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0. KROPACHEK, R. MYGUSHCHENKO, G. SUCHKOV, K. MYGUSHCHENKO, O. FINOHENOQOV,
K. KOTSKALO

STUDYING TRANSIENT CHARACTERISTICS OF ELECTRICAL CIRCUITS IN ROBOT DRIVES

The article deals with the issues of mathematical analysis, mathematical modeling, creating an analytical foundation for constructing hardware and
algorithmic support for the drive device for launching aircraft by robots in order to determine the optimal choice of structure and parameters of the
control loop. The article examines equivalent circuits for control loops in the form of RL circuits and RLC circuits. Mathematical modeling for the
drive functioning is carried out by considering first- and second-order differential equations. The article determines the transient characteristics of
control loops as a response to the supply of a single step function and estimates the time parameters for reaching a steady state mode when using P and
PID controllers. The article adopts an equivalent circuit for a DC motor in the form of a series circuit of active resistance R and inductance L and uses
typical ratings R and L of the motor and power source E in conjunction with regulator type. The article presents recommendations for choosing engine
type for launching an aircraft and choosing regulator type.

Keywords: robotics, control, regulator, DC motor, RL circuit, RLC circuit, transient processes, transient response, aperiodic processes,
oscillatory processes, mathematical model, mathematical modeling.

0. I0. KPOITAYEK, P. Il. MUTYII[EHKO, I'. M. CYYKOB, K. P. MUT'YIIIEHKO, O. M. ®THOTEHOB,
K. T. KOI[KAJIO

JOCILIKEHHSA NEPEXITHUX XAPAKTEPUCTHUK EJIEKTPUYHUX KIJI B TIPUBOJAX POBOTA

Po3ristHYTI NMUTaHHS MaTEeMAaTHYHOrO aHalidy, MaTEeMAaTHYHOrO MOJCIIOBAHHS, CTBOPEHHS aHAIITHMYHOTO OOTPYHTYBAaHHS JUI I100YHOBH
anapaTypHOro i alropUTMIYHOro 3abe3IeueHHs MPHCTPOIO NMPHBOAY 3aIlyCKy JIITAJIbHUX amapartiB poOOTaMHM, 3 METOI BH3HAUYCHHS ONTHMAJbHOTO
BUOOpY CTPYKTYpH i HapaMeTpiB KOHTypa peryitoBaHHS. PO3MIISHYTO CXeMH 3aMillleHHs KOHTYpiB ynpasniHHsa y Burisiai RL-xinm i RLC-kin,
3IIHCHEHO MaTeMaTHYHE MOJENMIOBAHHS (YHKLIOHYBaHHS NPHBOIY LUIIXOM PO3MIAAY IM(GEpeHLIHHUX DIBHSHb IEPIIOro i APYroro MOpPSIKiB,
BU3HAUCHI NMEPeXifHi XapaKTePHCTUKH KOHTYPIB yHPABIiHHA SK PEaKIlil0 Ha IOJady OJIMHHUYHOI CTyneHeBOi (yHKIIi, OL[iHeHI 4acoBi mapameTpu
BHUXONYy Ha cranmuidl pexum npu Bukopuctansi I1 i1 IIIJ] perynsropi. IlpuiiHATa cxema 3aMillleHHS JABUTYHa IOCTIHHOTO CTpyMy y BHIJISAI
MIOCIIIIOBHOIO KOJIa aKTHBHOro oropy R i inxykTuBHOCTI L, BUKOopucTaHi TunoBi HoMiHami R i L mBuryHa i jukepena sxusieHHs E B cykynHoCTi 3
BHKOPUCTOBYBAHHUM TUIIOM peryJsitopa. [IpejcrasieHi pekoMmeHaalii Juist BUOOPY THITY IBHUIYHA IPHBOJA 3aIyCKY JITAIBHHUX araparis i BUOOPY THITY
peryssitopa.

KurouoBi cioBa: pobOTOTEXHIKa, YIPABIIHHS, PEryIsaTop, ABUTYH HOCTiiHOro ctpymy, RL-komo, RLC-kono, nepexifHi npouecu, nepexigHa
XapaKTEePHCTHKA, allepioHYHI IPOLECH, KOJIMBAIbHI MPOLIECH, MATEMaTHYHA MOAEIb, MATEeMaTHYHE MOJICTIOBAHHS.

Introduction. The relevance of using robots in the
modern world is beyond doubt. Such robots are used in
places that are either dangerous to humans or inaccessible
to humans. In any case, the positioning accuracy and
accuracy of the robot’s actions directly affect the
efficiency of performing the tasks assigned to the robot.

The object of study was a robot used in robotics
competitions. An image of this robot is shown in Fig. 1.

Considering that this device is used in robotics
competitions, which are traditionally held in the United
States and other countries around the world, similar
devices are widely used in various industries, military and
agriculture. Therefore, the importance of studying the
presented object and the processes occurring in it is
beyond doubt.

The presented robot contains seven DC motors and
each of them is equipped with an individual drive (a
gearbox system for transmitting rotations from the motor
to the actuators):

- four wheel drive motors (one motor per wheel);

- two motors for the robotic arms;

- one engine for launching a drone (aircraft).

The study of transient processes in an object is based
on the study of transient characteristics of electrical
circuits in a robot. Transient characterization involves
studying the behavior of electrical circuits when
transitioning from one state to another, for example, when
a robot motor starts, stops or changes direction [1].

To control DC motors, each motor drive contains a
gearbox system and an electrical control system. P

(proportional component), Pl (proportional and integrating
components), PID (proportional, integrating and
differentiating components) regulators are wused as
regulators in control systems [2].

Fig. 1. Research object image — a robot

The research work analyzes the engine control
system for launching a drone (aircraft). The operation of
the drone launch drive is demonstrated in Fig. 2.

The final actuator element for the drone launch drive
is two wheels, which eject the aircraft by counter-rotation.
These two wheels acquire counter-rotation from a DC
motor through a gearbox system.

© 0. Kropachek, R. Mygushchenko, G. Suchkov, K. Mygushchenko, O. Finohenov, K. Kotskalo, 2024
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Fig. 2. Drone launch drive operation

The actuating elements themselves, their look and
design are presented in Fig. 3 and Fig. 4.

Fig. 4. Appearance of the actuating elements

Research purpose and methods. The control
system is equipped with a P-regulator to fulfill the
condition of maximum performance (minimum reaction
time to start the engine and minimum time to reach a
steady state).

A generalized block diagram of the object control
channel is shown in Fig. 5 [2].

The scheme (Fig. 5) shows:

X —input signal;

Y - output signal;
R - regulator;
P — regulation object (DC motor).

X

V<

Fig. 5. Control channel block diagram

Parameters estimation of the electrical control circuit
is possible through mathematical analysis and
mathematical modeling. That would require replacing the
real control circuit with a corresponding equivalent
circuit. Only after this the mathematical apparatus can be
used and data verification and conclusions can be
made [3].

To analyze the parameters of the electrical circuit
during transient processes in the drive of the drone
launcher, an equivalent circuit of the electrical control
circuit was used, which is shown in Fig. 6.

The equivalent circuit of the electrical control circuit
was used (Fig.6) to analyze the parameters of the
electrical circuit during transient processes in the drive of
the drone launcher.

Fig. 6. Control scheme of equivalent circuit for the drone
launching device drive

Fig. 6 illustrates the following symbols:

E — electrical power supply;

L, R — a DC motor equivalent circuit that includes a
resistor R and an inductor L;

S — a key for supplying electrical voltage to the DC
motor;

I, U_ — electric current in the electric circuit and
electric voltage on element L of the electric circuit RL,
respectively.

Fig. 6 shows the diagram where initial parameter
values are determined:

E=25V;L=0.2H;R=100 Q.

The purpose of analytical research is to analyze the
transient characteristics of electric current | and electric
voltage U, (Fig. 6) in the electric circuit RL after closing
the key S and, accordingly, applying electric voltage E to
the electrical circuit of the drive.

The classical method of transient processes is used as
a research method, based on differential equations taking
into account the laws of commutation. The transient
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characteristic is the time response of the electric current |
parameters and electric voltage U after applying a unit
step function 1(t) to the circuit input. A differential
equation is an equation that can be used to describe any
physical processes occurring in nature.

Analysis of transient processes in the control
scheme of equivalent circuit for the drone launching
device drive by a robot.

Using a first order differential equation. According
to Kirchhoff’'s second law [4], the sum of the circuit
voltages in Fig. 6 is equal to zero.

The voltage across the resistor is determined by
Ohm's law [4]:

Ug = IR,

where | — value of electric current in the circuit;

Ur — value of the electrical voltage drop across the
resistance R.

Inductor voltage [4]:

U =L m
where U, — value of the electrical voltage drop across the
inductor (V);

L — inductor inductance value (H);

t — time (sec).

Based on [5], the diagram presented in Fig. 6 can be
described by a differential equation of the form:

di .
L—+iR=E, 1
ot @)

where i — instantaneous value of electric current in a series
circuit of a simplified equivalent circuit (Fig. 6).

Formula (1) describes the processes in the circuit in
Fig. 6 and is basic for describing RL electrical circuits [6]
and is a first-order linear inhomogeneous differential
equation.

The authors analyze how electric current behaves
when the power is turned on depending on the circuit
parameters R and L. It requires solving the differential
equation (1) with respect to the variable i. The solution to
this equation, in general form, is the current, which has
two components:

i =iy +i, @)

where i; — particular solution of a non-homogeneous
differential equation. The physical meaning is the current
value that is established after the end of transient
processes;

i, — general solution of a homogeneous differential
equation. The physical meaning is the change in current
during a transient process.

To solve equation (1), the corresponding
homogeneous equation is defined in the form:
Lﬂ+ iR=0.
dt
Hence
Lﬂ =-iR
dt

After separating the variables, integrating and taking
the logarithm of the resulting equation:
di_ Ry

- Iii:—ijdt - In|i|:—5t+c,
dt L i L L

we get an expression for the corresponding homogeneous
equation.
To do this, we perform the transformations:
R R
. —t+c -t
i(t)=e L =e L .e“.
Then we obtain the solution to the corresponding
homogeneous equation in the form:
- _Bt
i(t)=ce L.

Using the method of varying an arbitrary constant,

we look for a solution to the corresponding
inhomogeneous equation:
Ry
i(t)=c(r)-e L. €))
We perform a number of transformations:
R R
di -t R -t
A_cet -—A(t)e L,
dt L
R R Ry
Lc'e L —Rce L +cRAe - =E.
Hence
R
de _E. "
d L
E Ry E L Ry
c(t)=—[eb dt=—-—el +4. 4
() LI L R @)

Substituting (4) into (3) we get:

. E
Il:E

The final solution of equation (1), as the sum of the

particular and general solutions (forced and free
components), has the form:
R
. E -t
i=—+Ae L. 5
= (5)

To determine the constant A of the free component in
(5), it is necessary to use the initial conditions.
According to the first law of commutation [7]:

i(0-)=i(0+),
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where i(0-) — instantaneous value of the electric current in
the electrical circuit (Fig. 6) immediately before the
closure of the key S at some point in time t;

i(0+) — instantaneous value of the electric current in
the electrical circuit (Fig. 6) immediately after closing the
key S at some point in time t.

Since before the closure of the key S (at t=0) the
electric current in the RL electrical circuit (Fig. 6) was
absent, meaning it was equal to 0, then:

i(0-)=i(0+)=0,
which means that immediately after closing the key S and,

accordingly, turning on the drive motor of the drone
launcher, the electric current in the RL electrical circuit is:

i(t)=0.

Hence
. E
i(0+)=—+A,
(0+) -
. E
A=i(0+)——.
(0+) -
Then expression (5) takes the following form:
E E R
i=———e L. 6
=R (6)

To obtain the value of the electric voltage on the
inductor, we take the derivative of the electric current (6)
and multiply by L:

el =Ee L. )

Expressions (6) and (7) characterize the
instantaneous value of electric current i and electric
voltage u, in the RL circuit in general form. To determine
the behavior of the variables i and u_ in the control
scheme of the robot’s drone launching drive, it is
necessary to substitute known parameters of the robot into
expressions (6), (7).

Then expressions (6), (7) will take the form:

25 25
=2 20 602 =0.025(1—e_500t), ®)
100 100
100,
u =25-¢ 02 =25e7500t 9)

The transient process in electrical circuits is
completed within five time constants t [8]. For RL
circuits, the time constant ¢ is defined as

L 02

1=—=——=0.002sec.
R 100

Table 1 summarizes the data for i, and u, for real
values of E, R, L of the control scheme circuit of the drone

launcher drive for the time range [z, 51].
According to the results of Table 1, the transient

characteristics i = f(t), u_ = f(t) are made, which reflect the
speed at which the control channel elements of the device
drive under study reach the steady state of operation
(Fig. 7, 8).

Table 1 — Calculation data by formulas (8), (9)

T 1T 21 3t 41 5t
t 0.002 0.004 0.006 0.008 0.01
U, 0.920 0.338 0.124 0.046 0.017
i 0.016 0.022 0.024 0.025 0.025
i=f(t)

0,023

014

017

NJ br;.-ar_:;.‘ 0,004 0,006 0,008 0,01

Fig. 7. Transient characteristic i = f(t)

ul=f(t)
1,000
0,900
0,800
0,700
0,600
0,500
0,400
0,300
0,200
0,100
0,000

0,002

UL

0,004 0,006 0,008 0,01

Fig. 8. Transient characteristic u, = f(t)

Using a second order differential equation. In the
equivalent circuit under consideration in Fig. 6, conditions
were set for using the P-regulator and neglecting the
presence of capacitance in the electrical circuit of the
engine. However, taking into account the motor
capacitance or using a PID controller will allow us to
consider a more complex DC motor drive equivalent

circuit. Such an equivalent circuit will have three
electrical parameters — R, L, C.
The equivalent circuit taking into account

capacitance C is shown in Fig. 9.
In the scheme:

E=25V;L=02H;R=100Q; C=4-10°F.

The equation that describes the circuit in Fig. 9 has
the form [9]:
Lﬂ+Ri+ifidt: E,
dt C
where L — value of inductor inductance (H);
C - capacitor value (F);
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i — instantaneous value of electric current (A);
R — resistor value (Q);

E — power supply voltage (V);

t — time (sec).

v

Fig. 9. Simplified equivalent circuit for the control scheme of the
drone launching drive taking into account the capacitive

component
In this equation:
. Uc
i=C—=, uc =—idt,
dt ' ¢ j
where uc — instantaneous value of the voltage drop across

capacitor C.
We take the derivative with respect to t on the right
and left sides of the equation. Hence
2. .
ﬂ+ Rﬂ+l =0.
dt? dt C
This is a second order differential equation that
describes the equivalent circuit in Fig. 9. This equation is
transformed by dividing the left and right sides by 1/L.
Hence [10]:

2. .
dfi  Rdi 1 _ (10)
dt2 Ldt LC

Based on (10), we form the characteristic equation:

2 R 1
+—p+—=0.
P L P LC

This equation is quadratic. We find its roots.
Discriminant:

Roots:

The general solution to equation (10) is presented as:

i= AePt 4 APt (11)
Ay, A, are determined from the laws of
commutation [7]:
uc (-0) =uc (+0);
Ic (—0 = ic (+0)
Hence
A+A =E; 12
{Al pL+ APy =0. (12)
Solving a system of equations (12):
A=-A-E,

(‘AQ—E)P1+A292=0 —Aop—Epp+Ap, =0

Ep;
~Py(py—p1)=Epy, Ap=—"—.
( ) P2 — P
Ep;
A=-——1 _E,
P2 — P
___Ep E(Po-m)_ -Ep-Epp+Ep _
P2 — P Po— P P2 — Pt
___Epp
P2 — P
Thus:
E E
A= P2 ’ PL_
P2—-P P2—P1

Let us substitute the obtained data into (11) taking
into account pyp,, we obtain:

E t t
i epl epZ
(pL=1p2) L(pL= P2 )
E t t
— epl epZ
L<p1:p2)( )
We find U, Uc.

_di__E Pt _ p eP2t 14
U= pl—pz(ple P ) (14)
1. t

U =—[idt = ePlt _gP2t)gt+E .
¢ Cj (pl—pz)g( )
t
Plt‘ pot
RS EUC T T
C(p—n2)| P P2
B [ieplt—iepzt—i+iJ E=
LC(p - p2)\ Pt P2 PP
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_ E pzeplt — plep2t B
LC(py—py) PLP2

- E [pl_pZJ+E.
LC(py—P2)\ PP2

Since pyp,=1/(LC) [11], then

Uc = (15)
¢ PL— P2

In the equivalent circuit in Fig. 9 there are two
possible options for transient characteristics:

- aperiodic (condition R > 2\/5 );

(pze'olt - plepZt)+E .

- oscillatory (condition R < 2\/5 ).
Considering that for the case under consideration:

R=100,L=0.2,C=4-10° then

0.2
4.10

100< 2-

5 100 < 447.214.

Therefore, the transient response has an oscillatory
character.

To form graphical dependencies i=f(t), u_=f(t),
uc = f(t) and further time analysis of transient processes in
the diagram in Fig. 9, we present equations (13), (14), (15)
in a more convenient form. To do this, we use the
algebraic and trigonometric form of representing these
equations.

To write equations (13), (14), (15) more compactly,
we introduce the following symbols:

1 s R _R?
0" Jic’' 2L N
R
B = arctg 2L

/L_Ri
LC 4L

Then equations (13), (14), (15) can be represented

as:
E s
I=—=¢e "sin(ot), 16
ol ( ) (19)
u, = Eﬂe_&sin(oat+90+[5), (17)
w
_ % -8t
uc = E—>e %sin(wt-90-p). (18)
(O]

Let us determine the numerical parameters w,, 6,
, B.
1 1

JLC  J0.2.4.10°8

o =1118.034,

5= =025,
2L 2.0.2
2 2
w:\/ 1 _R_:\/ ! - 1002 ~1089.725 ,
JLC 4L 0.2-4-10° 4.0.2
R
B= arctgL = arctgE = arctgi =12.898.
1 R2? ® 1089.725
LC 4L

Finally, the equations for constructing graphs, in
accordance with (16), (17), (18) have the form [12]:

i= ELe‘Stsin(mt) =0.011e>"sin (1089.725t) . (19)
()

u = E&e’&sin(mt+90+ﬁ) =
® (20)
= 2.565¢2°%"sin (1089.725t +102.898).
Ue = E 20 ¥sin(wt-90-B) =

© (21)
= 2.5+2.565¢ 2°%"sin (1089.725t ~102.898).

Based on equations (19), (20), (21), the Table 2 is
filled out.

Table 2 — Calculation data by formulas (19), (20), (21)

t 0.002 0.004 0.006 0.008 0.01
i 0.005 —0.004 0.001 0.001 —-0.001
ug -1.534 0.404 0.284 —0.346 0.135
Uc 2.210 3.361 2.009 2.523 2.664

According to the Table. 2 we build graphs that are
transient characteristics.

According to the obtained graphs (Fig. 10-12) it is
clear that the transient process, although with fluctuations,
takes half as much time. And this is very important for
increasing the speed of the robot's response to the launch
command. Thus, it is obvious that the capacitance in the
equivalent circuit of the robot drive as well as the use of a
PID controller can reduce the robot's response time to the
start command to 0.004-0.006 sec.

i=f(t)

0,006

N
0,004 \
0,002

*~ 0,000 :
0,002 \ 0,004
0,002

-0,004

-0,006

Fig. 10. Transient characteristic i = f(t)
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Fig. 11. Transient characteristic u, = f(t)
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Fig. 12. Transient characteristic uc = f(t)

Research results. The transient processes that occur
in the electrical circuits in the control scheme of the
robot’s drone launching drive are analyzed in these
studies. This drive is necessary to eject the drone (aircraft)
at maximum speed. To do this, it is necessary to ensure
the fastest possible transitions of the electric current | and
electric voltage U in the DC motor, which is the executive
element of the specified drive, to new steady-state
values [13].

Considering that the drone (aircraft) is launched by
pressing a button, it is equivalent to applying a single step
function 1(t) to the input of the drive control circuit. The
output characteristic of the drive control circuit is the
transient characteristic; it is the response of the drive
device to a single step function. For the successful
functioning of the control scheme of the robot's drone
launching drive, the transient characteristic must be as
steep as possible, the transition to a new state must be
minimal in time [14].

The transition from the initial state to the specified
state in terms of electric current | and electric voltage U
occurs in 0.01 seconds in the robot under study. Note that
such a transition occurs along an aperiodic trajectory.
Examining the obtained formulas (8) and (9) it is easy to
see that an even steeper transient characteristic occurs
with an increase in R or a decrease in L [15]. The
implementation of this condition occurs due to correct
selection of a DC motor (with the necessary parameters)
in drone launching drive.

Another way to increase the transient characteristic
for i, and u, i is to use PID controllers. In this case,
capacitance C appears in the equivalent circuit of the drive
electrical control circuit, which can lead to transition to a

new steady-state value of the electric current | and electric
voltage U along an oscillatory path. And such a trajectory
can reduce the time of the transition process.

However, the presence of capacitance in an
equivalent circuit leads to an increase in the order of the
differential equation that describes such circuits.
Considering and analyzing a second-order linear
differential equation is much more difficult.
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O.J1. II1YBEHKO, B. M. I'OJIOLJAIIOB, O. B. KOTYJIbCbKA, T. M. IAPAMOHOBA

ATIPOKCHUMYIOUI 3AJIEXKHOCTI JIJISI BASHAUEHHS EHTAJIBIIII BOJIU TA BOJASHOI TAPA
MPU PO3PAXYHKAX TEILIOOBMIHHUX IMTPUCTPOIB ITAPOTYPBIHHUX YCTAHOBOK
(YACTHHA || - BABHAYEHHS EHTAJIBIIII BOJISIHOI ITAPH)

BuKOHaHI JOCTIUKEHHS € 9acTHHO 1l KOMIIEKCHOT po6OTH 31 CTBOPEHHS METOMOJIOTIYHOIO IMiAX0AY BU3HAUYCHHS CHTANBII BOJM Ta BOASHOI Iapu
IpH PO3paxyHKaxX TEIIOOOMIHHOTO YCTaTKYBaHHS JUISl ONEPATUBHOTO KEPYBaHHS PEKMMaMHU eKCILTyaTalii mapoBUX TypOiH BENHKOI MOTY)XHOCTI,
KOJIM 3aCTOCYBaHHs TaOJMIb TEPMOAMHAMIYHHX BIACTHBOCTEH POOOUYMX CEPENOBHIL y «PYyYHOMY» PeKuMi HE € BaamuMm. Temepimus ugactuna 11
po6oTH, Ha BiAMIHY BiJ 4acTHHHM |, 1€ PO3MISIHYTO BU3HAYCHHS CHTANBIII BOJM, IPUCBIYCHA BU3HAYCHHIO CHTANBIII BOSIHOI Mapu. 3ampornoHOBaHO
METOJIOJIOTIYHUI TMiAXiJ OTPUMAaHHS aNpOKCUMYIOUMX PIBHSHB JUIS BU3HAYEHHS CHTANBINI 32 3HAUYCHHAMH [apaMeTpiB IapH, IO 3MIiHIOKTHCS,
aHAJIOTIYHUI TOMYy, sIK e Oyso 3po0seHo i Boau B yacTuHi I. 3 Meroro 3a0e3mnedeHHs HEoOXiTHOI TOYHOCTI ampOKCHMAIlii 30Ha JOCHTiIKYBaHUX
XapaKTepUCTHK pO3JiJieHa IO THCKYy Ha 1Bi obmacti — oOmacte Bakyymy (1 kIla<P<100«kIla) Ta 0067acTh HAIJIMIIKOBOTO THCKY
(0,1 MITa < P <6 MIla), sixa y cBor uepry moaineHa Ha 3 perionn (0,1 MITa < P <1 MIla, 1 MIla < P< 3 MIla, 3 MIla < P <6 MIla). Ockinbku
BIUIMB TEMIIEPATypH B 30HI JOCIIPKYBAaHUX IapaMeTpiB OLIbLI CYTTEBHM, HDK THCK, BUHHMKJIA MOTpeOa BBECTH IO TEMIIEPATypi iCTOTHO OilblIry
KUIbKICT iHTEpBaliB: 4 — B oOnacti Bakyymy Ta 15 — B oOnacTi Ha/UIMIIKOBOTO TUCKY. B pe3ynbTaTi 3alpoOIOHOBAHO CHUCTEMY alpOKCHMYKYHX
PIBHSIHB, IO BiJI3HAYA€THCS JOCTATHHOO TOYHICTIO BU3HAYEHHS SHTaJIbIIii y BChOMY JOCIIXKyBaHOMY Jlialia30Hi 3MiHM TapaMeTpiB TeperpiToi napu —
TUCKY Ta Temrepatypu. s 1eMOHCTpallii OTpUMaHUX Pe3yibTaTiB y poOOTi BUKOHAHO MPHKJIAJ 3aCTOCYBaHHS METOAOJIOTIT, IO 3aIlPOIIOHOBAHO, 10
PO3paxyHKy KOHKPETHOTO TEIIO0OMIHHOTO mpucTpor. HaBeaeHo BU3HAYEHHS BUTPATH MEPErpiToi mapu B yMOBax TEIUIOBOI CXeMH TerodikamiiHol
TypGinn T-250/300-240, mio excruryaryerbest Ha TEL], crocoBHO mizirpiBada Brcokoro Tucky IIBT-8 s ogHOro 3 pexuMiB ekcrutyatamii. B
pe3ynbTaTi OTPUMAHO, WO PO3ODKHICTH BETHMYMHU BUTPATH TPIIOYOI MapH, BU3HAUYCHOI 3a TAaOJIMYHUMHU 3HAUCHHSMH, BiJl BUTPATH, BU3HAUYCHOI 3a
OTPUMAaHUMU AIPOKCUMYIOUHMH 3aJIeKHOCTSIMU, CTAHOBHUTS 2,2 %, 10 IiIKOM JOIyCTUMO IS IPAaKTUYHUX IOTPeO MPH eKCILTyaTalil HapoTypOiHHUX
YCTaHOBOK.

KuarouoBsi ciioBa: BoasiHa mapa, TypOOyCTaHOBKA, TEIMIOOOMIHHI NPUCTPOi, €HTAJbIIS, MapaMeTpH, TabIULi TEPMOANHAMIYHUX BIACTHBOCTEH
napu.

0. SHUBENKO, V. GOLOSHCHAPQV, 0. KOTULSKA, T. PARAMONOVA

APPROXIMATE RELATIONSHIPS FOR DETERMINING THE ENTHALPIES OF WATER AND
STEAM IN THE CALCULATIONS OF HEAT EXCHANGER DEVICES OF STEAM TURBINE
INSTALLATIONS

(PART Il - DETERMINATION OF THE ENTHALPY OF WATER STEAM)

The conducted studies are the Il part of a complex work on creating a methodological approach for determining the enthalpy of water and water vapor
in the calculations of heat exchange equipment for operational control of the operating modes of large power steam turbines, when the use of tables of
thermodynamic properties of working media in the "manual” mode is not successful. The current part Il of the work, in contrast to part I, where the
determination of the enthalpy of water is considered, is devoted to the determination of the enthalpy of water vapor. A methodological approach of
obtaining approximating equations for determining enthalpy from the values of changing steam parameters is proposed, similar to what was done for
water in part I. In order to ensure the necessary approximation accuracy, the zone of the studied characteristics is divided by pressure into two regions -
the vacuum region (1kPa<P<100kPa) and the overpressure region (0.1 MPa< P<6 MPa), which in turn is divided into 3 regions
(0.1 MPa<P<1MPa, 1 MPa<P<3MPa, 3MPa<P<6MPa). Since the effect of temperature in the area of the studied parameters is more
significant than pressure, there was a need to introduce a significantly larger number of intervals in terms of temperature: 4 — in the vacuum area and
15 — in the overpressure area. As a result, a system of approximating equations is proposed, which is characterized by sufficient accuracy in
determining the enthalpy in the entire studied range of changes in the superheated steam parameters — pressure and temperature. To demonstrate the
obtained results, an example of the application of the proposed methodology to the calculation of a specific heat exchange device is made in the work.
The determination of the superheated steam consumption in the conditions of the thermal scheme of the T-250/300-240 heating turbine operated at the
CHP, in relation to the PVT-8 high-pressure heater for one of the operating modes, is given. As a result, it was found that the discrepancy between the
value of the consumption of heating steam, determined according to the table values, and the consumption determined according to the obtained
approximating dependencies, is 2.2 %, which is quite acceptable for practical needs in the operation of steam turbine plants.
Keywords: steam, turbo installation, heat exchange devices, enthalpy, parameters, tables of thermodynamic properties of steam.

Beryn. [lo cknany TemuioBoi cxeMu TypOOYCTAHOBKM — BJIACTUBOCTEH BOXW Ta BONSAHOI mapu [7], omepaTwBHE

BXOJIUTh 3HAa4YHA KUIBKICTh TEIJIOOOMIHHMX TPHUCTPOIB
(TOIIl) pexymepaTHBHOTO THITY, IO MPAIfOIOTh TIPH
(da3zoBOoMy Tmepexoai Tpilodoro cepemoBuima (mapu) 3
MIEPEHECEHHSAM TEIUIOTH 10 OAHO(A3HOTO CepemoBHUINa
(Bomm), mo oxomomkye (HarpiBaetscs) [l;2]. Ilpm
BU3HAYCHHI TEIUIOBOrO OalaHCy TaKWUX IPUCTPOIB CIIij
MaTd XapaKTePUCTHKHA TEPMOJIMHAMIYHHMX BIIACTHBOCTEH
poOOYUX CepemoBHIN, SKI HEOOXiJHI IJisi ONEepPaTUBHOTO
Bu3HaueHHs1 pexumiB  podotm TOII B  ymoBax
ekcrtyarariii typboycranosok Ha TEC, TEIL i AEC [3-6].

Hdus  BupimeHHS  TePMOAMHAMIYHHAX  3aBAaHb
HaifgacTile 3aCTOCOBYIOTHCS TAONHUIl TEPMOIMHAMITHIX

BUKOPDHCTaHHS SKHX B YMOBax eKCIUTyaTamii OyBae
yckiagHeHo. ToMy Ui MpakTHIHAX MOTped HEoOXimHO
3alpONOHYBATH HU3KY aHAJITHYHUX (YHKIIOHAJIBHHUX
3aJIeKHOCTEH, IO JO3BOJATH ANpPOKCHMYBATH TaOIMUHI

3HaYCHHS TEPMOJWHAMIYHUX BEIMYMH TPH  3MiHI
napameTpis napu [8].
SIK  OCHOBHA  XapaKTepUCTHKA IMX 3aBAaHb

pO3TIIANAEThCS 3MiHA EHTalbIii BOAM 1 HACHYEHOI Ta
meperpiToi mapw, 1o y mporeci P = const Biamosizae
MUTOMiH KiNBKOCTI migBeAeHO] (BigBeneHoi) TertoT. s
BOJIY II€ 3pO0JICHO aBTOpaMu y yacTHHi I miei crarri [8].
Mera pobGorn. ['pyHTyrounch Ha  miaxoni,

© 0. JI. llly6enko, B. M. T'onomtamnos, O. B. Kotynbcbka, T. M. ITapamonosa, 2024
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BUKJIQJICHOMY B TMEpIIii YacTUHI CTaTTi, OTPUMATH
ampoKCUMYIoui pIBHSHHS Ui eHtanbmii h" meperpiroi
napy, BUKOPHCTOBYIOUH, SIK 0a30B1 3HAUEHHS, CHTAJIBIIIIO
3 TabiMIb TEPMOJIMHAMIYHHMX BJIACTUBOCTEH BOIM 1
BOJISTHOT MapH, HaBeJeHUX y [7].

OcHoBHMUit 3MicT. Amnami3z PEKUMHHUX
xapaktepuctuk podotn TOIl mapoTypOiHHUX YCTaHOBOK
(mimirpiBadiB BUCOKOTO Ta HU3BKOTO THCKIB, JIeaepaTopiB,
MmigirpiBagiB MepekeBoi BOAM, KOHIEHCATOPIiB, BHIIAPHOT
YCTAaHOBKH Ta iH.), mo ekcrutyaryrothes Ha TEC, TEL] ta
AEC [9-11], no3BonMB BHW3HA4YHTH OO0JacTI 3MIiHH
EHTaNBMI] B MeXaxX BHKOPHUCTOBYBaHMX MapaMmeTpiB HapH
3 ypaxyBaHHAM (pazoBux nepexofis [8].

Tabnuuni 3Ha4YeHHs eHTanbmii meperpitoi mapu h"
JIOLUTBHO PO3TIIAATH OKPEMO Y JBOX O0JIACTAX:

-B obyacti BakyyMy INpH 3MiHI THCKY Iapu BiJ
1 xITa mo 100 Ila;

- B 00acTi Ha/UTUITKOBOTO THCKY (P > 0,1 MITa).

Sk xapakTepHi BIAacTHBOCTI 3MiHM eHTajbmii h"
MOYKHa Bif3HauuTH HacTynHe. OCHOBHHI BIUIUB Ha TEMII
sminu h" Hajgae Temneparypa, a il BIUIMB NPU MOCTIHHHUX

THCKaX OJm3pkMid 70 JiHIHHOTO 1 MoXxe OyTu
TIPE/ICTABIICHUH CTETICHEBOIO (DYHKIIIEIO BHIY
hy = hgy + K¢(P = const)-(t — t)", (@h)

B SIKiif hy, € TaGIMYHOIO BENMUYMHOIO, TPOMOPIIHHOIO o,
Ha M0YaTKy TeMIepaTypHoro intepsaiy (t — ty).

IIpn nocriiiHiit Temmepatypi t=const MoxHa
BUIUIMTH [Jialla30HM BIUIMBY TUCKY Ha BEIIMYHMHY
enranbmii h". TIpu 1pOMY TeMIl BIUIMBY THCKY iCTOTHO
HIDKYE BIUIMBY TEMIEPaTypd Yy  PO3IIALAEMOMY
TEeMIIEpaTypHOMY IHTEpBaIi.

OYHKIII0 BIUIMBY THCKY Ha 3MiHY €HTAJbBIII NpHU
t = const MO>KHa HaBECTH 5K

hy = Kp(t = const)-(P — P,)", 2

Je N — TOKa3HUK CTENeHs, M0 3aJIOKUTh Bij
temmeparypu; Kp(t = const) = Kp(t) — koedimient BBy
THUCKY Ha 3MiHy eHTajbIil h" mpu t = const.

VY 1mpoMy BHUTAIKYy BENWYHWHA CHTANBIIl y KOXHIN
o0JacTi BUSHAYHUTHCS SIK

= Ry Ay @
abo
h" = hgo + Ke(t—to)" + Kp(t)-(P — Po)".  (4)

Jnst omucy 3MiHM €HTajbIlii HEOOXiTHO OTpUMATH
anpokcumytoui 3HaueHHa K; 1 K, mnpm mnoyatkoBmx
(6asoBux) 3naueHusax Py, ¢pyskmii K(P) i Kp(t) a Takox
MOKAa3HUKHM CTENEeHIB M 1 N pO3AUTbHO it 00xacTi
BaKyyMy 1 Ha/UIMIIKOBOTO THUCKY.

3mina ewmanvnii 6 obnracmi eakyymy. 3MiHa
EHTAJIBIII] TIeperpiToi mapu B 001acTi BaKyyMmy 3a TEMIIOM
BIUIMBY THUCKY PpO3INIIHYTO Y JBOX TEMIEpaTypHUX
miamazonax: Bix 7 °C go 100 °C ta Big 100 °C mo 450 °C.

Ha puc. 1 HaBeneHo 3MiHy eHTasipmii h" B miamasoni
tucky mapu Bix 1 x[la mo 100 kIla. OGmacTe meperpiToi
mapW po3TanioBaHa BHWINE JiHII Ay — PpIBHOBXHOTO
CTaHy.

Cuij 3a3Ha4YMTH, IO B TEMIIEPAaTYpHOMY Jiana3oHi
Bix 7 °C mo 100 °C eHTaypIis MiHIHHO 3MEHITYETHCA TIPH

mizBuieHHi tucky. Ilpm temneparypi Bume 100 °C
JHIMHICTG 1i 3MiHK 30epiraeThcs, aje TeMIT BIUIUBY THCKY

IpH MiJBUINCHHI TeMIepaTypu Ta yMmoBH { = const
3HUKYETHCS.
h", KIE/sr
3400
t=-450°C
3300 400 °C
3200 350°CY
3100 300°C
3000 250°CY
2900 200°C
2800 150 °C
2700 100 °C
———+———>— - o°c | h
2600 H=———=r  70°C] 8o~c
= 50°Q O61acTh APOBOAAHOT CYMILI
30 °CY
2500 1 |
0 20 40 60 80 100

P xIla

Puc. 1. 3miHa eHTaNBMIl IEperpiTol mapyu B 001aCTi BaKyyMy
(P <0,1MIla)

Sk ©6a3oBe 3HAYCHHsI THUCKY Ui IIi€l  0OJacTi
npuitHsaTa BenmuruHa Py = 1 x[1a. 3a 3MiHOIO TemmepaTypu
MOJKHAQ BHIUINTH YOTHPH TEMIEpaTypHi iHTEpBaIH: BiJ
7 °C no 50 °C, Bix 50 °C no 100 °C, Bix 100 °C mo 300 °C
i Bim 300 °C mo 450 °C, ne 3HaueHHsX hy, 0OMpaEeThCs
npu Py = 1 x[a Ha mOYaTKy KOKHOTO iHTEpBaIYy.

Bruue Temneparypu Ha koedimientn Kp(t) y mmx
iHTepBasiax HeomHakoBuii (puc. 2). Ilpm t< 100 °C
BUUIAIOTRCS JBi JiHitHI aiastaku 3minn Kp(t) (puc. 2, a)
y IBOX TemneparypHux intepBanax (7-50°C Ta
50-100 °C). TIpu t> 100 °C (pwuc. 2, 6) niHiliHa miITHKA
crioctepiraerses mmie B inTepsani Big 300 °C mo 450 °C.

Kp(2)
04

0.3

¥

0 e
|
|

0.1

3

0 20 40 60 80 ;o¢

K(2)
0.12

0,08 \

100 200 300 400 C

0

ad

Puc. 2. 3anexxHicTh KoedilieHTa BIUIMBY THCKY BiJ TEMIIEpaTypu
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Busnauenns koediuienta Ky(P) y dopmyni (4) ans
KOXKHOTO TEeMIIepaTypHOTO Jiarna3oHy BUKOHYETHCS 3a
AHAJIOTTYHOI0 METOIUKOIO.

VY KIHLIEBOMY BHIVISAI 3MiHAa EHTaJbMIl Heperpitoi
mapu h" B obnacti Bakyymy mo3Bonmio moiatu (4) y
BUrIsiai  3amexuocteir  h" ~ (P, 1) U1 [EBHHUX
TeMIepaTypHuX iHTepBaiis (Tadm. 1).

3mina ewmanvnii nepecpimoi napu 8 obaacmi
HAOMUWKOUX ~muckig. AHami3 3MiHm eHTamsmini h"
meperpiToi mapum B 00NacTi HAAIHWIIKOBHX THCKIiB
(P>0,1 MIla) BuKOHaHO JUIs Jiana3oHy THUCKIB Bix
0,1 MIla mo 6 MIla Ta 3mini Temmeparypu Bin 100 °C mo
450 °C. Pesynbraté aHamily BenuuumHH eHtanbmii h" y
pPO3MIISIAEMUX  Jiana3oHax NPUHHATUX — IapaMeTpiB
(puc. 3) HO3BOJIMIN PO3IUTUTH JOCIIIKYBaHy 00IacTh Ha
pErioHH, y KOKHOMY 3 SIKUX MPHUHHATO, 10 TeMI 3MiHu h"
NpU MiZABHIIEHHI THCKY P 30epiraerbes. Ilpum mpomy y
BCiii oOmacti meperpitoi mnapu icTOTHa 3MiHa TeEMITy
BIUIMBY THUCKY Ha h" BinOyBaerbcst mpu tucky 0,1 MIla,
1,0 MIla ta 3,0 MIla, a TemnepaTypu IeperpiBy — mpu
100 °C, 150°C, 180°C, 220°C, 234°C, 260°C Ta
270 °C s perioHiB, sKi KOHTAaKTYyIOTb 3 TPaHUYHOIO
miniero posnity das, a rtemmeparypu 300 °C, 330 °C,
380 °C, 385°C, 400°C € rpaHMYHMMH HOJsI DEriOHIB
HeperpiToi mapu.

Entanemist meperpitoi mapu B perioHax, IIo
MPUMHKAIOTh 70 JiHil (a3oBoro mepexomy, 3HHU3Y
obmexena mapamerpamu Ps i ts. Ilpum HeoOximHOCTI
BU3HAYECHHS IXHBOI'O B3a€MO3B'SI3Ky MOKHA CKOPHCTAaTUCS
PIBHSHHSIM AHTyaHa 3 TIIONpaBKaMHu, OOYHCICHHUMH
asTopamu [8; 12].

