 mxkm 3 gactroramm 83Tum 1 16,6Tu (s
TpybompoBoay Hacocy Ne 1) i go 300 MKM 3 9acToTOIO
16,6 ' aost TpyOonpoBoay Hacocy Ne 2, siki OHOYACHO €
OCHOBHMUMHM 30ypIOIOYMMH dYacToTamMu (0OOpPOTHOIO Ta

MOXJIMBOCTI BUHHKHEHHS pe30HaHcy TpyOorpoBoaiB. J{is
IpOoro HeoOXimHo Oymo BHU3HAYUTH BIIACHY YacTOTY
KOHCTpYKIii. Po3paxyHok npoBojuscst 3rifuo [9, 10].

TpyOompoBin po3risagaBcs SK CTPIDKHEBA CHCTEMA 13
3aJaHUMH TPAHUYHUMH YMOBaMHU:

1) NlapHipHe omMpaHHs — < I f!L
2) XKopcrka 3aknaaka — ";1_,1 7 ._j:

Od4eBHOHO, MO peaNbHINIe BigoOpakae yMOBH
mepiia cxema. BiacHi 4acTOTH CTPHIKHEBOI CHUCTEMH
BHU3HAYAIOTHCS 32 (POPMYIIOF0:

2
ol El
polad)” | EL 3)
2ml m, +m,
ne k — Homep ¢dopmu konuBawb (1,2, ..,N); ox — K-i
KOpiHb YaCTOTHOTO piBHSAHHA, | — MOBXWHA TiMBHUII;

El — 3runanbHa >KOpPCTKICTh MEpeTHHy; M, M; — IOrOHHA
maca cTpwxkHS 1 TemwioHocis;  E=2,1-10 kr/em;
| = n(D* — d*)/64 = 743914 cm; D = 1120 cm; d = 1106 cm;
m; = ytnd2/4 =9,366 kr/cm  (wis  Bomm), M, = ye(D? —
—-d)/4=379%kr/em  (nnma cramm vy, = 7,8-10 kr/m).
[TincraBuB Bary y (3) oTpumMaemo:

‘ (al, )

|2

.5,4848-10". (4)

Posrnsnaroun nBi HUk4i Gopmu KosMBaHb (BiIOMO,

MO0 B pealbHUX KOHCTPYKIISX BOHH  HaWOLIBII
HebesneyHi), orpuMaemo (5):

al, =3,142

al,, =6,283

al, =4,73
— ONUpaHHS,

—3aknanka. (5)
al,, =7,853

Tenep, BukopucroByrouu (4), MOXHa OTpHUMATH
YMOBH PE30HAHCY TPYOOIpOBOIiB (TOOTO sKa IMOBHHHA
OyTH IOBXHMHAa MK omopamu). Pesymeratu 3BemeHO a0
Tabm. 2.

Tabmu 2 — YM0OBHU pe3oHaHCy TpyOOnpoBoIiB

Pesonancua Onwupanss, M | 3axiagka, M
yacroTa, I'll k=1|k=2]k=1]k=2
8,3 255 | 510 | 3,84 | 6,38
16,6 1,80 | 3,60 | 2,70 | 4,50

Tenep, BukopucToByrou:m (4), MOXXHa OTPHUMATH
YMOBH PE30HAHCY — JOBXHHAa MK OIOpamMu: — JJIs
gyacrotd 83T — 255m Ta 5,1 M, — IIg 4acToTH
16,6 Ty—1,8 ™ Ta 3,6 M; OTXKe, 3a MPUIHATOI CHUCTEMHU
omop, sKi  3a0e3meuyroTh  JKOPCTKYy  Hepenady
HABAHTAXXCHHS, JOBXHHA MPOJBOTY 3-TIOMDK HHX Mae
nepeBumnyBat 1,5 M. Ha ocHOBi po3paxyHkiB Oymu
BU3HAYCHI MICI pO3TAllyBaHHS JOJATKOBHX OIOp Ta
HajaHI peKoMeHJamii 1o 3HIKeHHS BiOpamii Ta
MOJTANTBIIIOT SKCILTyaTallii 00JalHAHHS CTaHIIIi.

BucHoBku. 1. Y poOorti 31iiicHeHmi aHaJi3 TpaIs 3
npoOJieM MigXOMiB, MOJENeH, METOJIB JOCTIKCHHS Ta
mozemorounx crucrem FSI.

2. YucenbHe MOJIETFOBaHHS Harpy»eHo-
neopMOBaHOTO CTaHy Ta KOJMBaHb TiApoTypOiH
peanizoBaHO i3  3alydeHHSIM METOAY CKIHYCHHHX
CJIEMEHTIB. Po3pobiiena METO/INKA JI03BOJISIE

LJIECTIPSIMOBAHO TPOBOJANTH BiIOYAOBY BijJi PE30HAHCIB
Ha CTajil NPOEKTYBAHHS JIONMATEBUX TiPOMAIINH Pi3HUX

HOIBiliHOIO 06OpPOTHOIO), Oyia IIPOBEIEHA OIiHKAa  KOHCTPYKTHMBHHMX (opM 1 OLIHIOBaTH BIUIMB XHO
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BHUTOTOBJICHHS 1 €KCILTyaTAllii.

3.5k  mokazamu  JOJAaTKOBI  BUIPOOYBaHHS,
MPOBE/ICHI 3ax0au Ha XapKiBCHKil CTaHIN 0i00YHCTKH,
MpU3BENM O 3HAYHOTO 3HIWKEeHHA y 5-10 pa3is
BiOpamiiHOTrO cTaHy HacociB, OyAiBENBHMX KOHCTPYKIIH
Ta TpyOompoBomiB. [ng 3amobiraHHA — YUIKOJKEHB
(yrBOpeHHs  TpimuMH)  OyJiBEJIBHMX  KOHCTPYKIIH
PEKOMEHJJOBAHO MTPOBECTH TaKi 3aXOMH IOA0 3MEHILCHHS
3a3HAYEHOTO JMHAMIYHOTO BIUIMBY: 3MEHINMTH BiOpariii
OIOp IIIIXOM BCTAHOBJICHHS T'YMOBHX, NPYXHHHUX YH
IHIIUX  aMOPTU3aToOpiB  —  MPY)XHUX  HPOKIATOK
npomuciioBoi po3pobku [9, 10]; 36iabmUTH KOPCTKICTH
TpyOOIPOBOIIB LIISXOM BCTAHOBJICHHS (TIPUBaplOBaHHA)
KiJIbLIeBUX pedep jxopcrkocti 150x10-12 MM, nipu 11bOMY,
MO0 MOXJIMBOCTI, JIOTPUMYBATHCSI CHUMETpii yCTaHOBKH
JKOPCTKOCTI, YCYHYTH TIPHYMHHU MiABHIIEHOI BiOpamii
HACOCIB; KOHTpOJb BIOpaIii HAacOCHOI CTaHIii B
MOJAJbIIOMY TIPOBOJWTH JO Ta TICHA  KOXKHOTO
KamiTalbHOTO PEMOHTY HACOCHUX arperarib, ajie He pijalie
OJTHOTO pa3y Ha piK.

Crnincok sitepatypu

1. Gnitko V., Martynenko O., Vierushkin 1., Kononenko Y.,
Degtyarev K. Coupled Finite and Boundary Element Methods in
Fluid-Structure Interaction Problems for Power Machine Units.
Advances in Mechanical and Power Engineering. 2022. P. 283-293.
doi: 10.1007/978-3-031-18487-1_29

2. LiY. ZhangL., ChenlJ., ZhangZ., JiaK., Feng K., Wang X.
Influence of rotational speed on performance of low specific speed
hydraulic turbine in turbine mode. Advances in Mechanical
Engineering. 2022. Vol. 14, no. 5. P. 1-13. doi:
10.1177/16878132221100652

3. Bogomolov S. I., Lutsenko S. S., Nazarenko S. A. Application of a
superparametric finite shell element to the calculation of turbine
blade vibrations. Strength of Materials. 1982. Vol. 14, issue 6.
P. 796-799.

4. Tony6es C. O., JIe6ins O. T'., Yepsiii J[. I. 3acobu KOMIT'IOTEPHOTO
MOJICTIFOBaHHS B  rajy3li  OOYHCIIOBAaJbHOI  TiAPOAMHAMIKH.
Mamemamuune mooentosanns ¢ exonomiyi. 2019. Ne 2. C. 21-39.
doi: 10.35350/2409-8876-2019-15-2-21-39

5. Nazarenko S. A. Most important phases of development
optimization of complex structure. Bulletin of the National
Technical University "KhPI". Series: Dynamics and strength of
machines. Kharkiv: NTU "KhPI". 2015. Vol. 57, no. 1166. P. 87-90.

6. AmaechiC.V., WangF., Yel. Investigation on hydrodynamic
characteristics, wave—current interaction and sensitivity analysis of
submarine hoses attached to a CALM buoy. Journal of marine
science and engineering. 2022. Vol. 10, no. 120. P.87-90. doi:
10.3390/jmse10010120

7. KonglL., Caol., LiX., ZhouX., HuH., Wang T., Gui S., Lai W.,
Zhu Z., Wang Z., Liu Y. Numerical analysis on the hydraulic thrust
and dynamic response characteristics of a turbine pump. Energies.
2022. Vol. 15, issue 4. P. 1-15.

8. Hul., SuX., HuangX., WuK. JinY. ChenC. ChenX.
Hydrodynamic Behavior of a Pump as Turbine under Transient Flow
Conditions. Processes. 2022. Vol. 10, issue 2. P.408-424. doi:
10.3390/pr10020408

9. Haropuuii B. M. Bsedennsi 6 mexuiuny 0iaeHOCMUKY MAWUH. HAGY.
noci6. Cymu: CymJ1Y, 2011. 483 c.

10 Ianuenxo B. O., I'ycak O. I'., INamuenko A. A., Xosaucekuii C. O.
Mounmaonc, eKkcniyamayis ~ ma  pemMowm  2IOpOMAwuH i

11.

12.

10

11

12.

2ioponneemonpusodis: nasy. noci6. Cymu: CymJ1y, 2015. 151 c.
Jones C. M., Bosserman B. E., Sanks R. L. Pumping station design.
Oxford: Elsevier, 2006. 719 p.

KyxtenkoB }O. M. Ilpucrpoi Ta 3axoaM MO0 3MEHIIEHHS
HM3bKOYACTOTHUX JUKIYTOBHUX ITyJIbCALlil THCKY Y BiICMOKTYIOUHX
Tpybax »opcrtkomonareBux rimporyp6in. Bulletin of the National
Technical University "KhPI". Series: Hydraulic machines and
hydraulic units. Kharkiv: NTU "KhPI". 2021. No. 1. P. 74-79.

References (transliterated)

Gnitko V., Martynenko O., Vierushkin I., Kononenko Y.,
Degtyarev K. Coupled Finite and Boundary Element Methods in
Fluid-Structure Interaction Problems for Power Machine Units.
Advances in Mechanical and Power Engineering. 2022,
pp. 283-293. doi: 10.1007/978-3-031-18487-1_29

LiY., ZhangL., Chenl. ZhangZ., JiaK., Feng K., Wang X.
Influence of rotational speed on performance of low specific speed
hydraulic turbine in turbine mode. Advances in Mechanical
Engineering. 2022, vol. 14, no. 5, pp. 1-13. doi:
10.1177/16878132221100652

Bogomolov S. I., Lutsenko S. S., Nazarenko S. A. Application of a
superparametric finite shell element to the calculation of turbine
blade vibrations. Strength of Materials. 1982, vol. 14, issue 6,
pp. 796-799.

Holubyev S. O., Lebid' O. H., Cherniy D. I. Zasoby komp'yuternoho
modelyuvannya v  haluzi obchyslyuval'noyi hidrodynamiky
[Computer modelling tools in the field of computational fluid
dynamics]. Matematychne modelyuvannya v ekonomitsi. 2019, no. 2,
pp. 21-39. doi: 10.35350/2409-8876-2019-15-2-21-39

Nazarenko S. A.  Most important phases of development
optimization of complex structure. Bulletin of the National
Technical University “KhPI". Series: Dynamics and strength of
machines. Kharkiv, NTU "KhPI" Publ., 2015, vol.57, no. 1166,
pp. 87-90.