[pwitaaTe momimeHHs o007acTi meperpiroi mnapu
O3BOJIMJIO  BHKOPHCTOBYBAaTH  OJHAKOBHM  ITiIXif
(po3rnsHYTHI BHINE AN Teperpiroi mapu B 00JacTi
BaKyyMy) IUIsl TOOYXOBHU allpOKCUMYIOUHX 3QJISKHOCTEH Y
KO’KHOMY PErioHi 3 ypaXxyBaHHSIM TEMITy BIJIUBY TUCKY Ta
pe3ynbTariB  aHamizy 3MiHd h" 3a  TemmepaTypHUMH
IHTepBaJaMHu.

Jlo KOXHOTO perioHy OyJio BH3HAYCHO MOYATKOBE
3HaueHHs Mg, MOKA3HUK CTENeHs N mpu (QYHKII THCKY
(P - Py), a takox koediuientu Ky(P) i Kp(t), saxi € y
piBusHHi (4). IxHi GyHKITiOHaNbHI 3B'3KKM Npe/CTaBiIeHi y

¢dopmi piBHSHb (AIPOKCHMYIOUHMX 3alIKHOCTEH) ¥y
TaoI. 2.
Busnauenns BEJIMYHHHA EHTaJIBIIIT h" 3

BUKOPHUCTAHHAM JaHUX Tabm. 1 i Tabm 2 mpoBOAMTHCS
HACTYITHUM YHHOM. 3a 3a/IaHMMH 3HAYCHHSIMU THCKY P i
TemnepaTypu { BH3HAYAE€TBCSA PETIOH 1 TeMIlepaTypHHN
inTepBat. i HUX OOYHCITIOETHCS MOKA3HUK CTYIICHS N, a

MOTIM BiH MiJICTABISETHCS Y BUOPAHY 3aJIC)KHICTb.

Ipuknad 6uKOpUCMAHHS ANPOKCUMYIOUUX DIGHAHD
o nepezpimoi napu. 3amaHo: Tuck P =1,75 Mlla,
temneparypa t=280°C. Ilum mapamerpaMm BiAMOBiAaE
10-it  perioH. Bu3HauyaeTbcs  TMOKA3HUK  CTYHEHS
n=1,0825. 3HayenHs edtanemi h" BigmosigHO HO
PIBHSHHS JUII JaHOTO pPETIOHY Ta TEMIIepaTypHOTO
IHTEepBaITy JOPIBHIOE

h" = 2964,8 + 2,3284(280 — 260)"% — [36,9948 — 0,2426x
x(280 — 260)]-(1,75 — 1)*%%° = 2985,155 K JIx/xT.

R, ¥l K
3400
3300 |
‘_\—‘__M‘_—\——-_- o,
3200 _ﬂw
\_SSO"C\ 370°C
I [T T
T 300°C i
3000 _"““_.__\:- i N
\\\5%\ 300°C
2900 |~ > T 280°C
\\& ‘-
200 ¢ 260°C
2800 _N@f,_-_h_ __kl__kj_ﬂlf ______ _
NS LI B! T
~_.7150°C
2700 |}.2130°C
2600 0,1 MIa
0 1.0 20 3.0 4.0 5.0 6.0
P, MIla

Puc. 3. Exransmist B 061acTi neperpiroi napu npu
Ha/UTHIIKOBOMY THCKY

Tabnuune 3HAYCHHS h' = 2984,9 xJ{x/kr.
Binxunenns po3paxosanoro h' Bij TabauyHOro 3HAYEHHS
cranoBuiio 0,255 xJ[x/xr ado 0,010 %.

Ilpaxmuune 3acmocyéanus 00epiHCaHUux PpieHAHb.
Jlnist owiHKKM e(eKTHBHOCTI BHUKOPHCTaHHS OTPHUMaHHX
pIBHSHB amnpoKcHMarlii TaONWYHWX 3HAYeHb CHTANBIII]
MIPOBEJICHO BU3HAYCHHS BUTPATH TPif0uoi mapu B yMOBax
TEIUIOBOL cXeMu Terurodikariitao1 TypOiHH
T-250/300-240, mo excrutyaryerses Ha TEI] [13; 14].

Busnaunmo BuTparty Tpirodoi mapu, mo HOAAETHCS B
migirpiad Bucokoro Tucky [IBT-8, 3 sxoro >kWBHIIBHA
BOJIa HAJAXOAWUTh B KOTed. Po3risiHeMO KoHIEHCAIliHUA
PEKHM, Y SKOMY €JEKTpUYHA IOTYXHICTh TeHepaTropa
cranoButh N, = 157,042 MBT, BUTpaTa KUBHILHOI BOJH,
o npomyckaetses uepes [IBT, G,, = 542,21 1/ron.

Tennosa cxema IIBT-8 naBenena Ha puc. 4. Ha nei
BKa3aHi MiCII PO3TalIyBaHHS BUMIPIOBAILHUX MTPUIIALIB.

Tabmuus 1 — Exranemis neperpitoi mapu B obnacti Bakyymy (1 kITa < P < 100 kITa) npu temneparypi 7 °C <t <450 °C

7°C<t<50°C
" =2513,8 + 1,8698(t — 7)*%% — [0,3400 — 3,2558-10°%(t — 7)]-(P — 1)

50 °C <t <100 °C
" = 2594.2 +1,8820(t — 50) — [0,2000 — 1,6161-10°3(t — 50)]-(P — 1)

100 °C < t < 300 °C
" =2688,3 + 1,7458(t — 100) — [0,1192 — 1,2534-10"%(t — 100)>*].(P — 1)

300 °C <t <450 °C
" =3076,5 + 1,8783(t — 300)1°*" — [0,02222 — 6,7333-10°%(t — 300)]-(P — 1)

14

Bulletin of the National Technical University "KhP1".

Series: Hydraulic machines and hydraulic units, no. 2'2024



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

Tabmuns 2 — Exransis neperpitoi mapu B 06:1acTi HagmuimkoBoro TUCKy (P > 0,1 MIIa) npu Temnepatypi Bixg 100 °C no 450 °C

Howmep periony

ATIPOKCHMYIOUi 3aJIEXHOCTI

1

0,1 MITa < P < 1,0 MIIa; 300 °C < t < 385 °C
h* =3074,1 + 1,9457(t — 300)*°* — [25,1142 — 0,9793(t — 300)]- (P — 0,1)**

0,1 MITa < P < 1,0 MIa; 385 °C < t <450 °C
h" = 3247,0 + 2,0201(t — 385)%" — [16,7906 — 0,06409(t — 385)]-(P — 0,1)-%

0,1 MIIa < P < 1,0 MITa; 100 °C <t < 150 °C
h" = 2676,5 + 2,0778(t — 100)°*° — [128,500 — 0,8385(t — 100)]-(P — 0,1)"
n=1,0 +1,5000-10°(t — 100)

0,1 MITa < P < 1,0 MIIa; 150 °C <t <180 °C
h" = 2776,4 + 2,0451(t — 150)°%° — [86,5767 — 6,581(t — 150)>4%].(P — 0,1)"
n = 1,078 +1,5000-10"%(t—150)

0,1 MIla < P< 1,0 MIIa; 180 °C <t < 300 °C
" =2831,7 + 1,9212(t — 180)1°7 — [65,7145 — 3,1434(t — 180)*°*].(P - 0,1)"
n=1,12 - 8,3333-10"(t — 180)

1,0 MIla < P < 3,0 MITa; 300 °C <t < 400 °C
" =3051,3 + 2,0793(t — 300)1°% — [27,1978 — 0,4344(t — 300)]-(P — 1)"
n =1,070 + 3,0-107*(t — 300)

1,0 MIla < P< 3,0 MIIa; 400 °C < t < 450 °C
" = 3264,0 + 2,1340(t — 400) — [15,7776 — 0,05680(t — 400)]-(P — 1)"
n = 1,040 + 3,0-107*(t — 400)

1,0 MIla < P < 3,0 MITa; 180 °C <t < 220 °C
" =2777,3 + 2,8643(t — 180)>°° — [80,50 — 0,6501(t — 180)]-(P — 1)"
n=1,0 +2,2874-10*(t — 180)*%°

1,0 MIla < P < 3,0 MITa; 220 °C <t < 260 °C
" =2874,9 + 2,5291(t — 220)*8 — [54,4960 — 0,4731(t — 220)]-(P - 1)"
n=1,175 — 1,8750-10°%(t — 220)

10

1,0 MIla < P < 3,0 MITa; 260 °C <t < 300 °C
" =2964,8 + 2,3284(t — 260)*% — [36,9948 — 0,2426(t — 260)]-(P — 1)"
n=1,10 — 8,750-10™*(t — 260)

11

3,0 MIla < P < 6,0 MITa; 300 °C <t <330 °C
h" =2994,2 + 2,6403(t — 300)*% — [31,904 — 0,2111(t — 300)]-(P - 3)"
n=1,12 — 1,500-1073(t — 300)

12

3,0 MIla < P <6,0 MIla; 330 °C <t <380 °C
h" = 3068,2 + 2,4941(t — 330)**° — [25,5705 — 0,1358(t — 330)]-(P — 3)"
n = 1,075 — 5,600-10"(t — 300)

13

3,0 MITa < P < 6,0 MIIa; 380 °C < t <450 °C
h" = 3183,8 + 2,3640(t—380)*% — [18,7815 — 0,07571(t — 380)]-(P — 3)"
n = 1,038 — 5,430-10°5(t — 380)

14

3,0 MIIa < P < 6,0 MIIa; 234 °C < t < 270 °C
h" = 2801,9 + 4,1551(t — 234)>%2 — [68,50 — 0,7509(t — 234)]-(P - 3)"
n=1,0+1,2106-10"%(t — 234)

15

3,0 MIIa < P< 6,0 MIla; 270 °C <t <300 °C
h =2914,2 + 2,9824 (t — 270)*%" — [41,4650 — 0,3080(t — 270)-%*]-(P — 3)"
n=1,223 —0,01850(t — 270)

Gaa
Y KoTen

PEK

‘DQ)EE

3 Bigbopy TypGinm Hdns  pexuMmy, 1[I0 PO3MIISAAETHCS,  BUMIpSHI

e

Prage XapaKTCPUCTHUKH CTAHOBJIATD:
- Prapu = 3,052 MITa, Py = 3,05 MITa,

! mapm

tyapn = 313,57 °C, ty = 219,13 °C;
f f3mr - P/ = 25,863 MITa, P, = 25,508 MITa,

HBL S £, = 212,95 °C, t,** = 230,50 °C.

t" ppe

-/—|me y [IBT-7 OyTH MpeNCTaBICHE K

KITI Gnapﬂ'(h" - hKFl'I) = G)kB'(hZ)KB - hlms)'

Puc. 4. Tennosa cxema IIBT-8: 32 BUMIpAHMMHM [apaMeTPaMH  BH3HAYAIOTHCH

PXK - perynsrop xusnenns kotna; KI'TI — konzpencar rpitogoi
napi; G, — BUTPATOMip )KUBWIBHOI Bosu; P1®, P3® — THck
JKUBHIIBHOT BOZM Ha BXOMi Ta BuXofi [IBT-8; Py, — THCK
rpiroyoi mapu 3 nepiuoro Binbopy TypOinu, MIla;
t,apu — TEMIIEPATYpa Ipitodoi mapu 3 Binbopy Typ6inm, °C;

3HAYEHHS CHTAJBITIT POOOYNX CePEIOBHIIL.
Enrtanpmist  Tpitodoi mapw  BU3HAYAETHCS

tien — TEMIIEPATYpa KOHAEHCATY Ipitodoi napu, °C nopisuroe 1,10, Toxi Ay, = 3027,085 kJlx/kr (Tabamune
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3HaueHHs KX napametpiB 3027,97 kJx/kr).

EnTanbmist KOHJIEHCATy rpirovoi napu
PO3paxoByeThCs 3a 3aNICXKHICTIO (21), Ky HaBEJICHOIO B
nepiiii yactuni crarri [8], 1 cknage hy,, = 939,09 kJIx/kr
(tabmuune 3HaYeHHs h ., = 939,92 kJ[x/Kr).

Enransmist xuBmibHOT Boau Ha Bxoai B [IBT-8 ([8],
dopmyna (21), TemnepaTypHuUit iHTEpBaI
180°C<t<240°C) hy"*=919,67 kllx/kr (Tabnuune
snayenns h,™* = 918,50 kJ[x/kr).

Enransmis sxuBriIbHOT Boau Ha Buxoi 3 [IBT-8 ([8],
¢dopmyna 21, TeMnepaTypHUi iHTEepBaI
180°C<t<240°C) h,™ =999,016 x/[k/kr (Tabau4HE
snagenns h,™” = 999,67 xJ[x/xr).

Butpara rpirouoi napu B [IBT-8 3rigHo (5) cknanae
Grapn = 20,607 T/TOn.

Butpara rpitodoi mapu, BU3HAUEHA 3a TaOIMIHUMHU
SHAUCHHAMM  eHTanbmii,  Guyop = 21,075 T/rox, i
BiIPi3HAETBCS Bl Gpgpy HA BEMMUMHY AGpypy = 0,4711 T/TOR
a00 2,2 %.

Taka  po3ODKHICTE  BUTpAT  TPiFOYOi  TapH,
BHU3HAYCHUX 3a TaONWYHMMH 3HAUYEHHSIMH CHTANbIIi i 3a
oTpuMaHuM# HOPMyJIaMH, JOCTATHS AJs iX TPaAKTHIHOTO
3aCTOCYBaHHSI.

BucnoBku. 1. Ha ocHOBI aHami3y 3MiHH €HTaNbIIii
MEPerpiToi mapu B 00JIACTI MapaMeTpiB, IO BiMOBIIAIOThH
poboTi Teroodminaux npuctpois Typoin TEC, TEI] ta
AEC, 3aMpPONOHOBAHO METOMOJIOTTYHUI MiaXig
OTPUMAHHS AMPOKCHUMYIOUUX PIBHSIHb JUIS BHU3HAYCHHS
BEJIMYUHM CHTAJIbBIIi 32 3HAYCHHSIMH 3MIHIOBAaHHX
mapaMeTpiB Mapu — THCKY Ta TEMIIEPATYyPH.

2. qns 3a0e3neueHHs HEOOXiMHOI  TOYHOCTI
anpoKCcUMAaIlil 30HA JOCHI/KYBAHUX  XapaKTEPUCTHK
po3niieHa Ha o0JacTh, MO BIATIOBiAAa€ CHTANBINI TpHU
Bakyymi (1 k[la< P <100 «kIla) i obGmacte mneperpiroi

napu npu HaUTUIIKOBOMY THCKY
(0,1 MIla £ P £ 6,0 MIla).

3. BusHaueHHs eHTampIlii B 00MacTi Bakyymy
NPOBOJMTBECA B TEMIICpaTypHHUX  IHTepBajax, IO

BU3HAYAIOTHCS TOYATKOBUMH 3HAYCHHSIMHU TEMIICPATYP
7°C, 50 °C, 100 °C 1a 300 °C.

4.3MiHa eHTanpmii meperpiToi mapu B oOyacti
HAQ/UTHIIKOBOTO THUCKY TPH PI3HOMY TEMII BIUIHBY
rapaMeTpiB BUKJIMKAJIO HEOOXIHICTh pO3ainTH 001acTh
JMOCTI/DKCHHS HA  PErioHM 33  IHTepBajaMu, IO
3a0e3MeYmI0 €MMHUHA MIXi M0 BH3HAYCHHS CHTANBINI Y
BCHOMY JIOCTIIPKYBaHOMY Jialia30Hi IXHBOI 3MiHH.

5. 3amponoHOBaHI ANPOKCUMYIOWi PIBHSHHS  UIS
BU3HAYCHHS CHTAJbIIi 320€3MeYyI0Th JOCHTH XOPOIIHH
30ir oOYMCIIEHMX II0 HHX 3HA4Y€Hb EHTaAJbHii 3
TaOMUYHUMH, IMO0 Ja€ JOIMYCTHMI BIAXWICHHS IS
MPaKTUYHUX norped i yac eKcIuTyaTarii
napoTypOIiHHUX YCTAHOBOK TP BU3HAYEHHI BHUTpPATH
rpitouoi napu B TEII000MiHHOMY 0018 HAHHI.
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A. C. POTOBHH, A. 0. HECKOPOKEHHH, €. I. TIMYEHKO, ]I. P. IbOMIH

SMEHIIEHHSA BTPAT CHUITYUYOI'O CEPEJOBUIIA, IO IEPEKAYYETHCA
BUXOPOKAMEPHHUM EXXEKTOPOM, BAKOPUCTAHHSIM IIIIMHHOI MPUMMAJIBHOI
HACAJKH

ITpo6nema 3HOIIYBaHHS MEXaHIUYHUX PYXOMHX EIEMEHTIB €XEKTOpIB IPH TPAHCIIOPTYBAaHHI aOpa3MBHUX YACTUHOK € aKTyalbHOIO I 0ararhox
ray3seif mpomucioBocti. [TokpaleHHs MoKka3HUKIB HAJIHHOCTI Ta JOBrOBIYHOCTI OOJIAAHAHHS JUIS NIepeKavyBaHHS TBEPAUX aOpa3sHBHUX CEPEIOBHIIL
MOXUIUBE IIIIXOM 3aCTOCYBAHHS CTPYMHHHHX HacociB. OcoOmuBYy yBary 3aciyroByloTh BuxopokamepHi exekropu (BKE), edextuBHicTs poboTu
SIKNX MOYKHA ITIIBHIINTH IIISIXOM 3MCHILICHHS BTPAT CHUITYy4Or0 CEPEOBHUINA y APCHAXKHOMY KaHaJi 3aBSIKM BUKOPHCTAHHIO LIUTMHHOI HPUIMAIBHOT
Hacaznku. [IpoBesieHe MaTeMaTHYHE MOZEIIOBAHHS, 3aCHOBAHE HA YKMCIOBOMY BHPIILICHHI ycepeaHeHHX 3a PeliHonbiacoMm piBHsAHb Hap'e-Ctokca, mo
JIaJI0 3MOTY BCTAaHOBUTH 3AJISKHOCTI BTPAT CUITy4OT0 CEPEIOBHUINA Bil pOKMMHHX MapaMeTpiB (YHKIIOHYBaHHS exeKkTopa. JJo MatemaTuyHOl Moaemi
momani piBusiaast SST (Shear Stress Transport) momeni TypOyJe€HTHOCTI Ta DIBHSHHS HEpPO3PHBHOCTI. Pospobieni maTemaTndHi Mojenmi Oyiau
MATBEPIKEHI EKCIIEPHMEHTAIBHUMH JOCITI/UKCHHSIMH, SIKI HPOJEMOHCTPYBAJH iX aJeKBATHICTh i MPAKTUYHY 3aCTOCOBHICTB. J{OCIIDKEHHS BUSIBUIIH,
1[0 IPY BUKOPHCTAHHI [IITMHHOI MPHIIMaIbHOI HACAAKH BTPATH CUITy4O0r0 TBEPAOrO CEPEAOBHILA 3MEHIIYIOTHCS 31 3pOCTAHHSIM T'YCTHHHU CEPEIOBHIIIA,
mo mepekauyerbes. Ui [MITHAPHYIHOI MiHIMAIbHI BTpaTH croctepiramics B miamasoni ryctun 2000-3000 kr/m®. HatomicTs minnHHA Hacajka
3a0e3reyyBaia MEHIII BTpaTH 32 YMOB 30UIbIICHHS TYCTHHH CepeaoBHUIla. BiH3HauyeHO YMOBH 3BEICHHS JI0 HYJIS MacOBOI BUTPATH TBEPIUX YaCTHHOK
y JApEeHaKHOMY KaHami. EKCriepMMEHTaNbHI JOCHTI/DKEHHS TAKOXK BUSBWIIM, IO ONTHMI3allisl MapaMeTpiB, TaKMX SIK JiaMeTp i TYCTHHA TBEPAUX
YAaCTHHOK, a TAKOX MOBHMH THCK Ha BXOAI (CTYHiHb 3aKPYTKM INOTOKY y BHXPOBiH Kamepi), JO3BOJS€ MPAKTHYHO YCYHYTH BTPATH CHITy4OTO
CepeloBUINA Y JPEHaKHOMY KaHAJi IPH BUKOPUCTAHHI LIIMHHOI NpuiiManbHoi Hacanku. Lle 3abe3nedye 3HaYHe ITiIBHILNEHHS €HEProedeKTUBHOCTI
po6otu BKE.

Kuio4oBi cj10Ba: BHXOPOKAMEPHUH €XEKTOp, CKCIICPUMCHT, YHCIOBE MOJICIIOBAHHS, NPCHAKHUH KaHal, BTPATH CHUILy4Oro CEPEIOBHIIA,
e(peKTHBHICTb.

A. ROGOVYI, A. NESKOROZHENYI, Ye. TIMCHENKO, D. DOMIN

REDUCTION OF LOSSES OF THE BULK MEDIUM PUMPED BY THE VORTEX CHAMBER
EJECTOR BY USING ASLOTTED INTAKE NOZZLE

The problem of wear of mechanical moving elements of ejectors during the transportation of abrasive particles is relevant for many industries.
Improving the reliability and durability of equipment for pumping solid abrasive media is possible by using jet pumps and ejectors. Particular attention
should be paid to vortex chamber ejectors (VCE), the efficiency of which can be increased by reducing the loss of bulk media in the drainage channel
through the use of a slotted intake nozzle. The mathematical modeling based on the numerical solution of the Reynolds-averaged Navier-Stokes
equations was carried out, which made it possible to establish the dependence of the bulk medium losses on the operating parameters of the ejector.
The SST (Shear Stress Transport) equations of the turbulence model and the continuity equation were added to the mathematical model. The
developed mathematical models were confirmed by experimental studies that demonstrated their adequacy and practical applicability. The studies have
shown that when using a slotted intake nozzle, the losses of bulk solid medium decrease with increasing the pumped medium density. For a cylindrical
nozzle, minimal losses were observed in the density range of 2000-3000 kg/m3. Instead, the slotted nozzle provided lower losses with increasing
medium density. The conditions for reducing the mass flow rate of solid particles in the drainage channel to zero were determined. Experimental
studies have also shown that optimization of parameters such as the diameter and density of solid particles, as well as the total inlet pressure (flow
swirl in the vortex chamber), can eliminate the loss of bulk solids in the drainage channel when using a slotted receiving nozzle. This ensures a
significant increase in the energy efficiency of the VCE.
Keywords: vortex chamber ejector, experiment, numerical simulation, drainage channel, granular medium losses, efficiency.

Beryn. 3HouryBaHHS HPOTOYHHMX YacTUH HACOCIB Ta
€KEKTOPIB i/l YaC TPAHCIIOPTYBaHHS TBEPAUX CEPEIOBHIL,
30KpeMa a0pasMBHHX YacTHHOK, € OJHIEI0 3 KIIOYOBHX
TEXHIYHUX Tpo0ieM y TipHUYOAOOYBHIM, XIMIUHIH,
HadTOBIll Ta iHIIMX ramy3sx mpommucioBocti [1]. Pobora
HACOCHOTO Ta KOMIIPECOPHOro obnamHaHHs [2] B ymoBax
MiABUIIEHOTO a0pa3sWBHOTO 3HOCY TPHU3BOIUTH 1O
3HIKCHHS WOTO HAIIHOCTi, 9acTWX HECIpaBHOCTEH i
3HAUHUX BHTpaT Ha OOCIYrOBYBaHHA Ta 3aMiHY
enemeHTiB [3]. 3pocTarodi BUMOTH 10 eHEproe(eKTHBHOCTI
Ta JOBrOBIYHOCTI CHCTEM TPAaHCIIOPTYBAaHHS TBEPIHX
cepenopuill [4] BuMararoTh pO3POOKH IHHOBALIHHHUX
TEXHIYHUX pIlIeHb, 3AaTHUX MIHIMI3yBaTH HEraTUBHUI
BILTHB a0pa3MBHUX YaCTUHOK Ha 0OMagHaHHs [5].

[TigBUIEeHHA HAMIHOCTI Ta JOBLOBIYHOCTI CHUCTEM
JUISl TPAHCHIOPTYBAaHHsI TBEPAMX aOpa3sMBHHUX CEpeOBHII

MOXJIMBE  3aBISIKH  3aCTOCYBaHHIO CTPYMHUHHHUX
eXeKTopiB [6]. BOHM  XapakTepuU3yIOTbCA  BHCOKOIO
HAAIWHICTIO Ta CTaOUIBHICTIO pPOOOTH, TpoTe iX

CHCPIreTUYHa B(I)CKTI/IBHiCTB 3AJIMIIAETECA HAa HU3BKOMY

piBai. Ilokpammti  edexkTHBHICTh  (QYHKIIOHYBaHHS
CTPYMHHHHMX HarHiTadyiB MOXKHA LUISXOM BHKOPUCTaHHS
aeporiIpoIuHaMIYHIX BJIACTHBOCTEH 3aKpY4EHHX
MIOTOKIB, IO YTBOPIOIOTHCS Y BUXPOBIiil kamepi [7].

AHami3 ocTaHHIX JociTiliKeHb. 3acCTOCYBaHHSA
BUXPOBUX €XEKTOPIB MPUBOAWTH 10 HH3KU TIPOOIEM:
HU3bKa eHeProe()eKTUBHICTh Yepe3 BEIMKI BTPATH SHEpril y
BUXpOBUX TMOTOKax [8]; 3HOIIYBaHHS  BHYTPIMIHIX
€JIEMEHTIB TIpH po0OoTi 3 abpa3sMBHUMH cepeaoBHIIamMH [9];
YYTJIUBICTH /O BIJIACTUBOCTEH pPOOOYOro cepeoBHIIa;
CKJI[IHICTh MOJICJIOBaHHs TypOysieHTHHX moToKiB [10] Ta
IITyMOBI BILJTUBH.

Peaizanis el BAKOPUCTAaHHS BIIMBY BiALICHTPOBOT
CHJIM Ha TBEpAY YACTHHKY Yy BHXPOBiil KaMepi BHMarae
CTBOPEHHS 10JIJaTKOBOT0 TAHT€HIIAJILHOTO KaHAITy BUXOLLY
3MIIIAHOTO TIOTOKY Ha mepudepii Buxposoi kamepu [11].
Taxi cTpyMHHHI HarHiTadi, [0 BUKOPHCTOBYIOTh B SIKOCTI

CEepeoBUINA-HOCISI Ta3, Ha3BaHI BUXOPOKAMEPHHUMH
exektopamu  (BKE), Marore  BHCOKI  NOKa3HHKH
e(eKTUBHOCTI TepeKadyyBaHHS TBEPAUX aOpa3UBHUX
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cepenoBuml. EQeKTUBHICTh TMEpeKadyBaHHS TBEPAUX
YaCTHMHOK 3a JIONIOMOIOIO IIOBITPSL BJIBOE HEPEBHILYE
e(EeKTUBHICTh TEepeKauyBaHHS 3a JOIOMOTOI0 KIACHYHHUX
OPSIMOTOYHUX CTPYMHHHHX HACOCIB Ta exekTopis [12].

BKE MaroTh iCTOTHHHA HENONIK — BHUKOPHCTAHHS
TEXHOJIOTIYHOTO JPEHAXHOTO KaHaIy HPU3BOAUTH M0
BUHWKHCHHS BTpaT cepefoBHIIa B HboMy. Lli BTpaTh
3ajexaTh Big KIHEMAaTHYHHX TIapaMeTpiB  3aKpPyTKH
MOTOKY BCepeanHi BHXpoBoi kamepu [13], a Takox Bin
TeOMETPHYHHX PO3MIpiB KamMepH Ta KaHamiB. Y poboTi [14]
MOKa3aHl eHepreTHYHI XapaKTePUCTUKU HATHITAa4iB, OJTHAK
HEMae 3TajK PO 3aJeKHICTh KUTbKOCTI BTPAT BiJ iHIIHX
PEKMMHHUX Ta TEOMETPUYHHMX MapameTpiB. B minomy,
BUKOPHCTOBYIOYH OJIHY 1 TY K T€OMETPiI0 Hacoca MOXKHA
peanisyBaTu 1Ba poOOUi IPOLECH 3 BTpaTaMH CEPEIOBUINA
i 6e3 [12]. PoGounii mpomec 6e3 BTpaT OyIe 3 MEHIIUM
CTYNEHEM IMIiABMIIEHHS TUCKY BHACIIOK 3HMKEHHS
€HEepPreTHIHNX napameTpiB CepeIoBHINa, 110
NIepeKavyeThCsl HA BUXO/I 3 TIPUCTPOIO.

VY momnepenHiX CTaTTAX aBTOPIB PO3IISIHYTO BTpPAaTH
MepeKadyBaHOIO CEPeJOBHUINA B JAPCHAXHOMY KaHaui [7,
8; 12; 14], npoTe He PO3MIIAHYTO NUIAXH OIIHKH IUX BTPAT
Ta (akTopu, W0 Ha HUX BIUIMBAIOTh. BUKOpPHCTaHHS
UIUTMHHOTO TPUHAMANBbHOTO COTUIa B TaHTEHI[IaTbHOMY
KaHalll BHXOJYy Hacoca J03BOJISIE CKOPOTHTH BTPATH,
OJIHAaK BOHM HE 3BOJATHCS O HYNA i, HA CHOTOIHIIMIHIN
JIeHb, HE BUSBICHO BIUIMB DPEXHMMHHX IapaMeTpiB Ha
BEJINYNHHU BTpaT.

Jns Toro, mo0® 3BeCTH BTpaTH A0 MIHIMYMY,
HEOOXiTHO OLIIHWTH BIUIMB YCiX MOXJIMBUX (paKkTOpiB Ha
TPaeKTOpii YACTHHOK, IO CKJIagHO JOCSATTH 32
JIOTIOMOT0I0 €KCHEPUMEHTAIBHUX NOCHipKeHb. CydacHui
miaxig ma ocuosi CFD (Computational Fluid Dynamics)
METOJIB PO3PaXxyHKY 3 BHKOPHCTaHHSAM MOJCITIOBAHHS
pyxy TtBepmoi ¢aszu [15] mosBossie 3po3ymith, sKi came
KPOKH CIiJ{ 3a/1iTH JUTSI MiHIMi3aIlil BTpaT y HarHiTadi.

Taxkum 4MHOM, aKTyaJbHOIO € 3aJada OIIHKH BTPaT
MOTOKY B APEHA)KHOMY KaHali 1 BUABJICHHs (aKTopiB, 1110
BIUIMBAIOTh Ha HHUX. MiHiMi3amlis BTpaT HepeKavyBaHHUX
MOTOKIB MOXKE€ TpHU3BeCTH A0 Ounbinoro nomupenns BKE
y npomuciioBocTi. Takok MOXIJIMBE IX 3aCTOCYBaHHS 3a
YMOB OOMEXEHHs ra0apuUTHHX PO3MipiB, HalpHKIan, y
TPaHCIIOPTHUX MalIMHAaX.

Merta. Metoto poboTH € miaBHIIEHHS e(heKTUBHOCTI

pobOTH  BHUXOPOKAaMEpPHOTO  €XKEKTOpa 3a PaxyHOK
3HIDKCHHSI BTPAT CHUIYYOTO CEpPEOBHINA y IPEHAKHOMY
KaHaJl HITSIXOM BUKOPHCTaHHS IIITMHHOTO

MPUIMaTBEHOTO HAcaIKa.

PesyabraTn pociaigxenb. Cxema BKE Tta Horo
ciTKOBa MoJielli TpencTaBieHi Ha puc. 1. Bukopucranus
BiaeHTpoBoi cuiu y BKE anasoriune 1 BAKOPHCTAHHIO Y
BiZileHTpoBOMY Hacoci uu kommpecopi. ¥ BKE B sikocTi
poboyoro Kojeca BHUCTYIIA€ OCHOBHMH IOTIK, IO
MOJIAEThCSl B TAaHTEHIaJbHUII KaHan Bxoay. Lled motik
3aKpy4YyeThCSI Y BHXPOBIM KaMmepi Ta 3aimummae ii dgepes
TEXHOJIOTIYHAN OCHOBHU JApPCHAXHHWH KaHAI. BHacmimok
3aKPYTKH OCHOBHOTO NOTOKY BHHUKAIOTH TiAPOAMHAMIYHI
e(eKTn: HaIMIIKOBUM THCK Ha mepudepii BHXpOBOL
KaMepH Ta BakyyM Ha ii oci. [X BUKOpHCTaHHs 103BOJsSE
3MIMCHUTH Tiepeady eHeprii HMacMBHOMY IOTOKY, IO
HAJIXOIUTh y BHUXPOBY KaMepy UYepe3 OCbOBHH KaHal

BXOJy. 3aKpydYeHHHA TOTIK CHpPHUAE IHTCHCUBHIIIOMY
MepeMilTlyBaHHIO, 110 BUKOPHCTOBYETHCS, HANPHKIAN, y
peakuifiHuX JBUTYHaxX a00 NPOMHCIOBHX 3MillyBaydax,
tak # y BKE 3akpydenuil morik mo3Boise mnepenaTv
€HEeprio y MoJIi BiJIIEHTPOBOT CHIIH.

MacvBHWIA NOTIK (Min)

I SR e

3Mianmin OcHoBHMIA
noTik (me) noTiK (ms)

]
I
]
]
]
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Puc. 1. 'eomerpis mocmimxeHoro BKE:
a — cXeMa HarHiraua; 6 — po3paxyHKOBa CiTKOBa MOJeIb

[MoTik, MmO mepekadyeTbes, BCMOKTYEThCS 3aBASKU
BaKyyMy B BHXpOBY Kamepy, 1 Jali pyXaeTbcs
CHipaIbHUMHU TPAEKTOPISIMA Ha Tepudepito BUXPOBOI
KaMepw, a Jali — B TaHTCHI[IaJIbHUH KaHAJI BHUXOIY.
OpHi€I0 3 TOJIOBHUX IIEpeBar TAKMX HATHITadiB € Te, II0
BOHH IYX€ MPOCTi Y BUTOTOBJICHHI Ta eKCIUTyaTalii, sK i
immn mpuctpoi crpymunHOI TexHikH [16]. CrpymwummHi
€XKEKTOPU MAIOTh MPOCTOTY BUTOTOBJICHHS 3aBISKH CBOTH
KOHCTPYKTUBHIH O0COOJMBOCTI — BIJIICYTHOCTI PYyXOMHX
YacTHH, sIKI TOTPeOYIOTh BHCOKOTOYHOI MEXaHi4HOI
00pOOKM uM CKIaJaHHsA. IXHS KOHCTPYKIis, 3a3BU4ai,
YTBOPIOETBCSI 3 IPOCTHX €JIEMEHTIB, TAaKUX SK COILIO,
3MilllyBaJibHA KaMepa Ta Judy30p, 10 3HAYHO CIIPOILYE
BUPOOHMUHMIA TIPOIIEC. IX JIerKo iHTEerpyBaTH B iCHYyIoi
CHCTEMH 3aBJSKH MIPOCTOTI KOHCTPYKIIii.

VY maHoMy IOCHiKEHHI K Y YHCIOBIH CHUMYJIALII,
Tak 1 JUII TpPOBeACHHS Baiijamii y NOPIBHAHHI 3
eKCHePUMEHTAILHUMH JIOCIT[PKCHHSIMH, BUKOPHCTOBYBABCS
€XKEKTOp 3 TEOMETPUYHUMH PO3MIpaMH: JiaMeTp BUXPOBOT
kamepu — 50 MM, BucoTa — 10 MM, 1iaMeTp TaHTeHI[IAJIBHOTO
KaHaTy OKMBICHHS — 8 MM, JiaMeTp BHUXIJHOTO
TAHTCHIIAIFHOTO KaHally — 6 MM, JiaMerp BXIiIHOTO
OCBOBOTO KaHATy — 5 MM, JiaMeTp JAPEHa)KHOTO OCHOBOTO
kaHany — 10wmm. Po3mipu mnomnepeyHoro mnepeTHHy
NPSMOKYTHOTO MPUHOMHOTO IIUIMHHOTO KaHaiy — 10 MM
Ha 6 MM.

MaremaTiHyHe MOJEIIOBaHHS MPOBEICHO HAa OCHOBI
BUpIllICHHS piBHSAHb PeifHombaca pa3oM 3 MOJEIUIIO
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TypOynenTHocti SST Ta mompaBKolO Ha KPUBHM3HY JIHIN
Tedii Ta 00epTaHHs MOTOKY Y NPOTPaMHOMY CEpEIOBHII
Ansys Fluent 2024 R1. PiBHsHHS MOJENi HAaBEJICHO B
poborti [17]. [dnst mepeBipkr HE3aNSKHOCTI pe3yNbTaTiB
BiJl CITOK NPOBOJMJIOCS OPIBHSIHHS PE3YJIbTATIB HA TPHOX
citkax: 1 mmH enementiB, 3mmH i 7 muH. IlepeBipka
He3alexHocTi pe3ynsTariB Bix citku (Grid Independence
Check) — me BaxiuBuii eTam YHUCIOBOTO MOJIEIIOBAHHS,
mo 3a0e3rnedyye TOYHICTH Ta JOCTOBIPHICTH OTPHUMaHHX
pesynbTati. Mloro Meta — BUSHAYMTH, M 3MiHA KiTbKOCTI
€JIEMEHTIB CITKM BIUTUBA€ Ha PE3YIbTAaTH OOYHCIICHB.
Takuli miaXix 103BOJISIE ONTHMIZYBAaTH OOUYMCIIOBAIbHI
pecypcH, 3a0e3nedyyloud HpU LBOMY BHCOKY TOYHICTh
MojentoBaHHs. Tak sk pe3yabTaTH po3paxyHKy Ha CiTKax
317 MIJIH elleMEeHTIB Bipi3HsIHCS He Oinplie Hix Ha 1 %
MOJAJIBIN PO3PaxyHKH 3po0JieHI Ha CiTkaXx B 3 MJIH
enemenTiB [18].

MopentoBaHHs ~ TPAEKTOPi  TBEPAMX  YACTHHOK
NPOBOJMJIOCS Ha OCHOBI Merony Jlarpamka IUISIXOM
YHCJIOBOTO BHUPIIICHHS OCHOBHOI'O PIiBHSAHHS IMHAMIKH
TBEPIOi YaCTHHKH 3 ypaxyBaHHSIM 3iTKHEHb YaCTHHOK 3i
crinkamu  kamepu [19]. PiBHAHHS i BH3HAYEHHS
TPAEKTOPIH TBEPAUX YACTHHOK:

X; =X +U,6t

JIe Xj, X — IOYaTKOBE Ta KiHIIEBE IIOJIOKECHHS TBEPIOI
YaCTHHKH; Up — MIBUJKICTh TBEPJOi YaCTHHKH; O — KpOK
32 4acoM.

[Ticnst 3aBepieHHs] OOYMCICHb Ha KO)KHOMY KpO1li 32
4acoM HOBa HIBUAKICTh BU3HAYAJIACS 3T1JTHO PiBHSIHHS:

dup SF
m—-= = ,
dt

JIe M — Maca TBEpIOl YaCTHHKH; » F — cyMa BCiX CHJI, IO
mirotb  wHa wmel [20]. B manomy  mocimkeHHi
BpPaxOBYBAJIHCS: CHJIa JIOOOBOTO OIOpY, CHJIA TSDKIHHSA,
MigAOMHA CWJIa, CHWJa TMPUETHAHOT MAacH PiIWHHU, CHUJA
BIUIMBY Tpaji€HTa THUCKY Ha TBEpAy YacTUHKY (B T. .
ApximenoBa cuia). Po3paxyHOK TpaekTOpii TBepauX
YAaCTHHOK 3/IICHEHO ITiCJIsl 3HAXOKEHHSI MOJIs IBUIKOCTI
Ta THCKY OCHOBHOI Tedii MOBITps B HAarHiTaui, 110 iCTOTHO
ckopouye dYac pospaxyHky (One-Way Coupled) 3a
JIOCTAaTHBOT JUISl OL[IHKK BUTPAT TBEPIUX YACTHHOK.