Amaechi C. V., WangF., Yel. Investigation on hydrodynamic
characteristics, wave—current interaction and sensitivity analysis of
submarine hoses attached to a CALM buoy. Journal of marine
science and engineering. 2022, vol. 10, no. 120, pp. 87-90. doi:
10.3390/jmse10010120

Kong L., CaoJ., Li X., Zhou X., HUH., Wang T., Gui S., Lai W.,
Zhu Z., Wang Z., Liu Y. Numerical analysis on the hydraulic thrust
and dynamic response characteristics of a turbine pump. Energies.
2022, vol. 15, issue 4, pp. 1-15.

Hul., SuX. HuangX., WuK. JinY. ChenC. ChenX.
Hydrodynamic Behavior of a Pump as Turbine under Transient
Flow Conditions. Processes. 2022, vol. 10, issue 2, pp.408-424.
doi: 10.3390/pr10020408

Nahornyy V. M. Vvedennya v tekhnichnu diahnostyku mashyn
[Introduction to technical diagnostics of machines]. Sumy, SumDU
Publ., 2011. 483 p.

Panchenko V. O, Husak O. H., Papchenko A. A,
Khovans'kyy S. O. Montazh, ekspluatatsiya ta remont hidromashyn i
hidropnevmopryvodiv [Installation, operation and repair of hydraulic
machines and hydraulic pneumatic drives].Sumy, SumbDU Publ.,
2015. 151 p.

Jones C. M., Bosserman B. E., Sanks R. L. Pumping station design.
Oxford, Elsevier Publ., 2006. 719 p.

Kukhtenkov Yu. M. Prystroyi ta zakhody shchodo zmenshennya
nyz'kochastotnykh dzhhutovykh pul'satsiy tysku u
vidsmoktuyuchykh  trubakh  zhorstkolopatevykh  hidroturbin
[Devices and measures to reduce low-frequency bundle pressure
pulsations in the suction pipes of rigid-bladed hydroturbines].
Bulletin of the National Technical University "KhPI". Series:
Hydraulic machines and hydraulic units. Kharkiv, NTU "KhPI"
Publ., 2021, no. 1, pp. 74-79.

Haoitiuna (received) 21.04.2023

Bioomocmi npo asmopis | About the Authors

Kyxmenkos FOpiii Muxaiinosuu (Kukhtenkov Yurii) — kaamuaar TeXHIYHHX HayK, TOICHT, HaltioHaTBHUI TeXHIYHMI
YHIBEpCHTET «XapKiBCbKUI TMONITEXHIYHUN IHCTHTYT», noueHT kadempu «[igpaBmiyni mammuu im. I'. @. [Ipockypu»;
M. XapkiB, Ykpaiuna; ORCID: https://orcid.org/0000-0001-9210-7486; e-mail: kuhtenkov.um@gmail.com.ua

Haszapenxo Cepziii Onexcandposuu (Nazarenko Sergiy) — kanaumar TeXHIYHUX HayK, HarlioHaabHUM TeXHIYHUI
VHIBEpCUTET «XapKiBCbKUI TOJIITEXHIYHUN I1HCTUTYT», HayKoBHWi chiBpoOiTHUK Kadeapu «Teopis 1 cucremu
ABTOMATHU30BAHOTO MPOCKTYBAHHS MeXaHi3MiB i Marimny»; M. Xapkis, Ykpaina; ORCID: https://orcid.org/0000-0001-

8213-6590; e-mail: nazarenkoserzh7@gmail.com

86

Bulletin of the National Technical University "KhPI".

Series: Hydraulic machines and hydraulic units, no. 12023



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

Y]IK 620.9:621.3 doi: 10.20998/2411-3441.2023.1.15

O.I.T'PUB, I. T. KPAIIATIOK, O. B. JIYKA, €. O. KAYPKIH

NIABUIIEHHSA HAJAIMHOCTI EJEKTPOEHEPTETUYHUX OB'€KTIB 3A PAXYHOK
BUKOPUCTAHHA BE3IIVIOTHUX JIITAJIBHUX AITAPATIB

Po3risgaeThest MUTaHHS LIO0 IMiJBHIICHHS HAIIHOCTI poOOTH O0'€KTiB B eHepreTHuHiil cucremi Ykpainu. [IokazaHo, 1O €NEKTPOSHEPreTHYHHUN
KOMIUIEKC YKpaiHM Mae 3HauHI piBHI 3HOCIB, II0 B CBOIO 4epry HPU3BOAMTH [0 3POCTAHHS KUIBKOCTI aBapiiHMX CTaHIiB, 30UIBIICHHS 4Yacy
micinsaBapiiiHUX BiHOBIEHD, 1, IK HACIIOK, 3MEHIICHHS HaIHHOCTI eeKTPONOCTaYaH s B LinoMy. BinnoBiaHo i Brpatu eaekTpu4HOi eHeprii OyayTh
TUM OLIIbIIIe, YNM BHIIE 3HOC CHCTEM 1 oOagHaHHs. JIst MITpUMaHHS eJIeKTPOSHEePreTHYHOI CUCTEMH B MeKaX HOPMAaTHBHUX BUMOT JUIsL 00JIaAHAHHS
i3 GLIBIIMM 3HOCOM BHUTPATH Ha OOCIyTrOBYBAaHHS TAKOXK MAalOTh 301LNBIIYBAaTHCS. 3acTapiie i 3HOIIeHe 0OJIaJHaHHS IPU3BOJUTH IO 3POCTaHHS BTPAT
eHepril, 3pocTaHHS BUTPAT HA MIATPUMAHHS CTaHy NPALE3JaTHOCTI i, SK HACHiNOK, BTpAT (iHAaHCOBUX. 3MEHIIECHHS BTpAT €JIEKTPOEHeprii Ha
3HOLICHOMY 00JIaJHaHHI HEe MOXe OyTH BUKOHAHO OJJHOMOMEHTHO i KapAMNHAIBHO, B CHIIy HEMOXIIHUBOCTI CKOHOMIKM YKpaiHU OHOBHTU CHEPreTHYHE
o0JsaiHaHHS 32 KOPOTKHI CTPOK. ABTOPH IIPONOHYIOTh 3MCHIICHHS (hiHAHCOBHX BTPAT IIPOBECTH 33 PaXyHOK 3MCHILIECHHS BUTpPAaT Ha 00CIyroByBaHHS
icHyro4oro o0agHaHHs. | 3pOOUTH Iie MPOIIOHYETHCS 32 YMOBH BUKOPHCTAHHS Cy4acHNX TEXHOJIOTIH, a came BukopuctaHus BITJIA st MOHITOpHHTY
€HepreTUYHOro obnasHaHHs. [IponoHyeThCs 3BepHYTH YBary TiJIbKM Ha OJJMH MapameTp, a caMe Ha O0e3nepebiifHiCTh (yHKIIOHYBaHHSI €HEProo0 eKTiB.
Tax 171 MepeKeBUX KOMITaHiii MOHITOPHHI TEXHIYHOTO CTaHy JiHiil i KOHTPOJIb 3aC00iB 130IA11iT € OCHOBHIM THIIOM MOHiTOpHUHTY. IIlinbHiCTE BigMOB
noOynoBaHa B rpaitHOMy BHIJIAI, A€ IPEACTaBICHA HOPMOBAaHA KUIBKICTH OIVLIAIB, ska BHXOJHUTH i3 BHMOT HaJiliHOCTi. Po3paxyHOK KiibkocTi
OTJIS/IiB BUKOHYIOTh 32 HOPMaTHBHUMH JIOKyMeHTaMH. B po0oTi nokaszaHo, 1o rpadik 3MiHU HMOBIpHOCTI 0€3BIIMOBHOT poOOTH He € mpsMoro. Tomy
PEryJSIPHICTh OIJISAAIB HE MOXKE BHKOPHCTOBYBATH IIEPIOAMYHICTh HE IMOB'S3aHY i3 3HOCOM oOnamHaHHsA. | Ui miATpUMaHHS piBHS HaAifHOCTI
HEeoOXiTHO 301IbIIyBaTH KiTbKICTh OTISAIB JUIS 3a0€3IIeUeHHsI HOPMAaTHBHOTO PiBHS HAMIHHOCTI. 3MEHIIEHHS] BUTPAT HA 30UIbIIEHY KiTbKICTh OTISIIB
ABTOPH IPOIMOHYIOTh BHKOHATH 3a goromoroio BITJIA. HaBeneni ekOHOMIUHI pO3paxyHKH MOKa3yKOTh BHCOKY GKOHOMIYHY e(EKTHBHICTH Takol
MIPOTO3HUILI.

KorouoBi ciioBa: BTpaTH eNeKTPHYHOI eHeprii, HamilHICTh, Oe3BiIMOBHa pO0OOTA, YAaCTOTa BIAKIIOYEHH IOBITPSHUX JIHIH, 3MEHIICHHS
aBapilfHOCTI, MOBepXoBi orisaau, BITJIA.

0. GRUB, I. KRAPALYUK, O. LUKA, Y. KAURKIN

INCREASING THE RELIABILITY OF ELECTRIC POWER FACILITIES THROUGH THE USE OF
UNMANNED AERIAL VEHICLES

The issue of increasing the reliability of the operation of facilities in the energy system of Ukraine is being considered. It is shown that the electric
power complex of Ukraine has significant levels of depreciation, which, in turn, leads to an increase in the number of emergency conditions, an
increase in the time of post-accident recovery, and as a result, a decrease in the reliability of power supply in general. Accordingly, the loss of
electrical energy will be the more, the higher the wear of systems and equipment. Maintenance costs must also increase to keep the power system
within regulatory requirements for high wear equipment. Outdated and worn-out equipment leads to an increase in energy losses, an increase in the
cost of maintaining the state of working capacity and, as a result, financial losses. Reduction of electricity losses on worn-out equipment cannot be
carried out instantly and radically due to the impossibility of the Ukrainian economy to upgrade power equipment in a short time. The authors propose
to reduce financial losses by reducing the cost of maintaining existing equipment. And it is proposed to do this through the use of modern
technologies, namely the use of UAVs for monitoring power equipment. It is proposed to pay attention to only one parameter, namely the
uninterrupted operation of power facilities. Thus, for network companies monitoring the technical condition of lines and control of isolation means is
the main type of monitoring. Density of failures of equipment operation is built in graphical form, where a normalized number of inspections is
presented, based on reliability requirements. The number of inspections is calculated according to regulatory documents. The paper shows that the
graph of the change in the probability of failure-free operation is not straight. Therefore, the frequency of inspections cannot use the frequency that is
not related to the wear and tear of the equipment. And to maintain the level of reliability, it is necessary to increase the number of inspections to ensure
the standard level of reliability. Therefore, the authors propose to reduce costs with an increased number of inspections using UAVS. The above
economic calculations show the high economic efficiency of such a proposal.

Keywords: losses of electrical energy, reliability, trouble-free operation, frequency of outages of overhead lines, reduction of accidents, surface
inspections, UAVSs.

IMocranoBka mpodJemu. EnexTpoeHepreTHUHUN
KOMIUIEKC YKpaiHM Mae 3HauyHi piBHI 3HOCIB, IO

3acrapijie i 3HOHmIEHE OONagHaHHS TPHU3BOIUTH IO
3pOCTaHHs BTpaT e€Heprii 1, $K HACHiJOK, BTpaT

NPU3BOJUTE JI0 3POCTaHHS KUIBKOCTI aBapiMHUX CTaHiB
301IbIICHHS qacy micisiaBapiiHUX ~ BiJTHOBJICHD,
3MEHIIICHHS HAMIHHOCTI eJeKTpornocTayanns. Bei i momit
MOXHa 3aBeCTH B  OJHYy TIpymy —  SIKICTb
€JIEKTPOIIOCTaYaHHsI. 3po3ymiJio, 110 AKICTh
€JIEKTPOIIOCTaYaHHS Ma€ MPSAMO MPOTMOPIIHHY 3aI€KHICTD
BiJl piBHS 3HOIICHOCTI 00JamHaHHA. BidmoBigHo 1 BTpatu
CJIeKTPUYHOI eHeprii OyAyTh TUM OiNbIlIe, YMM BHIIEC 3HOC
CUCTEM 1 0o0JIaTHAHHS. Jnst MiATPAMAHHS
€JIEKTPOCHEPTETUIHOI CHCTEMH B MeEXaX HOPMATHBHUX
BHUMOT UI O0JIaJHAHHS i3 OUIBIINM 3HOCOM BHTpPaTH Ha
00CIIyrOByBaHHS TaKOXX MalOTh 30umbInyBaTHCS. s
EJIEKTPOCHEPTeTUYHOT CUCTeMH YKpaiHH Taka CUTYyalis €
npupoaHbor0. I BumpaButm 11 32 yYMOBHM 3HAYHOI
PO3TaTy’KEHOCTI €HEPrOCHCTEMH 1 11 3HAYHOI'O 3HOCY 3a
KOpOTKi TepMiHK He MoxJBo. ll]e Tpeba 3a3HaunTH, 1110

¢dinancoBux. L{ikoM iCTOTHO, 1m0 B YKpaiHi BeJMYHMHA
BTpaT 3a OCTaHHI pOKM 3MIHIOETBCS B CTOPOHY
30utbmeHHsa.  «Brtpatm  enexTpuuHOi  eHeprii B
enekrpomepexax y 2020 pomi 3pocmu go 10,4 %, mio
KOIUTYBAJIO KpaiHi Ta CIIOXKMBayaM JECATKH MUIbSIPIIB
rpuBeHby» [1]. 3a ocraHHi 7Ba POKH BeIMYMHA BTPAT
SJIEKTPOCHEPTii B Mepekax 30impImmiacs maibxke Ha 2 %
[1], mo ams meskWX KpaiH CBITY CTaHOBHTH HE DPiBCHb
3MiHH, a BeJIMYUHY BTpAT 3a PiK, TaK, HAPHUKIIAM, PIBEHb
BTpaT B KpaiHax 3a pik: Cinramyp 2 %, Himeuuuna 4 %,
Oinsanmis 4 % [2].

S0 3MeHIIeHHs BTpaT Ha 3HOLICHOMY 00JIagHaHHI
HE MOXKe OyTH BUKOHAHO OJHOMOMEHTHO 1 KapJHHAJIBHO,
B CHIIly HEMOXJIMBOCTI EKOHOMIKM YKpaiHH OHOBHTH
EHepreTUYHe 00JIaHAHHS 3a KOpOoTKuid cTpok [1, 3-5]. To
aBTOpaMH  TIPOIIOHYETHCS ~ 3MEHILIUTH  BHUTpaTH  Ha
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0OCITyrOByBaHHsI ICHYIOHUOTO OOJaJHaHHS 3a paxyHOK
BUKODHCTaHHS ~ Cy4aCHMX  TEXHOJOriH, a  came
BukopuctanHsi BIIJIA s MOHITOPHHTY €HEpreTHYHOTO
o0J1aIHaHHS.

3ale3neyenHsa OesnepediiiHocTi 4Yepe3 KidbkicTh
OrJIsiliB eHeprood'ekTiB. B eKOHOMIUHOMY pO3paxyHKY
CTaTTsI MOHITOPWHTY 32 TEXHIYHMM CTaHOM O0O0'€KTy B
CHCTEMi EJEKTPONOCTauyaHHs BKIIOYEHA B OIeEpamiiiHi
BUTPAaTH 1 B 3araJbHOBUPOOHWYI BHUTpaTH. ToMy s
BHpaxyBaHHS CyM BHTpaT HEOOXIOHO JOCIIIUTH
HACTYTIHI:

- BUTPATH HA yNPABIIiHHSA BUPOOHHUIITBOM;

- BUTPATH HA YTPHMaHHS, EKCIUTyaTallil0 Ta PEMOHT,
CTpaxyBaHHs, OIEpaliiHy OpEHIy OCHOBHHX 3aco00iB,

IHIIUX HEOOOPOTHHMX AaKTUBIB 3arallbHOBUPOOHUYOTO
MPU3HAYCHHS,
- BUTpaTH Ha BJOCKOHAJIECHHS  TEXHOJOTii ¥

oprasisailii BUpOOHUIITBA;

- BUTpaTh Ha  OOCIYrOBYBaHHs
nporecy;

- BUTpaTH Ha OXOpOHY Mpali, TeXHiKy Oe3meku i
OXOPOHY HAaBKOJIMITHHOTO IIPHPOHOTO CEPEIOBHUINA,;

- iHII BUTpPATH.

Crinx 3BepHYTH yBary Ha Te, IO PO3IOALI BUTPAT Ha
MOHITOPHHT  TEXHIYHOTO  cTaHy oO'ekriB  Oyme
BIJPI3HATHUCS /IS PI3HUX THITIB MiJIPUEMCTB CHEPIeTUKH.
Tak a1 TeHepyoUMX MiINPHEMCTB MOHITOPHHI Mae
BKJIIOYATH 3aXOAM [0 KOHTPOJIO 32 TEXHOJIOTIYHHMH
LUKJIAMHA BUPOOHHLITBA €JIEKTPOEHEPTii. Hdans
MiANPUEMCTB, WO 3aliMarOTHCS TEPETBOPEHHSIM EHEprii
(mepeTBOPIOBaNBHI MiICTAHLIT), TO U TAKUX KOMIIaHIH €
HEOOXIiTHICTh 11032 KOHTPOJIEM TEXHIYHOTO CTaHy 3aco0iB
me ¥ BUKOHYBAaTHM MOHITOPHHI PEXHMIB pOOOTH
eHepreTn4yHoi cuctemMu. Jls MepexeBHX KOMITaHIH
MOHITOPHHT TEXHIYHOTO CTaHY JIiHill i KOHTPOIb 3aco0iB
130JIA11ii € OCHOBHIM THITOM MOHITOpHHTY. ToMy 3araibHi
BUTPaTH Ha MOHITOPDHHI MOXKHA BHPaxyBaTH 3a
HACTYIHOIO (OPMYIIOI0:

B,on = Bl + B2 + B3,

BUPOOHHYOTO

ne Bl — ButpatH moB's3aHi i3 MOHITOPHHIOM CTaHy
OCHOBHMX (DOH/IB 1 TEXHOJOTIYHMX PEKHMIB Ha
TeHEepyIoUYHX 00'€KTax;

B2 — BuTpaTH Ha MOHITOPHUHT CTaHIii IEpPETBOPEHHS
€JIeKTPUYHOI SHepTii;

B3 — BuTpaTH Ha MOHITOPHHT MEPEKECBUX KOMITAHIH.

Y  BimmoBimHOCTI 1O  pO3paxyHKiB  BHTpar
PO3TIBIIAIOTECS TUTBKM Taki CKJIAOBi, PO3MIPH SIKUX
MaloTh OIiTH 3aTBEep/KCHI BIATNOBIAHUMH DIMICHHAMA
KOMICiif, MiHicTepcTBOM abo ypsmoM. | cami cymm Ha
BiZlpaxyBaHHs O€pYThCS 13 TOXO/1iB 3a3HAYCHUX KOMITaHiH.
[Mpudyomy craH 3HOCY OONagHAHHS HE BPAXOBYETHCS Y
BeNMYMHI BifpaxyBaHb. Hampukian, 3a periiaMeHTam,
00xiz JiHiil Mae OyTH NPOBEAEHO OAWH pa3 Ha piK (s
JI03BOJICHHX TEpioAiB ekciutyaranii). B takomy Bumaaky
He OeperbCsi A0 YyBarW, WO 3HOIIEHE OOJaJHAHHS
notpedye A0AaTKOBOTO MOHITOpUHTY. TOMY BHHHKHEHHS
BiZIMOBH MOXe HacTaTu «HECTIO/IIBAHOY. B
HeriepenbauyBanuii vac. 3adikcyeMo TepMiHH BigMOBa,
IiaTHOCTHKAa 1  pecypc poOOTH  OoOmamgHaHHA Y
BiIOBiTHOCTI IO CTaHJAPTIB.

BinMoBa: me momif, MO MOJNATa€ B MOPYIICHHI
Mpane3aaTHOTO CTaHy 00'eKTy, TOOTO y BTpaTi 00'€KTOM

3IaTHOCTI BUKOHYBAaTH HEOOXiNHY (DYHKIIITO.

Pecypcuuii (BU3HauUanbHUII) MapaMeTp: mHapameTp
(xapakTepucTuka), JTOCSITHEHHS SIKUM JIeSTKOTO
KPUTUYHOTO (IPaHUYHOIO) 3HAYEHHS MPHU3BOAMTH [0
BiIMOBHU 00'€KTY.

JiarHocTHaHUH napamerp: napamerp
(xapakTepucTHKa), IKUil MOXe OyTH BUMIPSHUIA B TIpolieci
eKcIutyartarii 00'ekTy 1 SIKMA TOOIYHO XapaKTepHu3ye
BUTpayaHHs pecypcy 00'exTy.

3anMmIKoBUIM  pecypc: CyMapHE — HalpamloBaHHS
00'eKTy Bil MOMEHTY KOHTPOJIO HOTO TEXHIYHOI'O CTaHY
JI0 TepexoJy B TPAHUYHHUU CTaH. SalHIIKOBUI pecypc
(3aMIIKOBE HAMPAIIOBAHHS JIO BiIMOBH, 3aJHMIIKOBHUI
TEPMiH CIIy’)KOM) € IHOWBIAyaJbHUMH TOKa3HUKAMHU
0e3BiIMOBHOCTI  (JIOBIOBIYHOCTi), 1O  BiJOWBAIOTH
(hakTHYHY TPHUBAJIICTH EKCIUTyaTallil meBHOTo 00'€KTy IO

MOMEHTY, KOJNH OO'€KT JIOCSATHE TPaHMYHOTO CTaHy,
BIIMOBUTh a00 TMOJaibIla  eKCIUlyaTailis 00'€KTy
HemoliibHa. [IpaBuia  JIOIUIBHOCTI  OyayrOThCs — 3a

€KOHOMIYHUMHM KPUTEPISIMU 1 KPUTEPiIMH OE3MEeKH.
I'pannuHMit cTaH 00'€KTY MOXKE XapaKTCPU3yBaATUCH:
- IepPexXoioM HEBITHOBHOTO 00'ekTy B
HeTpales31aTHIi CTaH;
- 3HI)KEHHSAM €(EKTUBHOCTI BHKOPUCTAHHS OO0'€KTY
BHACITIZIOK MTOTipIICHHS HaIIHHOCTI;
- EKOHOMIYHOIO HEIOLUIBLHICTIO
eKCILTyaTarii;
- MOpPAJIEHUM CTapiHHSAM araparypH i yCTaTKyBaHHS.
Jis oOpaxyBaHHsI HalpalfOBaHHsS JIO TPaHUYHOTO
CTaHy BUKOPUCTOBYIOTb DM-po3moai:

MOJAJIBIIOT

F(t)= DM(t: v) = d| -+ ||
V‘pr.f
] z U: ) .
ne CD(z) == !exp —— |dU —  HOPMOBaHHH
N2 2 2

HOPMAaJbHHUI PO3MO/ILL.
HIiMBHICTh PO3MOALTY 3aJIHIIKOBOTO PECYPCY:

(= p)

(t+p)exp| -]
2v-ut
r(r) =
e H—t
2vi2mut O
VIR W

mpu t> 1.
MaremaTuuHe O4YiKyBaHHS 3JIUIIKOBOTO PECYpCy:

.2 — ot 2y [ T . .'I_ r R |
,uf1+‘ ]_rﬂ, pot |, cxp[ﬁJfD—‘“.Jr +1‘.’”rcxp‘—” )
\ 2 vyt 2 v viur V2w L vt

3
o £ |
vy ur

a(r)=

[loOymoBana B rpadiYHOMY BHUIJISIII IMUTBHICTH
BiZMOB [6] BigmoBimae mozeri (puc. 1).