KapTtuau Tedii ra3oBoi Ta TBepaoi (a3 mpeacraBieHi
Ha puc. 2. [lopiBHSIHHA KapTWH Tedii ra3y B HardiTaui 3
TBEPIUMH YaCTHHKAMH i 0e3 mMoKa3ye, M0 KOHIEHTpAIlis
YAaCTUHOK HE JOCTATHS IJIsl CEPHO3HOTO BIUIMBY YaCTHHOK
Ha XapaKTEePHUCTHUKHU TEYii, i OCHOBHI MmapaMeTpu pobotu
HarHiTa4a 3aJMINAalOThCA HE3AICKHUMH BiJl TBEPAMX
yactuHOK [1; 7]. KoHueHTpamiss TBepAMX YaCTHHOK
BIUIMBA€E Ha MozenoBanHs Tpaekropiit y CFD uepes 3miny
B32€EMOJIii MK YaCTHHKaMH 1 cepelloBUINEM. 3a HU3bKOT
KOHILIEHTpALl IOMIHY€ OJHOCTOPOHHIN BIUIMB IOTOKY Ha
YaCTUHKH, TOJI K 3a BHCOKOI  KOHIICHTpAIil
BPaxOBYIOThCS MIKYACTHHKOBI B3a€MOJIi, 10 3MIHIOIOTh
TypOyJNeHTHICTh 1 posmonin mortoky. lLle BuMarae
KOPEKTHOr0 ~ BUOOpY  Mogzeiedl i TOYHOrO
NPOTHO3YBaHHS TPAEKTOPIH.

[IpencraBnenwnii Ha puc. 2, 6 1 2, 6 PO3MOILT TBEPIUX
YAaCTHHOK 3a JIaMETPOM IOKa3ye MHUTTEBE PO3TaIlyBaHHS

YaCTHHOK y  TpocTOpi B MEpHIIOHAIBHIA 1

TOPU3OHTANBHIA  TUIOMMHAX.  PO3MOAiN  YacTHHOK
MITBEPIKYE HA  AKICHOMY  piBHI  aJIEKBaTHICTh
BUKOPUCTAHOI MaTeMaTHYHOI MOJeNi Ta BiANOBiIaE
MHTTEBUM KapTHHAM TedYii, IO CIOCTEpiraloThcs B
CKCIICPUMCHTI.

Pressure

Contour 1
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Puc. 2. PesynbraTn po3paxysky teuii y BKE:
a — ToJIe THCKIB; 6 — PO3TaIllyBaHHS TBEP/MX YaCTHHOK Yy
MEpH/IiOHANBHIN TUIOLIHMH; 6 — PO3TALIYBAHHS TBEPAUX YaCTHHOK
Y TOPH30HTAIBHIH IUTOMWHI

[linTBep/mKeHHS aAEKBATHOCTI Ha SKICHOMY piBHI
rependavae mepeBipKy OCHOBHHUX XapaKTEPHUCTHK MOJEINI
abo mporecy IUSIXOM  TOPIBHSHHS  PE3yJbTaTiB
MO/ICITFOBAHHS 3 EKCIICPUMCHTATEHUMU abo
JmiTeparypHUMH TaHuMHU. lle BKITIOYae aHami3 CXOKOCTI
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KapTUH Tedii, 30H BiJAPHUBY, TPAEKTOPiH YacTHHOK abo
PO3MOALTY MBHAKOCTEH 1 THCKIB. Takuil miAXia J03BOJISIE
OLIHUTH, YW BIATBOPIOE MOJENb KIIOYOBI (i3UyHi
0CcOONMBOCTI, HAaBITh SKIIO KUIBKICHI  pO30DLKHOCTI
npucyTHi [21]. YV pesynpraTi po3paxyHKy BU3HAYaIH
KUTBKICTP 1 MacoBYy BHUTpAaTy TBEPAHWX YaCTHHOK, IO
MPOXOMATh Yepe3 TIPaHWYHI YMOBH, IO [JaBajlo 3MOTY
MTOPIBHATH MacOBi BUTPATH 3 EKCIIEPUMEHTOM.

3a J0NOMOrol MaTeMaTHYHOTO MOJEIIOBAHHS
TPAEKTOpii YaCTWHOK B HArHiTadi BJANOCS BH3HAYUTU
MacoBy BHTpaTy BTpaT IE€PEKATyBAHOTO CEpENOBHINA.
Butpara BH3Hauamacs ULISXOM PO3PAaxyHKY KUIBKOCTI
YaCTHHOK, W0 IMOTPAIUIAIOTh B JPEHAKHHW KaHal, 0
BiJTHOIICHHIO [0 3arajbHOi KUIBKOCTI TBEPIHX YACTHHOK.
Pesyneratu MO/ICTIOBaHHS nepeBipeHi
EKCIePUMEHTAIBHUMH JOCIII>KEHHSIMH.

30UIbIIEHHS 3aTaIbHOTO HANOPY OCHOBHOTO IIOTOKY
MIPU3BOJNUTH 0 3MEHIICHHS BTpAT B JPEHAKHOMY KaHaJi
(puc. 3). MacoBa BuUTpaTa IepeKauyBaHOTO TBEPAOTO
cepenoBHIIa — Mip, MacoBa BUTPATa y TAHTCHIIAIBHOMY
KaHaJi BUXOAY — Mgyt

® - BKCNEPUMENHT p =2600 krin’

0,8 — - F2B00 KM — - ,=T800 ki
— - p,=2300 wrim’
06 - =100 Krin®

0 5000 10000
3araneHuit TMCK, Ma

15000 20000

CNiBBIAHOWEHHA MACOBUX BUTPAT Meut/Min
o
F-8

Puc. 3. [TopiBHSHHS pe3ybTaTiB pO3paxyHKy Ta EKCIIEPUMEHTY

[Ipu 3aranpHoMy TuCKy Oinmbine 5 klla pesynbrartn
MOJICIIOBAHHS JTOOpE Y3TOKYIOTHCS 3 EKCIIEPHMEHTOM.
OpHak 3 MEHIIUM THCKOM CIOCTEpIraroThCsl IEBHI
HETOYHOCTI PO3PaxyHKy. Alle, pe:KUM POOOTH HarHiTada
32 HHU3BKOTO 3arajbHOr0 THUCKY i, BIIMTOBIAHO, TP MAIUX
qrcIaxX 3aKpPyTKH HE € paIliOHALHUM 1, SK MPaBHJIO, HE
BUKOPHCTOBYEThCS. BTpaTu mnepekayyBaHOTO MOTOKY
MiHIMAaIIbHIi, SKIIO TYCTHHA TBEPAUX YaCTUHOK CTAHOBHTH
2000-3000 kr/m>. 3HAYCHHS TyCTHHH 3 MiHIMAIbHHM
CHIBBITHOIIECHHSM  MAacOBHX BHUTPaT  MOSICHIOIOTHCS
OCOONMBOCTSAMHU  TIepefadi eHeprii dYacTUHKaM, II0
nepexaudytoThes. [Ipy 30i7bLICHH] TYCTHHHM YacTHHKH He
BCTHUTAIOTh HaOpaTH MIBHIKICTH 1 MOYMHAIOTH 00epTaTHCS
nobau3y oci BHXpPOBOI KaMepH, IO IPH3BOAUTH JIO
MOTPAIUISIHHSL YaCTHHKU B JAPEHAKHUH KaHall. 3MEHIIUTH
BTpPAaTH MOXHa 30UIBIICHHSM BHCOTH BHXPOBOi KaMepu

ab0 HaJaHHSAM 4YacTMHKaM Yy BXiIHOMY OyHKepi
00epTAILHOTO PYXY.
it mepeBipkd  aJ€KBaTHOCTI  BHKOPHCTAHOI

MaTeMaTHYHOT MOJIENi IPOBOAMIACS OLiHKA MPABHIBHOCTI
pO3paxyHKy BTpaT CEpeloBHINA B JIPEHAXHOMY KaHaI.
JlomaTkoBy CKIIAIHICTD TaKol MEPEeBipKH T0Ja€ MPaBHIbHA
OLlIHKa pPO3MOJUTYy pO3MIpy TBEpOUX YaCTHHOK B
excriepuMeHTi. Il 1bOro MPOBOJIMBCS CHTOBHH aHAai3
IUIAXOM  TPOCIFOBaHHS  4yacTWUHOK. Ha  ocHOBI
mpocifoBaHHA OyJ0 BW3HA4Ye€HO, MO Halip TBEpIUX
YaCTUHOK 3aJI0BOJIbHSE po3moaity BeitOyna [22] 3
mapaMeTpamu, HaBeIeHIMH B Ta0uI. 1.

YactuHky Oy miniOpaHi TakMM YHHOM, 100 iXHs
¢dopma Gymna skomora Oinbimn chepuanoro [23]. Posmomin
Beitbyna 3amaHo sIK MOYaTKOBI YMOBH Jisl PO3PAXyHKY
Tpa€eKTOpiil TBEPIOTO MaTepiairy.

Tabmuns 1 — Po3mozin niamerpiB TBEpANX YaCTHHOK, IO
BHUKOPHCTAHO Y PO3paxyHKax

3aranpHa MacoBa BUTpaTa YacTUHOK, kr/c | 0,008
MiHimMaJIbHUI TiamMeTp, M 3.107°
MakcHMalIbHU# giaMeTp, M 0,001
Cepenwiii niametp, M 5-10™
Mopaysib po3noiny 3,5

Butpara TBepAnMX 4acTHHOK Ha BUXOJI 3 IPUCTPOIO
Ma€e KOpeJsIIifo 3 IiaMeTpoM TBEpAuX YacTHMHOK. Ha
puc. 4 HaBeAEHO AiarpaMH PO3NOALTY BiIHOCHOI 4acTOTH
yacy nepeOyBaHHS TBEpAWX YACTHHOK Pi3HOTO PO3MIPY Y
BUXPOBIH Kamepi eXXeKTopa.

08
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Puc. 4. BigHocHa yacToTa 4yacy nepeOyBaHHS TBEPJIOi YaCTHHKHI
pisHOro po3mipy d, y BUXpOBiii kKamepi:
a-d,=110"m;6-d, =510° m; 6 —dy = 1.107" m;
e-d,=510"m
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3a  pgomomororn  puc.4  MOXHA  BU3HAUUTHU
pauioHAILHUNA PO3MIp TBEPIUX YACTUHOK JISI CTBOPEHHS

MaKCUMallbHOI BUTpPATH TBEPJOrO CEpPEAOBUINA, IO
3a0e3meuyeThCsl  MIiHIMAJBHAM  49acOM  3HAXOJKCHHS
TBEpHOi YAaCTMHKM B Kamepi — dp:5-10_5M abo y
BITHOCHHX BEJIMYUHAX

d,=d,/d, ~0,01.
PamionanbHAN po3Mip YaCTHHOK MOYKHA TIOSICHUTH THM,
0 YAaCTUHKH MEHIIOTO IiaMeTpy poOJsITh ycepeawHi
KaMepH 3HaYHO OibIITy KiJBKICTH 00epTiB uepe3 OaraHC
CHII TIiJ] 9ac PyXy MiX BiALIEHTPOBOIO Ta CHJIOIO JIOOOBOTO
omopy. Y pasi, KOIM BigIICHTPOBA CHJIA CTa€ OiNBIIOIO,

HMOBIPHICTP TOTPAIUISIHHS YaCTUHKM B KaHAJI BHXOMY

crae Oumpiioro. Kpim Toro, wac mnepeOyBaHHS TBepaoi
YACTUHKH B KaMmepi BIUIMBAaE Ha OO0'€MHY Ta MacOBY
KOHIICHTPAIIF0 YaCTHHOK. 3OLJbIICHHS KOHIICHTpAIT
MPU3BOANTh 1O 30IJBIICHHS KUIBKOCTI 3ITKHEHb MIiXK
yacTMHKaMM  [24] Ta  3MEHIIEHHS  HMOBIpHOCTI
MOTPAIUISTHHSL YaCTMHOK y BHXIJTHMH KaHal, IO 3HHXKYE
MacOBY BHTpATY.

Po3paxyHkn Ha MaTeMaTHYHIH MOJENi JO3BOJMIA
BU3HAYHTH OCHOBHI TapaMeTpH, IO BIUIMBAIOTH Ha
BEJIMYMHY BTpAT: 3arallbHUA THUCK Y TaHTCHIIAJIEHOMY
KaHaNi JKUBICHHA (CTYImiHb 3aKpY4YeHHS TIIOTOKY ¥
BUXpOBIil Kamepi), AiamMeTp Ta TyCTHHa 4YacTHHOK. B
pe3ysbTaTi BapilOBaHHs IIMMH IapaMeTpaMu BIasocs
MOBHICTIO 1MO30aBUTHUCSI BTPAT CHITy4OrO CEpEelOBHINA B
IPCHAKHOMY KaHalli. Bu3HaveHo, M0 I TOro, Io0
3BECTH BTpATH [0 HyJsl HEOOXiJHO, MO0 po3Mip 4acTOK
OyB OimpmuM 3a meBHUH niamerp (Tabm. 2). Takomy
pe3ynpTaTy  COpHs€ — HacaMmepeld  BUKOPUCTAaHHS
IITMHHOTO ~ NPUHAMANBPHOIO  KaHaly. BuUKoOpHCTaHHS
LIJITHIPUYHOTO TPUHMAIBHOTO KaHaJly HE NPH3BEJIO JI0
MOBHOTO 3HHMKHEHHS BTparT cepenoBuina. PesynbraTu
PO3paxyHKIB 3BEICHO y Ta0. 2.

Tabnuiyt 2 — MiHiManbHUA PO3MIp YaCTHHOK /TS BiICYTHOCTI
BTPAT B APEHAXKHOMY KaHaJll 3a BUKOPUCTAaHHS LIUIMHHOTO
NPUIHOMHOTO KaHaly 3 TIPSIMOKYTHOIO popMoro

3aragbHU THCK I'ycTuna TBepaMX YaCTHHOK, /M
KUBJICHHI 700 1400 2000
5 kIla 3.10° M 4.10° m -
7,5 kIla 2.10°m 2,2.10° M -
10 k[la 5.10° m 2:10° M -
16 klla 7-10°m 1,8:10°m -
21 «lla 7-10°m 9.10° M 3.10° M

3 Tabi1. 2 BUIHO, 1110 BAAJIOCS 1030YyTHCS BTPAT JIMILE
3a ryctuHu mesumie 2000 xr/m°. Heratupnuii pe3ynbrar
JuIsl OIBII BHCOKHMX TyCTHH MOJKHA MOSICHATH THM, IO
YACTHHKN CTAalOTh BAXXYMMH 1 HE BCTHUTalOTh MPHI0ATH
MBHAKICTE IOTOKY JAO TOTO, SIK MOTPAIUITIOTh Yy
JPEHXHNH KaHaJ, a TAaKOXX HE MOXXYTh y TPOIECI PyXy
MIOBEPHYTHCS B BUXPOBY KaMepy.

PesynbraTn MOPIBHAHHS PO3paxyHKy Ta
SKCIICPUMEHTY TpenacTaBieHi Ha pwuc. 5. [linuaaui
NpUIMaNbHUIA KaHaj A03BOJISIE 3HAYHO 3HU3UTH BTPATH B
JpeHa)XHOMY KaHanmi. KpiM Toro, MoxHa BBa)kaT, LIO
MareMaTuyHa MOJEJb aJIeKBaTHO ONHCYE Tedilo B
HarHiTaui. J{esika po30DXKHICTE Pe3ysIbTaTIB PO3PAXYHKY Ta
eKkcriepuMeHTy [25] momo BimHOCHOI MacoBOi BHTpAaTH y

JPEHaKHOMY KaHaJli MOSCHIOETHCS TUM, 1[0 MaTeMaTH4Ha
MoJienb B 1iiomy, i SST-Mozxens 30kpema, 3 MOXHOKOIO
PO3paxoBy€ 3HAUYCHHSA Bakyymy mnobmmsy oci [26], mio
NPU3BOJUTL /IO 3aHWKEHHX 3HAa4eHb BHUTpaTH 1
301IBIICHHS BTpAT y IpeHaxHOMY Kanami. Lls mpoGiema
MPOSBISIETBCS  MEHIIE 31 30UThIIEHHSIM  CTYIICHS
3aKpydYeHHs IIOTOKY (AMHAMIYHOTO THCKYy B KaHaIl
JKUBIICHHS) Yy BHXpoBiii kamepi. Kpim Toro, moxmOka
PO3paxyHKy MOKe OYyTH pe3yJabTaTOM BIUIMBY MOXHOKH
BH3HAYCHHS [iaMETPiB YaCTHHOK B CKCIEPHMEHTI, a
TaKOX 1X HechepruIHOCTI.

1
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Puc. 5. [TopiBHSHHS pe3ysbTaTiB pO3paxyHKy Ta eKCIIEPHMEHTY
JUISL TPUHOMHUX KaHAJIB Pi3HOI opMu

Ha pwuc. 6 mokazaHo TOpPIBHSAHHS CIiBBiIHOIIECHb
MacoBHX BHUTPaT y [PEHAXKHOMY KaHaji Bil T'YCTHHH
pobouoro cepenoBuma. Ha BimMiHy Bif IFUTIHAPHIHOTO
MPUHMAaIIEHOTO MiHIMaJTbHI

KaHalmy, e BTpaTu
criocrepiralothest s rycturn 2000-3000 kr/m®, s
[IUIMHHOTO  BiAOyBaeThCS  3MCHIICHHS  BTparT  3i
30UIBIICHHSM TYCTHHU CEPEIOBHIIA, 110 MEPEKAYYETHCS.
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Puc. 6. BIuMB ryCTHHU CepeIOBHIIA, 10 IIEPEKaYyEThCs, Ha
MAacoBY BUTPATY ILOTO CEPENIOBUINA Y IPEHAKHOMY KaHAII 3a
BUKOPUCTAHHS IIUTMHHOTO MPUHOMHOTO KaHAITY 3 MPSIMOKYTHOO
(dhopmoro

Kapruan 3anexxHocTel  MaloTh  KOpEALilo 3
PO3MOJIIIIOM YaCTOK 3a JIiaMeTPOM Ta HeOOXiJHO MTPOBECTH
MTOJTANBIII  JTOCT/DKEHHS BIUTUBY KOHKPETHHX PO3MipiB
YAaCTMHOK Ha BTpaTH. TakoX y IbOMY IOCIi/DKCHHI HE
BpaxoOBaHO BIUIMB TYypOYJIEHTHUX ITyJIbCAllii B OCHOBHIiH
piauHi, MmO, MabyTh, MOXKE JO3BOJIUTH OTPUMATH OiIBII
TOYHI pe3yJabTaTH MOJENIOBAHHSA 3  ypaxXyBaHHAM
ocepesHeHHs! 1 HMOBIpHICHOI OLIHKH, TOMY LIO PO3MIp
YaCTOK JOCUTh Malui, i mapameTpu TypOyJIeHTHOCTI
MOJKYTh BIUTUBATH HA TPAEKTOPIi YACTHHOK.
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BucnoBkn. Ha OCHOBI TEOpEeTMYHHMX YHUCIOBUX W
EKCIIepPUMEHTAIBHUX JIOCITIKEHB ITiIBUIIEHO
e(eKTUBHICTE POOOTH BHUXOPOKAMEPHOTO €XEKTopa 3a
pPaxyHOK 3HIKEHHS BTPaT CHIIy4Oro CepeloBHINA Y
JIPEHAXXHOMY KaHaJli [UIIXOM BUKOPHMCTAHHS IIIJIMHHOTO
MIPUMMAaJILHOTO HAaca Ka.

[InsxoM MOIemOBaHHS TPAEKTOPiH PyXy TBEPAHMX
qacTHHOK y BHXpoBiii kamepi BKE Bu3nadueno ix Buz,
XapaKTepUCTHKH Ta 3aJCKHICTh Bil PO3MIPYy YaCTHHOK,
MacoBi BUTpAaTH TBEPAUX YACTHHOK Yy PI3HUX KaHajax
BKE.

[IpoaHaizoBaHO BIUIMB PO3Mipy TBEpAOI YaCTHHKU
Ha yac ii nepeOyBaHHs y BUXPOBil Kamepi, 10 J103BOJIUIO
BU3HAYUTHU palliOHAIBHUA PO3MIpP TBEPIUX YACTUHOK JIJIs
CTBOPCHHSA MaKCHMaJIbHO1 BUTpATH TBEpPAOTO
CepeloBHUINA.

BusnaueHO yMOBHM 3BEICHHS [0 HyJsd MacoBOl
BUTpaTH TBEPJIUX YACTHHOK y NpeHaxxHoMy kanaii BKE:
3a0e3neueHHs IICBHOTO CIIIBBITHOIICHHS IiaMeTpy Ta
TYCTHHM YacTMHKA Ta BHUKOPHCTaHHS  IMUIMHHOTO
MPUIMATBEHOTO KaHAIY 3 IPSIMOKYTHOIO ()OPMOIO.

BuzHaueHO BIUIMB TI'YCTHHHM TBEpAMX YacTHHOK Ta
MTOBHOTO THCKY B KaHali XMBJICHHS Ha MacoBY BHTpPATy
TBEpIUX YACTHHOK y ApeHakHOMY kaHaii BKE.
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I.A. ABPYHIH, M. A. IIOJPUT'AJIO, H. M. IIOJAPHT'AJIO, 1. I. MOPO3

AHAJII3 METOJIB BUITPOBYBAHBb OB'€EMHUX I'TITPOMAIIUH TA I'ITPOINEPETAY

Merta. CTBOpEeHHSI peKOMEHIaNiil 100 BUKOPUCTAHHS METOIIB BHUIIPOOYBaHb 00'€MHUX TiJPOMAIIHH 1 TiAPONPHBOIIB TSl BITYM3HAHUX (haxiBLIB B
rairysi MalmMHOOYAyBaHHS TiApodiKOBaHMX TPAHCHOPTHHX 3acO0IB 1 TEXHOJOTIYHOro OONAaIHAHHSA, a TAKOXK B HABYaHHI CTYAeHTiB. Meromuka
JIOCII/PKeHb. AHaII3 Cy4acHHX TiJpaBlIiuyHUX MPUHIMIIOBUX CXEM Ta METOJUK BUIPOOYBaHb 00'€MHHUX TiJPOMAIIHH i TiAPONPHUBOIIB IJIsl BUPILICHHS
3314 JIarHOCTYBAaHHS TEXHIYHOTO CTaHy, BH3HAYCHHs O0'€MHHX 1 TiIpOMEXaHIYHHX BTPAT MOTY)KHOCTI Ta PECYPCHUX BHIPOOYBaHb Ha OCHOBI
HAKOIMYECHOTO BITYM3HAHOIO Ta 3aKOpIOHHOro nocBimy. Ilpu mpomy posrisHyTuil BBemeHuit B Ykpaini cranmapt ISO 4409 mono creHmoBux
BUIPOOYBaHb TiIPOMAIINH Ta TiAPONPHBOJIB, 8 TAKOXK METOAMKU BUIPOOYBaHB, SIKi MPAKTHYHO 3aCTOCOBYIOTh HA BITYM3HSHUX BUPOOHUILITBAX Ta B
JIOCIITHUIBKUX LeHTpax. s aganTanii HOBOro CTaHAAPTY TiJpaBiiyHi MPUHIMIIOBI CXeMH JOpOOJIeHI HEOOXIIHUMH ITO3HAYECHHSIMH 1 3aCTOCOBaHI
cranpaptusoBani Tepmini 3rigHo JICTY 3455. 3 Touku 30py DOCHIDKEHb BTPAT MOTYKHOCTI B TiipOMaIlIMHAX, TPOBEJICHHS PECYPCHUX BUIIPOOYBAHb,
a TaKOX JIarHOCTHKHM IICISIPEMOHTHUX BUIPOOYBaHb HABEIEHI METOINMKH, siKi He BuMIUM B ctaHmapT I1SO 4409, ane MoxyTh OyTH KOPUCHUMH 3
TOYKH 30pY YIOCKOHAJICHHS JOCIiKeHb, CHEPro30epe}KeH s Ta CKOPOUCHHSI HOMEHKIIATYPH CTEHJ0BOTO 00JiaHaHHs. Pe3ylbTaTH aHai3y METO/IB
BUIMPOOYBaHb TiJPOMAIINH Ta TiIPONPUBOAIB MOXYTh OYTH KOPUCHMMH Ui (axiBLiB HAPOJAHOTO TOCHOJAPCTBA, SKi 3aMAIOTHCS NMPOCKTYBAHHAM
TiIpONPHUBO/IIB, HOBHX HACOCIB Ta I'iJPOMOTOPIB Ta IX BUPOOHHUIITBOM, A TAKOX JUISl CTY/ICHTIB-MariCTpiB, SKi BUBYAIOTh AUCHUILIIHY «[IpoekTyBaHHS 1
BUINPOOYBAHHS TiPONPUBOIIBY 3a CrielianbHiCcTIO «Iamy3eBe MaIIMHOOYTyBaHHS».

Kurodosi ciioBa: 06'eMHnit rizponpuBoj, Hacoc, METOIUKH BUIIPOOyBaHHS 3a cranmaptoM ISO 4409, pospaxynok KKJI, cipomeni meroaukn
BUIIPOOYBaHb TiAPOMOTOPIB.

G. AVRUNIN, M. PODRIGALO, N. PODRYHALO, I. MOROZ

ANALYSIS OF TESTING METHODS FOR VOLUME HYDRAULIC MACHINES AND HYDRAULIC
TRANSMISSIONS

Purpose. Creation of recommendations for the use of testing methods for volumetric hydraulic machines and hydraulic drives for domestic specialists
in the field of mechanical engineering of hydronic vehicles and technological equipment, as well as in the education of students. Research
methodology. Analysis of modern hydraulic schematic diagrams and testing methods for volumetric hydraulic machines and hydraulic drives to solve
the problems of diagnosing the technical condition, determining volumetric and hydromechanical power losses and resource tests based on
accumulated domestic and foreign experience. At the same time, the ISO 4409 standard introduced in Ukraine for bench tests of hydraulic machines
and hydraulic drives, as well as test methods that are practically used in domestic production and in research centers, are considered. To adapt the new
standard, the hydraulic schematic diagrams are modified with the necessary designations and standardized terms are applied according to DSTU 3455.
From the point of view of researching power losses in hydraulic machines, conducting resource tests, as well as diagnostics of post-repair tests, the
methods that have not been included in the ISO 4409 standard are presented, but they can be useful in terms of improving research, energy saving and
reducing the nomenclature of bench equipment. The results of the analysis of the methods of testing hydraulic machines and hydraulic drives can be
useful for specialists in the national economy who are engaged in the design of hydraulic drives, new pumps and hydraulic motors and their
production, as well as for master's students studying the discipline "Design and testing of hydraulic drives" in the specialty "Industrial mechanical
engineering".

Keywords: volumetric hydraulic drive, pump, test methods according to the 1ISO 4409 standard, calculation of efficiency, simplified methods of
testing hydraulic motors.

Beryn. B Ykpaini 31 ckacyBannsim [OCT 14658-89 i
I'OCT 2019-83 B wyacTuHi MeTOAIB  BHIPOOYBaHb
00'eMHHX HAcOCIB i TiJpOMOTOPIB, BiAIIOBIHO, YBEICHUM
crarmapt JCTY ISO 4409:2013 [1]. B upomy cTanmapri
PO3MIITHYTI METOIHM BHIPOOYBaHb Ta MOAAHHS OCHOBHHX
CTauX POOOYMX XaPaKTEPUCTHK 00'€MHUX TiAPOMAIIHH —
HACOCIiB Ta TiIpOMOTOpiB, a TakoX TriAporepenad. B
MOPIBHSAHHI 31 CKacOBaHMUMH CTaHIAPTAMH TPUBEACHI
TipaBIivHI TPUHIMIIOBI CXeMH BHIIPOOYBaHb HACOCIB i3
3aMKHEHUM JIAHITIOTOM IUPKYIALii poOoyoi piamHU Ta
rigpomnepesaay. B HOBI# penakiii CTaHAAPTY
1SO 4409:2019 30epexeHi  rifpaBiIiyHI  HPUHIMUIIOBI
CcXeMH BUNPOOYBaHb TiipOMalIMH 1 Tifporepenad, i
BBEJCHI THUMOBI ()YHKIIIOHAIBHI 3aJCKHOCTI BUXITHHX
napameTpiB HacociB i rigpomoropis moa0 KKJI Bix Tucky
i gacrotm oOepranHa. s pemakmis craHmapty He
nepenbavyae BUMPOOYBaHp TiOPOMAIINH HAa MIOHICTH 1
BU3HAYCHHS €KCTPEMAJIbHUX YaCTOT OOEpTaHHS HACOCIB,
BUIIPOOYBaHb 3a peKynepaTuBHOIO CXEMOI0
eHepro30epeKeHHs, BU3HAYEHHS TAaKUX IapaMeTpiB K
MOMEHT 3pYIIYBaHHSA 1 MiHIMalbHOI YaCTOTH OOEpTaHHS
rizpomoropiB. B Toit ke wac ¢axiBusMu B ranmysi

00'eMHUX TiIPOMPHUBOJIB HAKONMYCHHA BEJHKIH TOCBif
BUIIPOOYBaHHA HAcOCiB 1 TiIPOMOTOpPiB 3 METOI0
BUpIIICHHA 3aJa4 [iarHOCTYBaHHSA TEXHIYHOTO CTaHY,
BH3HA4YCHHA OO0'€eMHHMX 1 TigpOMEXaHIYHHX BTpaT
MOTY>KHOCTI, @ TAKOXK PECYPCHUX BHUIIPOOYBaHb. Y 3BSI3KY
3 Cy4aCHHUM NONIMPCHHSM BHKOPHUCTAHHS TiIpaBIigHIX
MPUBOMIB B  OYIIBENBHO-AOPOXKHIX 1  CHCIiaJbHHUX
MOOLTBHMX MalllMHAX, 30KpeMa BHUPIIICHHA 3a7a4
CTBOPCHHS HOBHX MAIIMH, PEMOHTY 1 MOJEpHi3alii THX,
IO 3HAXOMATHCS B CKCIUTyaTallii, JaHa CTaTTs MPUCBIYCHA
aHATITHYHOMY  OTJISAY  cTaHaapTHuXx 3a ISO i
HaKOMUYCHUX METOIB BUIIPOOYBaHb TiApOMAIIINH.
AHaniTuyHuii orasx Jjiteparypu. Mertoaukn
BUIIPOOYyBaHh O0'€MHHMX TiAPOMANIMH 1 TigPONPHUBOLIIB
posrmsaHyTi B pobortax [1-13]. Cmig BimmiTeTH, IO
cragmapt  JACTY I1SO 4409:2013  BigHOCHTBCS IO
HAI[IOHAJILHOTO 1 Ma€ PeJIaKIlio Ha JAep)kaBHil MoBi [2], a
crappapt 1SO 4409:2019 na pnanmit wac B YkpaiHi
BITHOCUTBCS TUIBKH sK JO MbkHapomguoro [2]. B
po6oTi [3] po3risHYTI METOU Ta 3aCO0U JIarHOCTYBAaHHS
HAcoCiB 1 TiApOMOTOPIB 32 KOoedillieHTOM KOpPHCHOI il 3
BUKOPHUCTAaHHAM  OCHOBHHUX  TIOJIOKCHb  CTaHIApTiB
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ISO 4409. Meronuku  BunpoOyBaHb  3TiHO  THX
CTaHJAPTIB, SKi OylIM pEriaMeHTOBaHI JI0 BBEACHHS
crappapry  JACTVY ISO 4409:2013,  posrsiHyTi B

poborax [4; 5]. B pobortax [6—8] npu BHIpoOyBaHHIX
TiIPOMAIIMH PI3HUX THIIIB BHUKOPUCTOBYBAJIUCH METOH
BumpoOyBanb 3a ISO 4409 i mi pe3ynpTaTH BHIPOOYBaHB
CTadW 3a BHCHOBKAMH aBTOPiB OCHOBHOIO JIOKa30BOIO
0a3010 TepeBarn aKCiaJbHONMOPINHEBHX TiJAPOMAIIHH
HOBITHBOI po3poOkm Moxem Innas. [lificHo, MaOyTs
BIIEpINE, aBTOpAaMH PO3POOKH  aKCiaJbHOIOPIIHEBHX
rizpomammH Mognemi Innas Oymu mpoBemeHi MOPiBHAHHI
BUIIPOOYBaHHS 3 aKCiaJbHOIOPIIHEBUMH HacocaMH i
TiJPOMOTOPaMH, PajiabHOMOPIIHEBUMH 1 MIECTEPECHHUMHU
HacocaMH i3 30BHIIIHIM 1 BHYTpIilIHIM 34erieHHsM. Crif
BIIMITHTH, IO JEAKi 3 IMX HaBEICHUX pE3YJIbTaTIiB
BUIIpOOYBaHb B KaTajorax BHPOOHUKIB TiJpOMAaIlUH
paHilie HE MPUBOJMINCH. BUKOpUCTAaHHS TIinpoMarlinH
MPUOJIN3HO 3 OJHAKOBHM poOoumM 00'eéMOM, aje pi3HHX
KOHCTPYKTUBHHMX CXE€M 1 3aCTOCOBAaHHMX pPO3MOIIIBHAX
BY3JIiB, Jalli MOXJIMBICTh ITPOAHANII3yBaTH BIUIMB NHX
BiIMIHHOCTE! Ha BUXimHi mapamerpu moxo KK, Burokis
pobouoi pinuaM 1 BTpaT TepTa. [ng mommpeHHS
JI0Ka30Bo1 0a3y B MOIIyKax IepeBar aciallbHOMOPIIHEBUX
rizpomoTropiB Mozeni Innas 6yB cTBOpeHHMH creniadbHUN
CTeHJ [UI1 BHU3HAYCHHS BTpPAT TEpPTS HpPH 3MiHI KyTa
obepranns Bama. Taka MeToawka BHNPOOYBaHb A€
MOXIIMBICTh OI[IHIOBATH XapaKTEPUCTHKU 3pYIIyBaHHS
TiIpOMOTOPIB 1 IX MOKJIMBOCTI TPAIfOBATH HAa HU3BKHUX
yacToTax oOepraHHs. HaykoBi mociiJuKeHHS 1 po3poOKH
II0/I0 CTBOPEHHSI CTEHIIB JIsi BUIPOOYBaHb HAcoCiB i
TiIpOMOTOpi  PO3IJISIHYTI B poOOTax  BITYHU3HSIHHUX
daxiBuiB [9-13]. Tak  ykpaiHCbKe  MiAMPHEMCTBO
«MoropiMIieKe»  po3pobisie 1 BUTOTOBJISE  CTEHIH
JULst BUIIPOOYBaHb LIMPOKOT HOMEHKJIATypH
rigponpuctpois [9—11]. JIias BUpoOyBaHHS TiApOMaIInH
ctBoperi cteHmu BC-490 1 BC-1750, sxi 3abe3medyioTh
peKUMH OOKaTKM i dYac MpUAMAIBbHO-3JaBABHIX
BUIIPOOYBaHb, KOHTPOJIb BUXITHUX  IapaMeTpiB
rizpoMamuH Ta iX pecypcHi BumpoOyBaHHsA. HaykoBum
IOCTIDKCHHAM 3  BHKOPHCTaHHAM  CIICIiaJIi30BaHUX
CTEH/IOBUX YCTaHOBOK JUIsi BUIPOOYBaHb HAcOCIB Ta
ripoMoTopiB mpucBsiueHi podoru [12; 13]. Ane Bci
BUKOPHUCTaHI CTEHJOBI YCTaHOBKM B 3HA4Hid Mipi He
BianoinaroTe BuMoram 1SO 4409:2013 mono HeoOXigHOT
KUTBKOCTI 3aCTOCOBaHMX 3acO0iB BHMIpPIOBaHb, 30KpeMma
BUTpaT poO0UOi PiAWHY, TUCKY i TeMIIEpaTypH Ha Pi3HUX
IUISHKAaX TigpocucTeM. ToMy BHSBIATBCS IMOTpeda B
OLTBII pEeTeTPHOMY PO3TIISIIAHHI HOBUX CTAHIAPTIB IUIA iX
BIPOBA/DKCHHS B HAyKOBUX JOCHIDKEHHSAX 1 Ha
MiATPHEMCTBAX, SKi CIEIiali3yIoThcs Ha BHPOOHHIITBI
rizpomamH.  Takii  migxXiq — JacTe  MOMKIIHMBICTH
MOPIBHIOBATH PE3yJbTaTH BUNPOOYBaHb 3 3aKOPIOHHUMHU
BUPOOHHMKAMHU 1 OUIBII KOPEKTHO IPOBOJUTH HAayKOBi
JIOCIIKCHHS.

Criz Big3HAUNTH TaKOXK HOPMATHBHI JOKYMEHTH, fKi
JIO3BOJISIIOTh  [IPABHJIBHO KOPUCTYBATHCS METOJMKAMHU
BUMPOOYBaHk ripoManivH i riapornepenau [14-17].

OcHoBHa 4YactmHa. Po3misiHeMO — rifpaBmivHi
NPUHIOUIOBI  CXeMH  BHIpPOOyBaHb  TifpoMamvH i
rigponepenau 3a 1SO 4409:2019, no sxkux nomamMo OmHC

MO3HAUCHHSAMH Ha JEep)KaBHIM MOBI Ta pPO3TallyBaHHIM
HAacoCiB 1 TiAPOMOTOPIB BEPTHUKAIBHO BiJHOCHO JIHIH
BHCOKOTI'O Ta HU3BKOTO THCKY BiJIIOBIZHO 300pa’keHHSIM,
pernamenToBaHuM cTa”gaptom ISO [18].

I[Ipn  BunpoOyBaHHI Hacoca 3 HE3aMKHEHHM
JAHIIOTOM HUPKYJii podouoi pimam PP (puc. 1) Hacoc
H obepTtaeTses Big npuBonHoro nuryHa /I i Haraitae PP
gepe3 BuTparomip BP1, 3amoOikHUI KiIamaH BHUCOKOTO
Tucky (HaBaHTaxeHHs) K3, ¢pinetp @1, Butparomip BP2,
¢imeTp D2, 1 ommBaoxomomkyBady AT mns 3imBY B
rigpo6ak b. [Tpu BunpoOyBanHsax Hacoca H1 BUMipIolOTh:

-gacToTy oOepranHs Hacoca H 3a nonomororo
neperBoproBaya J[UOH;

- kpyTHUil MoMeHT BMH Ha Bany Hacoca H;

- BuTpary (momady) poOo4oi piguHH B
HarHiTaHHA BuTpaTtoMipoMm BP1;

- BUTpaTy pPIOUHM B 3JIUBHINA JIiHI] BHUTpaToMipom
BP2;

- BUTpaTy piAMHHM B JIHII JIpEHa)XHUX BHUTOKIB 3
Hacoca H ButpaTomipom BP3;

- THCK B JiHIi HarHitaHHs maHomerpom MHI Ta
31MBYy MaHomeTpoM MH2;

- THCK Ha BCMOKTYyBaHHI B Hacoc H maHoMeTpom
MH3,;

- TUCK B JIHIi JPEHaOXHUX BUTOKIB POOOUOi piAMHU
MaHomeTpom MH4;

- TeMIlepatypy pIIMHH Ha  pI3HUX  AUITHKax
TIPOCUCTEMH BUMIPIOIOTH 3a JIOIIOMOTOI0 TEPMOMETpIB
T1-T4.

JIHIT

MHI1
(T') (PTI
JIYOH BPI
[ S—3 K3
BMH |H f MH?2
MH3 T3
@?EII:@:Q T2
e x QP PP
MH4 — —_—
ﬁ 1 BP2
BP3 @2
! AT
Y
[ ] b

Puc. 1. igpaBnivHa NPUHIUIIOBA CXeMa CTCHAA JIJIS
BHINPOOYBaHHs HACOCA 3 HE3AMKHCHHM JIAHIIFOTOM IIUPKYIISLIT
pobouoi pinuHK

[Tpu BunpoOyBaHHI Hacoca i3 3aMKHEHHM JIAHIFOTOM
mupkymanii - (puc. 2) wHacoc HI1  obGepraerscst  Bin
npuBoaHOro nBUryHa /{1 i HarHiTae podouy pianHy depes
ButpatoMip BP1, 3amo0ikHUil KiamaH BHCOKOTO THCKY
(naBantaxenns) K31, ¢imprp @1, Burpatomip BP2,

¢imeTp D2, 3amoODKHMKA KIamaH HU3BKOTO THCKY
(i IKUBIICHHS ) K32, BUTPATOMIp BP4 i
ommBaoxoiomkyBady AT B rigpobdak b. Hacoc

miypkuBiaeHHss H2 oGepraerbest Bifi MPUBOJHOTO JBUTYHA
J2 i Harmitae poOouy piaWHY OO JiHII BCMOKTYBaHHS
Hacoca H1. ITpu BunpoOyBaHHsix Hacoca H1 BUMIpIOIOTH:

-gacToTy oOepraHHs Hacoca HI1 3a pmomomororo
neperBopioBada J[UOH;

3aCTOCOBaHMX  TiIPONPHUCTPOiB 3 1X  OYKBEHHMH - KpyTHUI MoMeHT BMH Ha Banmy Hacoca HI;
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- BUTpary (mojady) Hacoca B JIiHII HarHiTaHHS
BuTparomipom BP1;

- BUTpaTy PiIMHM B 3JIMBHHX JIHISIX BUTPATOMIpaMu
BP2 i BTP3;

- BUTpaTy piAMHM B JIiHI] JpEeHa)KHUX BHUTOKIB 3
Hacoca H1 surparomipom BP4;

- THCK B JiHIl HarHiTaHHA MaHomerpomM MHI Ta
31uBy MaHomeTpoM MH2;

- THCK Ha BCMOKTyBaHHI B Hacoc Hl manOomeTpom
MH3,;

- THCK Ha BCMOKTYBaHHI B Hacoc H2 maHOoMeTpom
MH4;

-THCK B  JiHIi
maHomeTpom MHS;

- TeMIiepaTypy pooouoi piIHM Ha Pi3HUX AUISTHKAX
TiIPOCUCTEMH BUMIPIOIOTH 32 JOIOMOTOI0 TEPMOMETPIB
T1-TSs.