3a HOpMaTHBaMH € HeoOXiTHAa KiTBKICTh OTIISAHIB 1
PEMOHTIB s obnagHaHHs. HopMoBaHa KiBKICTE OTJISIIIB
BUXOJUTH 13 BUMOTI HaJAIHHOCTI.

3 1MX HOPMOBaHHMX TPYJIOBUTPAT BHPAXOBYETHCS
HeoOXiHa KITBKICTh OOCIYTOBYIOYOTO TEPCOHATY Ha
MeBHYy cucTeMy abo obnmamHaHHA. Po3paXxyHOK KiTBKOCTI
OMJIS/IIB BUKOHYIOTh 32 HOPMATHBHUMH JOKYyMEHTaMH
(mampuktam, TOCT 27.502-83).

IIpu po3paxyHKy BH3HAUaIOTh MiHIMaJIbHUH 00CST
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cTaTuCTHYHOI iH(opMalli, 3a SKHM 3 HEOOXIIHOMO
BIPOTITHICTIO MOXKHA OJIEPXKATH TMOKA3HUKU HAJIHHOCTI
enementiB CEII. Binnosiguo no I'OCT 27.502-83 meTonu
BU3HAYCHHS MIHIMAJIbHOIO YHUCJIa 00'€KTIB CIIOCTEPEIKECHD
MOXYTb OyTHM NapaMeTpuyHMMH (IIpU BiZJOMOMY BHI
3aKOHY PO3IOJIUTY JIOCIIPKYBaHOI BUIIAJKOBOI BEJTMUMHH)
1 HemapaMeTpuyHMMH  (BHI  3aKOHY  pO3IMOJIUTY
HEBiIOMWUIA).

36inbwenHn
yacToTH sigmos

Nocritina
uacrora sigmos

b 3menwernn
YacToTH BigmMoB

Yacrora sigmon

Mac, rogumm HanpaLyoBaHHa

Puc. 1. Knacuikanis BigMOB 3a TppOMa e€TanaMu

Sxmo  Bimommii 3aKOH  PO3MOAUTY  IIyKaHOi
BEJIMYMHH, BapTO 3a1aTHCS BIIHOCHOIO (abo
a0CONIIOTHOK) TIOXHOKOI0 3 JIOBipYOIO HMOBIpHICTIO J.
Kpim Toro, HeoOXiZHO MaTH OLIHKY BHIIQAKOBOI

BEJIMYUHH Xyoc;, OTPUMaHY Ha MiJCTaBI TOCHIIIB abo 1o
BHOIpKax 3 MHOXHHHM 3HA4YCHb BHUIIAIKOBOI BEIMYHHU.
Jist nBomapaMeTpUYHMX 3aKOHIB PO3NOALTY HEOOXiTHO
TaK0X BUOIPKOBE CEPEIHE KBAPATHUHE BIIXUICHHS O oy

Tak, npu EKCTIOHEHTHOMY 3aKOHI, KOJH (YHKIs
iTbHOCTI iiMOBipHOCTI 3a1aHa B Burmami f(t) = Ae™ mpu
t>0.

Uucno N 00'eKTiB CIOCTEPEKCHHS 3aJCIKUTHh BiJ
BIJITHOCHOT MOXMOKU O BU3HAYCHHS CEPEIHBOTO 3HAYCHHS
tep JOCHIIKyBaHOI BHIAJKOBOI BENMYMHM t 3 JOBipHOIO
H“MoBipHICTIO [3.

BigHOCHY MOMUIIKY BU3HAYAIOTH SIK

(tB — th)

tC

5=

P

ne t? — Bepxns 01HOGiIuHA 1OBipUA rpaHUILA.
Pexomenyerbes BUKOPHCTOBYBAaTH
nmoBipHOCTI B, piHi 0,80; 0,90; 0,95; 0,99.
Yucimo N 00'ekTiB cHocTepekeHb BH3HAUYAIOTH 3
bopmynu:

JOBipUi

6+1= 2N
xi-, (2N)
e )(12_], (ZN) - KBaHTUIB pO3NOALLY Xz MpH  YUCIT

cryneHiB ceoboau 2N, 110 Biamosinae iMoBipHOCTI 1-y.

B 3a3HaueHiit popmyi BiCyTHI HOBTOPHI BUMTAIKH 1
TEepPMiHHU BiIJIIKY ypaxyBaHHS BiporigHocTi. Takuid mimxin
BHIIPAaBIAaHO B YMOBAax 3aMiHM 1 TTIHOOKOI pEKOHCTPYKIIiT
chucteM 1 oOnagHaHHA Ja€ CTale 3HAYEHHS 3HAuYeHb
CIOCTEPEIKEHb.

ImMoBipHicTH 6€3BiAMOBHOT pOOOTH — Lie IMOBIPHICTH
TOro, w0 BHUPIO HE BIAMOBUTH NPOTATOM 33/JaHOTO
MPOMIXKY 4acy { B 3alaHMX yMOBax eKCIUTyaTarlii.

ImMoBipHicTE 0e3BiIMOBHOI pPOOOTH BHPAKAETHCS

[Monmis mpormmexHa WMOBIpHOCTI O€3BiIMOBHOI
poOOTH HAa3MBA€ETHCS HMOBIPHICTIO BIIMOBH IPOTSITOM
3aJ]aHOTO0 TPOMDKKY dYacy t B 3aJaHHX yMOBax
eKCIUTyaTarfil

ABap(t) = ft f(t)dt-:

Sk ol MPOTHIIEXKHI 1 IPEJICTABISIOTH TOBHY IPYITY
noiin

Han(t) + Asap(t) = 1.

PosrisinemMo  BipoTimHICT  BIIMOBM BHpPOOHM 32
MIPOMIXKOK 4acy t, BBaKalouH, 10 BiMOBH ITiJKOPSIFOTHCS
HOPMAaJIFHOMY 3aKOHY PO3HOALITY

_(tl_tcp)

Asap(t) =

d —
S0 = \/_

[Ticns BBeeHHS 3aMiHM 1 MiICTAHOBKHA OTPUMY€EMO

20
—Zg
g ez - dZO i
—o

Le#t inTerpan MoXXKHa TPEACTABUTH Y BUIIIAI TBOX

iHTeTpatiB
-z _ZO
e 2 +dz 0

[epmmii inTerpan cymu popisHioe 0,5 To6TO

Asap(t) = e

0

1
ABap(t)—mf ~dzy

Jpyruii iHTErpaj CyMH aHATITHIHUMH METOJIAMH HE
OepeTbcsa, a OOUYHCIIOETHCS YHCETHbHHMH METOJaMH i
Haifyacrime nmo3Havaerbes Ak O(zg), TOOTO

0(zy) = dzo — Interpan Jlannaca.

=

Toni mpomoHyeThcs HWMOBIPHICTH BiZMOBH 32

MIPOMIXKOK 4acy BHCIIOBHUTH fK:

Asap(t) = 0,5 + O(zo).

Ha rpadiky mnokasana 3miHa  HMOBIpHOCTI
0C3BIIMOBHOI POOOTH CHUCTEMH B 3aJICKHOCTI BiJ 4acy
exkcrutyaramii  (puc. 2). Ilo rpadiky oTpumyemo,
HMOBIpHICTB BiJIMOB HapOIL€EThCS MOCTYTIOBO.
TexHiYHUMHM TIOKa3HMKAMH 3pPOCTaHHA IMOBIpHOCTI
BiIMOBH € TIIOCTYNOBE TNOTIpPIICHHS HAIIHOCTI OJIOKIB
cucteMd. | Tpd HABAHTAXKCHHI, SKE MEPEBHIIYE

MOJKJIMBOCTI 3HOIICHOTO €IIEMCHTa, HACTa€ BigMOBa
eleMeHTa (JJaHKHW) 1, B HACHIJOK YOTO, NOTipIIeHHS
pobotu, abo BigMoBa BCi€i cucTeMu.

Jlnsa BapiaHTIB, KoK OOJIaAHAHHS HE IOCATIIO CTaHY
rpymu 3 (puc. 1), SKII0 MOBEpXHEBUH OIJIAI NMPOBOAATH
OIMH pa3 Ha piK, TO MOXJIMBO OIIHUTH CTaH i

Yyepe3 MIIbHICTh HMOBIPHOCTI tgt) y Takui crocio: NMepenbaunTH  c1abko  TUIMHEI  TPOLECH  3HOCY
Haa(t) = f F(O)dt - oOmamHaHHA. AJjie  dacTilme mpocTo  3adikCyBaTh
e HOPMAJIbHUI pOOOYMIi CTaH O0JIaHAHHS.
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Asap(t),
Hap(t)
1,0 4

08 |_=Laalt)

0,8 N\

0,7 S ya

0,6 \ /

05 N
™

04

0,3 / \

02 i M
01 Asap(t) /
0 il S

t, roguHm

Puc. 2. I'pa¢ik 3MiHu IiIMOBiIpHOCTI 6€3BiAMOBHOI po6OTH

3p0o3yMisio, 110 OIJIsiAM MPHU3HAYEHI BUSIBUTH pi3Ke
3poctanHs AABap(t) abo BusiBuTH piBeHb ABap(t), skuit
MOXE BINNOBiaTH BeIM4YMHAM aBapiiiHocTi. Takum
YHHOM, HEOOXIHO 30UIBIIMTH YacTOTYy PIYHUX OTJISIIB
JUTS TOCSATHEHHs HeoOXimHux 3HaueHb AAmap(t). Yum
OlaplI  3HOIIEHE OOJagHAHHS THUM 4YacTille MAaloTh
MpoBOAUTHCS Oryisiau (puc. 3, 4).

Asap(t) A wopiuHi ornsam

1,0
09
08
0,7
0.6
0,5
04
0,3
0,2
0,1

0

t, roamMHu
-

Puc. 3. I'padik BigMOB 00nagHaHHS 1 IEPIOAWYHI OTJIAAN Ha
o0ragHaHI HOPMAJIBHOTO MEPiOy eKCIUTyaTawil

ABGD(')“ wopiuHi ornaau
1,0 Z
0,9 5 / N\ < //"
0,8
0,7 //
0,6 m .
05 / Mesxa asapin=ocTi

04 //
02 7

01 /

0 |

t, roauHn
>
>

Puc. 4. I'padik BigMOB 00nagHaHHS 1 HEPIOAWYHI OTJIAAN Ha
obuasHaHi 13 3HAYHUM 3HOCOM

N = f(ABap(t))

BusnauaeMo HEOOXiHY KiNBKICTH OCMOTPIB IUIs
3a0e3MedeHHs HaIiifHOCTI IO OTIEePEPKEHHIO BiIMOB.

[Ipomixkok wacy MiX orisimamu (9acToTa OTJISIIB)
Mae 3a0e3neYrTy NpupoIeHHs QYHKIIT BIIMOB Ha NIEBHY
BemmunHy AQ(t) < const.

3anuimeMo IpPUPOIIECHHS
[I0YaTKOBOTO 4Yacy fo:

¢yHKUii  BiAMOB  JuIst

AABap(ty) = ABap(ty + At) — Aap(ty) .
Ane me TpHUPOIICHHS Ma€ BiIOYTHCS 3a TICBHHHN
MPOMIXKOK Jacy At
AABap(ty) _ Asap(t, + At) — Asap(ty)
At At '

To orpumaemo tioxinny Bin dyHkmii Asap(t).
Sxkmo He 3agaBaTH At SKMMOCH KOHKpETHUM (piK
200 MiCsIIIb), a CIIPSAMYBATH HOTO JI0 HYJIsI, TO OTPUMAEMO

(AABap(tO)) _ (ABap(to + At) — ABap(t0)>

im
At—0

n
A%r—{lO At At

TakuM YHHOM OTPUMYEMO, IIO KUTBKICTH OTJIAIIB
Mae OyTH 3aJIeKHOIO0 BiJ MOXiaHOT GYHKIIT BiMOB:
] ABap(ty + At) — Aap(ty)
N = lim

At=0 At = Avap(t):

B rpadiuHoMy mnpencraBieHHI KUIBKICTH OTJISIIIB
MaTHMe BUTJISL IPECTaBICHUI Ha puc. 5.