JPCHAKHUX BUTOKIB  PIIUHH

MH2 T2
I ® @
MH5 TS5 4

S S |

BP2

r=
—_
AT
| b

Puc. 2. TigpasnivHa NPHHIUIIOBA CXeMa CTCHAA JIIIS
BHIIPOOYBaHHs HACOCA i3 3aMKHEHUM JIAHITIOTOM MUPKYISIIIT
pobouoi pinuHK

B rigpaBnivuHii TPUHIMIOBIH CXeMi CTeHIA s
BUIIpoOyBaHHA TigpomoTopa M (puc. 3) momgaga pobodoi

pinmHM  3miHCHIOETBCS HacocoM H 3 mpuBogHHM
ngurynom  J[.  MakcumanbHe ~— 3HAu€HHS  THUCKY
BCTAHOBJIIOETHCS  3amMoODKHMM — Kiamanom K31 1

KOHTpOIIoeThess MaHoMeTpomM MH3. HaBanTakeHHS Ha
rigpomMoTop M 3IIHCHIOETHCS T'aJbMIBHUM NPHUCTPOEM [
Ha Bxoxi B rizpomotrop M BCTaHOBJICHHH BUTPAaTOMIp
BP1, Ha BUXOAl 3 ripoMOTOpa BCTAHOBJICHI BHUTPATOMIp
BP2, 3ano6ixkumii (miamopHuil) kiamaH TucKy K32,
Butparomip BP3, insrp @ Ta onuBaoxonomkysau AT, 3
SIKOTO PiFHA TOTpaIuIie B rigpodax b.

[Ipu BunpoOyBaHHAX TiApoMOTOpa M BEMIPIOIOTB:

- 9acTOTy 00epTaHHA 32 JOIIOMOTOIO IIEPETBOPIOBaYa
JAYOwm;

- KpyTHAH  MOMEHT  Ha
BUMiproBaueM BMw;

- BUTpary poOOY0i pigMHM B JIiHII HarHITaHHI
BuTparomipom BP1;

- BUTpaTy PIIMHM B 3JIMBHHX JIHISIX BUTPATOMIpaMu
BP2 i BTP3;

- BUTpaTy PIAMHM B JIiHII JIPEHAXHHUX BHUTOKIB 3

Baly  TiZpomMoTopa

rigpomoTopa Butparomipom BP4;

- THCK B JIiHIi HaATHITAaHHS T1APOMOTOPa MAaHOMETPOM
MHI1 Ta 3nuBy MmanomeTrpom MH2;

- THCK B JIiHIi HarHiTaHHs Hacoca H manomeTpom
MH3;

-THCK B  JiHIi
MaHoMeTpoM MH4;

- TeMIiepaTypy pooouoi piIHM Ha Pi3HUX AUITHKAX
T1IPOCUCTEMH BUMIPIOIOTH 32 JJOIOMOTOI0 TEPMOMETPIB

T1-T4.
Mﬂz(? %) T2
TY0m . QBPZ
- A -

JNPCHA)KHUX BUTOKIB  PIIUHHU

ﬁ)? 1 K32
L T3
@@ BP3 @

—_—

P

AT

3

Puc. 3. 'igpapiiyHa MpUHLIMIIOBA CXeMa CTEHA AJIs
BUIIPOOYBaHHS TiAPOMOTOpa

ligpaBniyHa TpUHIOWTIOBA cXema CTeHAa IS
BUIIPOOYBaHHA 00'€MHOTO TigpONPHUBOIA i3 3aMKHEHHUM
JIAHIIOTOM IIMPKYJLIl po6odoi pinunu (puc. 4) BKIIIOYAE
Hacoc H1 3 nmpuBoxnum nBurynom /JI1 i rigpomorop M,
SIKM HAaBAaHTAXYEThCS TalmbMiBHEM mpuctpoeM [. o
CKJIaJy OCHOBHOTO KOHTYpPY TiIpONpHBOAA BXOISIThH
spopotHi knananu 3K1 i 3K2 cucremu miKUBICHHS BiJl
Hacocy H2. Hacoc mimxuenenns H2 oGepraerhcs Bin
mpuBOAHOTO ABWTYHa [12, BCMOKTye poOody pimuHy 3
rizpobaka b Ta Harnirae ii gyepe3 3BopoTHi knananu 3K1 i
3K2 B ogHy 3 miHi#t Mixk HacocoMm H1 i rinpomoropom M,
sSKa B JNAHUM Yac € JIHI€0 3JIUBHOI, TOOTO HHU3BKOTO
THCKY. THCK B CHCTEMi Mi/KUBJICHHS HaJaIITOBYETHCS
3armo0bKkHMM KimananoM K3. Cmip BiAMITHTH, IO Ha I
CXeMi yMOBHO HE [OKa3aHi 3amoOiXKHI  KIalmaHu
OCHOBHOT'O KOHTYpY Mix HacocoM H1 i rizpomoTopom M,
a TaKOX TiIPONPUCTPOI MICIIEBOTO OXOJIOJKCHHS, SIKI €

IITATHUIMM B CydYacHHUX TifpompuBogax. Cucrema
KOHJHMLIOHYBaHHS po0o4ol pianHu BKIto4ae Ginbrp @ B
JiHil  HargiTaHHd  Hacoca  IIDKUBIEHHS H2 Ta

onnBaoxonokyBad AT.

[pu BunpoOyBaHHAX TiAPONPUBOAA (Tigpornepeiayi)
KOHTPOJIIOIOTHCS TaKi IapaMeTpH;

- yactoTa obepranHs Hacoca H1 i rinpomoropa M 3a
nonoMoroto nieperBoproBadiB JJUO#H i IUOM, BiAMOBIiIHO;

- KpyTHHH MOMeHT Ha oOepraHHs Hacoca HI1
BuMiproBadeM BMH;

- KpYTHHH MOMEHT TigpoMoTropa M BHMipIoBaueM
BMw;

- BUTpaTa piJJMHN Ha BUXO/I 3 3al001’KHOTO KJIanaHy
K3 BuTparomipom BP1;

- BUTpaTa piiMHM Ha BUXOAI 3 JIPEHAXKHOTO OTBOPY
rigponpuBoaa BuTpaToMipom BP2;
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- mepenaj THCKIB B TiIPONPHUBOAI 32 JONOMOTOIO
manometpis MH1 i MH2;
- TUCK B JIiHIT BCMOKTYBaHHS HACOCa IIiPKUBJICHHSI

MaHoMeTpoM MH3;
- TeMmrieparypa po0odoi pIJMHM Ha  OKPEMHX
IUITHKAX TigpocuctemMu Tepmomerpamu T1-T5.
MHI Tl
JIYOHu : JYOMm

?BMH H1

@A

3K1 M ?BMM

MH2 T2 ===
3K2 @@ il N

Puc. 4. TigpasnivHa NPUHIUIIOBA CXeMa CTCHAA JIIIsS
BUNPOOYBaHHS 00'€MHOTO TiIpONPHUBOAA

YV crammapti 1SO 4409 3actocoBaHi TepMiHH Ta
BiAmoBinHi iM BH3HaueHHs MOHATH 3rigHo 1SO 5598 [9].
Takox € BKasziBKa, II[0 KOJM HEMa€ MOABIHHOIO
TIIyMaueHHs (TOOTO KoJm Moxe OyTH NpoBeneHe
BUIIPOOYBaHHS Hacoca abo TigpoMoTopa), BEpXHI 1HIEKCH
P, M i T, mo crocyloThCs mMmapaMeTpiB Hacoca,
rizpomMoropa abo rifpaBiiyHOI Iepenadi BiANOBIAHO, HE
HaBOAATh. [HIEKC «1» cTOCyeThCs TiAPOMOTOPIB, 1HIEKC
«2» BIIHOCUTLCSA A0 HACOCIB, KOJH 1HIEKC HE BKa3aHMWIA,
To (opMyny MOXHAa BHUKOPHUCTATH [UIi HACOCIB 1
TiZpoMOTOpIB.

B crammapti 1SO 4409 mHaBenmeni ¢dopmynum s
pO3paxyHKiB B NPAKTHYHUX OAMHHUIAK, SKi IO3HAYCHI
3rigHO 3 momatkoMm y Burimami Al-A8. 3ammmemo 1mi
(bOpMyITH 3 IO3HAYCHHAMH 3aCTOCOBAHUX PO3MIPHOCTEHH.

MexaHi4Ha MOTYXKHICTh T'1IPOMAIINHH:

_2m-n-T

_2nnT me 1
"= 760000 | @)

Je N —49acToTa OGEpPTAHHS TiAPOMAIINHH, XB
T — xpyTHHII MOMEHT TixpoMamuHu, H-M.
l'impaBniuHa MOTYXHICTH TiAPOMAIINH B 3araJbHOMY
BUTJISAIL:

Qv - P
P = , KBT, 2
h 600 KDBT 2

i 30KpeMa U1 Hacoca:

qv“ “Pae
Py = W kBT, 3)
i TigpoMoTopa:
qv1e : pl,e
P]_’Mh = GT, kBT. (4)

ae Oy — BuTpara poOo4Oi piguHU [J/XB], 30KpemMa
Gy, — ebekTnBHA BUTpaTa Ha BHMXOAI 3 Hacoca, O, —
£ e

e()eKTUBHA BUTpaTa Ha BXOJI B TiJpOMOTOp;

p — Tuck pob6odoi pigunu [bap], 30kpema Py — THCK
Ha BHMXOJI Hacoca, P1e — THCK Ha BXOJ B TiJIPOMOTOP, a
iHmeKc «e» mo3Hauvae aiicuuii Trck (effective pressure) pe.
Tuck pobouoi pimMHM BiZHOCHO aTMOC(EPHOrO THCKY,
3HAYEHHS SIKOTO €:

a) MO3UTUBHUM, SKIIO THCK MePEBHIIYE
aTMochepHuii;

0) HETaTHBHUM, SIKIIIO THCK MEHIIIE HIX
aTMochepHUii.

3aramsanit KK/] Hacoca 3HaX0A4TH 32 GOPMYIIOIO:

P _ (quE : p2,e)_(qVLe : pl‘e)
e = 2r-n-T

100 , %. (5)

I'npomexaniunauit KKJI rimpoMoTopa TOpiBHIOE:

T on X T
nr’:ﬂmz__ T[)<

Tth - (pl,e - pz,e)'ViM

ne  Ti Ty —3amipsiHe 1 TEOpETHYHE 3HAUYCHHSI KPYTHOTO
MOMEHTY, BiamoBigHo, H-M;

100,%,  (6)

ViM — poGounit 06'eM rizpomoropa, M.

IIpumitka: B dopmymni (6), sxka B B cTaHAAPTI
ISO 4409 mno3Hayena (A-6), TOMHIKOBO NpHBEACHA
gacToTa oOepTaHHs; N.

3araneuuit KKJ] rimpomoTopa nopiBHIOE:

M = 2n-n-T
" (4, P -, D)

100, %.  (7)

3araneuuit KKJ{ rizponepenaui po3paxoByIOTh 3a
¢dopmyoro:
n,-T
n =—2—2-100, %, (8)

n-h

e Ny iN, —4acToTH OoOepTaHHS HAcoca i TiApoMoTopa,
BiAIOBIAHO, XB'l;

Ty i T, — KpyTHHH MOMEHT Hacoca i TigpoMOoTOpa,
Bignosigao, H-M.

[[Tono BW3HAYEHHS BUTPATH POOOUYOI PiAMHHU, TO B
ISO 4409 mnpuBeneni yrouHeHi Bupasu. SIKimio BUTpaTa
BUMipsSHA HE Ha BHUXOJI Hacoca, a y IHIOIOMY MicCTi, 3a
TemrepaTypu 0 i THCKy P, 1l 3HaUE€HHS CKOPHT'YIOTb, 1100
OTpUMATH 3HAYCHHA JifiCHOI BUTpAaTH Ha BUXOi HAcoca 3a
JIOTIOMOTOI0 (hOPMYITH:

P (pzi_p)+

V2,e

q (0, =0) |, 9)

ne Kt —i3orepMiuHMii nepeciyHUi MOIYIIb NPYKHOCTI
po0oYoi pimuHy;

o — KoedimieHT 00'EMHOTO TETUTOBOTO PO3IITUPEHHS
po6ouoi pinuHu.

Skmo BUTpaTa BUMIpsHA HE HA BUXOJII TipOMOTOPA,
a y IHmOMY MicTi, 3a Temmeparypu 0 i1 Tucky p, il
3HAYCHHS CKOPHUTYIOTh, OO0 OTPUMATH 3HAYEHHS JiiicHOT
BUTPATH HA BUXOJII TiIPOMOTOpA:
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qM :q\/ 1_(p1,e_ p)

: (10)
v Kt

+a(0,,—0)|.

Slkmio BUTpaTa BEUMipsiHA Ha BHXOJI TiIPOMOTOpa Ta
BiH Ma€ 30BHIIIHI BUTOKM po0OOYOi piAMHM, 3HAYEHHS
BUTPATH TiIPOMOTOPA Qy Ta 3HAYCHHs BUTOKIB (), Tpeba

CKOpETyBaTu 3 MOCHUJIAHHAM Ha TEMIICpATypy 1 THCK Ha
. . M
BXO/li, BAKOPUCTAHI JUlsl PO3PaxyHKy (|~ 3a Gpopmyioro:
le

0" =g, 1——('01{ p)+(x(91‘e—9) +
e K
_(p]_,e__ pd)+a

T

., (11

+aq, |1 0., —0y)

me pg i Oy — THCK 1 TemmepaTypa po0ouoi pimuHH B
npenaxHii maricrpani (bap i °C, BiamosigHo).

TakuMm dYWHOM, TpM BUKOPUCTAHHI (OpMyYT ISt
BUKOHAHHSA TPaKTHYHUX po3paxyHKiB 1momo KKJ]
riipoMamvH 1 TiAPOTPUBOAIB B CTaHAAPTI NPHUBEACHI
pO3MipHOCTI BHTpaT B J'XB 1 THCKY B bap, mo
3aCTOCOBYIOTBCS B KaTajorax BUPOOHUKIB I'iIpOMAIlINH, a
PO3MIpHICTE poOouoro o0'eMy NpH po3paxyHKax 3a
CTaHJapTOM 1SO 4409 mpuiHATa B [M%06]
(I1SO 4409:2013, Tabn.1). 3aMicTe MOpPUBEACHHX B
CYYACHHX KATAJ0raX BUPOOHHKIB rigpoMamms B [cM’]. Ha
Haml TIOTJIAN, € JEKiIbKa HEe3pydHO IIpH TPOBEACHHI
PO3paxyHKiB.

Tabnuus 1 — YMOBHI TO3HAKH Ta OJIMHHLI BUMiPIOBaHHS

napameTpiB
VYmoBHa | IlpakTnuna
[Tapametp
[103HaKa OJIMHHUIIS
1. O6'emHna BuTpara Qv 1-XB™
2. Yacrora obepTaHHs n X8
3. KpyTtHuit MomMeHT T H-m
4. Tuck p Bap
5. IlotyxHicTB P kBt
6. MacoBa rycruna p KO-M©
7. I3oTepMiuHMii  mepeciuHui — b
Monynbpnpyncﬂocﬁ b Kr [a (Gap)
8. KinemaruyHa B'I3KiCTb v M
9. Temneparypa 0 °C
10. Baransuuit KK n -
11. Koediuient 006'eMHOTO N _
TEIUIOBOTO PO3LIMPIOBAHHS
12. KopucHwuii (podounit) 06'eM Vi M/06
MpumiTin: OKKJ| MOXHA IOJABATH y BIICOTKax;
®1 Bap = 10° Ia; 91 c¢Cr = mv’c™.

Hami  po3ryissHEMO  CTEHIOBI  YCTaHOBKU IS
BUNIPOOYBaHb  TiApPOMAIINH, SKi TNpH3HAYeHi s
JTOCTIIJDKCHHS BTpaT MOTY>KHOCTI, pecypcHuX
BUNIPOOYBaHh  HAa  pEeXHMax  CHEpro30epexeHHs,
JIarHOCTUYHUX  BHUIPOOYBaHb,  30KpeMa  DPEXHUMIB

MCIIPEMOHTHOI OOKATKM 1 OILIHKK piBHSA MPUPOOKH map
TEpTSL.

Ha puc. 5 npezncraBieHnii BUIIPOOYBaIbHUN CTEHI
po3pobku  ¢Gipmu Innas [6-8], skumit mpamioe Ha
MBHAKOCTSX Bim menmne ik 0,01 xB! no 5000 x8? 3a
JIOTIOMOTOI0 JIBOX pi3HUX IpuBoAiB. Jlo ckilagy creHna

BXOJISATh: | — NMiHIHUIA TpUBOJ 13 BOYIOBAaHHM JaTYHKOM
MOJIOKCHHS; 2 — 3IPOYKH JUIsl MPOTUBArd MO OJHINA s
KOXKHOTO HAIIpSMKY OOepTaHHs; 3 — 3IpOYKH ISl JTyXKe
HU3bKOI IIBUJIKOCTI MPH TecTyBaHHI, ogHa Ha 60 3y0iB,
apyra Ha 36 3y0iB; 4 — NaTYMKW KPYTHOTO MOMEHTY 1
MIBUIAKOCTI; 5 — MydTa 11 Hacoca abo rimpomoropa, mo
miasArae mepesipi (TecTyBaHHIO); 6 — TizpoMoTop abo
HACOC JUIS PEIUPKYJILAIil TOTYXHOCTI; 7 — €IeKTPOABUTYH
3 YaCTOTHUM PETYNIIOBAHHS 1 BOISHUM OXOJOJIDKCHHSM;
8 — mydra, mo mMae MoxHBicTH epemMuKkaTucs. [1ix gac
poOOTH CTeHIa BUMIPAIOTH KPYTHHH MOMEHT i 9acTOTY
oOepTaHHs TiAPOMAIIMHY, L0 MiIsrae BUIPOOYBaHHSM,
3HAUEHHsS THCKIB 1 TeMmeparyp piIMHH B JIHIAX
HarHiTaHHs, HU3bKOTO THUCKY (BCMOKTYBaHHS JUIsi HacOCYy
abo 37MMBY Ui TiApOMOTOpa) 1 APEHAXKHOi, BHUTPATH
PIAMHM Ha CTOPOHI BUCOKOTO THCKY T'iIpOMAIINHH.

Puc. 5. CrenoBa ycTaHOBKa JJIsl BUIIPOOYBAaHHS i JPOMAILIHH 32
MeTtoauKkoro Gipmu Innas

Ha puc. 6 mpuBeaeHi pe3yabTaTi BUMIpIOBaHb BTPAT
KPYTHOTO MOMEHTY TiJPOMAIIHA HA 9acTOTi 0O0epTaHHSA
0,931 x8 i Tieky B 100 Bap i ui BTpaTH BEMiproBanu 3a
nosHui 06ept B 360°.

Measurement 1
Measurement 2

Torgue loss [Nm]

o 40 80 12"[! 160 ?E‘][] ?;HI ?J:H] azn 380
Shaft angle f]

Puc. 6. Brpatn kpyTHOr0O MOMEHTY IIi/{ 9ac ABOX Pi3HHX
HU3BKOMIBHJIKICHUX JIOCHIJPKEHHSX OJHIET T1IPOMAIIHHY 32
OJIHAKOBUX YMOB BUnpoOyBanHs npu Tucky 100 Bap i wacrori

obepranms 0,931 xa™

Takum 4nHOM, 32 JOIIOMOT'OI0 TAKOT'O CTEH/Ia MOXKHA
aHAN3yBaTH KiHEMAaTHKy TiIpOMAIIMHU 3aJE€KHO Bif
KOHCTPYKTUBHHMX OCOOJMBOCTEH, HAINPUKIAZ, KiJIbKOCTI
MOpIIHIB 1 (hYyHKIIOHYBaHHS (Pa3 PO3MOMUTEHOTO BY3Ia.
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Taka metonuka BUIPOOYBaHb Ja€ MOXKIUBICTh OI[IHIOBATU

XapaKTepUCTHKH  3pYyNIyBaHHSA TiApPOMOTOpiB 1  iX
MOXUIMBOCTI ~ TpAIfOBAaTH HA  HU3BKHX  4acTOTax
obepranns. Cmig Big3HAYUTH, IO 33 JOMOMOIOIO

METOJUKH BU3HAYCHHS KOJIMBaHb BUTOKIB poOOYOT piAvHU
IIpu 3MiHI KyTa o0epTaHHs Bayia Oyina oTpuMaHa Gopmyna
JUIl  BU3HAYEHHS MiHIMaJIbHOI YacTOTH 0OepTaHHI
TiPOMOTOPIB Pi3HUX KOHCTPYKTHBHHX THIIB [4; 5].

Ha puc. 7 mpencrasiena TigpaBiiyHa MPHHIIAIIOBA
cxema CTeHIy AJsl BUIIpoOyBaHb Tizpomoropis M1 i M2 3
OJTHAKOBMMHU pPOOOYMMH 00'eMaMH 3a pPEKyNepaTHBHOIO
CXEMOI0 13 B3a€EMHMM HABaHTXEHHSAM 1 JKOPCTKUM
s'enHaHHsAM  BawmiB  [4; 5], sKa periamMeHTyBalach
ckacopanuMm crangaprom ['OCT 2019-83. Hacoc HI1
IIPUBOUTECS B 00epTaHHA elnekTpoaBuryHom /{1, a Hacoc
H2 mnpuBogmtecs B obepraHHS enekTpoaBuryHom [l
Hacoc HI1 wMae perynpoBanmii poOoumii o00'em i
3a0e3neuye HEOOXiqHY 9acTOTy OOEpTaHHS TiIPpOMOTOPIB
M1 i M2. Hacoc H2 BHCOKOTO THCKY CTBOPIOE
HaBaHTAKEHHS Ha TiIPOMOTOpPH. 3aXMCT TiAPONMPUBOIA
Bil TEPEBHUINCHHS THCKIB 3a0e3meduye 3amoOiKHHUN
knananu K31 B ninii HarHiTanus Hacoca H1. 3ano0ixHuit
knanad K32 no3Bossie HamamTyBaTé HEOOXiqHE 3HAYCHHS
TUCKY B JIiHIi HarHiTaHHs Hacoca H2 i HaBaHTaxyBaTH
rigpomoropu. KoHTponb po0OTH CTEHIOBOI yCTaHOBKH
3abe3neuyroTs BuTparoMmip BP, manomerpn MH1-MH3 i
tepmomerp T y Oaky b. IlepemuBHmii xmaman K33 mms
CTBOPEHHS MiJBHMIICHOTO THUCKY Ha 3JIMBI 3 TiJpoMoTOpa
M2 BCTaHOBIIOIOTH 3TiHO PEKOMCHJIAIIH BHPOOHHKIB
rizpomoropiB. PexymepaTuBHa cxemMa BHUIpPOOyBaHB
JIO3BOJISIE  TIPOBOAWTH TECTYBAaHHSA TiIpOMOTOpiB 0Oe3
NPUCTPOI0 HABaHTKEHHA 1 3 ICTOTHO MEHIINMHU
BUTpaTaMH IMOTY)XHOCTI B TIOPIBHAHHI 31 CXeMOI0 3
rajJbMiBHUM  TpUCTPOeM.  MeToJuka  HpOBEACHHS
BUIIpoOyBaHb 1 po3paxyHok KK/ i MOMeHTY 3pyuryBaHHS
rigpoMoTopiB HaBexeHa B poboTax [4; 5].

Puc. 7. igpaBiivHa NPUHIUIIOBA CXeMa CTCHIY JUIS
BUIPOOYBaHHS TiIPOMOTOPIB 3a PEKyIepawLiero IOTYKHOCTI

PospaxynkoBa  Qopmyna s 3HaXODKCHHS
CepeaHbOro 3HAa4YEeHHS riJIpOMEXaHIuHOTO KK
T1JIPOMOTOPIB Ma€ TaKUi BUIIISAL:

pH B pBX
T]l'M.C = ' (12)
pH - pBl/lX

JIe P, — THCK HarHiTaHHS Ha BXOAI B TiJpOMOTOpH (3a
Ma"omerpom MH2);

Px — THCK Ha BXomi B Trigpomorop M1 (3a

MaHomeTpoM MH1);

Peux TUCK Ha BuUXOAl Tigpomoropa M2 (3a
MaHomerpom MH3).

3a pesynabTaTaMu BHMIPIB JPEHaXHUX BUTOKIB
po00YOT PITUHHM 3 T1IPOMOTOPIB Qayry 1 Uyr2, 1| BATPATH gy
yepe3 Butparomip BP  orpumaemo Bupaz s
3HAXOIDKEHHS cepeaHporo 3HaueHHs o0'emHoro KK
TiAPOMOTOPIB:

Moo = % , /XB, (13)
qBHX + qBHT.C
e qBI/lTAC = O!S(qBI/ITl + qBHTZ) - CepeaHE 3HA4YCHHA

BHUTOKIB, JI/XB;
g, — TeOpeTHYHa BUTpATa TiIpPOMOTOpa 3 PoOOUNM
o0'emoM V,, 1 yacToTO10 0OEpTaHHS Ny

g, =107°V, -n,, n/xB. (14)

Cepenne 3Ha4eHHS KPYTHOTO MOMEHTY T1IpOMOTOPIB
i IXHIE MOMEHT 3pyIIyBaHHA (HaWMEHIIWH KpyTHUH
MOMEHT HABaHTQXEHOTO TiIpoMOTOpa B  MOMEHT
YPYXOMJIGHHS HOrO0 9YacTHMH YH 3a 3aJaHOro Ieperany
TUCKIB [12]) po3paxoByroTh 3a HOPMYIOIO:

TM = 0’159 .VM(pH - pBVIX) 'nl"M.C 1 H.M. (15)

Cepenne 3nauenHs 3aransHoro KKJI rimpomoropis
PO3paxoBYIOTH 32 (HOPMYJIOI0:

nc = TlrM.c 'nrM.c : (16)

BaxnBuM BHCHOBKOM 3a pe3yibTaTaMH TaKHX
BUIIPOOYBaHb € OTPUMAaHHS 3HAYEHHS THCKY Ha BXOJI Ppy
B TiIPOMOTOPH, SIKMH MOXe OyTH BHKOPHCTaHHH SK
JIarHOCTUYHUH NapameTp:

pBX = pH _nfM.C( pH - pBI/lX) N (17)

Taxum YHHOM, KO>KHOMY 3HAYEHHIO
rinpomexaniunoro KKJ[ BinmmoBimae meBHUE THCK Ha
BXO/Ii Pyy, IO O3BOJISIE IOOYIyBaTH BiAMOBITHY TpadidHy
3aJI€XKHICT, JIOCTATHBO 3py4YHY TIIpU  IPOBEJCHHI
BHIIPOOYBaHb.

PosrisiHeMo MeToquKku BUNPOOYBaHHS T'JIpOMOTOPIB
MmiJi 4Yac 3aBOJCBHKOiI abo0 MICISIPEMOHTHOI OOKAaTKH i
BusHayeHHst ix KKJ/| wempsimum wmeronom. Ha puc. 8
MIPUBECHI OCHOBHI €JIEMECHTH TiApaBIiTHAX
MIPUHIIMIIOBAX CXEM CTEHJIB JJIi OOKATKH 1 BU3HAYCHHS
KKJ] i BTpaT TimpomMoTopa HENpsMHUM METOIOM. 3a
CXeMOI0 Ha puc. 8, @ mpoBoAUTHECS OOKaTKa TiIxpomMoTopa
M i mpoBOIATH aHANI3 MEXaHIYHHX BTpPAT 3a IEperagoM
THCKY B PEKHMIi XOJIOCTOTO XOAy Mixk MaHOMeTpamu MH1
i MH2. Ilpu unpomy oOMparOTh 30HY HHM3BKHX YacTOT
oOepranHs (KOHTPOJIOIOTH meperBoproBadem JIHO) i
CTBODIOIOTH IIJIBULIEHUH THUCK B 3JIMBHIM Marictpaii 3a
nonomororo knanaHa Tucky KT. fkmo minrpumysatu
MOCTIMHY TemmepaTypy pobouoi pizmHu B Tigpodaky b
KOHTpOJIb 32 JIOIIOMOrol0 TepMomeTpa T), To JOCTaTHBO
KOPEKTHO BHUMIPIOIOTECSA 11 JApPEHaXHI BUTOKH gy
XapakTep 3MiHH MEXaHIYHUX BTPAT BUKOPHCTOBYETHCA K
KpUTEPI KOHTPOJIO TpUpPOOKH Timpomoropa. Hwusbki
9acTOTH OOEpTaHHA Y IMOEIHAHHI 3 ITiJBUIIEHUM THCKOM Y
3MUBHIM Marictpanmi 3a momomororo kiamaHa KT
JO3BOJIIIOTH MiJHATH THCK y MaricTpaii HarHITaHHA i
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3aaTH TECT HABAHTAXXCHHS BY3JaM TEPTS TiIPOMAIIINH.
3a pesynmpTaTaMu NOKa3HHKiIB Manomerpie MHI1 i MH2
0O0YHCITIOIOTH MOMEHT TEPTS T1IPOMOTOpa:

M, =0,159-V, -Ap, HM, (18)
ae V- pobounii 00'eM rigpomoTopa, em®;
Ap - omepemaxm THUCKIB  (PI3HHUI  IOKa3aHb

manomeTpiB MH1 i MH2), MI1a.
Jns KOHTpPOJIO TPHPOOKH IOPIBHSIOTH IOTOYHE
3HAYEHHS MOMEHTY TepTa Tr,j 3 HOro IEpBHHHUM (10
0OKaTKM) 3HAUEHHAM T, Jlnsg owiHkm Tewii mpupoOku

PO3PaxoBYIOTh KOe(Ii€HT 11 IHTEHCUBHOCTI:
T -T

I _ '1p,0 P,i

TP, Makc

(19)

e ATipuaxe — MaKCHMajbHa 3MiHA MOMEHTY TepTs 3a
4ac MOBHOT MPUPOOKH (10 cTabimi3allii MOMEHTY TepTs):
ATTp,M&ch :TTp,o _TTp,MiH 1 H'M7 (20)

e Topuin MiHIMaJlbHE 3HAYEHHS MOMEHTY TepTH,
JIOCSITHYTE TICIIs 3aBepLIeHHs mpupoOku, H-M.

Taxkwuit TEXHOJIOTIIHHH poIiec TIPUPOOKH
KOHTPOITIOETHCS  OE3MOCEPEIHBO 32 3MIHOK MEXaHIYHHX
BTpAT, TO3BOJISTIOYH 00'€KTHBHO OLIHHUTH PiBEHb MPUPOOKH
TiIpoMOTOpa, IO cripusie [IIBUILEHHIO SIKOCTI OOKaTKH.
KonTpons npupoOku mig 9ac poOOTH B 30HI MiHIMaJbHHX
4acToT 06epTaHH;{ i l'[l,ZlBI/IIIIGHOMy THCKY B 3TMBHIH
MaricTpaii J103BOJISIE OI[HUTH MOXJIMBICTh CHPUHHSTTS
eKCIUTyaTallifHIX HaBaHTa)XEHb Ha OJHOMY 3 HaWOILIbII
HaNpy»XEHUX PEXKUMIB, KOJIM Mapu TepTd INPallolTh B
YMOBaxX HAMIBPIJWHHOTO 3MAllyBaHHA 1 HAWOUIBII
BIPOTiZIHI BHUMAIKH MOIIKO/PKCHHS TOBEPXOHb TEPTS
JieTanen. 3ampornoHoBaHa ~ METOAWKAa  TECTOBOTO
JIaTHOCTYBaHHSA HEOJAHOPA30BO BHUIpoOyBaHa ¥ Yy
MMOEHAHHI 3 KOHTPOJIEM 30BHIITHIX BUTOKIB MOXe OyTH
BUKOPHCTaHA TPH 3aBOJCHKHX IMPUHAMAaIbHO3IABAIHLHUX
BHIMIPOOYBaHHAX, BXiTHOMY KOHTPOIi TiIpOMOTOPIB ¥y
BUTOTIBHMKA 200 CIOXXMBaya TiApo(ikoBaHOI MalIWHU, a
TaKOX B YMOBax €KcIuTyaramii. B ocTaHHbOMY BHIaaKy
HEOOXiTHO BKa3yBaTW B eKCILTyaTalliiHill JoKyMeHTalii
3HAUEHHs IlepenajiB  THUCKIB, 3a(iKCOBaHUX IpH
MMOYaTKOBOMY CTaHi 1 Mmicist 0OKaTKH.

Hns wenpsimoro BuzHaueHHss KKJI rimpomexaniuni
BTPATH BU3HAYAIOTH 32 MEPEMag oM THCKIB MiXK BXOJOM Ta
BUXOJIOM 1 MiJIBUIICHOMY THUCKYy Ha BHXOJi, a 00'€eMHI
BTPaTH 32 3HAYEHHSAM 30BHIIIHIX BUTOKIB (g, 3 KOPITYyCY
TiIPOMOTOPA 1 Onep HA BUXOJI 31 3IMBHOI MaricTpai, ajs

9oro BajJ TiApoMoTOpa rambMyioTh (puc. 8,6) i1
3ano0iKHUM KiamaHoM K3 BCTaHOBIIOIOTH NOTPIOHUH
THCK (BUMIpIOBaHHS MPOBOMAATH IMPHU JEKiJIbKa KYTOBHX
TIOJIOKEHHSX BaJIa 1 MPUIMAIOTh CepelHE 3HAYCHHS).

Takum uuHOoM, BusHaueHHs KKJI Henpsamum
METOJIOM 3BOJMTHCSA JO BHUMIPIOBaHb 1 PO3paxyHKy 3a
HACTYITHHMH (POPMYIIaMHU:

- s rigpomexanignoro KK/I:

A
Tl]"M -7 ’
pBX + pBHX
€ Pux 1 Pauxs 1 AP = Pax — Paux — TUCK HA BXOJI W BUXO1
3 TiipoMoTOopa i mepemnaj THUCKiB, BianoBigHo, MIla;
- mis 06'emuoro KK/I:

(21)

d-Ady
V.n'

p

£=1-10° (22)

ne  Ads = Qour + Onep — MiZICYMKOBI 30BHIIIHI BHTOKH i
BHYTPIIIHI BUTOKH (HepeTOKI/I) poGou0i pismHm, cM>/XB;

V, — pobounii 06'eM rizpomMoTopa, cM';

N — yacToTa 00epTaHHs riAPOMOTOPA, XB

0 — TMONpaBKOBHH EMIIPUYHHUN KOeQillieHT, 10
BpaxoBY€E BIJICYTHICTh BTpaT Ha CTHUCKYBaHHA pPoOOUOT
piAMHM TpU CTaTHYHUX BUMIPIOBAHHSAX BHUTOKIB 1
MEPETOKIB (OTPUMYIOTh EKCIIEPUMEHTAIHHUM IIIJISTXOM).
Hanpuknan, B p060Ti [4] 3HaueHus TOTPABKOBOTO
koedilieHTy st aKCIaHBHOHopH_IHeBI/IX riIpoMOTOpIiB 3
MOXWJIMM JHUCKOM 1 TOYKOBUM KOHTAaKTOM MOPIIHIB
MpU3HaYanoch piBHuM o = 1,25,

TakuM  YHHOM, BH3HAYEHHS CTYNEHS 3HOCY
rizpoMoTopa i JiarHOCTYBaHHS HOTO TEXHIYHOTO CTaHy
3BOJMTHCS 0 MOPIBHAHHSA IepenasiB THUCKIB 1 30BHINIHIX
BHUTOKIB TIPH II0YaTKOBOMY 1 IIOTOYHOMY CTaHi NpHU
HalpalioBaHHI pecypcy B ekciutyarauii. s mporo mpu
BUIIPOOYBaHHAX B PEXHUMI XOJOCTOTO XOAY CTBOPIOIOTH
MOCTIHHWIA THCK HAa BHUXOJi, 3HAYCHHS SKOTO Mae OyTh
TakuM, MO0 CyMapHH THCK IOpIBHIOBaB poOOYOMy Ha
BXOJll B TiJPOMOTOp, TPH SKOMY MOTpiOHE BH3HAYCHHS

KK/I:

. Ap Ap
Psx +psnx = pZ :psx,poﬁ; nm =l-—=1-— ’ (23)
pr + anx pz
A€ Ps = Paxpos CyMapHUH THCK Y MOPOKHHUHAX
rizpoMoropa, SKUH  HEOOXiTHO  CTBOPUTH  TPH

BUIIPOOYBaHHAX MJIsI BHUMIPIOBAHHSA TiAPOMEXaHIYHOTO
KKJI HenmpsiMuM METOJIOM, BiAMIOBITHUI POOOYOMY THCKY
Ha BXO/Ii B TIAPOMOTOP.

@MH
K3 ¥,

M

%
B
Pu Taur é
r 3
Y BP
T qnep
b
| ? |

Puc. 8. 'igpaBniyHa MPUHIIUIIOBA CXEMa CTEH/Y KOHTPOJIIO MPUPOOKU Ta BU3HAYCHHS BHYTPILIHIX Ta 30BHILIHIX BUTOKIB p0O0OYOi
pinunu B rigpomoTtopa M
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Barampamii  KKJ[ rigpoMoTopa po3paxoBYIOTh 3a
¢dopmynoro (16).

3a pi3HUMHU OIliIHKaMH TOXHOKa TpW BHU3HAYEHHI
KK npsMuMm i HempsiMUM crniocobamMu HE HEpEeBHIIYE
2%, ame Tpeba MIKPECIUTH, II0 BHKOPHCTAHHS TaKOl
METOJIUKH € JyX€ KOPUCHHUM Yy THX BHIAJKax, KOJH €
MOXJIMBICTh CTEXHUTH MOCTIHHO 3a CTAHOM KOHKPETHOTO
rizpomoTopa, abo MPOBOIUTH NOPIBHIIEHI BUIPOOYBaHHS
OHOTHUITHHX TiAPOMOTOPIB.

Ha pammii yac Oaratro BUpPOOHMKIB HAacoCiB Ta
TiIPOMOTOPIB TPHBOIATH B KaTajorax (opmynn uIs
pO3paxyHKy TMojadi HacoCiB, KPYTHOTO MOMEHTY 1
4acToTH 00epTaHHs rigpoMoTopiB, iX KK/ i moTyxHOCTI.
VY 3B'SI3Ky 3 BUKOPHUCTAHHSIM pI3HHX pO3MIpHOCTEH B
CTaHAapTax 1 KaTajJorax IPHBEIEMO METOANUKY JUIA
OTPHMaHHSI OCHOBOMOJIOKHHUX (OPMYJ JUIsi TIOTYKHOCTI 1
11 CKIIaIOBHX.

Bupaz s rigpaBmiuHOi  mOTyKHOCTI  Ta 1l
MEXaHIYHOTO €KBiBaJICHTa JIsI 00EPTaIbHOTO PyXy MOXKE
OyTH IIpEe/ICTaBICHUN Y BUIIISL:

P=q-p=T- o, Br, (24)
me ¢ — BUTpaTa pobouoi pigHHu, M/C;
p — Tuck, Ila;
T — xpyTHUIt MOMEHT TigpoMoTopa, H-Mm;
®=21'N - KyroBa MIBHAKICTb  0OepTaHHS

rigpomMoropa, pasyc;

N — yacToTa 0GEPTAHHS TiPOMOTOPA, C .

dopmyna IIsI TCOPETUYHOTO KPYTHOTO MOMEHTY
rizpoMoTopa MOXe OyTH ojepkaHa 3 TMONEPeTHBOTO
BHpa3Yy:

T_4p_V,np V,op
) 2n-n 2n

=0,159-V, - p, H-u, (25)

ne V- poboumnii 06'eM rizpomoTopa, M>;

g=Vyn - Burpara PP, mo mnomaerscst 0
rizpomotopa, M/c.
Ilpu panmime craHmAapTU30BaHI  PO3MIPHOCTI

pobodoro o6'emy VM B [cM®] BHpa3 I pO3paxyHKY

TEOPETHYHOTO KPYTHOTO MOMEHTY TipoMoTOpa HalOyBae
BUTIISY:

T=0159-V, -p=0,159-V -Ap,H-m, (26)
e P — THCK (TOYHIIIEe Tepernaj THUCKIB MiXK BXOJIOM i
BHXOJIOM 3 TiIPOMOTOPA, 10 Mo3HavyaeTsest Ap), MIla.

IIpu nomml)eHiﬁ Ha MPaKTHUIl PO3MIPHOCTI YaCTOTH
oOepraHHs [XB | omepKUMO QOpMYITy IS BUXiTHOT
MTOTYXHOCTI T1IPOMOTOpa B TAKOMY BHUTJISI:

_T-2z-n_ T-n T T-n
60 9,550 9550
ne T — kpyTHuit MoMeHT rigpomoropa, H-m;
N — gactoTa 0GepTaHHs riAPOMOTOpa, XB — (06/XB).
[Ipu po3mipHocTi U BUTpaTH poOOYOi piAMHH B
[n/xB] 1 TEcky B [MIla] omepxumo dopMyry mms
riIpaBIiqHOI MOTYXKHOCTI B Takiil (hopmi 3anucy:

P=T-o

, kBt, (27)

b [n-103~MHa-106 M3~H:|
= . = 2 =
60-xB c'M (28)
3
_10q p’BT:q P’KBT.

60 60

e (- BuTpara poboYoi piavHH, JI/XB;

p — tuck, MlIla.

Crin TakoX 3BEpHYTH yBary Ha JAy»e KOPUCHHUH JIJIs
CIOXMBadYa JTOKYMEHT, MPUBEACHUN B momatky «C» 1o
ISO 4409, ne HaBemeHWil NepeNiK BUXIAHUX NAHHX, 3a
SKAMH PEKOMEHJOBaHO [0 MOYaTKy BHUIPOOOBYBaHHS
MIPOBECTH Y3TOJKCHHS MIX 3aI[iIKaBJICHUMHU CTOPOHAMH.

BucnoBku. 1. Cranmgaptu ISO 4409 momo mMeToauk
BHIIPOOYBaHb HACOCIB, TIAPOMOTOPIiB 1 Tigpormepenad
MOoTpeOyIOTh TMOIMMUPEHHS 3aco0iB BHMIpIOBaHb BHUTpAT,
THUCKY, BTpAT i TeMIeparypu poOodoi piluHH Ha Pi3HUX
IUISHKAX TIAPaBIiYHUX CXEM B MOPIBHSAHHI 3 paHile

3aCTOCOBAaHUMH CTaHIapTaMH PO3po0KH
BH/IriaponpuBo MUHYIJIUX POKIB.
2.3  MeToWw  BOPOBAaPKCHHS B HAYKOBO-

JOCHIAHUIBKUX po0OTax, Ha BUPOOHHUUTBI 1 B y400BOMY
mporeci  craHmaptie  ISO 4409 momo BuUmMpoOyBaHB
ripoMamdH Ta TiApomepenad HagaHi  HEOOXimHI
PO3'ICHEHHsSI 3 BHKOPUCTAHHSM TIAPABIIYHUX CXEM Ta
PO3paxyHKOBUX (OPMYJIL.

3.Y 3B3Ky 3 pO3pOOKOI0 HYEProBUX pemaKIliit
MDKHApPOJHHMX  CTaHJApPTIB  IIOJ0  YJAOCKOHAJICHHS
BHIIPOOYBaHb CIiJi BHECTH HEOOXigHI JOMOBHEHHS M0
nirouoro B Ykpaini craumapry JCTVY ISO 4409:2013 3
BHUIIPABICHHSIM [TOMHUIIOK.

4.3 TOYKM 30py JAOCITIJUKEHb BTpAaT IOTYXHOCTI B
riZpoMammHax, MPOBEACHHS PECYpCHHUX BHIPOOYBaHb, a
TAaKOX  JIarHOCTUKH  ICISPEMOHTHUX  BHIIPOOYBaHb
HaBeJeHI METOAWKH, SKi HE BHWIUIM B CTaHIapT
ISO 4409, ane MOXyTb OyTHM KOPUCHHMH 3 TOYKH 30Dy
ITi IBUATIICHHS iHHOPMATUBHOCTI JIOCITI UKEHb,
eHepro30epekeHHsT Ta  CKOPOYEHHS  HOMEHKJIATYpH
CTEHI0BOT0 00JIaIHAHHSL.
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K. A. MUPOHOB, O. B. IMHTPIEHKO, C. O. JEBETbhXIPOBA

MOJIEPHI3AIIIA JIOIIATEBOI CHCTEMH POBOYOI'O KOJIECA BUCOKOHAIIIPHOI
riAPOTYPBIHU

I'izpoeHepreTyka rpae BaXIIHBY pOJb y CHEpreTHUHii ramy3i. E(ekTHBHE BUKOPUCTaHHS TiPOEIEKTPOCTaHII MOXE 3a0€3IIEYUTH CYTTEBY CKOHOMIFO
HaJIUBO-CHEPTETHYHUX pecypciB. ['inpoenekTpocTaniii 3a0e3meuyoTh BUPOOITOK €IEKTPOCHEpTrii, PeryjiroBaHHs YacTOTH Ta TOTYXKHOCTI Mepexi,
MOKPUTTS IIKOBHX HABAHTA)KCHb, aBapiiHUH pe3epB. PO3BUTOK Ta BIPOBA/UKEHHS HOBITHIX TEXHONOTiH B Iii Tramysi crnpuse epeKTUBHOMY
BUKOPUCTAHHIO BOJHUX SHEPreTUYHHUX PecypciB. 3HAYHOIO NEPEBArolo IiJIpOCHEPreTUKH € BiJHOBIIOBAHICTH JpKepena eHeprii. B Ykpaini HasBHuMii
3HAYHUH MOTEHLIaJ] BOJHUX PECYpCiB I PO3BUTKY IiJPOCHEPreTHYHOI ramysi. I'inpoTypOiHu, ski po3poOisioTh i MOCTaYaloTh HA PUHOK, MAIOTh
3a0e3MeuyBaTH BUCOKI TEXHIKO-€KOHOMIUHI IOKa3HHUKH, HAIIHHICTh 1 JOBTOBIUHICTS, 1[0 320€3MEUNTh BUCOKY KOHKYPEHTOCIIPOMOXKHICTb IiApOTypOiH
Ha 30BHINIHBOMY 1 BHYTPINIHbOMY pHHKax. [l po3B'I3aHHA LMX 3aBJaHb IIMPOKO BHUKOPHCTOBYIOTH METOIHM YHCEIBHOrO Ta (hi3MYHOTO
MOJICIIOBAaHHA. PO3BHTOK METOiB MaTeMaTHM4HOTO MOJICTIOBAHHS Ja€ 3MOrY HPOBOAMTH OaraTOBHMIpHI 4YHCEIbHI OCIHIKEHHS BIUIUBY
TEOMCTPHYHHX ITapaMeTpiB Ha (HOPMyBaHHS CHEPIeTHYHHX XapAaKTEPHUCTHK Y MPOLECi MPOEKTYBAHHS CICMEHTIB MPOTOYHOI YaCTHHH TiAPOTYpOiHH.
CyuacHi TEXHOJIOTIT MOZAEIIOBAHHS Ta aHAJ3y HAaJaIOTh MOXJIMBICTH JUIS AETaJbHOIO BUBYCHHS BIUIMBY 3MiHM EIEMEHTIB KOHCTPYKILIl MPOTOYHOL
YaCTHHM Ha CHEPreTHYHI XapaKTePUCTUKHM TifpOTypOiH. BrpoBa/keHHs KOHCTPYKTUBHHX 3MiH TaKOXX Ma€ Ha MeTi 3MEHILICHHS EKCILTyaTalliftHuX
BUTpAT Ta HOJOBXCHHS TEPMiHYy CiTyOu. LIeHTpaibHUM €IEMEHTOM pajialbHO-OCHOBHX TYpPOIH € poOoYe KOJIECO 3 JIOMAaTEeBO CHCTEMOIO, Bi SKOL
3aJIKHTh MPOYKTHBHICTb, HAIHHICTh Ta JOBTOBIYHICTh YCTAHOBKH. 3MiHa ()OPMH Ta PO3TAllyBaHHs JionaTell poOOYOro Kojeca MOXKe IPU3BECTH 10
3MEHIICHHS CHepreTHYHUX BTpat, miaBuieHHs KKJ| Ta 3HmkeHHI0 KaBitauii. ¥ 0araTb0X BHIIaJKaX BHKOPUCTAHHS YHCEIBHOTO CKCIICPUMEHTY €
e(peKTUBHOIO 3aMiHOIO (i3uuHOro. PesymbraTy uncensHOro i (Gi3MYHOrO EKCIEPHMEHTY LIONO0 BIUIMBY T€OMETPHYHHX IapaMeTpiB Ha CHEPreTHUHI
XapaKTEPHCTHKHU IMIHPOKO BUKOPHCTOBYIOTHCS B 3arallbHONPHIHHATOMY IMiIXO/I 10 BIOCKOHAICHHS IPOTOYHOI YACTHHH T'iAPOTYPOIHH, IO IPYHTYETHCS
Ha BHECCHHI 3MiH 10 FeOMETpii Ta MOAANBIIIN OLiHLI KX 3MiH. Y pOOOTI pO3IIIAAAETHCS MOMIMIICHHS CHEProKaBITalliHHNX XapaKTePUCTHK JIOATEBOI
CHCTEMH PaJialbHO-0CHOBOI TiIPOTYpOiHH 32 paXyHOK MOJEpHi3awii if FreOMeTpHIHUX MapaMeTpiB.
KurouoBi ciioBa: rinpotyp6ina, npotodHa yactuHa, podoue koieco, KK/, mpoekTyBaHHs, MaTeMaTHYHE MOJICIIIOBAHHSL.

K. MYRONOV, 0. DMYTRIIENKO, S. DEVETIAROVA
MODERNIZATION OF THE RUNNER BLADE SYSTEM OF A HIGH-HEAD FRANSIC TURBINES

Hydropower plays an essential role in the energy sector. Efficient use of hydropower plants can significantly save fuel and energy resources.
Hydroelectric power plants provide electricity generation, grid frequency and capacity regulation, peak load coverage, and emergency reserve.
Developing and implementing the latest technologies in this area contribute to efficiently using water energy resources. A significant advantage of
hydropower is the renewability of the energy source. Ukraine has considerable water resources potential for the development of the hydropower
industry. The hydroturbines developed and supplied to the market must ensure high technical and economic performance, reliability, and durability,
guaranteeing high competitiveness of hydroturbines in the foreign and domestic markets. Numerical and physical modeling methods are widely used
to solve these problems. The development of mathematical modeling methods makes it possible to conduct multidimensional numerical studies of the
influence of geometric parameters on the formation of energy characteristics in designing elements of the flow space of a hydraulic turbine. Modern
modeling and analysis technologies provide an opportunity for a detailed study of the impact of changes in the flow space design elements on the
energy characteristics of hydraulic turbines. The central component of Francis turbines is the runner with a blade system, on which the installation's
productivity, reliability, and durability depend. Changing the shape and location of the impeller blades can lead to a decrease in energy losses, an
increase in efficiency, and a reduction in cavitation. In many cases, a numerical experiment is an adequate replacement for a physical one. The results
of numerical and physical experiments on the influence of geometric parameters on energy characteristics are widely used in the generally accepted
approach to improving the flow space of a hydroturbine, which is based on making changes to the geometry and further evaluating these changes. The
paper considers improving the energy-cavitation characteristics of the blade system of a turbine Francis by modernizing its geometric parameters.
Keywords: hydroturbine, flow space, runner, efficiency, design, mathematical modelling.

Beryn. [lns mpodimoBaHHS —JIOMATEBOI CHCTEMHU
pamiabHO-0ChOBHX POOOYMX KOJC po3pobieHo Oarato
meromiB. Cepen OJHOMIpHUX METOJIB, SKi HaOyJIH
TIOIIMPEHHSI 3aBIJKH CBOi MPOCTOTi, MOXXHA BUIUTUTH
TaKi:

- MpodiTFOBaHHS JIONATEBOI CUCTEMH Ha PO3TOPTKAax
koHyciB [1];

- noOyznoBa mpo¢uIiB HA PO3ropTii KOHPOPMHOTO
watiaapa [1; 2].

[epmmit meron € HaOmmwxkeHuM. Bin mmpoxo
BUKOPDHCTOBYETBHCS ~ JUIS ~ HPOEKTYBaHHSA  rpadidHUM
croco0oM 1 Ma€ KiJIbKa Pi3HOBHIIB 3aJIEXKHO BiJ TOTO, SIK
BHOWpAeThCS  BigoOpakyBalbHa  MOBEPXHSA  KOHyca
BiTHOCHO JIiHil IOTOKY Ta K pO3PaxOBYIOTHCS BiAIOBiNHI
MOTIPAaBKH Ha CIIOTBOPEHHS BXiTHOTO i BHXIIHOTO KYTiB
momaTi. HeoOximHO o0OpaTW Take IIONOXKEHHS TBipHOI
KOHyCa, TpPH SIKOMY CIIOTBOPEHHS NpOQLI0 MmiJ dac
Hepexo/y 3 pO3ropTKH KOHYyca Ha IMOBEPXHIO MOTOKY Oyne

MiHIMaJIEHUM.

Metox KoH(GOPMHOTO BioOpakeHHS € TOUHUM. [Ipu
BiToOpakeHHI TPoQi0 Ha KOHPOPMHY MOBEPXHIO HOTO
JiHIHHI PO3MIPH CIIOTBOPIOIOTHCS, MPOTE BETUYNHA KYTiB
3aNMIIaeThCs HeaMiHHOK. Came ToMy Leil Meron Oys
o0OpaHuit g mpoQirroBaHH.

Jlns 3pyuHocTi 32 KOH(GOPMHY MOBEPXHIO OYiI0
oOpano mwiaiHap miametrpom 1 wmetp. lle mo3Bossie
NOPIBHIOBATH BCi Npo(isii Ha €AMHIA PO3rOPTII.

Y 3araJibHOMY BUNAJKY CIPOEKTOBaHUI Mpodinb
Ma€ BiIMOBIAATH TaKUM KPUTEPIsM:

- 3a0e3MeUnTH  peanizamiro 3amaHol mupkymsamii I
(HeoOXiHO TPaBUIIEHO 00paTH KyTH Py 1 By);

-mpodins Mae OyTH MaTeMaTHYHO TJaIKAM, i3
KPHUBHU3HOIO, 10 [UIABHO 3MIHIOETHCS,

- MaKCHMaJlbHa TOBIIMHA Ma€ DO3TAIlOBYBATHCS B
TP TOJIOBUHI TIPOdiTIo;

- mpo¢iJIb Ma€ BiNOBIATH KPUTEPIsIM MII[HOCTI;

© K. A. Muponos, O. B. [Imutpienko, C. O. [leetbsipoBa, 2024
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- HeOOXiHO 3a0e3nednTH MiHIMaJIbHI BTpaTH Ta
JIONYCTUMHUHA  piBEeHb KaBiTallifHOro KoedilieHTa ©
(abcomroTHMIT THCK HA MPOdiTi HE TOBHHEH OYTH MEHILIHM
3a TUCK IIapOYTBOPCHHS).

[podimtoBanus Jonari pobouoro KoJseca
rizpoTypOiHM mTomAra€e B NPAKTUIHOMY BHUPIMICHHI
3BOPOTHOI 3ajadi Ha 3a/JaHi PO3paxyHKOBI ITapaMeTpH.
CydacHi IHXKCHEpPHI METOAH pO3PaxyHKy JOMaTeBol
CHCTEMH CIPOEKTOBAHOTO POOOYOro KOoJIeca IPyHTYIOTHCS
Ha TIOCJTiJJOBHOMY 3aCTOCYBaHHI 3BOPOTHOi Ta MpPSIMOI
3a7a4. 3a JIONOMOIOI0 3BOPOTHOI 3a/aui BH3HAYAEMO
¢dopMy JomaTti, a BHMKOPHUCTOBYIOUM MpsAMYy 3ajady,
OTPUMYEMO  MOXKIIMBICTD  PO3PaxXyHKOBUM  IIUIIXOM
OIIIHATH BapiaHTH JIONATEBUX CHCTEM 1 BHOpaTH i
BUTOTOBJICHHSI Ta BHUIPOOYBaHHS Haiikpami poOoui
koneca. Takuit miaxix 10 po3poOKKU HOBUX POOOUYMX KOJIiC
JIO3BOJISIE 3HAYHO 3MEHIIMTH KUIBKICTh BHIPOOYBaHHX
MOJIENEN.

Mertoro mocmipkeHHs TaHoi poOOTH € MoJaepHi3allii
3aCTapijioro iCHyruYoro oOnagHaHHS Ta MoauQikamis
JIONaTeBOi CUCTEMH POOOYOro Koseca pajialibHO-0ChOBOT
rizpoTypOiHHM, IO Ma€ TPHU3BECTH JO ONTHUMI3amil
SHEePreTUYHUX XapaKTEPUCTHUK. PaniansHO-0CcHh0BI
riIpoTypOiHN € OJHUMH 3 HANMOIIMPEHIMINX TIAPOTYPOiH
y cBiTi. BOHM € KpUTHYHO BAXKIUBUMH  JUIS
TiIPOCHEPTeTHUKH  3aBISKK  CBOIHl  YHIBEpCaJIbHOCTI,
e(pCKTHUBHOCTI Ta HAIHOCTI.

Bupimenns mnocraBieHoi 3amauvi. [IpoektyBaHHS
JOTMaTeBOi CHCTEMH PO0GOYOro Kojeca MOXIIMBO JBOMa
croco6amu pilieHHsIM 3BOPOTHOT a0 mpsiMoT 3aadi.

36opomna 3aoaua. Po3paxyHOK 1 TIPO€KTyBaHHS
jJomari poboYoro Kojieca Ha TPHUHATI MapameTpu
<Q1 - nl )OHT
a00 IUPKYJSLIHHIN TOTIK Y TOPOXKHUHI poOOUYOro Kojeca
Ta TPaHUYHI YMOBH Ha BXOJIi Ta BUXOJIi 3 HHOTO. Y NaHii
poOOTI BUKOPHUCTAHO METOJ KOH(POPMHHUX BiOOpakeHb
s moOynoBu Jomati Ha KoH(MOpPMHIN miarpami 3
MOJAJBIINM TIEPEX0JIOM Ha IOBEPXHIO TOKY pOOOYOTo
KoJeca.

Ilpsma 3a0aua. Tomamemuit po3paxyHOK IMOTOKY Ta
BTpaT eHeprii B poOoYoMy Kojeci Ta BCid MPOTOYHIH
gacTuHi (MiaBig — pobode Koeco — BiICMOKTy04a TpyOa)
BHKOHYIOTh, BHKOPHUCTOBYIOUH pi3HI YHCEIbHI METOIU
mojemoBanns [3-10].

3aBeplIaibHUM €TarnoM MIPOEKTYBaHHS €
PO3paxyHKOBO-EKCIIEPUMEHTAIbHA ONITUMI3aLisi poO0YOro
KoJieca Ta IHIIMX TCiIpaBIiYHUX E€JIEMEHTIB HPOTOYHOI
yactuuu [1-3] i HOCSATHEHHS HEOOXITHUX MOKA3HUKIB
TypOiHH.

[licns  3aBepuIeHHS NPOEKTYBaHHS  MPOTOYHOI
YaCTHHU (YHMCIIOBOTO €KCIIEPUMEHTY) PO3MIpH MPOTOYHOT
gactuan D; = 1000 MM mepepaxoByrOTh Ha CTaHAAPTHHN
posmip momemi (D), =460-500 MM i mpoBomATH
MOJIeTIbHI BUNPOOYBaHHS ((I3UYHUNA EKCIICPUMEHT) JUIs
oTpuMaHHs i1 yHiBepcalbHOI XapakrepucTuku [1].

Ilaker mporpam «Stream». Ilaker mporpam
«Stream» TNpHU3HAYEHUH M1 MPOEKTYBAHHS JIOATEBHUX
cruCTeM poOOYMX KOJIC paaialibHO-OCBOBHX TiIpOTypOiH
Oyno pospobineno Ha kadenpi «[iapaBmiyHUX MaIIVH
im. T'. @. Ilpockypu»[2; 11].

ONTHMAILHOTO PEXUMY, MEPHIIOHAIbHUH

[MocninoBHICTE PO3paxyHKY JIONATEBOI CUCTEMH Ta
NPOEKTYBAaHHA poOOYOro Kojieca IPYHTYEThCS Ha
CHIJIbHOMY BHMKOPHCTaHHI 3BOPOTHOI Ta NpsAMOI 3aj1ad
T1IpOIMHAMIKY:

- 3BOpOTHA 33j7a4ya 1€ PO3PAaXYHOK 1 NMPOEKTYBaHHS
jomaTti pobodoro Koleca Ha TNPUAHATI MapaMeTpu

Q1o — Niopy ONTUMANBHOIO PEXKUMY.

- [Ipsima 3apaua. Iloganemuil po3paxyHOK MOTOKY Ta
BTpaT eHeprii B poOouoMy Kojeci, BUKOHaHUH 3
BUKOPHCTAHHSIM JABOMIpHOI 3a1aui [1-3; 12].

- 3aBepHIaJbHUM €TaroM MPOEKTYBaHHS pPOOOYOTO
KoJleca €  pO3paxyHKOBO-€KCIIEPHMCHTalbHA  HOTO
ONTUMI3AIlS I JOCSATHEHHS HEOOXIOHMX ITOKa3HUKIB
TypOiHH.

Po3zpaxyHok mpodimiB TTOYNHAETHCS 3
repudepiiftHoro (HaWOUTBPII HABaHTAXXEHOTO) MPOQIITO.
[licns HamamTyBaHHA LBHOTO MPOQUII0 TMEPEXOISATH 0
HACTYITHOTO 1 TaK JI0 MaTOYNHH.

[lakeT mporpaM Jga€ MOXJIMBICTh BapilOBaTH
HAaCTYITHUMH NapaMeTpaMH:

- 3MIHIOBaTH  KOHTYPH  IIOPOXKHUHH  pOOOYOTO
KoJieca;

- 3MIHIOBaTH TIOJIOKEHHS KPOMOK  (BXimHOI Ta
BHUXimHOT). Y NaHOMY BWITQJKy JIHIIE BUXiTHOI KPOMKH,
OCKIJIbKH BXiZIHA € BEPTHKAJIBHOIO;

- 3MIHIOBATH YHCJIO JIONATeH;

- 3MIHIOBaTH TIOJIO)KEHHS TOYKH Ha Tmpodim 3
MaKCHMaJIbHOIO TOBIIHHOIO;

- 3MiHIOBaTH TIOJIOKEHHS TOYKM Ha Tmpodimi 3
MaKCHMaJIbHOIO KPUBH3HOIO;

- 3MiHIOBAaTH KyT OXOIUICHHS JIOTIATI.

Ha pwuc.1 mpencraBiena Grok-cxema
nporpam «Streamy po3paxyHKy pobodoro koseca.

IIpodinoBanHsa nomaTeBoi cucTeMH paaiaibHO-
OCHLOBMX PpO0O0YMX KOJIC 32 [JA0NOMOIOK METOAY
KOH(OPMHHX BinoOpaxkenb Ha equnuii muiiHap. Ilpu
BUKOPHCTaHHI LOTO MeToay npodini pemiTok OyayroTh
Ha IUIONMHI KOH(MOPMHOIO BiIOOpaXeHHS (PO3rOpTIi
LWITHIpa) 3a 00YMCIICHMMHM KyTaMHM IIOTOKY Ha BXIiIHIH
Bi(Ly) i Buximmiit PBo(L,) kpomkax poGouoro koseca. Sk
BiZIoMO, IpHM KOH(OPMHOMY BimoOpaxkeHHI npodiniB 3
KOH(OPMHOT TUIOIIMHN Ha MOBEPXHI NOTOKY B poO0OUOMy
Kojeci Kyrtd mpoduIiB B BIANOBIZHMX  TOYKaX
30epiraloTbcsi (HE CHOTBOPIOIOTHCS), a JIiHIMHHI po3Mipu
3MIHIOIOTBCSI TIpomopIiiHO. [IpoekTyBaHHS NMPOCTOPOBOT
¢opmMu  nomari, AK CyKymHOCTIi mpodimiB  Ha
KpUBOJIHIMHAX TOBEPXHIX IOTOKY poOOYOro Kojeca,
3BOJUTHCS, TAKIM YUHOM, JI0 33/a4i MoOymoBU HpodisiB
Ha KOH(OPMHIH IUIOMMHI, IO € PO3TOPTKOI0 OOpaHOTO
mingpa. Crig 3a3HaYMTH, MO e METO] MPOEKTYBAaHHS
Jonari CYIIPOBOIKYETHCS PO3PaxXyHKOBO-
eKCIIepUMEHTATbHUMU Mo udikanisiMu JIONIaTeBO1
CHUCTEMH 3 METOI0 OMNTHMIi3alii MOKa3HHUKIB POO0YOro
KoJieca Ha OCHOBI aHami3y pO3paxyHKOBHX JaHUX
CTPYKTYPH TIOTOKY Ta BTpaT €Heprii B HhOMY.

Buxioni  Oani  ons npoghimosanns
cucmemu. 1. Ilapamerpu  onTHUManbHOTO

c o 1
Q1o =220 1/c; ny,, =63 xB7.

2. dopMa MOPOKHUHH POOOYOro Kojeca Ta JiHIl
TOKY PO3pPax0BaHOT'0 Pi3HOIIBHIKICHOTO TTOTOKY.

nmaxkera

nonamesoi
pexuMy
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Puc. 1. ok — cxema makera nporpam «Stream» po3paxyHKy po06o4oro koseca

3. Kyt oxormieHHs onaTi npuiiMaeMo BIIIOBIAHO 10
OJIM3BbKOT IBUAKOX1JIHOCTI.

4, Bxigna Ta BUXIqHA KPOMKH JIomnari
(MepumioHambHa Ta TOpPU30OHTANbHA Tpoekmii). I[lpu
npodiaroBaHHI JonaTi BOro pobOYOro Kojeca KPOMKH
JIOTIATi MPUHHATI pagialbHAMHU.

5. Po3paxyHKOBI KyTH IIOTOKY Ha HOBEPXHSX [TOTOKY
na Bxigaid Pi(L;) 1 Buxigmiit By(L,) xpomkax JomaTi,
pO3paxoBaHi Ha ONTHUMAILHUN PEXUM.

Ilocrioosnicms nobyoosu onami. 1. Bubupaemo
KOH(OPMHHUI IIIHAP, Ha PO3rOpTHI SKOro OyayeMo
npodim A1 BiOMOBITHUX MOBEPXOHb MOTOKY 1-2-3—... B
pobouomy koueci. Paxniyc kxondopmuoro muimingpa Ry

puiMaeEMo =500 mm (Y 1pOoMy BHIAOKy

D
=%
TypOiHa BHCOKOHAIIPHA, i pajilyc po3TallyBaHHs BXIJIHUX
KPOMOK 30ira€eThcs 3 paaiycoM IHIIiHApa).

2. bynyemo KOH(OPMHY Jiarpamy-po3ropTky
OWITIHApAa Ta CITKYy Ha KOH(GOPMHIA IUTONIMHI, sKa

YTBOPIOETHCS B PE3YJbTATI MEPETHHY MOBEPXHi LMIIHApA

OPURHATUMU panianbHUMHA I-H-=11-.. i
TOPM3OHTATBHIMH |—2—-3—4—... TUTOIIUHAMHY.
3. Ilepexommumo bi (o) moOymoBH CITOK Ha

KPHUBOJIIHIMHUX TMOBEPXHSAX TMOTOKY 1-2-3—... poGouoro
KoJieca, JOTPUMYIOUYHCH IIPU LIEOMY OCHOBHOTO ITPUHIUITY
KOH(OPMHOTO BiIoOpakeHHsL:

b(rr) =5 3Bizkm b, (r) =1, Rr—' ,
18 b1

ne  bi(r) — Bigcranp Mix JIHIAMH CITOK Ha BiAMOBITHHX
TTOBEPXHAX ITOTOKY;

I — BiAcTaHb BiX OoCi poOOYOro Kojeca 0 IEHTPY
Bizpizka by(r);

| - onpwmitHaTa BigcTaHb MK pagialbHAMH
IUIOIIMHAMHY Ha KOH(OPMHOMY IIWJIIHAPI;

R, — pazniyc KOHGOPMHOTO HMITIHApA.

4.Tlpn BUKOHaHHI wi€l YMOBH 3a0e3MEYYETHCS
36epexenHs kyTiB (P =idem) y BiAMOBIAHUX TOYKaX
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npodiiB Ha MOBEPXHI MOTOKY 1 Ha KOH(OPMHIH Jiarpami.

IHobyoosa crenemis i npoghinie KiHyesoi moswuHu
Ha xou@opmuil Odiacpami. Cxenern mpodimiB 1-5 Ha
KOH(OpPMHIH Jiarpami OyayemMo 3a pO3paxOBaHUMH
Kyramu Jorati Ha BXimHid Bi(Li) i BUXigHIA KpoMmKax
Ba(L2)-

Y mporpami «Stream» g TOOyZOBH CKeJeTa
npodigro  BUKOPHCTaHO ToyiHOMM (cruiaiinn) besse

(puc. 2):

X(t)=(@1—t) - xg +3tL—-t)7 - x +3t3(L—1)-X, - X,

y(t)= (1_t)3 Yo +3t(1_t)2 ‘Y1 +3t2(1_t)' Yo Ya.

JBoBumMmipHmMiA cruiaiin  be3be BH3HA4Yae CKeyeT
npodito YOTUpMa TOYKAMH — JBOMA KiHIIEBHUMH (Xg, Vo,
X3, Y3 — BXiJHa 1 BHXIJIHA KPOMKa BiJIIOBITHO) 1 JBOMa
KOHTpOJNbHUMHU  Ki(X1,y1), Ko(Xz, Vo). Bemuuuna t
3MiHIO€ThCs Bin 0 10 1.

IlepeBara BuKOpHCTaHHA CcIulaiiHa be3be mnepen
IHITUMH TEOMETPUYHUMH KPUBHUMH MOJATAE B TOMY, IO
IpU HE3MIHHUX KyTax MoYatky [; i KiHus cruiaiina B,
MO>KHA JIOBIJIbHO 3MIiHIOBaTH HOTO KPUBH3HY. Y mporpami
«Streamy» KpUBU3HA CIUIAHA XapaKTEPU3YEThCS IBOMA

koHctantamMmn — K; w K, 1 KOHCTaHTH BHM3HA4YaIOTh
BiJICTaHb BiJi KOHTPOJBHOI TOYKH JIO KIHIIEBOI B3JIOBXK
3ajgaHoro kyrta f: Kj; — Xxapakrepusye MOJOKEHHs

MaKCUMAaJIbHOI TOBIIHMHUA TPOQPUIIO Smay; Ko — MOJI0KESHHS
MakcuManbHOl KpuBu3HM f mpodimo. Takum unHOM,

ypM OlJgbplIe 3HAYEHHS IMX KOHCTAHT, THM OlJIbIIE
BIIXWISIETBCS  HpOGUIs  HAa  BIAMOBILAHIA  IUISHII
(mouatkoBiit abo kiHuesiit). I{e no3Bomnse mimiOpatn Take
CHIBBITHOIIIEHHST KOHCTAaHT, sKe 3a0e3rnedye OakaHWi
PO3MOAIN KPUBHU3HH Mpodisfo, MIiHIMI3yr0ouu NpodinbHi
BrpaTh. [Ipn npoMy KyTH Ha BXiZHIH 1 BUXIIHIH KpOMKax
IPOQLTIO 3aTUIIAIOTHCS HE3MIHHAMHU.

[MoOynoBannii ckener mnpodimro Ha KOHPOPMHIN
jgiarpami  «OAATaloTh», BHKOPUCTOBYIOUM —IPHUHATHN
3aKOH PO3MOLTY TOBIIMHHU MPOLTI0 Ha TIOBEPXHI IIOTOKY
3(l) (puc. 3) 3 ypaxyBaHHSIM BifOOpaK€HHS TOBIIMHU Ha
KOH(OPMHIH iarpami:

8 KOH( =

R
d—,
i
e R,=05wm;

JiHiT TOKY.
[ToOGynoBa mpodimo Ha KOHPOPMHIH Hiarpami
3IIICHIOETBCS TAKMM YNHOM:
-y TIporpami 3aBaHTaXYEThCS 3aKOH PpO3MOILTY
BIJIHOCHOI TOBII[UHU B3/I0BK CKejieTa mpodimro (Tabi. 1);

— paziyc po3TamIyBaHHS TOYKH Ha

Tabmuns 1 — Po3mosin TOBIIMHA Y310BXK JIOMATi po609oro

koireca PO 500
X/l 0,05 0,1 0,2 0,25 0,3 0,35 0,4
0/0max | 0,645 | 0,758 | 0,928 | 0,99 1,0 0,982 | 0,94
x/1 0,5 0,6 0,7 0,8 0,9 1,0
0/0max | 0,827 | 0,689 | 0,547 | 0,41 | 0,283 | 0,16

- 3aKOH PO3IOAINTY TOBIIMHH allPOKCHUMYIOTh CIUIAHH
(yHKIi€t0 115 3a0€3MeYeHHs TIaBHOCTI Mpodisio;

- MacMB KOOpPJHMHAT JIMIBOBOi 1 3BOPOTHOI CTOPiH
MpodIt0 BU3HAYAIOTh Ha BiJMOBIIHIN MTOBEPXHI MOTOKY
3a JI0IIOMOTO0 HACTYITHHUX 3aJIeKHOCTEH:

Xﬂzxﬁa.(li)singﬁi), x ,(Ii)sin;[si)'
Y, =yi+6'(|i)%(ﬁi), v =y _5.(||)cosz(l3i),
al(ti)zsmaxr_oy

ne 8(l) — ToBmmHA y moTOuHiM Toum mpodimo Ha
KOH(MOPMHIH Jiarpami;

8 max — MAKCUMaJIbHA TOBLLMHA npodio;

Bi — Kyr y pmaHiii Toumi ckenera mpodiro:

dx
=arctg| — |;
B arcg(dy]

- MacMBM TOYOK JIMIbOBOi Ta 3BOPOTHOI CTOpiH
npodiaro anpOKCUMYIOTh CIUIaiH QyHKII€0;

A

ST M RO

Puc. 2. Crunaiia besbe
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6XIOHA KpOMKA

Puc. 3. [To6ynoBa npodinio KiHIeBOI TOBIIMHN HAa KOH(DOPMHIH
Jiarpami

- O0YHCTIOIOTh MacHB KOOPAWHAT 33aHO1 KIJIBKOCTI
TOYOK (Z = 64) Ha nuIBOBIH (Z = 32) Ta 3BopoTHIi (z = 32)
cTopoHax Tpodim0 Ha KOHPOPMHIN miarpami  JUIst
MTOJTAJTBIIIOTO PO3PaXyHKY OOTiKaHHS PEIIiTOK.

VY mporpami «Stream» po3dutTs mpodimo Ha 64
TOYKH Ta IMIATOTOBKA BUXIAHUX NaHUX JUISI PO3PaXyHKY
oOTikaHHS (IPsAMOT 3a/1a41) BUKOHYIOTHCS aBTOMATHYHO.

Po3ramyBanHs ckeseriB Ha KOH(OPMHIN aiarpami
[MOBMHHO 3a0€3I€YMTH IUIABHICTL JIONATI, IO CJHif
MPOKOHTPOIOBATH TN 4Yac moOymoBw 1i pamianbHHAX 1
TOPHU30HTATHHUX TIepepi3iB.

PamgiameHi  mepepism  nomati  OyAyroThcs — Ha
MepUIiOHATBHIHT TIPOEKIIiT poboyoro KoJieca,
JOTPUMYIOUUCH BUMOT KOH(GOPMHOTO BiIOOpa)KeHHS NpH
nepexo/ii 3 IUIOLMHU Ha MOBEPXHIO MOTOKY:

m, u : il
— =—,3BigK;m n, =m —.
n R

i i 11

Sxmo panmiadbHI Tepepi3d HEJIOCTaTHhO IUIABHI,

HEOOXigHO CKopHuryBatu ¢opmy npodimiB  (ixHIO
KPUBHU3HY Ta B3a€MHE pPO3TAIIyBaHHA) Ha KOH(POPMHIN
ziarpami.

Jns HaOamKeHOTO BpaxyBaHHs BIUIMBY KiHIIEBOTO
Yycia JomaTed Ha KYT MOTOKY Ha BHXOMAlI 3 Po0OOYOro
Kojieca TNOOymoBaHi JiHIT NpodiaiB NpUAMAalOThCS 3a
JIMIIBOBY ITOBEPXHIO.

Teopemuynuii  kpecienux aonami. TeopeTHUHUH
KPECJICHUK JIONaTi BUKOHAHUI ISl OCTaTOYHOTO BapiaHTY
Momudikamii poboyoro koseca. Ha MepumioHanbHIN
MPOEKIil KpecIeHnKa 300pa)KyIOThCS TIJIbHI Ta JHUIHOBI
pamianpHI Tiepepi3W, a Ha IDIaHI MOKa3aHi mpodii,
OTpHMaHi B pe3yJbTaTi NEPEeTHHY JIONaTi MOBEPXHAMHU

TOKY.

Buxioni oOawi. JlomaTKoBO 3aJa€EMOCS  TaKUMHU
JTAaHUMHU:

- KOOpAMHATH BXiJHOI KPOMKH Ha MEpHUIIOHAIBHIN
TIPOEKIIT;

- KOOPAWHATH BHUXIAHOI KPOMKH Ha MEpPHIIOHAIBHIN
MIPOEKITi.

Po3paxyHok po6o4oro koseca (po3B's30Kk NpsAMoi
3apadi) [IpoBeneHHs yncenbHOro excnepuMenty Ha EOM
JI03BOJIAE:

- BU3HAYMTH BimHOCHY mBHAKiCTE W(S) Ta THCK

p(S) Ha nuUBOBIK 1 3BOPOTHIH CTOpOHAX MpodimiB
peunTox crpodinboBaHOi JIONaTeBoi CHCTEMH POOOYOro
KOJIeca;

- po3paxyBatd mpodinb, ymapHi Ta IUPKYIAiiHI
BTpATH,

- 3HAWTH  OcepemHeHi
MDKJIOIIATEBUX KaHaax.

Pospaxynox snauvenv sionocnux wsuoxocmei W i
mucky P y moukax npoghino. BiTHOCHI IIBUIKOCTI y BCIiX
TOYKax KOHTYpy Tnpodimo Ha
BU3HAYAIOTHCS 32 (POPMYIIOF0:

W, =W, -V, +W,, -V, +W,, T/t+W,,-o-1,,

mapaMeTpu  TOTOKY B

3aJJaHOMY  PEXHMIi

me Wi, Wi, Wi, W, — BigHOCHI IIBHAKOCTI IS
YOTHPHOX  €JIEMEHTApHHX  IOTOKIB:  II03/I0BXKHBOTO
Oe3HMPKyYIAIIHOTO MOTOKY; TIOTIEPEIHOTO
0e3LMPKYJSIHHOIO TMOTOKY; YHCTO IHPKYJISLIHHOTO
NOTOKY;  BHUTICHSIOUOI'O  IIOTOKY,  CIPHYHHEHOTO

0o0epTaHHSIM PELIITKH;

Voy, Vix — MepHIiOHABHI INBUAKOCTI HA BXOJ;

I' — nqupKyswis HABKOJIO NPODiNIo;

t — kpok pemritku y momuHi X-Y;

® — KyTOBa IIBHIKICTH;

Iy — paziyc Ha MOYaTKy KOOpPAWHAT.

Jns BuOOpy TOUOK BHPIBHIOBAaHHS IIBHUIKOCTEH
pO3pOOJICHO CHemiabHU  iTepaliiHui  aNroOpuT™, IO
0a3yeTbcs Ha aHami3l XapakTepy emop MIBHAKOCTI
o003y BUXITHOT KPOMKH.

Jliss  BU3HAYCHHS

BUKOPHCTOBYEMO 3aJIC)KHICTh:

THCKY P; B - Toumi
(0) f )2 _Wiz o Vs, .
29 g

TUCKY P

P =
Koedimient 0o0UHCIIOETECA 32
npumymeHssm, mo H = 1wm, H;=1 m.