3p03yMijo, MO KUTBKICTh OTJISMIB JUIS MiATPAMAaHHS
(ToTiepeKeHHs) BiIMOB Ha 331aHOMY PiBHI Ma€ 3pOCTaTH
Yy BIONOBIZHOCTI A0 3pocTaHHA QyHKOii BigMoB. [

KUTBKICTP OTJIANIB  3HAYHO IIEPEBHINYE HOPMATHBHI
3HAYCHHS I 3HOILEHOTO 00JIaIHAHHS.
e 3a
oA,
pO3paxyHKOM
3a
HOpPMaTUBOM
t, roauHK

L

Puc. 5. I'padix orisiziB 3a HOPMATHBOM i 32 PO3PaXyHKOM

VYkpalHCbka €HeprocucreMa Mae€ 3HAYHHHA 3HOC
obnamHanHs [7, 8]. ToOTO cucTeMa OrmsmiB B TEHEPIilIHIA
yac He J03BOJISIE 3a0e3MeYnTH HEeOoOXiMHWH piBEHb
0e3BiAMOBHOI POOOTH.

Buxin i3 maHoi cuTyallii pOMOHYETHCS BBEACHHSIM
mownitopunry JIEIT 3a paxynox BITJIA. Yacrora o6mp0TiB
miHil Moxe OyTH 3HAYHO 4YaCTIIOI aHbK o00Xxoau
OpuragamMu JIiHITHOTO TE€PCOHATY, YHUM 3MEHIIYETHCS

AAzap(t) 1 IOCSITACTHCS HEOOXITHUH piBeHB
0e31epediiHOCTI CHCTEMH.

3abe3neuennn 3menuienna aeapiiHocmi uepes
nonepeocenns Mexaniynux HOWIKOOMCEHD.
[loka3HuKamMM 3HOCY €JIEeMEHTIB MOXYyTh OyTH pi3Hi
rapameTpu:

- GJICKTPUYHI;

- MEXaHi4Hi;

- XIMiYHI.

B enexTpnuHMX cHcTeMax KOHTPOJb EIEKTPUYHHX
MmapaMeTpiB BUKOHYIOTH 3a IOTIOMOTOI0 JaTYHKiB CHCTEM
peneifHoro 3axmWcTy abo0 JOAATKOBUM IIPOTHABAPIHHUM
oOmamgHaHHAM. A KOHTPOJb MEXaHIYHOTO  CTaHy
BUKOHYIOTh TIIBKM TOBEPXHEBHM OIJISAJIOM. XIMIiuHi
mapaMeTpd  OI[HIOITh  TUIBKM  IMiJ 4ac  aHalizy
BUHUKHCHHS aBapii. XIMiuHI MOKa3HUKH IJIs TIOTOYHOI'O
MOHITOPHHTY HAMHU HE PO3TJISAAI0ThCS.

KoHTponms  MeXaHIYHMX TIOKa3HHKIB € BKpal
HEOOXiTHMM SIK Ha HOBHX, TaKk 1 Ha 3HOIICHUX
eNeKTpu4HUX cucTeMax. OCHOBHI NMPUYMHM aBapiii Ha
JIEIL:

- NOpHB Ka0eJliB TOBITPSIHUX JiHiH 00NeAeHIHHAM;

- pyliHyBaHHS TPOBOJIB 1 TpOCiB Bix BiOpamii Oins
3aTHUCKAYIB;

- BITpOBE  HaBaHTa)KCHHS

(mopuB  TPOBOIB,
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MIePEKUIAHHS OTIOP);

- pylHyBaHHs
JIIOJTUHN);

- 4acTi BUNAJKH KOPOTKUX 3aMHUKaHb a0 TpHBasa
JUisl CTPyMiB KOPOTKHX 3aMHUKaHb;

- KOMyTalliifHE TepEeBUIICHHS
30JIA1IiN);

- IEPEBUIICHHS HanpyTH (OIICKaBKa);

- XiMi4HA J1ist 3a0pyTHEHOTO MTOBITPSI.

Yacrora BIAKIIOYCHb  TOBITPSHHUX  JiHIA B
3aNIeKHOCTI  BiJl TNPUYMH  po3riiijanacsi  PisHUMHU
nociinHukamu. B [7] HaBeneHO pO3MOALN BiIKIIIOYEHB 3
HactynHUM TipoctoeMm JIEII Gimpmie romuHM BHACHTIIOK
pi3HuX mpuunH (puc. 6).

omop (Birep, BOJa, MiSJIBHICTD

Harpyru  (mpo6oi

lpo3a
7o, MNoroga
IHwi 9%

30%

HescTaHoB
neHi
12%

MexaHivHi
42%

Puc. 6. Posmonin aBTomarnanux BigkimroueHs JIEI 3 mpoctoem
OlJIbIIIE TOMMHA

3 HaBeJEHMX JaHMX 3pO3yMiJIO, L0 MeXaHiuHi
npuunad BigkmoueHas JIEIT € ocHoBHIMU.

Po3zpaxynok EeKOHOMIUHO020 egpexmy 8i0
enposadycennn euxopucmannua BILUIA. Po3paxyHOK
MPOBEJIEMO 3a HACTYHNHHMM alTrOPHUTMOM, BHPaXyeMO
30MTOK Bi BIIKIIOYEHB 1 BIJOKPEMHMO TY YacTKy, SKY
Moke monepenutn BeeneHHs BIIJIA ii BBakxatmmemo 3a
JoxigHy (/1) yacTHHY eKOHOMIYHOTO eeKTy:

I =3,-0,42,

ne 3, — MOBHHIT 30UTOK BiJl BIIKIIOYEHb, IPH;

0,42 — mosicHeHa YacTKa BIJKIIOYEHb, SKI MOKHA
nonepenutu BeeaeHHsM BIUIA, ox.

Pospaxyemo eumpamu na 6nposadicents KOMnNieKcy
BIIJIA (B.,):

B3ax = BBHJ'IA + Bpiq-

ne  Bgmna — BuTpaTn Ha npunbanas komruiekTiB BITJIA,
THUC.TPH.;

By piuHI BWTpPaTd Ha MIATPUMAHHSA POOOTH
KOMIUIEKCIB, THC. TPH. B DIK.

[Ticns momyky To4yku Oe330MTKOBOCTI BH3HAYMMO
E€KOHOMIYHMI e(eKT BiJ BIPOBAKEHHS KOMILIEKCY
BIIJTA B eneKkTpoeHEpPreTHUUHI cucTeMi Ui  OJHIET
CHEPrOKOMITaHiI.

Busnauennsa ooxionoi yacmunu 6i0
6nposadicennsn 3axody. BimmoBiTHO O CTaTHCTHYHHUX
JAaHUX Ha OaraHCi eHeproKoMITaHil mepedyBae Mepekene i
cranniitne obmamHanHs [9, 10]. Omumemo cutyarmiro i3
CTaHOM OOJIaJ[HAHHS HA MPUKIAJ PEeabHOI EHEPreTUIHOT
KOMIIaHii: EHEepProKOMMaHisI Mae€ Ha CBOeMy OanaHCi
TOBITPstHi 1 KabGenbHi miHii (Tabm. 1).

Ha 6ananci eHeprokommadii € migcTaHIil, KUTbKICTh
SIKHX Npe/ICTaBJeHa B Ta0u. 2.

Tabmuus 1 — I[ToBiTpsHi TiHii, 0 3HAXOAATHCS Ha OamaHCi
eneprokommanii Ha 2020 p.

No IToBiTpsiHa JiHis JloBKkHHA, KM
1 I1JI 154 xB 16,600

2 I1J1 110 xB 3505,993

3 I1J1 35 kB 3478,679

4 I1J1 10 kB 12975,375
5 I1J1 6 kB 1020,861

6 I1J10,4 xB 19448,058

Tabmuns 2 — KinbKicTb miJCTaHIIH 110 HAaNIpy3i CTAaHOM Ha

2020 p.
No ITigcranmis Kinekicts, of
1 110 93
2 35 195
3 6-10 11159

EnextpooOagHanHs €HEproKOMIIaHii Mae 3HAYHUI
eKCIUTyaTallifHui 3HOC, IO B CEpeIHbOMY CTaHOBHUTH
60 %.

36umok enepzokomnauiii 6i0 HeOOOMPUMAHO20
npudymky. PospaxyHox mnpoBoamam 3a gaEmMu AK
XapkiBoOneHepro. Y BiINOBIHOCTI 10 CTaTUCTHUKH IO
eneprorany3i 3a 2020 pik Ha ENEKTPUYHHUX Mepekax
BimOynocst 139 BHIAAKIB BIAKIIOYCHHS Pi3HHUX UISHOK
Mepexi. JlaHi BiOKIIOYEeHb MpHUBEOCHI B TaOIHIIX
(tabm. 3-5).

Sxmo BimokpeMuTH TinbKH JiHII Hampyroio 110 kB,
SIKi 3[1eOUTBIION0 MOCTAYAIOTh CHEPTil I MPOMHUCIIOBUX
MIIPUEMCTB, a Ccepel] HHUX pO3TISIHYTH  TUTBKH
BIZKITIOUYEHHS BHACIIJIOK MEXaHIYHHMX IOIIKO/PKEHb TO
BTparu OyayTh HacTyIHi (Tab. 6).

Tabmui 3 — [IpuyunHU BiIKITIOUSHHST BHCOKOBOJIBTHUX JiHIH 32

2020 p.
. Kinbkicts
Ne [IpuurHa BiIKITIOYEHHS .
BiJIKITIOYEHB, OJ1
1 Ioroani ymoBH (onazu, BiTep) 74
2 MexaHiuHi MOIKOKEHHS 65
Bcroro BigKiIOUeHb 139

Tabmuus 4 — Yac BiAKITIOUCHHS B 3aJ1€)KHOCTI Bill HAIPYTH JIiHIT 1

MIPUIUHI
Hanpyra KinmpkicTs Yac
. . . [Ipuuuna
Ne | minsHkH, | BIIKIIOYEHDb, | BIIKIIOUCHHS, .
<B ox B, BiJIKJTIOYEHHS
1 110 38 5702 Onaau
2 110 41 6065 Mexaniu.
3 35 37 14510 Omnaau
4 35 23 8894 Mexaniu.
Bceroro 139 34340

Tabmur 5 — O6car HeZOBIAMYIIEHOT eIEKTPUIHOI eHepril
BHACIIJIOK BiJKJIIOUYCHb
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Hanpyra OOcsr HeIOBIITYCKY, IIpuunna

Ne . .

IUISTHKH, KB MBT:rog BIJIKJIIOY.
1 110 5,702 Omaan
2 110 7,721 Mexaniuni
3 35 38,387 Ormanu
4 35 8,623 Mexaniuni
5 Bceworo 59,891
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Tabmnuus 6 — Haciigku Bigximrodens minii 110 kB Bix
MEXaHIYHUX MOLIKOIKEHD

. Yac O6csr
KinbkicTh . .
Ne BLIKTOUCHD, 011 BIJKITFOUEHHS, HEJOBI/IITYCKY,
’ XB. MBT:-Trog
1 41 6065 7,721

BpaxoByroun mo cepegHs BapTiCTh KiJIOBAT dacy
enekTpuuHOi eHeprii 3a 2023 pik cranoBuTs [11] 2,64 rpH.
3 IIJIB. Toxi 30MTKH B rpOmIOBOMY BHMIpi Oe3mocepesHpo
BiJl HEJIOBIIIYCKY €JICKTPHUIHOI €Heprii CTAHOBIATH:

7721-2,64 = 20,4 Tuc. rpH.

Tob6To 30MTKM  CHEPreTHYHOI  KOMIAHIi  Bif
HeooTpuMaHoro npuoyTky: 3, = 20,4 Tuc.rpH.
3oumox cnoscusaua 8i0 3HUU{EHHA,

HOWKOO0MCEHHA OCHOGHUX (hoHOi6 | malina mpemix ocio.
3a CTaTHCTHYHUMM JaHMMHU KUIBKICTH BIJKJIIOYEHb Ha
miisx 110 kB cranoBute 41 BigKIMIOYEHHA 3a piK
(Tabm. 6). 11 BimkmrOYeHs MpHIIafac Ha BiAKIIOYCHHS
MEpEeX IO YKUBJIATH BiNOBITANBHI MiIPHEMCTBA.

B pospaxyHok Oyno oOpaHO mMigOpUEMCTBA, SKi
BHKOPHCTOBYIOTh CKIIaH1 HAYKOBO-TEXHOJIOTI9HI
BUpOOHMYI 1wWKiIHM, (iHaHcoBi ycraHoBw, IT kommaHii,
TeJIEKOMYHIKaIliiHi (ipMH, BAPOOHUKH 13 Oe3nepepBHUMHU
[UKIIAMH.

30UTOK /IS KOKHHUX TPYI KOMITaHIl TPEICTaBICHO B
Tabm. 7.

36uTKM criokKBaviB: 3¢ = 130,6 MIIH. IpH.

Iloeni 36umku. TToBHI 30MTKU CTAHOBJIATD:

35 = 3¢ + 30 = 20,4 + 130640,0 = 130,66 MitH. IpH.
Po3paxoByeMo OXigHY YaCTHHY 3aXOZiB:

I =130,66-0,42 = 54,88 muH. TpH.

Tabnuus 7 — Po3paxoBaHi 30MTKH CIIOKABAYiB BiJ MPOBAJIB 1
HEJIOBI/IIYCKY €JIeKTPUYHOT eHepril

Ne Ha3zBa rpynu kommnaniit Cyma,
MJIH. TPH.
[MinnpremcTBa i3 CKIIaJHUIMH HayKOBO-
1 TEXHOJIOTTYHUMH BUPOOHUINMH 63,80
LHKIAMU
2 ®diHaHCOBI YCTAaHOBH 34,77
3 IT xommanii 9,79
4 TenexoMyHikauiiiai Gpipmu 14,03
5 Bupo6uuk# i3 6e3nepepBHIMHI 8,25
LHKIAMA
Bceroro 130,64

Busnauennsa eumpam na npuodanna KOMNIEKmMie
BILIA. Y BIiAmoBiZHOCTI [0 3aITaHOBAHOTO O0CSTY
obciyroByBanas JIEIT pospaxynkoBa motpeba B BILJIA
cranoBuTh 1 komiuieke Ha 150 kM JIEIT (ta6i. 8).

Tabmus 8 — Po3paxyHok KinbkocTi koMrutekciB BITJIA

No HQB?TpﬂHa Tlosxuna, kM KinpkicTb
- JmiHisA, KB > BITJIA, ox
1 1T 154 16,6 0,1

2 1110 3505,993 23,4

Bapricte onnoro xomrutekcy BITJIA Ksanpokonrep
DJI Matrice 210 RTK V2 Combo (puc. 7) 3a nanumu [12]
CTaHOBUTH 326,4 TUC. TpH.

Pucynok 7 — KBagpokonrtep DJI Matrice 210 RTK V2 Combo
3araibHa BapTICTh I 23 KOMIUIEKCIB:
Bgmna = BemnaiN,

ne  Bgmiar — Bapricte omHoro komiuiekry BITJIA,

THC. TPH.
N — KiJIbKICTh KOMILIEKTIB, OJI.

Bgmna = 326,4-23 = 7637,6 THC. IpH.
Butparu Ha npunoanus komrurektis BITJIA:

Bpmja = 7,65 mumH.TpH.

Busnauennsa eumpam na nomouni eumpamu
niompumanna BIUIA. ]Jlna BuUKOHaHHS poOiT 3a
JIOTIOMOT OF0 BITJIA HEOoOXiIHO HaWHATH
(mepemiaroTyBaTi) MpamniBHUKA i3 HaBUYKaMHU

MJIOTYBaHHS 1 00CITyTOBYBaHHS TaKOTO 00JIaTHAHHS.
®donp 3apobitHoi iatu (D3I) imkeHepa-omneparopa
BIIUJIA  cranoButuMe (3  ypaxyBaHHSIM MOJATKIB)
16,78 tuc. TpH. 3a Micsiiib.
O3I1 3a pik BiamosigHo 16,78-12 = 201,36 THc. rpH.
[Tnanyerscst mo npundanns 23 komrutektH BITJIA,
3Bincu D3I 3a BcboMa imkeHepamu-oneparopamu bITJIA
CTaHOBHTHME:!

201,36-23 = 4711,82 Tuc. TpH. Ha piK;
Bypix = 4,71 MIH. IpH. Ha piK.

Busnauennsa  epexmugnocmi - 6npoeaodIcenozo
3axody Ha n'amp pokie. BinmoBimHO 10 TEXHIYHUX
perimamenTiB BITJIA mae pecype 10000 rogus po6oTH, o
BIJITIOBIa€ I'SITH POKaM E€KCILTyaTallii.

Toni Burpatn Ha komiuiekcu BITJIA 3a n'ate pokiB
CTAaHOBUTHUMYTh:

Bs = Byia*5 + Bpma;
Bs = 7,64 + 4,71-5 = 31,19 myn. rpH.

JloxijHa 4acTHHa 3a I'ATh POKIB (Ha MPUKIIaAl OJHI€T
00J1aCcTi) CTAaHOBUTHME:

s = J1-5 pokiB;
Hs = 54,885 = 274,38 muH. TpH.

BucHoBkH. 3arrponoHOBaHa TEXHOJIOTIS IPOBEACHHS
MOHITOpPUHTY OO'€KTiB €HeprocucreMu YKpaiHH 3a
mormomororo  BITJIA  mae 3maynmii  moreHmian. |
MOJJIMBOCTI Bil WOr0 BHKOPHCTAHHS JajleKo HeE
BUKOpHCTaHI B eHepreTuui Hamoi kpainu. HaBenenwii
npuknan Bukopucranus BITJIA Tinbku ajst moBepxXHEBUX
ODJISAJIIB BUCOKOBOJIBTHHX JIIHIN €NeKTpomnepe ad, HaBiTh
32 TPUBEJICHUMH HE JyXE JCTAIPHHUMH E€KOHOMIYHHMH
po3paxyHKaMH TOKa3aB, L0 Taka TEXHOJIOTiA Mae JyKe
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KOPOTKI TEpPMiHHM OKYMHOCTi. 3a I'ATh POKIB HE TUIBKU
MOXIIUBO OKYIHTH IPOEKT, alle i OTpUMaTH NMpPUOYTOK.
Jist OaraTboX THIIB €HEPreTHYHOro OOJIJHAHHS IT'STh
POKIB J1y’)Ke KOPOTKHI TepMiH. ToMy aBTOpHM BBa)KaroTh,
mo Bukopuctanus BIIJIA pmnst cucteM MOHITOpPHHTY
€JIEMEHTIB €HEPreTHYHOI CUCTEMH YKpaiHU Mae€ 1 TeXHIYHI
i exoHoMiuHi mepeBarn. ToMmy poOoTy 1o po3poOdui i

BIPOBAJKCHHIO
MOHITOPUHTY

MIarHOCTHKH 1
BIIJIA  HeoOXximHO

pi3HHUX  cHCTEM

3a JOIIOMOT OO

MIPOAOBIKUTH.

10.

11.

12.

Cnucok jgireparypu

T'ypxoBevka H. Bmpamu enexmpoenepezii 6 ykpaincokux mepeosicax y
2020 poyi nepesuwunu 10 %. URL: https://www.rbc.ua/rus/news/
poteri-elektroenergii-ukrainskih-setyah-2020-1627646052.html  (nara
3BepHeHHs: 08.08.2023).

Electric power transmission and distribution losses (% of output).
URL: https://data.worldbank.org/indicator/EG.ELC.LOSS.ZS?end=
2014&start=2000&view=chart (nara 3Bepuenns: 08.08.2023).
Onumienko B. A, Cawmoiinenko 1. A., T'pu6 O.T., XKapkun A. @.,
Bacunbuenko B. 1., Vmanosckuii K. B., Cenpnepouu I'. A.,
Cgerenuk A. 1., Kongparenko K. 1., Hosramoxk O. H.,
Iep6akopa I1. T'., 3axapenko H. C. Ananuz u oyenxa
IKOHOMUUECKUX VIYepO0o8 OM HU3KO20 KA4ecmed dNeKmpuieckoll
onepeuu. Xapbkos: I1I1 «'pad-Ike», 2013. 329 c.

3HIDKEHHST ~ BTpaT  eJeKTpoeHeprii B Mepexax Ha i
TPaHCIOPTYBaHHA. 3aXOAM IIOAO IIOKpAIlaHHA poOOTH  3i
crioxxuBadamu. Hosunu enepeemuxu. 2002. Ne 7. C. 1-59.

I'pu6 O.I'., Coxon E. ., Kapkunu A. d., Bacunbuenko B. 1.,

Tecuk 0. @. Kauecmeso snexkmpuyecxoui snepeuu. Tom 2. Konmponw
Kavecmea anekmpuyeckou sHepeuu. XapbkoB: IIIT «I'pad-Ikcy,
2014. 244 c.

Bindra A. Best Practices for Boosting Reliability in Power Supplies.

URL:  http://www.digikey.com/en/articles/techzone/2014/jul/best-
practices-for-boosting-reliability-in-power-supplies (mara
3BepHenns: 15.02.2023).

Anamimuunuii  yenmp  00CHOJCEHb  eHepeemuKu. URL:

http://eircenter.com/ (zata 3BepHenns: 16.02.2023).

Hauyk O., Yenenes M., [Tononens P., Tpunonsceka I'., Benrep B.,
Canpukina T., IOxumens P. [lepexio Vkpainu na eionoeniogamny
enepeemuxy 00 2050 poxy. Kuis: APT KHUT'A, 2017. 88 c.

IInan poseumky cucmemu posnodiny AT «Xapkisobnenepeo» na
2020-2024 poxu. URL: http://www.oblenergo.kharkov.ua/sites/
default/files/pdf/plan_rozvytku_2020-2024 .pdf (mara 3BepHeHHs:
01.06.2023).

Aptemuyk B. O., binau T. P., bninoB I. B. ta in. Teopemuuni ma
NPUKIAOHi OCHOBU eKOHOMIYHO20, eKON02IUH020 Md MEXHON02IUH020
@ynkyionyseanns o06'ckmis enepeemuxu. Kuis: binan, 2017. 312 c.
Linu na enexmpoenepeito onst cnoxcusauis 3 01 eepectst 2023 poky.
URL: https://ukrstat.gov.ua/ (nata 3Bepuenns: 01.08.2023).
Ksaopoxonmepu  Vkpainu. URL: http://store.drone.ua/product/
kvadrokopter-matrice-210-rtk-v2-combo/?gclid=Cj0KCQiA-bjyBR
CcARISAFboWg1gESIws2Vba0YddnfxHFr3EdLcJIEEuhmLKFZ9
3UEhRUearpiKfvAaAhJCEALw_wcB (nata 3BEPHEHHS
10.08.2023).

10.

11.

12.

References (transliterated)

Hurkovs'ka N. Vtraty elektroenerhiyi v ukrayins'kykh merezhakh u
2020 rotsi perevyshchyly 10 % [Electricity losses in Ukrainian grids
exceeded 10% in 2020]. Awvaible at: https://www.rbc.ua/rus/
news/poteri-elektroenergii-ukrainskih-setyah-2020-1627646052.html
(accessed 08.08.2023).