Pospaxynox  npoginbnux empam y pewimkax.
TIpodinbHi BTpaTn eHeprii MOB'sI3aHi 3 BTpaTaMu TEPTs Ha
JUIBOBIHM 1 THIBHIN cTOpOHAX MPOQiITI0, OIOpoM (GopMHU
npodimo, a TaKOX HEepeMIllyBaHHSAM BHXPOBUX CIIJIIiB,
0 CXOMATH i3 BUXIAHUX KPOMOK MPO(diIiB, 3 OCHOBHUM
MOTOKOM 3a pPOOOYMM KOJIECOM, 1 BH3HAYAIOTHCA 3a
hopmynoro:

1/5

p 200153 1, (W, LIt
n / o -
*  Re'" gH W, ) h,sinB,,
/7 6/7

S o T Sp _
x !’w\zgh”eds + “w\jsh”ﬁds ,

2 . .
e W, = \/(corz —Cuz) +C?, — WIBMIKICTH y MepeTHHi
JTAJIEKO 32 PEIiTKOIO;
f r
_To
Cuz - le T
_ r_oVOy
ry hy
TOBEPXHI IOTOKY B TIEPETHHI 3a PEUTiTKOIO;

— CKJIAIOBI IIBHAKOCTI Ha

m2
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. C
sinp,, =-—"%;
20

Re=W, L/v - uucino Peiinonbica, pospaxoBaHe
JUTA TIOBHOT TOBXXWHM L KOHTYpY mpodiio;

t,=t-r,/r, — KpOK penriTku;

W, — BigHOCHAa INBHAKICTHP HAa BHUXITHIH KpOMII
npodiaro B Toulli BupiBHIOBaHHs 1mBuakoctei (W, = Wr);

W = W/VVZm
npodisro, siKa Po3TIIsAAETHCS;

S, =S;/L— Oe3po3mipua KoopamHata i-i TOYKH;

0e3po3MipHa IIBHIKICTh y TOYIII

IHIEKCH «p» 1 «T» — CTOpPOHa PO3PIDKEHHS 1 THCKY
BIIOBITHO.

Pospaxynox siopusnux (yoaprux) empam enepeii na
6x00i 6 pewimky. OOTIKaHHS JIoTaTe poOOUOTO Koyeca
Ha HEPO3pPaXyHKOBHX PEKUMaX POOOTU CYHPOBOIKYETHCS
MICIICBIM BiIpHBOM TIOTOKY Ha BXIJHHX KpPOMKax
jonarei, SKIIO0 HANpsIMOK IOTOKY Ha BXOJi CYTTEBO
BIPI3HAETBCS Bil TEOMETPHYHOTO KyTa BXIiTHOTO
eneMenTa Jionari. HasgBHICTS JIOKQJILHUX MIKIB MIBUAKOCTL
W Ha BXimHi#l wactuHi mpo¢inro Ta ii piske mojaibIe
3MEHIICHHS (O3UTHBHUM TPAJIIEHT TUCKY) IPU3BOJUTH JIO
PO3IIMPEHHS TPAHWYHOTO IIapy Ha 3BOPOTHIN/MULBOBIi
CTOpOHI TPOdimo (B 3aJIeKHOCTI Bill BEIMYHHH 1 3HAKY
KyTa aTakd) i MiCIIEBOTO BiIpHBY MOTOKY Ha Jomarti. Ha
BUXPOYTBOPEHHSI B TIOTOLl BUTPAYAETHCSI €HEPris:

KA
ya 2 gH !
ne  ACy = Chu(ctgPs.o. — ctgBa);
Cni — MepuIiOHaJbHA IIBUAKICTh HA BXOHI B
PeIIiTKY;
B1 — GaxktnuHMit KyT HaTikaHHSA ~(HANPSAMOK

mBuaKocTi Wi Ha BXOM1 B pENIiTKY);

Bso. — KyT Oe3ygapHOro HaTIKaHHS, IPU SKOMY
MaroTh MicIle TIPUOJIM3HO OJHAKOBI MKW IIBHIKOCTEH Ha
JUIBOBIH Ta 3BOPOTHIH CTOpPOHAX BXIAHOI KPOMKH
npodiro.

Pospaxynox yupkynayiiinux empam 3a poboyum
xonecom. OcepemHEHa IO BHUTpAaTax BEIMYWHA CHEpTil
obepTaHHs MIOTOKY 3a pobounm KOJIECOM
XapaKTepU3yeThCsl  LUPKYIALIHHMMH ~ BTpaTaMH B
BIZICMOKTYIOYiii TpyOi:

cTyn ~2
_ Cud\v _ u2
uMpK

1 Co
2aH dQ==>—"2.AQ. (1)

1 J- C?
06 QQZgH Q i=1 2gH

Bemmunna Ny 3amexuth Big Qopmu Jonartesoi
cucTeMH, Kyra fpy, NOTOKY Ha BHUXOAI 3 po604Oro
KoJieca Ta peXKuMy poOOTH TiApOTYpOiHH.

Meronyka BU3HAYEHHS BEJIMYMHHM LMPKYJISLIHHAX
BTpaT 32 pOOOYHNM KOJIECOM HACTYIIHA:

- JUIS KOXKHOI PEIiTKU 33JaHO0T JIOMATEBOi CHCTEMU
pobodoro xoseca Ha 3aJlaHUX PEKUMax pOOOTH (Ql’—nl)
[0 PO3PaxyHKOBOMY 3HAUCHHIO OCEPEIHEHOI MO KPOKY
cknanoBoi  C»
eHeprito obepraHHs MOTOKy AQ, 10 NPOXOAWTH dYepes
eJeMeHTapHy TypOiHy:

Ha BHXONI 3 PENNTKH BHU3HAYAIOTH

c2
_ “u2 .

unpk_ng AQ’ (2)

- MJICYMOBYIOUH 10 pPO3Maxy B3JIOBX BHUXiTHOI

KPOMKH Jomari 3HadeHHs AN, BH3HAueHi 3a

¢dopmynoro (2), Ta OcepedHIOYM IX IO  BUTparTi

BU3HAYAIOTh LUPKYJALIHHI BTPaTH IOTOKY 3a POOOYMM
KoslecoM 3a (opmyioro (1). OCKiIbKH B BiICMOKTYIOUii
TpyOi eHepris oOepTaHHsS MOTOKY HE NEPETBOPIOETHCS B
€HEeprilo TUCKY, IMPKYJISLIHI BTpaTH BIAHOCATD 110 BTpat
B BIZICMOKTYIOiil TpyOi.

Pe3yabraTn po3paxyHKy JomaTeBoi CHCTeMH 3a
npsmMoro 3aaayvero. [Ipu npodinoBanHi pododoro Koseca
Oynu npuiinsti: Ky = 27,5 %; K; = 50 % i KyT OXOIUIeHHS
nomati ¢ = 40°. Pe3ympTat po3paxyHKy IMpeCTaBJICHI B
Tabm. 2.

Tabmuns 2 — PesynpTaTtu po3paxyHKy J0IaTeBOi CHCTEMU

Tpoditb | Ny, % | hys % | Mo % [ Zh, % | (Vul)o, M/c
1 0,344 | 0,0 | 7,272 | 7,616 0,429
2 0,337 | 0,0 4,895 |5,232 0,305
3 0,369 | 0,0 2,451 | 2,820 0,177
4 0,434 | 0,0 1,091 | 1,525 0,094
5 0479 | 0,0 | 0,669 |1,148 0,065
Mopaudikanii JgomareBoi cucremu podo4YOro
KoJieca. BUKOPHCTOBYIOYH MOJMIIMBOCTI MAKeTy Mporpam
«Stream» BUKOHAEMO KUTbKa MoauGiKaIii.

[IpodimoBanns moyHemMo 3 mnepudepiHoro mpodisnto,
OCKUJIBKH BiH HaHOINBII HaBaHTa)XeHHMH. [l LBOTO
OyzmeMo BapiroBaTH:

- IOJIOKCHHAM ~ BeNWYMHM Kj, sKa  BHU3HAYAE
po3TalryBaHHSI MaKCUMAIbHOT TOBIIWHHU Ha podii;
- MOJIOKEHHsIM ~ BenuuuHu  K,, sAKa  BH3HA4ae

po3TalryBaHHsS MakCUMabHOI KPUBU3HU Ha Mpodii;

- KYTOM OXOILICHHS ) JIOTIATi;

- YaCTKOBOIO 3MiHOIO KyTa 3, Ha BUXiJHIH KPOMIIi.

Honooicennss mouku maxcumanonoi moswunu K
BIOHOCHO  cepeonboi  ninii  npoghimo. MakcuManbHa
TOBIIMHA NPOUITI0 y THXOXITHUX pOOOYHMX KoJecax
3a3BMYail 3HAXOJIUTHCS Ha BifcraHi npubimsHo 25-30 %
BiJl TOBXKUHHU BiJl BXiJTHOT KPOMKH.

Po3paxyemo BTpaTu mis nepudepiitHoro npodinaro 3
K1=25%, 30 % i 35 % mnoBXHHHU BiJ BXIJTHOI KPOMKHU
nmpu K;=50% 1 xyrom oxomieHHs Jjonati = 40°.
Brparu npeacrasieni B Ta0i. 3.

Tabnuus 3 — Brparu Ha nepudepiitnomy npodini

K1, % | oy, % [ Dy % [ hype % [ Zh, % | (Vun),, M7c
25 |0,343 | 0,0 7,388 | 7,731 0,432

30 [ 0,344 | 0,0 7,154 | 7,499 0,425

35 |0,347 | 0,001 | 6,891 | 7,239 0,417
CymapHi BTpaTH 3MCHIIYIOTBCS, ajlé HECYTTEBO

ToMy, mpuidHsBIIK octarouHo Kj = 35 % mnpomoBxkyeMo
MOTU(IKAIIIO JIOTATEBOI CHCTEMH.

Honosxcenna mouxku maxcumanvHoi kpueusnu K,
BIOHOCHO cepedHbol ninii npogino. PosrisiHemo, sk
3MIHIOIOTBCSl BTpPAaTH 3 3MIHOK KPHBH3HH IPOQLIIO.
Iposeaemo pospaxynok mus K, =50, 60, 70, 80, 90 %.
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Ha puc. 4 noxazanuii nepugepiiinuii npodins 3 K; = 50 %
190 %. PesynbraTi po3paxyHKiB HaBeieHi B Ta0. 4.

— K 0%
—_— %

Puc. 4. [lepudepiiinuii npodinp 3 pi3HUM MOJI0KSHHIM
MaKCHUMaJbHOI KpUBH3HHU K>

Tabmuis 4 — Brpatn Ha nepudepiitnomy npodini npu pizaux K,

Ky, % | Nup, % [ o % [ huupe % [ Zh, % | (Vur)o, M/c
50 0,344 0,0 7,154 | 7,499 0,425

60 0,364 0,0 5,938 | 6,902 0,387

70 0,392 0,0 4,882 | 5,274 0,351

80 |0429 | 0,0 3,949 | 4,379 0,316

90 | 0,474 | 0,0 3,110 | 3,584 0,280
Amnanmizyroun  gani  Tabn. 4, Oaummo, 1O 3

NepeMillleHHsIM MaKCHMaJIbHOI KPHBHM3HH npodimo 1o
BUXIZIHOI KPOMKH pIi3KO 3MEHIIYIOTHCS IHUPKYJISLiHHI
BTpatu 3 7,499 nmo 3,584 % 1 He3HAUYHO 301TBIIYIOTHCS
npodineHi  BTpatn 3 0,344 nmo 0,474 %. [Ilpore,
OJTHOYAcCHO, CyMapHi BTpaTu Ha nepudepiiHomMy npodini
3aJIUIIAIOTHCS JOCHTH BEHMKUMH. OCTaTOYHO MPHUHMAEMO
Kz =90 %.

3mina kyma oxonaenusi aonami. 3a mpodirem
3aJIMIIAETHCS 3HAYHA MO3UTHBHA 3aKPYTKa IOTOKY, TOOTO
HE BHCTAYa€ JOBXHHUA TPOQUIIO JUIS CHpAIOBaHHSI
3aKpyTKH, 301TBIIIMO KyT OXOTUICHHS JIOTATI.

Kyt oxomeHHs jonati BIUIMBAaE Ha PO3MIpH JIOMIATI,
a TAaKOX Ha MEPEKPHUTTS JIoMareBHX KaHaniB. OTxe, A
3a0e3neueH sl JJOBIUX JIONATEBUX KaHAJIB 1 MOKpaIleHHS
KaBITALIHHUX XapaKTePUCTHK TYpOIHM PEKOMEHIYIOTh
30inblIeHHsT KyTa OXomuieHHs ) = 65-90° i 6impme [1-3].
Ile oco0auBO BaXkIUBO IsA 3a0e3MEUEHHS HEOOXiTHUX
3Ha4eHb KaBiTalliiHOro Koe(ilieHTa G,, BUCOKOHAIIPHHUX
paniarbHO-0ChOBHX TiAPOTYPOiH.

BmsraunMo BTpaté Ha nepudepiitnomy npodini npu
¥ =40, 50, 60 Ta 70°.

B Tabn.5 HaBemeHi BTpaTu A Pi3HUX KYTIiB
oxoruieHHs Jionati . Ha puc. 5 BuaHo, 1110 3 301IbIICHHIM
KyTa OXOIUICHHS JIOTATI 301IbINYIOThCS MPOQUIbHI BTPATH
1 3MEHIIYIOTbcS LUpKyJsmidHi. Ilpum x = 64° BoHH
BUPIBHIOIOTHCS, @ MpH OUIbIIOMY 30UIBIICHHI KyTa Pi3KO
3poctatoth. CymapHi BTpatH (puc. 6) B paloHi KyTa
¥ =63-70° npubmmzno oxnakoBi. Tomy mpuiiMaemo
ONTUMAJIbHUM KyT ¥ = 65°.

Tabnuiyt 5 — Brparu Ha nepudepiitnomy npodisni mpu pisHux
KyTax OXOIUICHHS §

%° | g % | Ny % [ e % [ Zh, % | (Vur)s, mc
40 | 0,500 | 0,0 2,737 | 3,232 0,263
50 | 0,652 | 0,0 1,74 | 2,396 0,210
60 | 0,897 | 0,005 | 1,035 | 1,937 0,162
70 | 1,279 | 0,056 | 0,509 | 1,843 0,113
h,% |
S~

3 ~— 1 /hL

2 B

1 = |

40 45 50 55 60 65 70 1

hnp.

Puc. 5. Brparu Ha nepucepiitnHoMmy npodisni npu pisHUX KyTax
OXOIUICHHS JIOTIATI

h,%
3 L’ﬁ
2 T~ h..
1 \\\ yup

4 45 50 5 60 65 70 o

Puc. 6. 3MiHa TpOQiTPHUX Ta MUPKYISIIHHIX BTpAT HA
niepudepitinoMy npodini

3menwennss xyma P, 6300601C GUXIOHOI KpOMKU
aonami. Jlmg 3MeHIIEHHS BTpaT Ha nepudepiiHoMy
mpodisi Ta ABOX MPUIIETIUX IO HHOTO MPOMITIAX, 3MIHUMO
KyT [, IK TOKa3aHO Ha pHUC. 7.

5o
25 el

20

13
i
0 24 56

153 L

110

Puc. 7. Kytu B, Ha BuXifHi# KpoMIIi J0onaTi, CyHiIbHOIO JiHi€0
TI03HAUYCHI BUXITHI KYTH [3,; MyHKTHPOM — 3MiHEHUH KyT [,

Ha nepudepitinomy npodini (1) kyt B, 3MeHIIMMO
Ha 1,5°; Ha 2-mMy mpodini — Ha 1°, a Ha cepexHpOMy (3) —
Ha 0,5°. Take 3MeHIICHHS KyTiB Ha BUXITHIM KpPOMII
npu3Beie 10 HE3HAYHOI'o  3MEHIIEHHS  BUTPATH,
npubn3HoO Ha 3—4 Ji/c.

PesynbraTi po3paxyHKy HaBeJleHi B Ta0I. 6.

Tabmut 6 — PesynbraTil po3paxyHKy JIOIAaTeBOI CHCTEMH 3
3MIHEHHMH [,

Tpodists | hyp, % [y % | Nup %[ Zh, % [ (Vur)o, M| —p
1 1,152 0,018 0,31 [1,480| 0,088 0,040
2 0,865 /0,001 | 0,199 [1,066] 0,062 [0,038
3 0,743] 0,0 | 0,047 [ 0,79 [ 0,024 [0,036
4 0,719 /0,003 | 0,006 [0,727[ 0,007 [0,036
5 0,753 /0,011 0,001 |0,766] -0,002 [0,040

OcraTtouyna mMoaudikamis Mae BTPaTH, IPEICTABICH]
B Tabi. 6, sKi HaBiTh Ha HaWHaBaHTa)XEHOMY NpodiiIi
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MeHIIl 0a30BOro BapiaHTy (IuB. TaOJI. 2), 110 NpU3BENE 10
sHayHOTro0 30unbIneHHs KK/ tomareroi cucremu.

BucHoBkH. Y po0OTi O0yJ10 BUKOHAHO MTPOEKTYBAHHS
Ta JOCHIKCHHsA Moaudikamii JOmaTeBoi CHUCTEMHU
pobodoro KoJjieca BHCOKOHAMIPHOI TiIPOTYypOiHU THITY
PO 500.

byma mpoBenmena OararoBapianTHa MoaUDiKaIlis
jJonari — 3MIHIOBAIM TaKi TNapaMeTpu: MaKCHMAalIbHY
TOBIIMHY MpodiJisg; HOro KpHBH3HY; KYT OXOIUICHHS;
reOMETPUYHI KyTH Ha BUXIIHIM KPOMIII.

3aBasku moeTarHii Moaudikallii TOCSITHYTO 3HaYHE
3HW)KEHHSI BTpar BiJ 7,016 % Ha HaliHaBaHTaXEHIIIOMY
npodimi somati mo 1,48 %, 1o mpu3BeAe OO 3HAYHOTO
30inpinenns KK/,
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L I. THHBHOBA, O. /. THHBAHOB, /I. A. CABEHKOB, M. K. KOI[FOPYFA, I. C. HEBUHHHH

JOCJIJIKEHHA T'JIPOJAUMHAMIYHUAX XAPAKTEPUCTHK POBOYOI'O KOJIECA OBOPOTHOI
Ir'ITaPOMAIIUHU

Po3risiHyTO aKkTyaabHy IpoOieMy po3BHUTKY Ta BiIHOBICHHs Tipoakymyirorounx enekrpoctanuii (TAEC) B YkpaiHi, 30kpema B yMOBax BilHH, 10
CYTTEBO MOIIKOAWIA CHEPreTHYHY iH(PAcTpyKTypy Ta crBopmia aediuut noryxHocteil. [AEC BimirpaioTe BaJIMBY ponb y cTabimizarii
CHEPrOCHCTEMH, OCKUIBKY BOHU HAKOINYYIOTh CHEPTilo IMi/] 4ac HU3bKOr0 HaBaHTAXXCHH i ONIEPaTHBHO BUKOPHUCTOBYIOTS ii B MIKOBI mepioan abo mpu
aBapisx. BogHouac BOHM CIIPHAIOTH MiABHIIEHHIO €HEPTETHYHOI aBTOHOMIT KPAiHU Ta IHTerpauil BiZIHOBIIIOBAHUX JKEPEIN CHeprii. AKICHTY€EThCA, 110
npu momudikanii pododoro xomeca (PK) takux rimpomammu (I'M) BuHHMKae motpeba y 3MiHi reomerpii okpemux periTok. KinpkicHa omiHka
BHECEHHX 3MiH Mae 0a3yBaTHCs Ha KIHEMATHYHOMY W €HEpreTHYHOMY aHali3i KOXXHOI 3 pemitok, mo ¢opmytoors PK. AHani3 eHepreTMyHux i
KiHEMaTHYHHX XapaKTEePHCTHK HMpocTopoBoi pemiTku PK 103BoIsle BU3HAUMTH BHECOK KOXKHOI OKpeMoi pemriTku (rnepudepiliHol 4 BTYJIKOBOI) y
3a0e3eueHHs] HEOOXiJJHMX eKCIUTyaTal[iiHNX IIOKa3HMKIB. 3acTocyBaHHs Oe3pO3MipHMX TMapaMeTpiB JUli BH3HAYEHHSA TiAPOAMHAMIYHHX
XapaKTEepUCTHK eJleMeHTapHuX peuritok PK nae 3Mory BHSBUTH 3aKOHOMIPHOCTI poOOYOro mpouecy Ta ouiHuTH BIUMB reomerpii PK i pexumanx
napamerpiB I'M Ha eHepreTH4Hi XapakTepUCTHKH. BCTaHOBIEHO, IO ONTHMAIBHHM PEKHUM JOCSTAETHCS 33 MPHOIM3HO OAHAKOBOIO BEIMYHHOIO
MO3UTHUBHOI LMPKYJIALIT UIsl BCIX PELIiTOK; 10 CKJIAJalTh IpocTopoBy pemritky PK. BukoHaHe uncenbHe MOJENIOBAaHHS IPOCTOPOBOI Tedii B'I3KOT
pianau B PK o6oporHux ['M. Pe3ynbratu mociikeHb O3BOIMIM TpoaHanizyBaTi po3noain msuakocti y PK. IlinTBeppkeHo cranuii Xapakrep Teuil
B3/IOBXX BHXiZHOI KpoMkn PK, 110 cBiUHTE PO Y3roJKEHICTh €IeMEHTapHUX PEIITOK Ha ONTHMAIBHOMY PEXHMMi PoOOTH, SIKMii 3abe3neuye BHCOKI
enepreTnyHi nokasHukd ['M. TlopiBHsUIBHMI aHaii3 OTPUMAHHMX PE3yJbTAaTiB 3a PI3HUMH MOJEISIMH 3 pe3yibrataMu (i3HYHOTO EKCIIEPUMEHTY
MOKa3aB 3aJI0BLIbHY 301)KHICTB, 110 CBIAYHUTH PO AOLUIBHICTH 3aCTOCYBAHHS OOPAaHUX METOMIB IS OCIIKEHHSI 00OPOTHUX T1APOMALIKH.

KurouoBi cioBa: 00opoTHa rimpaBiiyHa MallWHaA, MPOTOYHA YacTHHA, poOode KOJeco, MPOCTOPOBI PEIITKH, 0e3po3MipHi MapameTpH,
KiHEMaTHYHI XapaKTePHUCTHKH, CHEPreTHYHI HapaMeTpH, PO3MOALT IBHAKOCTI.

1. TYNIANOVA, O. TYNIANOV, D. SAVENKOV, M. KOTSIURUBA, I. NEVYNNYI

RESEARCH OF THE HYDRODYNAMIC CHARACTERISTICS OF THE RUNNER OF THE HIGH-
EFFICIENCY OF PUMP-TURBINE

The current problem of development and restoration of pumped storage power plants in Ukraine is considered, in particular in the war conditions,
which significantly damaged the energy infrastructure and created a capacity shortage. Pumped storage power plants play an important role in the
power system stabilization, as they accumulate energy during low load and promptly use it during peak periods or in case of accidents. At the same
time, they contribute to increasing the energy autonomy of the country and the integration of renewable energy sources. It is noted that when
modifying the runner of such hydraulic machines, there is a need to change the geometry of individual lattice. The quantitative assessment of the
changes made should be based on the kinematic and energy analysis of each runner lattices. Analysis of the energy and kinematic characteristics of the
spatial runner lattice allows to determine the contribution of each separate lattice (periphery or hub) to ensuring the necessary operational
characteristics. The use of dimensionless parameters to determine the hydrodynamic characteristics of elementary runner lattices allows to identify the
regularities of the working process and to assess the influence of the runner geometry and the regime parameters of the hydraulic machines on the
energy characteristics. It was found that the optimal mode is achieved at approximately the same value of positive circulation for all lattices; that build
the spatial runner lattice. Numerical modeling of the spatial flow of viscous fluid in the runner of reversible hydraulic machines was performed in this
work. The results of the research allowed to analyze the velocity distribution in the runner. The steady nature of the flow along the output edge of the
runner was confirmed. This result indicates the consistency of the elementary lattices in the optimal operating mode, which provides high energy
indicators of the hydraulic machine. A comparative analysis of the results obtained by different models with the results of the physical experiment
showed satisfactory convergence. Obtained results indicate the expediency of using the selected methods for studying reversible hydraulic machines.

Keywords: reversible hydraulic machine, water passage, runner, spatial lattice, dimensionless parameters, kinematic characteristics, energy
parameters, velocity distribution.

Beryn. BigHOBICHHS TiAPOCHEPTETUYHHX O0'€KTIB
mciss BIAHM € OJHUM 13 KIIOYOBHX 3aBJaHb IS

€HepreTMyHoi cucteMu Ykpainu. [igpoakymyiorodi
enekrpoctaniii (CAEC) MaroTh KpUTHYHE 3HAYCHHS IS
cTabipHOT pobotn eHeproMepexi, OCKIJIbKH
3abe3neuyroTh  0ajaHC ~— MDK ~ BHUPOOHHMITBOM 1

CHOXKMBAHHSIM ~ €JIEKTPOEHeprii, OCOOJMBO B yMOBax
3pOCTalovoi YacTKA BiIHOBIIOBAaHUX JDKEpeN eHepril

(CoHSUHMX 1  BITPOBHX), IO  XapaKTEPH3YIOTHCS
HEPiBHOMIpPHOIO TeHepalli€lo. Oxpim TeXHIYHOT
cTabimpHOCTI, IIi CTaHMOIl CHOPUSAIOTH  IiIBUIICHHIO

CHEPrOHEe3aJeKHOCTI KpaiHH, amke iX BiJHOBJICHHS
JIO3BOJIUTb ~ 3MEHIIUTH  3QJIeKHICTh  BiJ  IMIOPTY
CJICKTPOCHEPTIT Ta MOCHIUTH CTIHKICTh EHEPrOCUCTEMH JI0
30BHIIIHIX 3arpo3. Bignonenns ['AEC 3abesneuye
TAaKOX  EKOHOMIYHYy  BUrogy  4epe3  e(eKTHBHE
BUKOPHCTAaHHS EHEPropecypciB 1 CHpHsiE€ JOCATHEHHIO
€KOJIOTIYHUX I[IJIeH, OCKIIBKM Ii CTaHLii He MPOIYKYIOTh

IIKIITMBIX BUKHUIIB. 3aTy4eHHS MDKHAPOIHUX MapTHEPIB
i BIIPOBAKEHHS IHHOBAI[IHHUX TEXHOJIOTIH € KIIFOYOBUMU
eTanaMu BiJJTHOBJICHHS i€l KPUTUYHOI
inppactpykrypu [1-5].

BopHo4yac BaXJIMBUM 3aBAaHHSIM € MiJBUILCHHS
e(heKTUBHOCTI Ta HaAIHHOCTI 0OOPOTHUX TiAPOMAIINH, SIKi
e ocHoBHuMH kKommoneHTamu ['AEC. Ilpu momudikarrii
pobouoro koieca (PK) Ttakux rigpomaniviH BHHHKAE
morpeba B 3MiHI reoMeTpii OKpeMux perriTok. KinpkicHa
OIliIHKa  BHECEHMX 3MiH Mae  OasyBaThcs  Ha
KiHEeMaTHYHOMY U EHEpPreTMYHOMY aHalli3i KOXKHOI 3
pemritok, mo ¢opmyiors PK. AnHamiz eHepreTHUHUX i
KIHEeMaTHYHUX XapaKTEPUCTHUK MPOCTOpoBOi pemritkun PK
JIO3BOJISIE BU3HAYHMTH BHECOK KOXXHOI OKpPEMOI PEelTiTKH
(mepudepiitHoi  4YM  BTYNKOBOi) y  3a0e3NeUeHHS
HEOOXITHUX eKCIUTyaTaIliiHIX MOKa3HUKIB.

TakuM 9MHOM, aHAIi3 CHJIOBOi B3a€EMOJIii TIOTOKY 3
OKpEMHUMH pelliTKaMu € BKpad akTyaibHuM. Huska

© L 1. TunesiaoBa, O. 1. TunbsHoB, /1. A. Caenkos, M. K. Komtopy6a, 1. C. Hepunnuii, 2024
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JIOCHI/DKEHb  JIEMOHCTPYE, K 3MIiHM B KOHCTPYKIUII
OKpEMHX pEIIITOK BIUIMBAIOTh HA EHEpPreTH4Hi Ta
KaBiTaIliiiHi TTOKa3HUKUA OOOPOTHHUX TiJPOMAIIIHH, & TAKOK
MIOBOPOTHOT-JIOMATEBUX i CepeHbOIIBUIKICHIX
pajianbHO-0ChOBHX IiapoTypOin [6-17].

Metoro nmaHOi pobOoTH € po3podKa METOAWUKH
BHU3HAYCHHS Ta aHATI3y TigpOANHAMIYHUX XapaKTEPUCTHK
eneMeHTapHHUX pemnritok PK o6opotHOT riqpomamntiay, mo
IIO3BOJISIE OIIHIOBATH CTYINHB Y3TOIKEHOCTI OKpEeMHUX
PEIIiTOK, SIKi BXOAATH J0 CKJIAAY IpocTopoBoi somati PK.

OcHoBHa yYacTHHA. AHami3 JOCHIIHKEHb POOOUHMX
npoteciB 000POTHUX TiAPOMAIIHH TT0Ka3ye, 110 po3poOii
MPOTOYHUX YaCTHH (M) panianbHO-0ChOBUX
BUCOKOHAMIPHUX MAIIMH TPUIUIIETECS  HEJIOCTaTHBO
yBaru. [ TAEC xiouoBUM € HACOCHUH PEXUM,
OCKIJIbKH 0bopoTHa rigpoMaiinHa MOBUHHA
3abe3neuyBaTd  HEOOXIAHWMN  Hamip Ta  BIAMOBIAHI
KaBiTaliiiHi Xapakrepuctukd. [Ipu mpomy B TypOiHHOMY
pexuMi TOTPiOHO AOCATATH PO3PAXyHKOBOI OTYXKHOCTI 3
makcuManbHuM KK/,

HesinmnosinHicTs OINTUMAaJIBLHOTO pexumy
PO3paxyHKOBUM IIapaMeTpaM BHMarae rIMOOKOTo aHalizy
MPOTOYHOI YaCTMHH B TypOIHHOMY peXuMi I
YTO4YHEHHS  THOTyXHOocTi, mimBumenHs KKJ[ Ta
3MEHIIEHHS T1IpOAMHAMIYHIX HecTablIbHOCTEH.
Cyvacamii miaxig g0 npocmimkenHs I mnependauae
OaraToBapiaHTHWHA aHaNi3 BIUIMBY TCOMETPUYHHX 1
PEKUMHIX HapaMeTpiB Ha €HEPreTHYHI XapaKTEepUCTHKH,
mo 0a3yeTbcsi HA BUKOPHCTaHHI MaTeMaTHYHHX MOJIENeH
PI3HUX PiBHIB JeTaNi3allii.

CTBOpEHHS CHCTEMH B3a€MOIIOB'SI3aHUX MOJICNICH Ha
pI3HMX i€papXiYHMX PIBHAX J03BOJSE  €(EKTHUBHO
MPOBOJINTH MOJICIIOBAHHS Ha BCIX eTanax IPOEKTYBaHHS.
Brouno-iepapxiunuit migxiza nae 3mory [18; 19]:

- aBTOHOMHO JOCIIIKYBaTH XapaKTEePUCTUKU
okpemux eneMeHTiB [14;

- BIOCKOHAJIIOBATH MOJICNIb OKPEMHX EJIEMCHTIB, HE
3MIHIOIOYH 3arajbHy CTPYKTYpPY;

- aJanTyBaTH piBeHb JeTali3amlii BIATOBIAHO [0
IiIel IPOEKTYBaHHS.

Takum 4mHOM, HEeW minxin 3abes3nedye THYUKICTb 1
e(eKTHUBHICTh y MPOEKTYBAHHI Ta aHaji3l CHEPreTHYHHX
XapaKTepUCTUK 0OOPOTHHX T'iIpoMalIvH. Y MeXaX Takoro
MiXoay 3MiHa CTPYKTYpH TOTOKY 31 3MIHOIO DPEXHMY
BPaxXOBYEThCA 3a JONMOMOTOI0 HAaOOPYy B3a€MOIOB'SI3aHUX
MoJesielt pi3HOTO piBHA Aeramizamii. Bubip onTuManbsHOT
MOJIEITi 3aJIeKUTH SK BiJ] eTamy gociimkeHHs [1Y, Tak i Big
XapakTepy MOCTABICHOTO 3aBIaHHS.

[IpakTHKa po3paxyHKOBHX JOCHIIKEHb NEMOHCTPYE
JIOLUTBHICTh BKJIIOUEHHS 10 KIHEMaTHYHOTO ONHCY TaKHX
MOJIENEHN:

- CIIPOLICHOT Mojei 0CEpeIHEHOTO
OCECHMETPUYHOTO TIOTOKY, SIKa HPHONHU3HO BpPaxXOBYE
3MillleHHS TOBEPXOHb CTPYyMY B nopokHuHiI PK;

- MOJIeNi TOTOKY B PEIIiTKaxX Ha MOBEPXHAX CTPYMY
6e3 BpaxyBaHHS IXHBOTO 3MIIIEHHA 31 3MIHOIO PEXUMY;

-OmMUCy TOTOKY Ha  OCHOBI  0e3po3MipHHX
yCepeIHeHHX MapaMeTpiB.

Y  kommuiekci 1 Mojenm  3a0e3neuyroTh
KiHEMaTHYHUH OMHMC B OchbocHMeTpHuHid 3oHi [1Y, mo
CII[yT'y€ OCHOBOIO JIIsI CTBOPEHHSI MaTeMaTHIHUX MOJelel

(MM) pobGouoro nporecy 3arainoM. Bukopucranas nporo
MiIX0My MO3BOJISIE BH3HAYaTH IapaMeTpH IIOTOKY 0e3
HCOOXIJTHOCTI TpPOBEACHHS OOYUCIICHb OOTiKaHHA. B
pOOOTI HABOIUTHCSI METOIKA Ui BU3HAUCHHS Ta aHANI3Y
TLAPOIMHAMIYHHUX XapaKTEPUCTHK €JIEMEHTAPHUX PEIIiTOK
PK o6oporHOi rizpoMammHu, sika 3a0e3ledye OIHKY
PiBHS Y3TrOKEHOCTI OKPEMHX DPEIIITOK, MI0 BXOAATH 1O
CKJIaxy mpocTtopoBoi Jomarti PK.

Kinemamuuni  xapaxmepucmuxu — eieMenmapHux
pewimox. KiHeMaTH4YHI XapaKTEPUCTUKU EJIeMEHTapHUX
PeIiToK BU3HAYAIOTHCS 3aJIEKHICTIO BHXITHUX
napaMeTpiB  TMOTOKY B BXIIHMX THapaMeTpiB Ta
pexxuMHEX yMoB. [Ipm 1bomy reomerpis KOXHOI 3
€JIEMEHTAPHUX PELITOK, Lo BXOIATh 10 ckiany PK,
3aJIMIIAETHCS. HE3MIHHOI0. MepHiioHaIbHa IIBUIKICTh Ha
BXiJHIH Ta BHXIJHIM KpOMKax Moke OyTH BUpaxkeHa
nacTynuuM yuHOM: Ci = B1(11)Q 1 Com = By(1,)Q (puc. 1).
IMapamerpu B,(l1), Bo(l,) 3amexars Big reoMeTpii permiTku
Ha JaHill OBepXHi CTPyMy i HE 3aJeXaTh Bl PEKHMY;
KpuBOJIiHiliHi koopaunatu |, i |, — BimpaxoByroThbes Bin
BTYJIKH BiJIOBITHO B3IOBX BXiJHOI Ta BUXiZHOT KPOMOK
momati PK.

Dg

3 3

Puc. 1. Po3paxyHKoBi nepepi3u IpOTOYHOI YaCTUHH 0OOPOTHOT
riIpOMAIIMHU IPU TYPOIHHOMY pexuMi

B pamkax HaOmmkeHOi Momeni Tewii KoeimieHT
2
. C.D

MepuioHanbHoi mBHAKOCcTI C =BD?=B’' B
KOKHIA TOYIl BXiJHOI i BHUXIJHOT KPOMKHU 3aJHIIAETHCS
MOCTIMHUM (HE 3aJIeXKHTh B/l PEXXMMHHX IapaMeTpiB o i
Q). Benmnmunan koedilieHTIB MEpUIOHATBHOT IIBUAKOCTI

BUXOJIATH 13 PIBHSIHHS BUTPATH.

. 1 « 1
Cn=Bl=—— =i Cn=B=—— =,
n2mrA; n2mnr,A,

€]

2m

ae A", A, — TOBIMHM ILIApy IOTOKY e€JIE€MEHTapHHUX
PEIIiTOK HA BXIAHWW 1 BUXIJHUN Kpadkax, BiIHECCHI 1O
p=%, ="
D D
KoedillieHTa MEepUAIOHANBHOI IIBUAKOCTI B, B37m0BK
BUXIHOT KPOMKH  BH3HAYA€ThCS  BIAMOBIAHO 1O
NPUIHATOrO MEPUAIOHAIBHOTO MOTOKY 1 30epiraerscs 3i
3MIHOIO PEXKHUMY.

Kyt motoky B abcomoTHOMY Ta BiTHOCHOMY pyci
Ha BXOJIi B €JIEMEHTAPHY PELIITKY 3HAXOIATHCS 3 PiBHIHB
KiHEMaTHYHOTO 3B'S13KY [5; 6]:

nmiamerpy PK D=1wm, Posnoxnin

r,D

ctgo, =——
9% 27B 1, Q

)
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;
ctgp, = BL kQ —ctgay;
1

1 T1,D

ctgp, fig

— ; 3)
B, ° 2nBr, Q
r, m oD
ctgP, = 2-kg ———— )
B, 2nB 1, Q
VY dopmynax (2) i (3):
oD® @n . y
kg =—= - — y3arajbHEHUI peKUMHHMI
Q 30Q
napamerp;
r,D o y
— 6e3po3MipHHI KiHEMATHYHUH KOMILIEKC 3a
HA;
ToD

—— — cepeaHii KiIHeMaTHYHUN KOMILIEKC;

r,bD l:o D ..
m= Q Q - KOC(i)lHleHT, oo BpaxoBY€

HEPIBHOMIPHICTh BXiTHOT ITUPKYJIAIIT IO BUCOTI JIOTIATI;

03 — KyT IIOTOKY B aOCOJIOTHOMY pYCl y BXiJHOMY
niepepisi PK;

B1 — kyt notoky Ha Bxoai B PK y BiqHocHOMY pyci.

Hupkymnsmis Ta KyTH TOTOKY B aOCOJIOTHOMY Ta
BIZTHOCHOMY pyCi Ha BUXO/Ii 3 €JIEMEHTapHOT PELIITKHU:

T, =k, —(1-k)qctgB,, +(1-k)2xnr’, (4)

r’ B,
ctga, =k rlz B} ctgp, —(1—-k)ctgpy, +
2 2
2 r, oD’ 2
(1K) 222
r2 BZ Q

ctgp, = kiictgﬁl +(1 - k)cth02 -
I

2 BZ
4 ©)
1-k)2 | .
r? ( )rzz r, oD?
—-(1-k)[&- -2 .
r, 1-k |B, Q
Y ¢dopmynax (4)-(6) K, ry — rigpomuHamiumi
NapaMeTpH eJIEMEHTAPHHUX PELIITOK:
A
g= 49 =2nr,C,,,, (7

2

g — BWUTpaTa, BiJlHECEHAa N0 TOBIIMHHU MLIApy IIOTOKY B
OKOJIMIII BUX1THOT KPOMKH.

Hus ryctux pemitok PK obopotHoi rigpomamian
koe(illieHT mpo30pocTi K Manuii, TOMy MOXHA BBa)XaTH
k=0. AKTHBHMI paJiyC PpENNTKH I, 3HAXOIWTHCA 32
JIOTIOMOTOK0 ~ CIIPOIEHUX ~MOJeNeld Tewil B KaHamax
poGouoro koJjeca [18; 19]:

T . .
r, = I’z',l-l-;SInBZFSln’YZ .

Jns BU3HaueHHA KyTa Oe3ylapHOTO HANPSMKY
IOTOKY 3a peliTkamMu [Jp BBOAUTHCS MONpPaBKa, IO
BpPaxoBYe€ BiIMiHHICTh fioro BiJl BHXIiTHOTO
TeOMETPUIHOTO KyTa Boy = Bor + APo2.

®Dopmymu (1), (5), (6) BupimIylOTh 3aBIAHHS
pO3paxyHKy MEPHIIOHAIGHUX IIBUJAKOCTEH 1 KYyTiB
MOTOKY (B aOCOJIIOTHOMY Ta BITHOCHOMY pyci) B OKOJIHIII
BuximHOi kpomku. KinbmeBa ckiajoBa IIBHIKOCTI
3HAaXOJUTHCSI 3 BHXIJHOTO TPUKYTHHKA IIBUIKOCTEH
C,, =C,,ctga, .

Hdns  xoxHOi 3 eneMeHTapHux pemitok PK
CrpaBeUIMBE PIBHSHHS 3B'I3KYy LMPKYISLii (4), HaBegeMo
PiBHSHHS B 6e3p03MipHiit popmi:

LD _jmDP (-6 22k, (@)
Q 2
ct ‘o

e p:&:hﬂz B, ctgB,, rigpoanHaMidHuit

2
mapaMeTp IPOCTOPOBOi PEIUITKH, IO XapaKTepHU3ye
HampsiIMOK TOTOKY B BIIHOCHOMY pycCi, TNpH SKOMY

TiIpaBIiYHAN MOMEHT Ha PELIiTLi AOPIBHIOE HYIIIO;
2
r
o - .. S
A= ol 0e3p0o3MipHHI aKTUBHUH pajiiyc PEIiTKH;

1

=——— - TOBWWHA
2=nr, B,

mapy  IOTOKY

2

€JIEMEHTAapHOI PEeNITKN Y BUXimHOMY nepepisi PK.

Hageneni piBHSHHS ONHCYIOTh KIHEMaTHKY ITOTOKY B
abCOIOTHOMY Ta BiTHOCHOMY pPyCi Ha BXOJIl Ta BHXOI 3
pemritok PK i MOXyTh OyTH BHUKOpHICTaHI IS aHaJi3y
motoky ITY rigpomarus.

be3posmipni meopemuyti xapaxmepucmuxu
enemenmapuux pewimox PK. HaBenmemo piBHSHHS
0e3pOo3MipHHUX HamipHOi, MOMEHTHOI 1 TOTYXXHOCTHOI
XapaKTepUCTHUK, BIMOBIIHO, U €JIEMEHTAPHUAX PEIIITOK
PK B 06e3po3mipHOMY BUIJISAII, 1€ B SKOCTI 3MIHHHX 3
HE3aJIe:KHOI0 po3MipHicTio npwuiinsTi: p, D 1 Q [18-20]:

1-k( _ToD T,
==—"|m — 22K, |, 9
( 9 TR Q] ©)

HT —
27

Ky = e D 1K ToD Ty kL (10)
N L ) 2

N, D* oD

1-k
Kyr "o Ki =Z(m

Jis  mocmipkeHHS PoOOYOro MpoIecy TOUITBHO
TaKOX BHMKOPUCTOBYBATH IHINIMH BapiaHT 0e3p0o3MipHHX
KOMIUIEKCIB, B SIKOMY SIK BEJIWYMHH 3 HE3AJIE)KHOIO
PO3MIpHICTIO IPUHHATI p, ®, D.

PiBasHHSA 0€3po3MipHMX HaIlipHOI, MOMEHTHOI Ta
MOTY>KHOCTHOT XapaKTEePUCTHK:

+u—gx2 kQ]. (11)

. (1-k)(_ToD . (1-Kk).,
kHT_—zn m—Q +1 kg 0 AL (12)
. (1-K)( _ToD o (1=K)27 .

K =~ Mot k= ke (13)
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. (1—k)(m%+u]k*2 C(1-k)A? C )

e 2n N 4 o

3 nopiBHaAHHA (13) 1 (14) BunnmBae: k. =Ky, .

3a o0YHWCIEHUMH TlapaMeTpamMHu  eJIEMEHTapHHUX
pPemnToK 3a JOmMOMOTol0  (opMynm MmoceperHHITBA,
HaBemeHux y  [18;19] 3maxomaThcs — mapamerpu
pocTopoBUX perriTok PK.

Jdus  xoxHOi 3 emeMmeHTapHHX pemitok PK
CIpaBeNIUBE  PIBHSHHA 3B'I3Ky  IUPKymmid  (4).

©

[ToMHOXyrOUM OOWIBI YacCTUHM pIBHSHHA Ha

IHTETPYIOYH 1O BCiX CIIEMEHTAPHHUX PEIIiTKaX 3HAXOAUMO:

T, =k, I} -1k, )TctgBy, + (L—k, )21 e,  (15)
ae
1 J.thgBOZdQ ) 1 2
= r r
7=—=[q00; ctghy, =t == (—J dQ.
ol " Jado TR ol
Q
TIpuitmaemo
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st 6inbI TOCKOHAIBHOTO JIOCTIDKEHHS 000pOTHOT
rizpomammman - OPO500 Oyno mpoBeneHe dHCENbHE
JIOCHI/DKEHHSI Ha MIKpPOpIBHI 3a JIONIOMOIOI0 IPOTPaMu
CFD, mo 103BOJMIO OTPUMATH PO3MOAIN IIBUIKOCTEH B
NPOTOYHOI YacTUHI B  TYpOIHHOMY peXuMmi IpH
ONTHMAJIbHUX 3HAYEHHSIX BUTPATH Ta 00epTiB (puc. 3).

vm, wic —

Puc. 3. Po3mo/1isn KOMIOHEHTIB IBHIKOCTI B MEPHIIOHATEHOMY
TIepEeTHHI JIoTaTi poOodoro KoJeca (MepHAiOHANBHA 1 BiTHOCHA)

IIpoBeneHnii YncenpbHUIA aHaNi3 MPOCTOPOBOI TeUii

BSI3KOT pimMHW B pobOUYMX  KoJiecaX  OOOpPOTHOT
rigpoMarmHu 3 BUKOPHUCTAHHSM POTPaMHOTO
kommiekcy CFD  no3BoimB — nmeTambHO — AOCHIIWTH

0COOJMBOCTI Teil, TakKi SIK PO3MOJLI MIBHIKOCTI, THCKY Ta
KYyTiB NTOTOKY. Pe3ynbTaTu MiATBEpANIN CTAMN XapaKkTep
Teuil B370BXK BHXiAHOT KpomMku PK, mio cBimuuTh mpo
BUCOKY  Y3TOJUKEHICTh  €JIEMEHTapHUX  PELIITOK,
3a0e3neuyour  ONTHMAJIbHHK  pexxuMm  poboru. lle
JIO3BOJIUTH JIOCSITTH BHCOKHX E€HEPreTHYHUX MOKa3HUKIB
riIpOMaIINHU Ta M ATBEPANIO e()eKTUBHICTh
3aIPONIOHOBAHOTO MIAXOAY N0 NMPOEKTYBAHHS JIOMATEBUX
CHCTEM.

Buxopucranas 0e3po3MipHHUX —IapaMmeTpiB s
pO3paxyHKy  TiJpOJMHAMIYHMX  XapakTepUCTHK Y
xapakTepHux nepernHax [TY Ta B3momxk miHii Teuii y PK
JIO3BOJISIE TIIMONIE BHWBYMTH 3aKOHOMIPHOCTI poOodoro
NpoLIeCy Ta OLIHWTH BIUIMB T'€OMETpil poOOYMX OpraHiB
Ha €HepreTUyHi XapaKTEePUCTUKH. YTOouHEeHHS
PO3paxyHKIB MOXJIMBE 3aBASKH 3aCTOCYBAHHIO MpOrpam
YHUCENILHOTO MOJICNIIOBaHHSL IIpOCTOpoBOi Tewii. Bubip
HaAMOLIBII €(PEeKTUBHOTO METOAY 3aleKUTh BiI CTamil
MPOEKTYBAaHHS MPOTOYHOT YAaCTUHM Ta KOHKPETHHUX 3a/1ad
JTOCHIDKEHHS.

BucnoBkn. Ananiz PK y mmpokomy niana3oHi 3MiH
Harmopy 3 BHCOKHMH EHEPreTHYHUMH ITOKa3HHKAMH
MI0Ka3aB, 1[0 ONTUMAJILHUI PEXXUM OCATAETHCS 32 YMOBH
NPUOIM3HO OJTHAKOBOI BEJIMYMHHU ITO3UTUBHOI IUPKYIIALIT
Juisl BCix pemriTok. OnucaHa METOAMKA PO3paxyHKy Ta
aHaNi3y TiAPOJMHAMIYHHMX XapaKTepUCTHK OKpPEMHX
PEIIiTOK Jae 3MOTyY OIiHUTH {XHill BIUIMB Ha €HEPreTHYHI
MMOKAa3HUKHM Ta KapitariitHi BiactuBocti PK ob6opotHO1
TiZpoMaIyH.
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Ye. KRUPA, R. DEMCHUK

COMPREHENSIVE REVIEW OF SOLIDWORKS AND ANSYS FOR HYDRAULIC MACHINERY
DESIGN AND ANALYSIS

An in-depth analysis of current computer-aided design (CAD) and systems engineering analysis (CAE) software is presented, focusing on SolidWorks
and ANSYS. Particular attention is paid to their use in the design and analysis of hydraulic machines, where these tools play an essential role in the
development of turbines, pumps, and other components. SolidWorks stands out as the leading tool for creating 3D models of hydraulic assemblies,
allowing engineers to optimize designs and reduce hydraulic losses early in the design process. In addition, SolidWorks offers a user-friendly interface
and powerful modeling capabilities, allowing you to perform fundamental analyses in a hydraulic simulation environment. A review of the widely
used ANSY'S program, recognized as a tool for performing complex engineering analyses covering a wide range of physical phenomena, including
thermal, mechanical, electromagnetic, and hydrodynamic processes, is performed. The multiphysics capabilities of ANSYS allow engineers to model
complex interactions of physical phenomena in a single simulation environment, which is especially important for tasks such as designing power
plants or hydro turbines. A comprehensive review of simulation features, including Finite Element Analysis (FEA) and flow modeling, is performed to
provide early detection of design problems. The application of ANSYS is proposed for the in-depth analysis of hydrodynamic phenomena occurring in
turbines during their operation, which allows the optimization of the geometry of the blades and reduces the risk of cavitation. Furthermore, it is
emphasized that integrating both software packages creates a powerful toolkit for engineers, allowing them to combine design and analysis in a single
workflow. It is concluded that effective use of SolidWorks and ANSYS can significantly improve the quality of hydraulic machine development,
reducing design time and increasing reliability. The article also provides practical examples of the use of these programs in real projects,
demonstrating their effectiveness and impact on engineering solutions in the field of mechanical engineering.
Keywords: SolidWorks, ANSYS, hydraulic machines, design, computational fluid dynamics, numerical research.

€. C. KPYIIA, P. M. IEMYYK

KOMILITEKCHHUM OTJISIJT SOLIDWORKS TA ANSYS JIJISI TIPOEKTYBAHHS TA AHAJII3Y
T'APABJIIYHUX MAIIWH

IlpencraBineHo raMOOKMH aHaN3 Cy4acHOTO IpOrpaMHOro 3a0e3NedeHHs JUIL CHCTeM aBToMaTH3oBaHoro mpoektyBanHi (CAD) Ta cucrem
imkeHepHoro ananmizy (CAE), 3 akuentom Ha SolidWorks Ta ANSYS. Oco6nuBy yBary NpHIiIeHO IX BHKOPHCTAHHIO B IPOEKTYBaHHI Ta aHaIi3i
TiJpaBIiYHIX MAIIUH, J¢ i IHCTPYMEHTH BiJirpaloTh BaXKIUBY POJIb y Po3po0OIi TypOiH, HacociB Ta iHIMX KOMIOHEHTIB. SolidWorks BuainseTses sk
HPOBIJHUIT IHCTPYMEHT JUlst CTBOpPEHHS 3D-Mozeneii rinpaBiivHuX arperaris, IO J03BOJISIE iHKEHEPAM ONTHMI3yBaTH KOHCTPYKIII Ta 3MEHIIyBaTH
TipaBiIiYHi BTpAaTH Ha paHHIX eramax npoektyBanHs. Kpim Toro, SolidWorks mpomnonye 3py4nuii iHTepgeiic i HOTyXHI MOXIHBOCTI CHMYJIALIT,
JIO3BOJISIFOUM  BUKOHYBaTH 0a30Bi aHaii3u Oe3nocepeqHbO B CEPENOBHUII MOJIEIIOBAHHS TiIPaBIiYHMX CUCTEM. BHKOHAHO OIJISI IIHUPOKO
BukopucToByBaHoi nporpamu ANSYS, 110 BH3HAaHMI SIK {HCTPYMEHT JUIsl BUKOHAHHS CKJIAIHHX IH)KEHEPHHX aHANi3iB, SIKi OXOIUTIOIOTH LIMPOKHI
CTeKTp (pi3MYHHMX SBHMIN, BKIIOYAIOYM TEIUIOBI, MEXaHIYHi, €JIEKTPOMArHiTHI Ta rigpoanmHamiuni mpouecn. Mynbrudisnuni moxumBocti ANSYS
JIO3BOJISIIOTH 1HXKEHEepaM MOJIETIOBATH CKJIAAHI B3aeMOJIT (Di3MUHMX SBHII B €MHOMY CEPEIOBHUILI CUMYJIALI, 1[0 € OCOOIMBO BaXIIMBUM JUISI TAKHX
3aBJ[aHb, SIK TIPOEKTYBAHHsS E€HEPreTHYHUX YCTAHOBOK a00 riaporypOiH. Bukonano BceGiuHmMit ormsan QyHKLiH CHMYISII, SKi BKIIOYAOTh aHAI3
kinneBux enemeHTiB (FEA) Ta MonemroBaHHs NMOTOKIB, IO 3a0e3ledye paHHE BHSBICHHs IOTCHLIHHUX MPOOIEM Yy KOHCTPYKIIi. 3amporoHOBaHO
3actocyBanHs ANSYS s rimOokoro asanmizy TiApOAMHAMIYHUX SIBUI, IO BinOyBalThCs B TypOiHax mix 4ac X eKcIulyaramii, JO3BOJISAIOYH
OITHMI3yBaTH FeOMETPIIo JTonaTell Ta SMEHITYBaTH PH3UK KaBiTamil. J[0gaTkoBo, MiKpecIeHo, Mo iHTerpamnis 000X IPOrpaMHUX KOMILIEKCIB CTBOPIOE
TOTY)KHU IHCTpYMEHTapiit /I iHKEHEPIB, J03BOJIAIOUN IM MO€IHYBAaTH POEKTYBAHHS Ta aHAJIi3 Y €IMHOMY poOodoMy mporieci. 3po0iIeH0 BUCHOBOK
mpo e, o edextuBHe BukopuctanHs SolidWorks Ta ANSYS Moske 3Ha4HO MOKPALIMTH SKiCTh PO3POOKH TiAPABIIYHUX MAIIMH, 3MECHIIMBILIA Yac Ha
[POEKTYBAHHS Ta MiABUIIMBINK iX HamifiHICTB. Y CTAaTTi TaKOX MNpEICTABICHO MPAKTHYHI NPHUKIAAW BUKOPHCTAHHS LMX INPOrpaM y peajbHHUX
IPOEKTAX, IO AEMOHCTPYIOTh 1X epeKTHBHICTh Ta BILIUB Ha iHXKEHEPHI PIllIeHHs B TaTy3i MaIIHHOOY{yBaHHS.
Kurouosi ciioBa: SolidWorks, ANSY'S, rigpasiiuHi MaliHu, IPOEKTYBaHHS, OOYMCIIIOBAIIbHA TiAPOAMHAMIKA, YHUCEIBHE JOCHIDKESHHS.

Introduction. The continuous development of modeling turbine components, such as runner blades and

modern technology is transforming every industry, and
computer-aided design (CAD) is no exception. Computer-
Aided Design and Computer-Aided Engineering (CAE)
systems have become indispensable tools for engineers,
designers, and researchers, playing a crucial role in the
innovation and optimization of products and processes.
This article reviews modern CAD and CAE programs,
focusing on SolidWorks and ANSYS, their capabilities,
advantages, applications, and critical role in hydraulic
machinery and hydro turbine construction.

Modern CAD and CAE programs, such as
SolidWorks and ANSYS, play a crucial role in designing
and analyzing hydraulic machines, including hydraulic
turbines and pumps. These tools allow engineers to create
complex models, optimize designs, and conduct detailed
performance analyses of hydraulic systems. In hydro
turbine engineering, SolidWorks is used for the 3D

guide vanes, ensuring high precision during the design
phase.  Meanwhile, ANSYS performs complex
calculations, including fluid flow and thermal process
analysis, which are critical for improving turbine
efficiency under various operating conditions.
SolidWorks: A Versatile Tool for 3D Design.
SolidWorks is one of the most widely used CAD
programs globally, especially in hydraulic engineering
and hydro turbine construction. Its user-friendly interface
(Fig. 1) and comprehensive tools allow engineers to
efficiently design complex hydraulic components such as
turbine blades, casings, and guide vanes. For example,
SolidWorks enables precise parametric modeling of
runner blades in hydraulic turbine development, helping
optimize their shape for improved fluid flow. This
precision ensures efficient energy conversion in hydraulic
turbines under various operational conditions [1-7].
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Fig. 1. SolidWorks Interface

Key Features of SolidWorks. 1.Parametric Solid
Modeling: SolidWorks's core is its parametric solid
modeling capability, which allows designers to create
highly detailed parts and assemblies with exceptional
precision. This feature is crucial in hydraulic machine
design, such as for hydraulic turbines and pumps, where
the geometry of components like turbine blades and
casings needs to be optimized for maximum efficiency.
The parametric design tools in SolidWorks make it easy to
modify critical parameters, such as dimensions and angles,
ensuring efficient iterative design processes. Engineers
can quickly adjust designs to achieve optimal fluid
dynamics and performance in hydraulic turbine
construction. Parametric solid modeling in SolidWorks
also facilitates the integration of design changes across
complex assemblies, ensuring that all components remain
coherent and functional throughout the iterative process.
This capability is particularly beneficial in hydraulic
machinery, where even minor adjustments can
significantly impact overall system performance and
efficiency [1-7].

2. Surface and Sheet Metal Design: SolidWorks also
offers advanced tools for surface and sheet metal design
(Fig. 2), essential in creating complex hydraulic
components such as turbine housings and pump parts.

O G ENCERS el D0V E P ves

Fig. 2. 3D Sheet Metal Creator

These tools allow engineers to develop intricate bent
shapes and ensure manufacturability by producing
accurate flat patterns, particularly useful in the
hydropower industry. The sheet metal features in
SolidWorks streamline the production process, ensuring

that designs meet the specifications for structural integrity
and efficiency. Additionally, these tools enable engineers
to quickly test and simulate the bending and folding
processes, reducing the risk of material waste and
ensuring that components will fit precisely during
assembly, which is particularly beneficial when designing
large-scale components for hydraulic turbines, where
minor discrepancies can significantly affect performance
and durability under operational loads [7].

3. Simulation  Capabilities:  Although  primarily
known as a CAD tool, SolidWorks includes built-in
simulation features that allow for fundamental finite
element analysis (FEA), motion studies, and thermal
simulations. These tools are critical during the early stages
of hydraulic machinery design, providing preliminary
insights into how turbine blades, pump housings, and
other components will perform under operational
conditions. This initial analysis helps engineers identify
potential performance issues before moving to more
advanced simulations in ANSYS, ensuring the design
meets structural and thermal requirements.

4. Collaborative Design and Data Management:
SolidWorks facilitates collaboration among engineering
teams with its Product Data Management (PDM) system.
This system allows for efficient design data management,
revision control, and real-time updates, which are essential
for large-scale hydropower and hydraulic machinery
projects. Multiple engineers can work simultaneously on
different project parts, such as a turbine runner or a guide
vane system, ensuring that all designs are consistent and
up-to-date. This feature is handy in constructing complex
hydraulic systems, where teamwork and data accuracy are
vital [7].

5. Extensive Library of Standard Components:
SolidWorks includes a comprehensive library of standard
components, such as fasteners, bearings, and seals,
frequently used in hydraulic machinery. This library
speeds up the design process by allowing engineers to
quickly integrate pre-designed, industry-standard parts
into complex hydraulic systems, ensuring compatibility
and reliability. Using these standardized components for
hydraulic turbines and pumps reduces design time and
ensures compliance with industry standards, making the
final product more reliable and easier to maintain [7].

Applications of SolidWorks. SolidWorks is widely
used across various industries, including automotive,
aerospace, consumer products, and industrial equipment.
However, its versatility makes it an essential tool for
designing and developing hydraulic machinery, especially
in the hydropower sector, where precision and efficiency
are crucial.

1. Hydraulic Turbine Design: In the hydropower
industry, SolidWorks is extensively used for designing
critical components of hydraulic turbines (Fig. 3, 4), such
as runner blades, guide vanes, and casings. The software's
ability to handle complex assemblies makes it ideal for
engineers working on large-scale hydropower projects,
where all components must fit together seamlessly to
ensure optimal energy conversion and efficiency. By
utilizing SolidWorks, engineers can create detailed 3D
models that allow for precise fluid dynamics analysis
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within turbines, helping minimize hydraulic losses and
improve overall performance [7].

Fig. 4. 3D model of a Francis turbine designed in SolidWorks

2. Pumps and Fluid Handling Systems: SolidWorks
is also applied in designing pumps and other fluid
handling systems critical in water management and
hydraulic infrastructure. Its ability to model complex flow
paths and optimize mechanical components ensures that
pumps operate efficiently under a wide range of fluid
conditions. Engineers use SolidWorks to design high-
precision pumps, reducing the risk of cavitation and other
performance issues. Additionally, the software allows for
the integration of standard components, simplifying
maintenance and ensuring reliability in fluid handling

systems.
3. Hydropower Station Equipment: SolidWorks is
widely wused to design industrial equipment for

hydropower stations, including turbines, valves, and
piping systems. The software's simulation capabilities
allow engineers to test equipment under real-world
conditions, such as varying water pressures and flow rates,
ensuring that the designs meet the necessary durability
and safety requirements and optimizing performance to
reduce energy losses in power generation systems.

4. Industrial Hydraulic Systems: SolidWorks is also
used to design hydraulic systems in industrial machinery
and its application in hydropower. Engineers rely on the
software's 3D modeling and simulation tools to create
exact and reliable machinery, even in harsh working
conditions. SolidWorks' ability to simulate the interaction
between hydraulic components and fluid flow ensures that
industrial hydraulic systems perform efficiently and are

durable enough for
environments [8].

ANSYS: Advanced Simulation and Engineering.
ANSYS is a leading CAE software suite that analyzes and
optimizes hydraulic machines like turbines. The software
offers powerful_simulation tools for assessing fluid flow,
thermal performance, and structural integrity of hydro
turbine components under real-world conditions. For
instance, in the design of Francis and Kaplan turbines,
ANSYS enables engineers to simulate complex fluid
dynamics within the turbine's flow path, optimizing
efficiency and reducing hydraulic losses. Additionally,
ANSYS helps ensure the structural durability of turbine
blades by analyzing stress distribution under varying
operational loads [9-11].

Key Features of ANSYS. 1. Finite Element Analysis
(FEA): ANSYS is renowned for its powerful FEA
capabilities, which allow engineers to analyze the
structural integrity of their designs under different loads
and constraints (Fig.5). This feature is essential in
industries where safety and reliability are paramount, such
as aerospace and civil engineering.

long-term use in demanding

Fig. 5. FEA process in ANSY'S with a multi-colored
visualization of the stress and strain distribution on the model

2. Computational Fluid Dynamics (CFD): ANSYS
includes advanced CFD tools that enable engineers to
simulate fluid flow, heat transfer, and chemical reactions
under different conditions [10]. These tools are invaluable
in industries like automotive and aerospace, where
optimizing aerodynamics and cooling systems is essential.

In the hydropower sector, CFD tools simulate water
flow through hydraulic turbines (Fig.6), allowing
engineers to optimize blade geometry and reduce
hydraulic losses. ANSYS CFD helps improve turbine
efficiency and ensures that designs can handle varying
flow conditions without performance loss. Additionally,
CFD is essential for identifying potential cavitation zones
and optimizing cooling systems in hydropower plants,
ensuring efficient thermal management in high-power
environments.

Furthermore, ANSYS CFD allows for the simulation
of unsteady fluid flow, enabling engineers to analyze
transient phenomena like pressure surges and flow
oscillations, which are critical in maintaining the stability
and safety of hydraulic systems.

3. Electromagnetic Simulation: ANSYS provides
tools for simulating electromagnetic fields (Fig. 7),
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essential for designing electronic devices, antennas, and
power systems. These simulations help ensure designs
meet regulatory requirements and perform as expected in
real-world conditions [10].

Velogit
Streamline 1

7.251e+000
5.463e+000
3.674e+000
1.886e+000

9.729e-002
[m s7-1]

Fig. 6. Velocity distribution visualization in a Kaplan turbine
using ANSYS CFD

4. Multiphysics Simulation: One of the standout
features of ANSYS is its ability to perform multiphysics
simulations (Fig. 8), where different physical phenomena
are analyzed simultaneously. For example, engineers can
simulate how a structure will behave under thermal stress
while considering the effects of fluid flow and
electromagnetic fields [10].

Fig. 7. Visualization of electromagnetic fields around an
electronic device

5. Optimization and Design Exploration (Fig. 9):
ANSYS includes tools for exploration and optimization,
allowing engineers to identify the best design parameters
to meet performance criteria [7]. This feature helps reduce
the time and cost associated with prototyping and testing.

Applications of ANSYS. ANSYS is widely used
across various industries to ensure that designs perform as
expected under different conditions, and its advanced
simulation capabilities make it an essential tool for
engineers working on complex hydraulic projects.

ANSYS's versatility is especially valuable in hydropower
and fluid dynamics applications, where precise
simulations of fluid flow, structural integrity, and thermal
behavior are critical [9-12].
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Fig. 8. Complex model showing the effects of thermal,
mechanical and fluid processes simultaneously
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Fig. 9. Process of optimizing design parameters using ANSY'S

- Hydraulic Turbine Engineering: In the design of
hydraulic turbines, ANSYS is used to simulate fluid
dynamics and structural integrity under operational loads.
Engineers use ANSYS to optimize the performance of
turbine blades and guide vanes by analyzing the effects of
water flow and pressure distribution, which helps reduce
hydraulic losses, improve efficiency, and ensure that
turbine components withstand the stresses of high-speed
water flow [1-3].

Additionally, ANSYS simulations help mitigate
cavitation risks, which is a critical factor in prolonging the
lifespan of hydraulic turbines [10];

- Pumps and Fluid Handling Systems: ANSYS plays
a vital role in designing and analyzing pumps and fluid
handling systems in the water management and industrial
sectors. Engineers use ANSYS's Computational Fluid
Dynamics (CFD) tools to optimize pump performance by
analyzing flow characteristics and minimizing energy
losses due to turbulence or cavitation, ensuring that pumps
operate efficiently under varying fluid conditions,
contributing to improved energy conservation and system
reliability [2];

- Energy and Power Systems: In the energy sector,
ANSYS is utilized to optimize the design and
performance of hydropower plants, wind turbines, and
solar energy systems. Its simulation tools help engineers
assess turbines' thermal and structural performance under
different operating conditions, such as fluctuating water
flow or environmental changes. These analyses ensure
energy generation systems' long-term reliability and
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efficiency. Additionally, ANSYS enables the integration
of multiple physics (fluid, thermal, and structural) in a
single simulation, which is vital for comprehensive
hydropower system design;

- Civil Engineering: ANSYS is also employed in
civil engineering for the design and safety analysis of
hydraulic structures such as dams, reservoirs, and water
channels. Its simulation capabilities allow engineers to
model the effects of fluid pressure, wind, and seismic
activity on these structures, ensuring their durability and
safety in varying environmental conditions, which is
especially important in hydropower stations, where dam
integrity is critical for energy production and public
safety [10].

Generative Design and Al Integration. Generative
design and Al integration are transforming how hydraulic
machines are designed, with SolidWorks and ANSYS
providing advanced tools to optimize the development
process (Fig. 10). In hydraulic engineering, Al-powered
generative design can automatically generate and test
multiple design iterations for turbine components such as
impellers and diffusers, significantly reducing material
usage and increasing efficiency. ANSYS plays a crucial
role in simulating and validating these Al-generated
designs, ensuring they meet performance criteria in real-
world conditions, especially for optimizing the hydraulic
performance of turbines [10-12].

In generative design workflows, engineers input key
design constraints, such as load requirements and material
limits, while the Al algorithm generates multiple potential
solutions. These designs are then analyzed using ANSY'S
to evaluate structural integrity, fluid dynamics, and
thermal performance. This ensures the final design meets
operational criteria and is optimized for material usage
and manufacturing efficiency. This iterative process is
precious in hydraulic turbine design, where minimizing
material use and maximizing performance are critical
factors.

generative design by enabling detailed evaluations of Al-
generated models. Engineers can simulate complex
interactions, such as water flow over turbine blades or
thermal stresses within hydraulic components, ensuring
that designs are efficient but also robust and reliable under
real-world conditions. Integrating generative design with
advanced simulations enables engineers to create highly
innovative hydraulic machines that push the boundaries of
traditional design methods.

Meanwhile, ANSYS Cloud provides scalable
computational  resources for running large-scale
simulations of hydraulic turbines, such as analyzing fluid
flow and stress across turbine blades and casings. This
combination allows engineers to optimize hydro turbine
performance remotely, reducing design cycles and
enhancing project coordination [10-12].

Advanced Applications of SolidWorks and
ANSYS in the Design and Analysis of Hydraulic
Machines. SolidWorks and ANSYS are indispensable for
developing hydraulic machinery, including pumps,
compressors, and hydraulic turbines. SolidWorks is
primarily utilized to create intricate 3D models, allowing
engineers to optimize fluid pathways and mechanical
components with high precision [9]. The parametric
design features of SolidWorks enable fast iterations,
making it easier to adjust critical components and enhance
machine performance during the early design stages [3].
ANSYS, in turn, provides advanced simulation
capabilities such as computational fluid dynamics (CFD)
and structural analysis, which are critical for
understanding how these machines will behave under
various operating conditions, including extreme pressures
and high fluid velocities. By integrating these two tools,
engineers can predict and mitigate potential issues like
cavitation or material fatigue, ensuring the efficiency and
reliability of hydraulic machines. This workflow reduces
the need for physical prototyping and shortens the time to
market, especially in industries like renewable energy and

ANSYS's simulation capabilities complement water management.
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Fig. 10. Generative design and Al integration
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Conclusions. Integrating SolidWorks and ANSYS in
the design and analysis of hydraulic machinery,
particularly hydraulic turbines, represents a significant
advancement in  modern  engineering  practices.
SolidWorks's intuitive 3D modeling capabilities enable
engineers to efficiently create detailed designs of complex
hydraulic components such as runner blades, casings, and
guide vanes. The parametric modeling features of
SolidWorks allow for rapid design iterations, enabling
engineers to make quick adjustments during the early
stages of development, which is crucial for optimizing the
efficiency and reliability of hydraulic machines.

On the other hand, ANSY'S plays a pivotal role in the
simulation and validation of hydraulic machinery designs.
Its advanced capabilities in computational fluid dynamics
(CFD), structural analysis, and thermal management
provide engineers with detailed insights into how
hydraulic turbines and other machinery will perform under
real-world conditions.
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10. M. KYXTEHKOB, C. O. HA3APEHKO

OIJISA MPOBJIEMM BTOMHOI MIITHOCTI POBOYMX KOJIIC PAJIIAJIBHO-OChOBHUX
I'TAPOTYPBIH

OuiHKa MIIHOCTI, HaJIHHOCTI Ta pecypcy ripoTypOiH — akTyaJbHE 3aBAaHHS Ha BCIX CTaIisX JKMTTEBOrO LUKIY 00JaAHAHHS, KOTPE OXOILTIOE LITHI
KOMIULIEKC TEOPETHYHHX, PO3PaXyHKOBUX Ta EKCIICPUMEHTaIbHUX PoOiT. OMH i3 BasKIIMBHX €TalliB [[bOr0 KOMIUIEKCY — PO3PaxyHKOBE OOIPYHTYBaHHS
PECYpPCHUX XapaKTEPHCTHK TiAPOTYpOiH, sIKi BH3HAYAIOTHCS MEPEBAXKHO HAMPYXKCHO ACPOPMOBAHMM CTAaHOM pPECYPCOBH3HAYAIBLHHX CIIEMEHTIB,
Hacamiepe] — pobodoro koseca. Y poOOTI HaBOAMTBCSA aHATi3 MOJENEH Ta METOAIB MOCII/PKEHHS CTATHYHOIO Ta JMHAMIYHOTO HAIpyXEeHO-
nehOPMOBAHOro CTaHy poOOYMX KOJIC TigpoTypOiH. PiBeHp CTaTHYHMX Ta JUHAMIYHHX HAIpPY)KEHb CYTTEBO 3aICKHTbh BiJl PEXHMIB POOOTH
rizpotyp0OiH, X KOHCTpYyKUii Ta iHIUBioyalbHUX SKOCTEH, SIKI XapaKTePU3YIOThCS YMOBAMH MOHTaxy i ekcruryartauii. [Ipu TpuBaniii excrutyaramii
OCHOBHOIO ITIPUYMHOIO BHYEPIIAHHS Pecypcy poOOuYMX KONIC € HAKONMYeHHsS BTOMHHX YIIKOJUKCHB, IO HMPU3BOJMTH IO HOPYIICHHS LiNiCHOCTI
KOHCTpYKIii. J[1s OLliHKK BTOMHOT MIilTHOCTI KOHCTPYKIIIH I'iJJpaBIIiYHUX TypOiH HEOOXIZHO BCTAHOBUTH ICTOPII0 HABAHTAXEHB 1 PO3POOUTH IPYHTOBHI
METOJH PO3paxyHKy Ha OCHOBI MEXaHIKU PyHHYBaHHs. 3IIHICHEHUIT aHalli3 MOKa3aB, 110 HATENep MUTaHHS JOCIIHKEHHS BTOMHOI MIIIHOCTI po0o4nx
KOJIiC pajiialbHO-0CEOBHUX TiPOTYpOiH HE Ma€ 3aBEpIICHOr0 BUPILICHHS. [neanbHuil BamiJOBaHUI YHCENBHUH MiAXia J03BOJSE NPOBECTH MOJAIIbIIC
JIOCTIJDKEHHS IIKIJUTMBHX SIBHIL OTOKY 3 JOIOMOTOI0 30BHIIIHIX JATYMKIB Ha MalIMHHOMY Osowi. Ilomamsnni 3aBoACHKI BUMIPIOBAaHHS Ha BHOpaHHUX
arperarax rifpotypOiH € Haa3BUYaiHO BaxxIuBUMH. KOMOIHOBaHMA MigXif 10 pO3paxyHKIiB i BUMIpIOBaHb, KOJIM OJHOYACHO JOCIIUKYIOTHCS BCI
SIBHIIA TeUil, JJO3BOJIUTH JOCSATTH HEOOXiIHOI BTOMHOI MiITHOCTI po0o4nx Koiic riaporyp6in. CTaTTs € 9aCTHHOO cepii 3 KiIbKOX ImyOiKaIliif Ha TeMy
aHaJTi3y BTOMHOI MilTHOCTi mpoToTHUIiB Typ6in ®dpencica B mponeaypi 6araTopiBHeBoi OLIHKM TEPMiHYy eKCILTyararlii. 3/[iiCHeHnH aHai3 mpoOIeMHHIX
ACTEKTIB J]aB MOKJIMBICTh BiJ3HAYWTH, 110 NOTPIOHI HOBI MiAXOAM, MOAEINI Ta METOH 1 3aCO0M TOCHIIPKEHHSI BTOMHOI MIiLIHOCTi pOOOYHUX KOJIIC, 1110
CTBOPIOIOTH OCHOBY Il OOTPYHTYBaHHS IIPOrPECUBHUX TEXHIYHHX PillleHb JUIS PajiiallbHO-OChOBHX TiPOTYpOiH.

Kurouosi cioBa: rinporyp6iHa, pajiaabHO-0CkOBI poboui Koseca, JIonaTth, TPIllMHY, BTOMHA MillHICTh, HAAIHHICTb, pecypc, Mylbcallii THCKY,
BiOpallis rizpoarperary, KaBiTaris.

Yu. KUKHTENKOQOV, S. NAZARENKO

REVIEW OF THE PROBLEM OF FATIGUE STRENGTH OF RADIAL-AXIAL HYDRAULIC TURBINE
WHEELS

Assessment of the strength, reliability and service life of hydraulic turbines is a topical task at all stages of the equipment life cycle, covering a whole
range of theoretical, computational and experimental works. One of the important stages of this complex is the calculation justification of the service
life characteristics of hydraulic turbines, which are determined mainly by the stress-strain state of the service life-determining elements, primarily the
runner. The paper presents an analysis of models and methods for studying the static and dynamic stress-strain state of runners of hydraulic turbines.
The level of static and dynamic stresses significantly depends on the operating mode of hydraulic turbines, their design and individual qualities, which
are characterized by the conditions of installation and operation. During long-term operation, the main reason for the exhaustion of the resource of
impellers is the accumulation of fatigue damage, which leads to a violation of the integrity of the structure. To assess the fatigue strength of hydraulic
turbine structures, it is necessary to establish the history of loads and develop thorough calculation methods based on fracture mechanics. The analysis
carried out showed that at present the issue of studying the fatigue strength of impellers of radial-axial hydroturbines does not have a complete
solution. The ideal validated numerical approach allows for further study of harmful flow phenomena using external sensors on the machine block.
Subsequent factory measurements on selected units of hydraulic turbines are extremely important. A combined approach to calculations and
measurements, when all flow phenomena are simultaneously investigated, will lead to achieving the required fatigue strength of hydroturbine
impellers. The article is part of a series of several publications on the topic of fatigue strength analysis of Francis turbine prototypes in the procedure of
multi-level service life assessment. The carried out analysis of problematic aspects made it possible to note that new approaches, models and methods
and means for studying the fatigue strength of runners are needed, which create a basis for substantiating progressive technical solutions for radial-
axial hydraulic turbines.

Keywords: hydro turbine, radial-axial impellers, blade, cracks, fatigue strength, reliability, resource, pressure pulsations, vibration of hydraulic
unit, cavitation.

Beryn. BigHoBnioBaHa (pereHepaTHBHA, «3elICHA»)
eHepris 3aliMae Bce OUIbIY YAacTKy EHEepreTHYHHX
notyxHocred.  ['impoeHepreTMka  3HAXOOUTBCS B
VHIKQJIBHOMY CTaHOBHIII, OCKUIBKM BOHA OJHOYAcHO €
BiTHOBIIOBAaHMM 1 JAy)Xe  JIOCTYIIHUM  JDKEPEJIoM
eneprii [1-5].

Eneprernununii mepexia mpuU3BIB 0 3MiHHA CIOCOOY
pobotn rigpaBmiyanx Typ6iH (I'T). HapomryBanms
€HEePreTUYHUX TMOTY)KHOCTEH Ta PO3LIMPEHHS BUMOT L1010
3abe3neuenHs HaxidHol ekcrutyarauii I'T B mmpoxomy
Jiana3oHi PeXHMIB 3 MOMIIMBICTIO 0aratopa3oBoro Tta
LIBUKOTO MEPeXoJy 3 OJHI€] eKCIUTyaTaliiHOl TOUKHU JI0
iHIIOT OCTAHHIM YacoM MPHU3BOIATH 10 3HAYHOI 3MiHU
PEKMMHUX TNapaMeTpiB eKciulyartarii (I0J0 MPOeKTHUX)
I'T 3a paxXyHOK CYTT€BOTO 30OLIBIICHHS: KUTBKOCTI
ITyCKiB/3yNMMHOK; KUIBKOCTI TIIMOOKHUX PO3BaHTaXKEHB (IO
0-15 % Bix HOMIHANBHOI HOTY)XHOCTI); Yacy poOOTH Ha

HeontuMmanbHuXx 3a KKJ[  pexumax, BriIouyaroun
¢dopcoBani 3a noryxHicTio pexumu (HL-high load) Ta
pobory Ha dwacTkoBuX HaBaHTaxeHHsx (PL-part load),
ocobmuBo wmamux (LPL-low part load); uacrotm Ta
TPHUBAJIOCTI eKcIuTyaTamii Ha Xosocromy xoxy (SNL-
speed-no-load) Ta B pexuMi CHHXPOHHOI'O KOMIIEHCATOpA
3 BIATHCKAaHHAM BOAM 3 TIPOTOYHOI dacTWHH. SIK
3a3Ha4ar0Th O0arato aBTopiB [1-15], e BUKIHMKae MOSBY
BiOpamiitaux  mpobiem, BUHUKHEHHS  JOJATKOBHUX
IUHAMIYHHX HaBaHTaXEHb, 301IBIIIEHHS
MOIIKO/KYBAHOCTI 1, 3pEIITOI0, CKOPOYCHHS TEPMiHY
ciayx6u I'T. Typb6ian ®pencica ocoOIMBO BpaziwBi 10
eKcIuTyaTallii y Hepo3paxyHKOBHX PEKHMax, OCKIIBKHU iX
po6odi JTomaTi HEMOXJIMBO BiIPETYIIOBATH BiATIOBITHO IO
3MiHEHHs MOTOKY (pHc. 1). Sk moka3ye HaKOMUYCHUH 3a
Oarato poxiB nocBix excruryaramii Tta pemontiB I'T i
BiJINIOBIJTHO JI0 CYyYacHUX TEOPIH, 10 HAHOLIBIIUI BILUIUB
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HA 3HWKCHHS HaJIHHOCTI Ta PECYPCHUX XapaKTCPUCTHK, Y
TOMY YHCII MOSIBY TpimmH y eneMmeHTtax [T, HamaroTh
JMHAMIYHI Hampyrd. IX piBeHb iCTOTHO 3aJ€XHUTh Bil
pexumy  podorm I'T, J#oro  KOHCTpyKIii  Ta
IHAMBITyaqbHUX  OCOONUBOCTCH, 10 BHU3HAYAIOTHCS

YMOBaMH MOHTaXYy Ta IPOBEICHUX peMoHTiB [1; 6-15].