Electric power transmission and distribution losses (% of output).
Auvaible at: https://data.worldbank.org/indicator/EG.ELC.LOSS.ZS?
end=2014&start=2000&view=chart (accessed 08.08.2023).
Onishchenko V. A, Samoylenko I. A., Grib O. G., Zharkin A. F.,
Vasil'chenko V. 1., Ushchapovskiy K. V., Senderovich G. A,
Svetelik A. D., Kondratenko K. 1., Dovgalyuk O. N.,
Shcherbakova P. G.,  ZakharenkoN.S.  Analiz i  otsenka
ekonomicheskikh ushcherbov ot nizkogo kachestva elektricheskoy
energii [Analysis and assessment of economic damage from poor
quality electricity]. Kharkov, PP "Graf-Iks" Publ., 2013. 329 p.
Znyzhennya vtrat elektroenerhiyi v merezhakh na vyiyi
transportuvannya. Zakhody shchodo pokrashchannya roboty zi
spozhyvachamy [Reducing electricity losses in the grid due to
transmission. Measures to improve customer relations]. Novyny
enerhetyky. 2002, no. 7, pp. 1-59.

Grib O. G, Sokol E. I, Zharkin A. F., Vasil'chenko V. I,
Tesik Yu. F. Kachestvo elektricheskoy energii. Tom 2. Kontrol'
kachestva elektricheskoy energii [Quality of electrical energy.
Vol. 2. Quality control of electrical energy]. Kharkov, PP "Graf-Iks"
Publ., 2014. 244 p.

Bindra A. Best Practices for Boosting Reliability in Power Supplies.
Avaible at: http://www.digikey.com/en/articles/techzone/2014/jul/
best-practices-for-boosting-reliability-in-power-supplies  (accessed
15.02.2020).

Analitychnyy tsentr doslidzhen' enerhetyky [Analytical Centre for
Energy Studies]. Avaible at: http://eircenter.com/ (accessed
16.02.2023).

Dyachuk O., Chepelyev M., Podolets' R., Trypol's'’ka H., Venher V.,
Saprykina T., Yukhymets' R. Perekhid Ukrayiny na vidnovlyuvanu
enerhetyku do 2050 roku [Ukraine's Transition to Renewable Energy
by 2050]. Kyiv, ART KNYHA Publ., 2017. 88 p.

Plan rozvytku systemy rozpodilu AT "Kharkivoblenerho" na 2020-
2024 roky [Distribution system development plan of JSC
"Kharkivoblenergo™" for 2020-2024]. Avaible at:
http://www.oblenergo.kharkov.ua/sites/default/files/pdf/plan_rozvyt
ku_2020-2024_.pdf (accessed 01.06.2023).

Artemchuk V. O., BilanT.R., Blinovl.V. ta in. Teoretychni ta
prykladni osnovy ekonomichnoho, ekolohichnoho ta
tekhnolohichnoho  funktsionuvannya  ob'yektiv  enerhetyky
[Theoretical and applied bases of economic, ecological and
technological functioning of energy objects]. Kyiv, Bilan Publ.,
2017.312 p.

Tsiny na elektroenerhiyu dlya spozhyvachiv z 01 veresnya 2023 roku
[Electricity prices for consumers from 01 September 2023]. Avaible
at: https://ukrstat.gov.ua/ (accessed 01.08.2023).

Kvadrokoptery Ukrayiny [Quadcopters in Ukraine]. Avaible at:
http://store.drone.ua/product/ kvadrokopter-matrice-210-rtk-v2-
combo/?gclid=CjOKCQIiA-bjyBRCcARIsAFboWglgESIws2Vba0Y
ddnfxHFr3EdLcJiEEuhmLKFZ93UEhRUearpiKfvAaAhJCEALwW_
wcB (accessed 10.08.2023).

Haoitiuna (received) 25.08.2023

Bioomocmi npo aemopis / About the Authors

Tpuo Onez TI'epacumosuu (Grib Oleg) — nokrtop TexHiuHHMX Hayk, npodecop, HamioHanpHui TexHIUHHI
yHiBepcuTeT «XapKiBCbKHH MONITEXHIYHMH 1HCTHTYT», mpodecop Kadenpn «ABroMaTH3alisi Ta KidepOesneka
eHeprocucteM»; M. Xapkis, Ykpaina; ORCID: https://orcid.org/0000-0003-4758-8350; e-mail: oleg47gryb@gmail.com
Kapnanwoxk Izop Tumogpinioeuu (Karpaliuk 1gor) — mokrop Texniunux Hayk, mpodecop, Hamionanpuuii TexHiaHuit
VHiBepcUTET «XapKiBCHKUH TOMITEXHIYHUA I1HCTUTYT», mpodecop Kadenpum «ABTOMaTh3alis Ta KibepbOesmeka
eHeprocucrtem»; M. Xapkis, Ykpaina,; ORCID: https://orcid.org/0000-0002-5634-6807; e-mail: humpway@gmail.com
JIyka Onexciit Bonooumuposuu (Luka Oleksiy) — HamionampHuii TexHiYHWE yHIBepCHTET «XapKiBCHKHIA
MOJITEXHIYHUI 1HCTUTYT», acIipaHT Kabeapu «ABTomaTH3amis Ta KibepOesleka eHeprocucTemM»; M. XapkiB, YKpaiHa;
ORCID: http://orcid.org/0000-0002-4178-8856; e-mail: oleksiylukal4l@gmail.com

Kaypkin €szen Onexciniosuu (Kaurkin Yevgen) — HauioHanmbHHII TexHIYHUHA yHIBepcHUTET «XapKiBChbKHi
MOJITEXHIYHUH THCTUTYT», acmipaHT Kadeapu «ABToMaru3alis Ta KibepOesneka eHeprocucrteM»; M. XapkiB, YKpaiHa;
ORCID: http://orcid.org/0000-0002-5878-128X; e-mail: yevgenkaurkinl41@gmail.com

Bulletin of the National Technical University "KhPI".
Series: Hydraulic machines and hydraulic units, no. 1’2023

93


mailto:humpway@gmail.com

ISSN 2411-3441 (print), ISSN 2523-4471 (online)

DYHAAMEHTATBHI TOCTIIIKEHHI .........veueiteetieteesteastesseesteesteesteasseaesaseeaseease e seaaseas s e ns e e sEeeaEeenEeenEeemneameeameeabeeneanneennennrenreen 3

Korzhov 1., Mygushchenko K. Development of a virtual device for controlling the condition of industrial units

LaToe LTS TaTo = oY 4 =Y (o T ] S 4
Cherkashenko M. Synthesis of minimal schemes of systems control of hydraulic and pneumatic drives............cc.cc....... 12
Ilyb6enko 0. JI., I'onowanos B. M., Komynvcovka O. B., Ilapamonosa T. M., Ceneuyvka /l. O. TernoBuii cTaH
po6ounx sonarok [THT terutodikamiitnol TypOiHu T-250/300-240 ......ccociiiiriiiiiiiiiiereeesie e e 18
Pozoguii A. C., Azapoe A. C., lemuyk P. M. Y 10COKHAJICHHSI XapaKTEPUCTHK POOOUOro Kojieca BUCOKOHAIIPHOTO
BiJILIEGHTPOBOTO KOMIIpecopa MPOoeKTyBaHHAM 32 JOTTOMOTOI0 CATIP......c.ccocoiiiiiiiiiiiicc e 25
Muponos K. A., Jmumpicuro O. B., fApowenxo M. A. MopnepHizanis poOo4Yoro Koyeca BHUCOKOHAIMIPHOT
TIAPOTYPOIHN HA 3ATTAHT TIAPAMETPH . ...cuveeuresreseesseesseesseasesasssasesassasseasseassesssessssssessseassessssasssasssaseenseansenssessssssesssesssesssesnnesnes 31
Aepynin I'. A., Iloopuzano M. A., 3axanko O. I'., Mopos L. 1., Pazapvonos JI. B., Xonoooe A. IL., Xonoooeé M. II.
AHai3 TuHaMiKa 00'€éMHOTO TiIPONIPHBOAA PYIIHOBOTO KEPYBAHHS CAMOXiTHOTO TPAKTOPHOTO IHACT +..vvevvveveesieeeeeneees 35
Hasiuk O. Hydro turbine Speed CONLIOI SYSIEBM .......c.ciiiiiiiiie ettt e e e e besreste s e eneesee e eeennens 43
Krupa Y., Demchuk R., Volobuiev A., Kis S. Comparative analysis of software systems for hydraulic turbine flow
STMUIATION. ...ttt 49
Fatieieva N., Fatyeyev O., Poliakov V. Reliability of hydropneumodrives for metal cutting equipment.............cccce..... 56
Hleguenxo H. I'., Kantoycnuit B. B., Anopicecvka B.C. UucenvbHe MOJIEIOBaHHs Tedii TEXHOJOTIYHOI piAMHH Y
TPYOAX KOJTHOOTHIOBOT YCTAHOBKH .....ve.vveveeutestesstsestesseeseessessesstasessessesseassesees e beaee e bt ebeeh e e s e et e s e ne e e bt eb e eb e e beest e s e e nn e nennearenne e 60

Pozosuini A. C., Illyopuxk O.JI., Jlyk'aneuwv C. 1, Heckopoxcenuii A. O., Jlebeduneys /. B. XapakTepuCTUKH
BIJILIGHTPOBOTO Hacoca IpH MepeKadyBaHHI BiHramMiBCHKOI piAMHM i3 PI3HUMH 3HAYEHHSAMH ITOYaTKOBHX Hampyr

TIPHKITATHE HOCITIIIIKEHHST .....veiviiutieutiettesteeiteesteestesseesteesheesbe e st assees s e ah e e bt e be e s ee e s e e e R e e She e eRe e b e em et eas e eb e e nb e e nbeesbeeseeeneesbeenneennis 71

T'pué O.TI., Kpananwk 1. T., Illeeus C. B., /oneusvka T. C., /Jauenxo O. B. Btpatu enextpudHoi eHeprii B

EHepreTUHIN cucTeMi YKpaiHu Ta iX 3HIKCHHS 338 PaXyHOK BIIPOBAIKEHHS MOCTIHHOTO CTPYMY +..vvvrveereenreasrensrenseeseess 72
Yepnakos M. 1. AHATITHYHUHN OTJIAI IIISIXY TA METOJIB CHHTE3Y CXEM TiPOITHEBMOATPETATIB. .. vevvevvereereesrensresseenenss 78
Kyxmenkos 1O. M., Hazapenko C. O. MarematuuHi MoJielli B3a€MO/Iii KOHCTPYKIH 3 piAMHOIO Ta PO3paxyHKH Ha
MIIHICTD 1 PE30HAHC JIOTIATEBUX TIIPOMAIIIHH ......veuveueesressensensessessesseessessessesseasesseaseessessessesaeabeaseaseeseesesenbeanenbeeneesnennennenes 82
Tpué O. I, Kpananwk I. T., J/Iyka O. B., Kaypkin €. O. TligBuiieHHs HAIIIHOCTI €JICKTPOCHEPTSTUIHUX 00'€KTIB
32 paXyHOK BUKOPHCTaHHS O€3MUIOTHUX JITATBHUX ATAPATIB ...vveuviuretiaristessissesseesre s srestessessessessnessssnessessessesssssnesnssnensesns 87

Bulletin of the National Technical University "KhPI".
94 Series: Hydraulic machines and hydraulic units, no. 1’2023



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

CONTENTS

FUNOAMENTAIS. ..ottt b ettt b e e b s b et be s b et e be s b et e Ee s be e eEesb et e Ee e b et e b s b et et s b et et s be st ebenbns 3
Korzhov 1., Mygushchenko K. Development of a virtual device for controlling the condition of industrial units
oo CeTR ST Tl T = oY A =T (oo ] S 4
Cherkashenko M. Synthesis of minimal schemes of systems control of hydraulic and pneumatic drives............cc.cc...... 12
Shubenko O., Goloshchapov V., Kotulska 0., Paramonova T., Senetska D. Thermal state of the low-pressure
cylinder working blades of the cogeneration turbing T-250/300-240...........ccceiuiiriiiireiie ettt 18
Rogowyi A., Azarov A., Demchuk R. Improving characteristics of the impeller of a high-pressure centrifugal
compressor by designing With the Nelp OF CAD ... bbb e 25
Myronov K., Dmytriienko 0., Yaroshenko M. Modernization of the runer of a high-head hydraulic turbine to the
SPECITIEU PAIAIMELETS ...ttt ettt ettt sttt ettt ettt e et et et e ebe e e b e e b e e e b e ek et e s e ebe st e b e ebe s e e b e ebene et e abene et e ebeneereabeneerenbe e 31
Avrunin G., Podrigalo M., Zakapko O., Moroz I., Razaryonov L., Kholodov A., Kholodov M. Analysis of
dynamics of volume hydraulic power steering self-propelled tractor Chassis ...........cocoviriiiiiiien i 35
Hasiuk O. Hydro turbing Speed CONIOI SYSIEM .......ivcieicice sttt e et se e e et e tesresrenneens 43
Krupa Y., Demchuk R., Volobuiev A., Kis S. Comparative analysis of software systems for hydraulic turbine flow
STMUIALION ...ttt bt b bbbt b e Rt b e e s bt e e Rt bt e e E £ b e e s b bRt b et R e b bRt b et n et e b ann 49
Fatieieva N., Fatyeyev O., Poliakov V. Reliability of hydropneumodrives for metal cutting equipment .............c.cceeue.e. 56
Shevchenko N., Kaliuzhnyi V., Andriievska V. Numerical simulation of process fluid flow in the pipes of a coiled
TUDING INSTAITATION ... bbbt b et bt bbb bbbt b bbbttt e 60
Rogowyi A., Shudryk O., Lukianets S, Neskorozhenyi A., Lebedynets D. Characteristics of centrifugal pump for
pumping Bingham liquid with different values of Yield StrESSES. ........ouiiiiiiiiie et 66
A o] o] LT=Te [ cTSY- = Vol o OSSP PRUR PRSP 71
Grub O., Krapalyuk I., Shvets S., Donetska T., Diachenko O. Losses of electric energy in the energy system of
Ukraine and their reduction due to the introduction Of direCt CUITENT ..........ccoviiiiiriiiiie e 72
Cherpakov M. Analytical review of the way and methods of synthesis of hydropneumatic units schemes..........c........... 78
Kukhtenkov Y., Nazarenko S. Mathematical models of the interaction of structures with liquid and calculations on

the strength and resonance of blade hydraulic MACKINES ..ot 82
Grub O., Krapalyuk I., Luka O., Kaurkin Y. Increasing the reliability of electric power facilities through the use of
UNMANNEA GEIAI VENICIES ...ttt sttt b et e et e st e et e s be e et eseeneeneeseeebeseeeaeereeneeneeneetas 87
Bulletin of the National Technical University "KhPI".

Series: Hydraulic machines and hydraulic units, Ne 1'2023 95



HAVYKOBE BUJIAHHA

BICHUK HAINIOHAJIBHOI'O TEXHIYHOTI'O YHIBEPCHUTETY «XIII»
CEPIA: I'TAPABJITYHI MAIIIUHU TA I'TITPOAT'PEI'ATH

30ipHUK HAayKOBHX Npanb

Ne 12023

INonmoBuuit penaktop: Yepkamenko M. B., n-p Texu. Hayk, npodecop, HTY «XIII», Ykpaina
Binnosinanenuii cexpetap: Kpyma €. C., kanz. Texs. Hayk, nomnent, HTY «XIIl», Ykpaina
Texniuni pegakropu: dareeBa H. M., kanna. TexH. Hayk, goueHt, HTY «XIl», Ykpaina

Pespa K. C., kanz. TexH. Hayk, noueHT, HTY «XIIl», Ykpaina

AJIPECA PEJIKOJIET'TI TA BUJABIIS: 61002, Xapkis, Bys1. Kupmiuosa, 2, HTY «XIII»
Kadenpa «['iapasniuni mamuau im. I'. @. [Ipockypu»
Ten.: (057) 707-66-46. Ten./dakc: (057) 707-63-49; e-mail: gmntukhpi@gmail.com

[Mign. mo npyky 15.09.2023 p. ®opmat 60x84/8. Ob6knaaunaka — men 250 /M,
4+0, + maToBuit maminat. biok — 96 ctp., odpcer 80 r/m, 1+1.
[Manitypka kieii. Haxnaz 40. Llina gorosipHa.






	Обложка_1
	0 стр-1
	0 стр-2
	0_FUNDAMENTALS
	1_Mygushchenko
	2_Cherkashenko
	3_Шубенко
	8. Hu P., Lin T., Yang R., Zhu X., Du Z. Numerical investigation on flow instabilities in low-pressure steam turbine last stage under different low-load conditions. Journal of Power and Energy. 2021, vol. 235, issue 6, pp. 1544–1562. doi: 10.1177%2F09...

	4_Rogovyi_Azarov
	удосокналення характеристик робочого колеса високонапІрного відцентрового компресора проЕктуванням за допомогою сапр
	IMPROVING CHARACTERISTICS OF THE IMPELLER OF A HIGH-PRESSURE CENTRIFUGAL COMPRESSOR BY DESIGNING WITH THE HELP OF CAD

	5_Миронов
	6_Аврунин
	Мета. Аналіз динаміки об'ємного гідропривода рульового керування колісного тракторного самохідного шасі СШ2540 шляхом імітаційного моделювання роботи гідроциліндра з однобічним штоком для пересування рульової трапеції при повертання коліс і дослідженн...
	G. AVRUNIN, M. PODRIGALO, O. ZAKAPKO, I. MOROZ, L. RAZARYONOV, A. KHOLODOV, M. KHOLODOV
	ANALYSIS OF DYNAMICS OF VOLUME HYDRAULIC POWER STEERING SELF-PROPELLED TRACTOR CHASSIS
	Goal. Analysis of the dynamics of the hydraulic fluid power steering drive of the wheeled tractor self-propelled chassis СШ2540 by simulating the operation of a hydraulic cylinder with a one-sided rod for moving the steering trapezoid when turning the...
	Насос-дозатор Д100-10.16-02 [5] має робочий об'єм 100 см3, тиск налаштування запобіжного клапана 16 МПа, протиударних клапанів 10 МПа.
	Розглянемо динамічні процеси в ОГП повороту коліс при різних значеннях зовнішнього навантаження Fрк та витрати Qрк від насоса-дозатора НД. Для проведення такого дослідження використаємо методику імітаційного математичного моделювання, розглядаючи змін...
	1. Вікіпедія. URL: https://uk.wikipedia.org/wiki/Т-16 (дата звернення: 04.08.2023).
	3. Трактор ХТЗ Т-16 – универсал с нестандартной компоновкой. URL: https://agromania.com.ua/traktor-t-16-universal-s-nestandartnoj- komponovkoj/ (дата звернення: 04.08.2023).
	4. Гідросистема трактора на СШ-2540 (Т-16МГ, Т-16М). URL: https://technoimpex.com.ua/shassi-t-16/gidrosistema/ (дата звернення: 06.08.2023).
	5. Насос-дозатор Д 100-10.16-02. URL: https://technoimpex.com.ua/ nasosi-dozatori/d-100-10-16-02 (дата звернення: 06.08.2023).
	Разарьонов Леонід Володимирович (Razarenov Leonid) – кандидат технічних наук, доцент, Харківський національний автомобільно-дорожній університет, доцент кафедри «Будівельні і дорожні машини»; м. Харків, Україна; ORCID: http://orcid.org/0000-0002-7597-...

	7_Гасюк
	UDC 621.224                     doi: 10.20998/2411-3441.2023.1.07
	Hydro turbine speed control system
	О. І. ГАСЮК
	СИСТЕМА КЕРУВАННЯ ОБОРОТАМИ ГІДРОТУРБІНИ
	1 Introduction. The hydraulic turbine rotor speed control system (RSCS) is designed to perform the following main functions: starting the hydraulic unit (hydro turbine and electric generator), in which the mechanisms are actuated in the desired sequen...
	2 Literature Review. A literature review on the topic discussed in the article showed that it is relevant and considered in many works.
	3 Research Methodology.
	3.1 The current state of development of the hydraulic turbine rotor speed control system. The further development of computer technology, automation tools, the elementary base of hydraulic equipment and the theory of automatic control made it possible...
	Most hydraulic turbines of hydroelectric power plants (HPP) are operated with hydro mechanical and electro hydraulic speed regulators of the RK and EGRK type, which were developed and manufactured in the 50s and 60s.
	These regulators are reliable in operation and maintenance, but today they are inferior to modern digital electronic regulators in terms of such parameters as the speed of the regulator's response to changes in the external load, network power frequen...
	In order to solve the problem of modernizing the existing system for regulating the rotational speed of hydraulic turbines at HPPs, the "Regulator" consortium (Ukraine, Kharkiv), together with the ALSTOM POWER HYDRO company (France, Grenoble), develop...
	The speed regulator can receive a command from the speed of the turbine shaft, the position of WG or the power of the generator:
	1) quick start of the hydraulic unit (hydro turbine + electric generator) and maintenance of stable operation in various operational modes;
	2) automatic synchronization of the operation of the hydraulic unit and the electrical network;
	3) optimization of the operation of the hydraulic unit is aimed at increasing the efficiency of control by means of collecting and processing information, controlling the amount of load and the characteristics of the hydro turbine in a wide range of h...
	4) autonomous operation of the hydraulic unit under variable and stable loads.
	The computer system for regulating the speed of the hydraulic turbine guarantees trouble-free operation in case of load deviation and power failures [12].
	A fully automatic way of controlling the hydraulic unit is possible, in which the computer system controls the turbine independently, based on the parameters of the hydraulic unit's operation taken into account by the sensors, in accordance with the p...
	The control system provides communication with the operator: with the help of a personal computer keyboard, the operator can change the points of the set of actions of the system, change the control parameters and test the entire system as a whole.
	The system can be equipped with automatic local control and safety devices that check the hydraulic unit, control the temperature, vibrations, register failures, etc.
	In general, the computer system for regulating the speed of the hydraulic turbine is more reliable and effective than the previously installed electro hydraulic speed regulators at the Ukrainian HPPs.
	3.2 Analysis of regulators. The electro-hydraulic system for controlling the frequency of rotation of the hydro turbine rotor (RSCS) "LMZ" of the EDR-211 type differs from the previous ones in the wider use of means, devices and equipment produced by ...

	Fig. 2 shows the functional diagram of the system and the mechanisms for generating the control signal of this modification. The set value of the adjustable frequency f3 is applied to the input, with the help of which the necessary changes in the rota...
	Features of the modification are: another method of measuring the actual frequency of rotation of the hydraulic unit (HU), other devices for converting the signal on the hydraulic drive (HD) and reducing the number of elements included in HD.
	The normal functioning of the system is largely determined by the dynamics of its hydro mechanical part. For example, to rotate the vanes of the wicket gate (WG), it includes the oil pressure unit (OPU), the main hydraulic control valve (HV), two serv...
	The mathematical model of this part contains the equation of the area of the hydraulic control valve slit
	(1)
	the flow equation through the pressure and drain cavities of the hydraulic control valve (HV)
	(2)
	(3)
	the equation of pressures in the pressure and drain cavities of a generalized (equivalent to two) servo motor (SM)
	(4)
	the equation of motion of the servo motor rod, which rotates the vanes of the wicket gate
	(5)
	the expression that determines the movement of the spool of HV caused by the control influence from ECM when the load on the hydro turbine changes
	(6)
	here R – radius of the spool of HV; μ, ρ – respectively, the coefficient of flow and density of the working fluid (WF);  – pressure of WF in OPU;  – cross-sectional area of the inlet and outlet channels of HV;  E – volumetric modulus of elasticity of ...
	4 Results. To confirm the feasibility of using RSCS as a control system for the operation of hydraulic turbines, a study of the dynamics of runner HD was carried out.
	5 Conclusion. 1. The analysis of RSCS in recent years shows a clear trend of introduction into the system of modern instrumentation and electronic equipment, including computers. This provides: on the one hand, a significant reduction in auxiliary mec...
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