=~

Puc. 1. [Ipuxnagy THIOBUX MOMIKO/KEHb Ta 1eQEKTIiB
€JIEMEHTIB TiipoTypOiH:
a — TpimuHa Ha jomnari [2]; 6 — tpiumHa Ha nomnari [3]

BroMui  momkomKeHHs1  TiZpoTypOiH.
TpUBATIH eKCIuTyaTarii OCHOBHOIO MIPUIUHOIO
BuuepnanHs pecypcy [T € Hakonmu4eHHs BTOMHHX
YIIKO/KEHb, MI0 MPU3BOAWUTH 10 MOPYIIEHHS IUTICHOCTI
KOHCTpYKLii (MOsiBa Ta PO3BUTOK TPIMMH Yy poOOYMX
komecax (PK), BomoBomax, Bamax, KOJIOHAax CTaTopa,
oOpuB BINNOBIAAJIBHUX KPIMMJIBHAX €JIEMEHTIB) abo
CyTTEBE 3HIKCHHS 11 HECYyUJ0i 3IaTHOCTI.

BromHa npupoja pylHyBaHb HEOJHOPa3oBO Oyiia
MiATBEpIKCHA BIIOBITHUMU MeTanorpadigHIMA
JOCITiKEHHSIMU 30H pyliHyBaHb [ 1-3].

[IpuckopeHHIO MpoIecy 3apo/KEHHS Ta 3POCTaHHS
TPILIMH CHPUSIOTh KOHCTPYKTHBHI Ta TEXHOJIOTIUHI
KOHIIGHTpaTOpH (Tajrerdi, 3aJWIIKOBI HANPYTH, 30HU
TEPMIYHOTO BIUIMBY), HEOMHOPIAHICTE Ta ICPEKTHICTH
Marepianry, TOB'SI3aHa 3 TEXHOJIOTI€I0 BHUTOTOBJIECHHS
(IUTTSA, 3BapIOBaHH]) Ta PE30OHAHCHI sBUIA. BTOMHI
nomkopkeHHs enemeHriB I'T, sk Big3HayaroTh 0OaraTo
aBTOpiB [1-15], BUKJIUKAIOTHCSI CYKYITHICTIO
Hm3bpkovactoTHOoro (low cycle fatigue loads-LCF) i
BucokouactorHoro (high cycle fatigue loads-HCF)
HABaHTAXKCHHS, IO XapakTepHO MIsI CydacHHX YMOB
eKCIuTyaTalii TigpoTypOiH.

Husbpko4yacToTHI HaBaHTAXXEHHSA (3 YaCTOTOIO HIDKYE
a00 piBHOIO 0OOPOTHOIO) TIEPEBAYKHO IIOTH HA TaK 3BaHUX
HEepO3paxyHKOBHUX pexxumMax poboru (off-design operating
conditions) 1 HeOe3meyHi 3HAYHUMH aMIDIITYJaMH
JUHAMIYHUX HAmNpyT, 110 BUHUKAIOTh y By3Jax 1 JeTaiax
I'T.

Jo Hepo3paXyHKOBHX TPAAWLIAHO  BITHOCATH
PEKMMH  ITyCKY/3YIHMHKH, CKHUJIQHHS HaBaHTa)KCHHS,
HU3BKOI YaCTKOBOI IMOTY)KHOCTI, XOJIOCTOTO XOJHYy, KOJIH
BUHMKAIOTh Mapa3uTHI BUXPOBI CTPYKTYpH, TiJpoynapw,
30HM HECTabOIIBHOCTI IOTOKY BHACHIAOK CYTTEBHX
HEONTUMAaJIbHUX YMOB OOTIKaHHs JioNaTedl Ta pyxy BOIH
MPOTOYHAM  TPakTOM TypOiHH. BucokodacToTHHMHU
NPUIHATO HAa3MBaTH HAaBaHTAXXCHHS, 4acTOTa Aii SKHUX Yy
KiTbKa pa3iB  TepeBHIIye OOOpPOTHY. AMILTITYyIa
BUCOKOYACTOTHOT 3MIHHOI HAarpyru Moxxe OyTH HEBeJMKa
(3a3Buuaii menme 10 MIla), ame KiNBKICTh IMKIIB
HABaHTAXXCHHS 3a BECh IepioJ] eKCILTyaralii CTaHOBUTH
ommsbko  10°-10%, mo i mpusBomuT B KiHHEBOMY
MiACYMKY JI0 YTBOPEHHS Je(PEKTiB.

IIpu

o6 BupimmTH 1m0  npobimemy, TexHiyHMI
komiteT 4 (TC4) — «['igpapniuni TypOinm» MixHApOIHOT
enekrpotexHiunoi komicii (IEC) cTBopuB HOBY poOouy
IPpyly 3 METOK CTBOPEHHS CTaHIApTy HAa BTOMHY
MirHicte y I'T. Ileli HoBmii crammapt min Haszporo IEC
63230 «Fatigue assessment of hydraulic turbine runners:
from design to quality assurance» [4] Hanmae
CTaHAaPTU30BaHy CTPYKTYpY [UIi MPOMHUCIOBOCTI Ta
po3TIsiAae pi3Hi acIeKTH, HEOOXiTHI ISl OLIHKH BTOMHOT
mirHocTi PK rigpaBmiyHMX TypOiH, 9 TO B KOHTEKCTI
HOBOi KOHCTpyKmii PK, 9m TO B KOHTEKCTI OWIHKK

3ajumkoBoro  pecypcy PK:  BusHauenHs  icropii
HaBaHTaXXEHhb HAa OCHOBI IOMIH, sKi  HEOOXigHO
BpaxoBYBaTH IIpM OILIHII Ta BH3HAYEHHI HAmpYT,

MOB'I3aHUX 13 BTOMHOIO MillHICTIO. JleTambHi METOau
OIIIHKH BTOMHOI MIITHOCTI Ha OCHOBI kpuBHX S-N Ta/a60
MEXaHIKM pyHHYBaHHA. Y I CTaTTi NpEACTaBICHO
IOBIIKOBY iH(OpPMAIIiFO PO BTOMHY MIIHICTh, KOHTEKCT,
SIKHHA TIPU3BIB 10 CTBOPEHHS CTAaHAAPTY, a TAKOK OCHOBHI
ACIeKTH, OXOIUIEHI LM HOBHM CTaHIApTOM, SKHUii
IUTaHy€eThCS onmyOutikyBaTe B 2025 pori.

BromHa mirHicTh Bu3HadaeTbess ASTM E1823 [5] sk
«process of progressive localized permanent structural
change occurring in a material subjected to conditions that
produce fluctuating stresses and strains at some point or
points and that may culminate in cracks or complete
fracture after a sufficient number of fluctuations».
Bax1MBUM acIIeKTOM OLIHKKA BTOMHOI MIITHOCTI € T€, IO
Taki (QIyKTyamiiiHi Hampyrm Ta aedopMarii MOXYTh

CIPHYMHHUTH  TOIIKO/DKCHHS, HAaBiTh  SKIIO BOHH
3HAXOMATHCS B MPYXKHIM 00NAcTi Ta 3HAYHO HIDKYE MEXKI
TEKY4JOCTI.

Eranu ouinku pecypey I'T. V Bunanky I'T
¢GiyKkTyaniiiHi Hampyrd € pe3yabTaTOM TiApaBIIdHUX
SIBUIL, SIKI MPOXYKYIOTh KOJHMBaHHS THCKY B BOJSHOMY
KaHall, 1110, Y CBOIO 4epry, CTBOPIOE KOJMBAHHS HANPYTrH
B pobouomy Kojeci. BuByaroum IitepaTypy, MOXKHA
y3arajJlbHUTH BUCHOBOK, IO JIOCTITHHIBKI HPOEKTH
OIIIHKM BTOMHOI MIITHOCTI 30CepeKyBaaucs abo Ha
MOJICTIbHUX BHMIPIOBaHHSX 3 Bi3yaJbHOIO JIOCTYIHICTIO,
a0o, piaie, Ha BUMIPIOBAaHHAX IPOTOTHINIB HA ICHYIOUHX
enektpoctaniisix  [1-15].  Choromni  BUMIiprOBaHHS
IPOTOTUITY BHUKOHYIOTBCS, SIKIIO II€ MOXIIHBO, II00
YCYHYTH eeKT MacIITaOyBaHHS.

Kpim TOTO, 30LTBIICHHS 00YHCITIOBATEHOL
MOTYXHOCTI ~ ZI03BOJISIE  NPOBOJHUTH  MOJEIIOBaHHS
NPOTOTUITYy MHPOTArOM po3ymMHoro uacy. lLle ckimanHe
3aBJaHHA TMOTpeOye KIUIBKOX KPOKiB, TOYMHAIOYH Bif
BUMIpIOBaHb dYepe3 MOJENIOBAHHSA Ta 3aKiHYYIOYH
00pobkoto manux. OcobnmBa mpobiIeMa BUHHUKAE, KOJIH
METOJIM OIIHKK BTOMHOI MIITHOCTI 3aCTOCOBYIOTBHCS [0
CTapux MammuH [5].

Ha puc. 2 moka3zano pi3Hi OUISIXHU JUTS PI3HOMaHITHUX
MiXOMIB YHCEIBHOTO MOJICIIOBAHHS BiJ PO3paxyHKIB
nepeximaux mnponecie  CFD, B3aemopii piguHuM Ta
CTPYKTYpPH Ta pPO3pPaxyHKIB MEXaHIYHUX HaNpyXKeHb IO
aHaJi3y TepMiHy eKkclulyaranii. BepxHs 3eneHa oOiacTb

IpencTaBisie  PiBeHb YHCEJBHOTO MOJETIOBaHHA, a
gepBoHa OONacTh y HIDKHIA TIONOBHHI  pHCYHKa
NpENCTaBisie  eKCIePUMEHTAIBHY YacTHHY HPOLecy

B3aEMOJIIi MIX CHUMYIIILI€I0 Ta BUMiptoBaHHAMH. OIuH 3
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OCHOBHHMX eTamiB owiHku pecypcy I'T — Bu3HaueHHS
30BHILIHIX HABaHTaXeHb HAa HOro eJIEeMEeHTH Ta
BIZIMOBITHUX IM BHYTPILIHIX HAPYT.

| Averiging Houndary Condivions |

Unsteads 011

‘ e iveraing | [I'nurwr T nnsfornlarinlll

®

| Time-tesolverd Bonndary Conditions

[ Tl ]

Todal analyzis

Stitwstves | [ st anmptindes

Theovetical and temporarily measurement approach for the method

! !

Permanent installed machine diagnosis tools Validation sensors

D Comtent of Part 111 and 14 . Content of Part 111

Puc. 2. Ananiz BToMHOI MilJHOCTI potoTuity Typbitu dpencica
B GaraTopiBHEBii poleypi OIHKK TepMiHy cIy:k0u [6]

Bynp-siki HEBH3HAYEHOCTI Yy BXIHUX HapaMmeTrpax
00OroBOPIOIOTHCS 32 JONMOMOIOI0 aHaJli3y YyTIMBOCTI.
CynpoBiiHi BUMIPIOBaHHSI POTOTHUITY IiJITBEPIWIIN BECh
MiAX1J 10 MOJEJIIOBaHH.

CFD-anauis. Binpmicts JOCIIIIHUKIB s
BUpIIIEHHS 33/a4 TiAPOJMHAMIKM BHKOPHUCTOBYIOThH
nporenypy CFD-anmamizy, peani3oBaHy B CydacHHX
6aratoyHKIiIOHATHHUX mmakeTax mporpam abo
CIIeTiali30BaHAX MOMAYIAX, aJalTOBAHMUX JJIS BUPILIICHHS
KOHKpeTHHX 3aBHaHb: Ansys Fluent, Ansys CFX,
SigmaFlow, OpenFOAM, Numeca FINE/Turbo Ta iH., sKi
BXKE CTAIW JOCTYIHHMH JUIS MOJIENIOBaHHS IIPOLECIB
CTalllOHApHOI Ta HECTallOHapHOI TiAPOAMHAMIKH Yy
CKJIaJIHUX TPOCTOPOBUX KOHCTPYKISIX, @ TAKOX OOJIKY
TypOyJCHTHOCTI, HEOIHOPITHOCTI, HEPIBHOMIPHOCTI Ta
JBO(a3HOCTI OTOKY OOTIKAaI0YOi PIAMHH.

Ha pwuc. 3 BiATBOpEHO MOCTIMOBHICTH MiATOTOBKU
OaHUX JUIs 3OIMCHEHHS IpOLEAyp pPO3paxyHKy 3anad
rigponuHamiky 3a crnpusHHAM wiatdpopmu OpenFOAM

(amrm.  abp. Open Source Field Operation And
Manipulation) 3  BiZKpUTHEM  KOJOM Ha  MOBI
nporpamyBanHs ~ C++, KOTpa  Ipu3HayeHa  JUIA

PO3B'I3yBaHHs 3a/lad MEXaHIKH CYLUIBHHX CEPeIOBHII
METOJIOM CKiHUCHHHX €JICMCHTIB.

[Inatdopma opieHTOBaHa Ha ONEpAIliiiHI CUCTEMH 3
cimeiictea Unix (y T.4. Linux), po3poomnserscs 3 2004
poky mapanensHo kKommaHissMH OpenFOAM Foundation
Limited Ta OpenCFD Limited [7].

CnpoOu CHIpoIIeHHST PO3PaxyHKOBHX MoOAENeH 3a
paxyHOK BHUKOPHCTAaHHS CHMETpii Ta pIi3HMX TinoTe3
NPU3BOJATE 10 HE 3aBXAW 33/I0BUIBHOI  TOYHOCTI
pe3ynbTaTiB, a B PsAi BUNAQAKIB — HABITh 0 SKICHHX
PO30DKHOCTEH 3 pe3ysibTaTaMH E€KCIIEPUMEHTY.

IMRORT reon
AnasTris

TRl 3 CTopoIix
afio A-rpadisn ¥

Comopesm reoeil
Ta ciTEN ¥ cToparmil

LHINE PeOMETRI BAacIopy
Aoaarrax (nanp. Gmsh) -

neer ) duaiiain y dopaearax, wxi
nigTpIMyIoTECE (Hanp. STL Ta OBY)
Koupeprauis clitem y Onc cimen, aKy neobixiano

BlAnOB I e nofyayBaTH 38 PeaM TRl
A wa ¥ Tomy # daiinl

oGy BATH 38 FEOMETRICD ¥
TekcTOBOMY daiin

FOAM
(manp. blockMesh)

Puc. 3. 3aranpHa cxeMa npouecy nmpoBEACHHS 06‘II/ICJICHI)
OpenFOAM [7]

[HmMi icTOTHUI HENOJIK PO3PaXyHKOBUX METOJIB —
iXHs BHCOKa 4yTJMBicTh 10 Bubopy CFD-konmy, sikocti Ta
PO3MipHOCTI PO3paxyHKOBHX CITOK, Mojeni
TypOyJIEHTHOCTI, TPaHWYHAX YMOB, KpPOKY 3a dYacom,
NpUNYIIEHb, MI0 CHIPOIIYIOTH 3ajady, Ta IHIIMX
HaJAITyBaHb [6; 7]. Y CYKYIHOCTI 3 BHCOKOIO BapTiCTHO
YTOYHEHUX PO3PaxyHKIB Ha «IOBHHUX» MOJAEIAX Lie JOCi
HE /03BOJIE TOBHICTIO 3aMiHWTH YHCEIbHUM HATYPHHUH
a00 MOJIENTbHUIT EKCIIEPUMEHT.

Po3paxyHok MimHocTi rigpaBmiuyHEHX TYpOiH.
OfHuM 13 BaXJMBHX KPOKIB OI[IHKH pecypcy €
BHU3HAYCHHS HampyxkeHo nedopmoBaHoro crany (HJC)
enementie ['T. B pgaHumiéi wac OCHOBHHIA iHTEpec
MPHUBEPTAIOTH Taki nmpobiemu [6—11]: auHAMIUHI HAnpyTH
B jomnarsix PK y BchoMy crekTpi ekcruryaTaumiiHuX
pexumiB, ocobmuBo "off-design operating conditions™;
po3paxyHok HJIC 3 ypaxyBaHHSAM BIUTHBY JAe()EKTIiB
(TpilMH) Ta 3aNHIIKOBHX 3BAapIOBANBHUX  HAIPYT;
B3aeMOJIis pianHu Ta cTpykTypHuX enemenTis (FSI — fluid
structural interaction); ¢dopmu Ta YacTOTH BIACHHUX
KonuBaHb By3JiB ['T 3 ypaxyBaHHsSIM BIUIMBY NPHEIHAHUX
Mac piAMHH, AEMO(YOUNX BIACTHBOCTEH CepenoBHINa,
BY3bKHX 3a30piB, YMOB CIIOJYYEHHS Ta 3aKpilJiCHHS,
mBuaKkocTi  obepramHs [T Tomo;  MOXJIHBICTH
BUHUKHEHHSA Ta BimOyaoOBa Bif pe30HAHCY; BepuQikarlis
pe3yIbTATIB i HOXMOKA YUCETFHOTO PO3PAXYHKY.

CroisbHE  3acTOCYBaHHA  INPOTPaM  PO3PAXYHKY
rizpoanHamiku Ta MinmHOCTI PK € ckimagHuM 3aBraHHIM
yepe3 BIOMIHHOCTI y (OpMyBaHHI PpO3paxyHKOBHX
obnacTeil Ta MiAXOMIB MO AMCKpeTh3amii piBHIHB. OTIs
B3aemoii pinnHa—Typ6ina dpeHcica HagaHo B [10].

lNppoguHamivHI MakeTH 3a3BHYail BHKOPHCTOBYIOTH
CKIHYEHO0-00'€MHUH MiIXiJd, TOAI SIK MIIIHOCHI — KiHIIEBO-
enementauii (KE). ¥V poGorax [6-11] mnpexacraBieno
HaJIAIITYBaHHS MOJIEJIOBAHHS OOYMCIIOBAJIbHOI 00JacTi,
BHOpaHi TpaHWYHI YMOBH, BHKOPHCTaHI MaTeMaTH4HI
MOJeNl MeXaHiKM piauHu (Mojeni TypOyJNeHTHOCTI) i

TypOiHH.
[l nos's3anoro MozpemoBanHsa FSI 3acTocoByeThes
noeranHa  itepamiiiHa  mpoueaypa  (puc.4). Ilpu

JIBOCTOPOHHII B3aeMoJil B TiJpOJMHAMIYHOMY aHaji3i
HEOOXiTHO BpaxyBaTH aAedopMariito KOHCTPYKTHBHHX
€JIEMEHTIB 1 TOBTOPUTU PO3PaxXyHOK MapaMeTpiB pyxy
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cepenoBumia st HOBOI  reomerpii. Ilpm  mpomy
BUKOHYIOTECS iTepamii MiX PpI3HUMH ITUCIHUILTIHADHUMU
aHalli3aMu JIOTH, JIOKU He Oyze, JOCATHYTO HEOOXiTHOTO
piBHs 30DxkHOCTI [11].

Start of
simulation

Selving of structural
equations

Interpolation of
an
Next time step structure mesh
no
convErgence

yes

Time step
time reached complete

Tatal simudatian
yes

Simulation
finished

Puc. 4. Cxema MoieNIOBaHHs B3a€MOJIT piiuHN Ta
koHcTpyKii [11]

OcHoBHi etanmn MeTona kinneBux enementiB (MKE)
LIMPOKO BHCBITIIEHI y JiTeparypi. 3yMUHUMOCS JIMIIE Ha
moOyI0Bi  KIHIIEBOENIEMEHTHHUX MOJENeH  PO3paxyHKY
xapaktepucTuk MinHocti komic I'T, a came, cnocoby
UCKpeTH3allii Ta cenexmii BukoprucropyBanux TumiB KE.

PosriassHeMo  JOTiKYy — pO3paxyHKOBHX — MoJelel
MirHOCTi Jomaredt koiic I'T B icTopW4HiN MOCITiTOBHOCTI.
Mogens "ekBiBaJICHTHOTO" CTEP)KHS BHKOPHCTOBYBAJIACS
y 70-1i poxm 20 cromitra. Hampuknan, po3paxyHKoBa
Oaska BUpIi3yBaacs 3 JIOMATI TOPIIEBUMHU IIONIMHAMH, 1110
NPU3BOIMIO 70 3aBHIICHHS 3HAYCHb MAaKCHMaJbHOL
Hampyrd B 2-3 pasu. Taka Monens Moria JaTél JIMILE
HaOMMKeHy ~ OWIHKY  Hampyr 3 ypaxyBaHHIM
EKCIIePUMEHTAIBHHUX MOMPAaBHUX KOS(ili€HTIB.

ITnocki kiHmeBoedeMeHTHI Mojmemi (KiHemps 70-X,
noyarok 80-X) MoriM OyTH BiJHOCHO 3a/IOBIJIBHUMH
TIIBKH IS JIOTIATEH 3 MPSIMONIHIHHOIO YTBOPIOBAIBHOIO
Ta NPSMOKYTHOK HAaNpsIMHOIO, KOJH HAIpYXEHUH CTaH
nooau3y MeMOpaHHOTO, TOMY HIMPOKOTO
PO3MOBCIO/KEHHST ~ He  HaOymu. Mogens  Jomarti,
mo0ymoBaHa Ha OCHOBI TOBCTOOOOJIOHKOBHX
i3omapamerpuuanx KE  Axmana-3eHkeBHYa, JIOCHTH
mmpoko 'y 80-x pokax  BHKOPHUCTOBYBajlacs y
PO3paxyHKOBIH NMPaKTHULi. 3aBASKH BUKOPUCTAHHIO TEOpil
000JIOHOK 3 KIHIIEBOIO 3CYBHOIO JKOPCTKICTIO BAAOCS
JIOCUTh TOYHO OIIMCAaTH IPOCTOPOBI TIeOMETpil0 Ta
xapaktepuctuku HJIC nmomati mpu BiTHOCHO HEBEIUKOMY
yucni KE [16].

Bucoka mBuuakicte po3Butky EOM Ta uucenbHOI
peaizawii aropuTMiB po3paxyHKy BIUIMHYJIM Ha BHOIp y
90-Ti pOKM OJHOTHIHHX, ajie OCHTh YHIBEpPCaTbHHUX
tpuBumipanx KE rmnpm moOynmosi wmomenest I'T i3
PI3HOMAHITHOK MIUIbHICTIO ciTkH. OCTaHHIM YacoMm
MPOCTEKYETCS. TEHACHIIS 10 TiJBUIICHHS TOYHOCTI
PO3paxyHKIiB 3a pPaxyHOK BHKOPHUCTAHHS MOXIIMBOCTEH
3D-mopenoBaHHs, YTOYHEHHS T1IpOIUHAMIYHHX
HABAHTAKCHb.

3acToCyBaHHSI Cy4aCHMX PO3PaxyHKOBHX IPOLEAYP
Ha ocuoBi FEA — finite element analysis [6-11]
NPU3BOJUTH 10 CYTTEBOTO MOJJOPOXKYAHHS
PO3paxyHKOBHX oOIlepanii gk y (iHaHCOBOMY, Tak 1 B

JaCOBOMY acCIICKTaX, HIO0 HE 3aBKIU HpPIﬁHiITHO. Hapazi

skicanit  po3paxynok HJIC 3 ypaxyBaHHAM ycCix
HeoOXimHuX  ocoOmmBocTe  moBeminkn I T  mua
JIOCTOBIPHOi OIIIHKK pecypcy 3 ypaxXyBaHHAM YCiX

PEXUMIB eKCIUTyaTarii MOXYTh JJO3BOIUTH COO1 IUIIe
BeJINKI BUPOOHHMKM oOnasHaHHs, Taki sk Andritz Hydro,
Voith Hydro, Alstom, y cmiBmpani 3 mnepeioBUMHU
HayKOBO-ZIOCHIJHIUMH I1HCTUTYTaMHM, YHIBEepCHUTETaMH Ta
mabopaTopissMu  ab0  CONIiIHI TeHepyroui KOMIaHii.
BinpmiicTe MpOBeAEHMX JOCHIPKEHb BHKOHAaHO 3a
TEeXHIYHOT Ta (hiHAHCOBOI MIATPUMKH HAI[lOHAJIBHUX
HAayKOBUX  (OHMIB Ta  HAyKOBO-IOCHINHUX  paj,
aKa/IeMIvHIX HAyKOBHX nporpam, MiHiCTepCTB
€HEepPreTUKH, TPOMHCIOBOCTI Ta  OCBITH, BEJIHMKHX
BJIACHMKIB 0OnaaHaHHsA. Takuil po3paxyHOK JOLINEHIH Ha
cTamii NpOeKTyBaHHS HOBUX TypOiH abo MacmTaOHOI
MOJICpHI3alii 13 3aMiHOI OCHOBHUX eneMeHTiB [T 3
METOI0 MiHiMi3arii o0CATy MOJENbHUX BUIPOOYBaHb Ha
craaii BUOOpPY ONTHMaIbHOI KOHCTPYKIIT Ta MOXKIUBOCTI
BHECCHHS KOHCTPYKTMBHHX 3MiH Ha paHHIX CTamisx
MIPOEKTYBaHHS [6].

HakommueHHs BTOMHHMX YIIKOMXXEHb B €JIEMEHTaX
I'T BimOyBaeTbes mim JHi€r0 KOMOIHAIl HaBaHTa)KCHb
NEepiOMYHOrO Ta BHUIMAAKOBOIO XapakTepy, IO JIIOTh
NPOTATOM ~ YChOTO  JKUTTEBOrO IMKIY. OCHOBHUMH
npobJeMaMy Ha ChOTOIHIMIHIA JaeHb € [6—11]: o0mik
nedekTiB, KOHIEHTpauii Harpyr, 3aJIMIIKOBUX HANpyr y
3BapHUX 3'€JIHAHHAX Ta 30HaX TEPMIYHOIO BILIMBY;
HEJOCTAaTHICT, 0a3sM JaHUX IIOJ0  XapaKTEPHUCTHK
MaTepialiB JUIi TOCTOBIPHOI OIIHKH pecypcy; MeXaHi3Mm
MiICYMOBYBaHHs IOLIKO/KEHb 3 OISy HAa 3HAYHY
HEBU3HAUYCHICTH 30BHIMIHIX HaBaHTaXCHb Ha
HEMPOEKTHUX  peXUMax  poOOTH;  MPOTHO3YBAaHHSI
3pOCTaHHSA TPIMIUH (OI[iHKA JOBTOBIYHOCTI 3a HAsSBHOCTI
nedekry) 3a yMoB (haKTHYHOT eKCILTyaTalii.

PesynbraT BUKOHaHWX 3apyODKHHUX JIOCIIDKEHb 1
curyaris, 1o (aKTHYHO CKIanacs 3 OOIaTHAHHAM
rigpoesnekrpocranuiii (I'EC), Bka3yroTh Ha HEOOXIJHICTb
PO3BUTKY OLIbLI TOCKOHAINX PO3PAXYHKOBUX METO[IB
ominku pecypcy I'T 3a MexamMu HPOEKTHOTO TEPMiHY
CITYKOM. JlotinbeHO 3aCTOCOBYBaTH crneriagbHi
PO3paxyHKOBO-eKCIIEpUMEHTalbHI TexHomorii [1; 6-15].
i TexHONOTIi TMOBMHHI IPYHTYBATHUCS Ha IOEIHAHHI
IH)KCHEpHUX PO3paxyHKOBHUX MOZENEH, 10 BPaxOBYIOTbH
inauBinyanpHi ocobmmBocti I'T 3a maHWMu 1mITATHOTO
MOHITOPHHTY Ta JIIaTHOCTUKH Ta CUCTEMHU OOIPYHTOBAaHUX
Koe(ilieHTiB 3amacy (32 BTOMHOIO MIITHICTIO, JTOBXHHOIO
TPIIMHA TOIO), IO BiZOOpPaXKalOTh 3 HEOOXITHUM
CTyIEHEM TOYHOCTI HEBH3HAYEHICTh 3aBIAHHS
PO3paxyHKOBHX HaBaHTa)XeHb, BIACTHBOCTEH MarepianiB
Ta PEKUMIB POOOTH.

Bucokuii piBeHb HEBU3HAYE€HOCTI HaBaHTaXKEHb, L0
(axkTraHO Hit0oTh Ha eneMmenTH [T, Ta MMPOKHUI aianmazoH
3MiHM ~ pEKUMHUX  (akTopiB  (MIOTYXHICTh,  THCK)
MOSICHIOIOTh, 4YOMY Joci 3aBmaHHi Bu3HaueHHs HJIC
pecypcoBu3HadanbHuX eneMmeHtiB [T He Bupimeno 1o
kinms  [1; 6-15]. Jlns  BupimieHHS I[OTO  3aBAaHHS
noBUHHA OyTH MoOynoBaHa po3paxyHKOBa MaTeMaTHYHA
MOJETb JOCITIIKYBaHOTO peCypCOBH3HAYATIHHOTO
eJIeMeHTa, M0 BKII0Ya€ TeOMETpito 00'€kTa, YMOBH HOTO
3aKpIIJICHHS, 30BHIIIHI HAaBAaHTAXEHHS Ha KOXHOMY
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peXuMi, IO  PO3IJBINAETBCSA, 1 XapaKTePUCTHUKU
BUKOPHCTOBYBaHMX MaTtepiamiB. Jlam, 3acTtocoByroun
amapar Teopil TpYXHOCTI ab0 NPYKHO-TUIACTUYHOCTI,
MEXaHiKH TBEPJOro Tina, MO AeOPMYETHCS, MEXaHIKH
pyiiHYBaHb, y TOMY 4YHCI peali30oBaHHH B CYy4acHHUX
PO3paxyHKOBHX KOMITFOTEPHUX MPOTPAMHUAX KOMIUIEKCAX,
BU3HAYAIOTHCS  BHYTPIIIHI  HANPYTH B CJIEMEHTax
oOnagHaHHs, BHIOUIAIOTBCS IX CTAaTHMYHA 1 JWHAMIYHA
CKJIAIOBI.

CkiajgHicTh TOJIITa€E B TOMY, IO HaBiTh 3
ypaxyBaHHIM BHCOKOTO Cy4acHOTO piBHA
004HCITIOBANILHOT TEXHIKM Ta BEJIMKHX JIOCSTHEHb y ranysi
KOMI'IoTepHOTO 3D-MOMENIOBaHHSA CKIATHUX TEXHITHUX
CHUCTEM  BHM3HAYCHHS  30BHINIHIX  TiAPOJUHAMIYHHX
HaBaHTaXCHb Ha eleMeHTH [T moB's3aHe 31 3HAYHMMU
TEXHIYHUMHU TPYJHOIIAMH Ta MOTPEOYE BEIUKHUX YaCOBUX
ta ¢inancoBux 3arpar [1; 6-15]. Cuix 3a3HaYUTH TAKOK,
[0 YKMCEJIbHI METOAMKHU HE 3aBXKIW JAI0Th 3aJ0BiIbHI 3a
IOCTOBIPHICTIO ~ pe3yibTaTH, IO  TMOB'S3aHO 3
KOHCTPYKTHBHO-TEXHOJIOTTYHUMH ocoOimBocTssmMu ['T Ta
CKJIATHICTIO TPOIECiB, M0 MPOTIKAIOTh Y MPOTOYHIN
YaCTHHI.

Ha npmomatox 10 OWNHKA BTOMHOI  MII[HOCTI,
MoxansHuil aHaniz PK Mae BaknuBe 3HaueHHs. 3HaHHsI
BJIACHUX YAaCTOTH Ta MOJHU € €JHHUM CIIOCOOOM OIIIHUTH,
Hackineku PK uyrtnmBe no pesonancy. Ockimpkm PK
00epTaEeThCsl y BOJII, HABKOJIMIIIHI BOJHI MacH 3MiHIOIOTh
BIIaCHY YacTOTy Ta BJIACHI MoOIW dYacTHHH. HeoOXximHo
BpaxoByBaTH MpOOJEMy KOJHBaJbHUX BOJHUX Mac,
JKOpPCTKOCTI Ta aAeMmndyBaHHS 3'eHaHOl cHcTeMH. Y
mozem MimHocTi PK MokHa JgoKjgacTH MeXaHIYHI CHIIH,
0OyMOBJICHI PYXOM CepeJOBHUIa i OTpPUMaHi Ha erari
TiIpOAMHAMIYHOTO  aHami3y, 1 3HAWTH BIAMOBiIHI
nedopmarii i Hampyru [6-11].

Ha puc. 5 citka PK ckmamaeTpes 3 KBagpaTHIHHX
TETpaeAPUYHUX JIEMEHTIB i3 mpuban3Ho 0,6 MiTbiiOHaAMU
By3:xiB. s nepeBipku FE-mozneni PK BukopuctoByroTscs
HATPyTH, OTPUMaHi 3a JONOMOTOK TEH30METPHYHHX
BUMIipIOBaHb [6]. 3 miel NpUYMHW iMiTamiiHA MOJEINb

BKJIIOYa€  OLIHIOBaJbHI IOBEPXHI 3  aHAJOTIYHUM
MOJIOXKCHHSAM,  OpIEHTAIli€l0 Ta  po3MipaMH  BCIX
TEH301aTYMKIB, sIKI BUKOPUCTOBYIOTBbCS  MiJi  4Yac
BHAMIipIOBaHb.

Pressure distribution

from CFD

Fixed support at
bolt circle

slrihlltim
call gaps S

Puc. 5. HanamryBansst Mozedi Ta quckperusais PK [6]

Pressure
at sl

MaremaTuuHi NpoLEAYPH Ta METOAM PO3PAXYHKY
BTOMHOI MIITHOCTI poOOYHX KOJIC pajliabHO-0ChOBUX [T
BUMararoTh HaJilHOI MEpEeBipKH, siKa MOXKE BiIOyBaTHCS
mume Ha mnpororunax [EC, mo0 YHUKHYTH eQexTy
MacmTabyBaHHS  MDK  MOJEIUII0O Ta  IPOTOTUIIOM.
He3Baxxaroun Ha BETHMKHI iHTEpeC Ta 3HAYHI TOCATHEHHS

ocTaHHIX pokiB [6—11], m0 KiHII HE BUpilIeHA npobiieMa
KOPEeKTHOTO Ommcy nauHaMiuyHOi moBeminku [T Ha
peKMMax 4YacTKOBOI IOTYKHOCTI 1 MpU HEpexiIHuX
mpoIecax.

BukopucroByroun YHCeIbHI METOI! JUIst
BU3HAYCHHS TEPMIHY CIIy’)KOM, BaXKJIMBO KiJIbKICHO
BU3HAYMTH HAJIHHICTh BUKOPUCTAHUX METO/IB. 3PEITOIO,
BU3HAYCHHS CHUCTEMATHYHHX MOXHOOK MOxe OyTu
npenmetHo-cienudpivaum  (CFD, FSI, FEA) um
IPYHTYBaTHCSl Ha 3arajbHO IOPIBHSIHHI PO3PaxOBaHOTO
TEPMIiHY CITYKOHU 3 BUMIipSHIM.

ExcnepuMeHTadbHUA  WiaXiax. AJbTEpHATHBOIO
PO3paxyHKOBOTO CIOCOOY BH3HAYCHHS HANPYXEHb, Y
TOMYy YHCII JOWHAMIYHUX, B ememMeHtax [T €
eKCIICpUMEHTATbHAN TMiAXiA — TEH30METpyBaHHSA Ha
HaTypHOMY arperarti abo wmacmrabHiii momenmi [12-15].
ExcrieppuMeHTanbHi  METOIM  BHMBYEHHS  CKJIAJHHUX
MPOCTOPOBUX KOHCTPYKI[H, IO MiNAIOThCS KOMOiHAIT
pI3HMX HaBaHTaXXEeHb, Y TOMY 4ucii poboumx koimic I'T,
JIOHEJlaBHA  3aJIMIIalKCS  OCHOBHUM  IHCTPYMEHTOM
OTpHMaHHs JTOCTOBIpHOI iHpOpMaIi Ipo TX HaNpyKEeHUH
ctan. B nmammii Wac TEH30METPYBaHHSA € BaXKIMBOIO 1
BeIbMH  iHQOPMATHBHOIO  YAaCTHHOIO  JOCIHIKEHBb
BIJIMOBIAJILHOTO eHepreTuaHoro obnaaHanxs [12-15].

[Ipu npoBeneHHI AiarHOCTYBaHHS TiIpOTypOiHHOTO
oOnMagHAHHSA, KpIM TEH30METPiB, BUKOPHUCTOBYIOTHCS
TaKOX JATYWKH JUII BUMIPIOBAaHHS IyJbCAaIlil THCKY,
BiOpamili, mnepeMilieHb, 3a30piB, amaparypa Ul
Bi3yamizamii  mpomeciB  Kapitamii Ta  iH., K1
BCTaHOBJIOIOTHCSI K HAa HEPYXOMi YacTUHM, TaK 1 Ha
enements ['T, o odepraroThest.

CyuacHi HaTypHI BHUIPOOYBaHHS  JTO3BOJISIOTH
OTPUMYBATH JOCTOBIpPHI BIJIOMOCTI PO TEXHIYHUI CTaH i
IUHAMIYHI ~ XapaKTepUCTHKH JociimkyBaHoi [T B
IIHPOKOMY niama3oHi peXuMiB pobotu
obnannanns [12-15], BigcTre:xkyBaTH 3MiHM Ta BYACHO
BXXMBATH HEOOXIAHMUX 3aXO0IB.

Kpim Toro, excmepuMeHTambHI [aHI — €IUHE
okepeno iHpopmamii mus  Bepudikamii  pe3ynibTaTis,
OTpUMaHHUX PO3paxyHKOBUMH (aHATITHYHUMH,
YHCeTbHUMH) MeTomaMu. Jlo HeTraTWBHUX  CTOPiH
eKCIICpUMEHTATBHAX METOHIB nociikenHs [T MoxxHa
BiZlHECTH OOMEXeHy 1H(OPMATHBHICTh OJEPIKYBaHUX
JMaHuX (TUTBKK B MICIIIX BCTAHOBJICHHS JATYHKIB, 110 HE
JTO3BOJISIE OTPUMATH TIOBHY KapTHHY), a TaK0XX BHCOKY
BapTICTh CAaMUX BUNPOOYBaHb Ta HEOOXIHICTh TPHBAJIOTO
BUBEJICHHsI 00JaJHaHHS 3 eKCIUTyaTalii JJisi IpOBEACHHS
miaroroBunx poobit [12-15].

Ilepuri  pgocmimxenHs  Oynd  IpoBeAeHI  Ha
J1a00paTOPHUX BUMPOOYBATBHUX YCTAHOBKAX, SIKI Maid
npobiemy MacmitaOyBaHHa. Pesymeratm crarti  [12]
MOJIUISFOTECS. Ha OOTOBOPEHHS HEOOXITHOTO 00IagHaHHS
Ta MOHTaXy JaT4WKiB, a TakoX Ha  OIHKY,
MIPE/ICTABIICHHS Ta IHTEPIPETALIO JAHUX BUMipIOBaHb.

Kpim TOTO, MPOBOJUTHCS OLIIHKA MIITHOCTI HA BTOMY
3a MicleM po3TallyBaHHSI Te€H304aT4uKiB. [Ipencrasneni
HABaXXJIMBIINI JATYUKH, 3aCO0OM BUMIPIOBaHHS Ta OJOKU
300py  OaHuMX ~ mpoToTHmy — TypOiHm  ®DpeHcica
BUKOPHCTOBYIOTBCS, 3 OIHOTO OOKY, JUIi MOHITOPHUHTY
MAaIIMHHOTO arperary Ta poOOTH YCTaHOBKH, a 3 IHIIOTO
0OKy, [T TeHepalii JaHUX BUMIpIOBAaHb IS IEPEBIPKH Ta
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KOpUT'yBaHHS/BUIIPABJICHHS UYUCEIBHOI'O MOJICIIOBAHHSI.
JlaHi BUMIpIOBaHb € OCHOBOIO JUISl MOJAJIBIINX OI[IHOK Ha
pi3HMX pIBHSAX MOHITOpMHTY BiOpamii Ta 3acTocyBaHHS
TEH301aTYUKIB JUIS aHali3y MEXaHIYHOT HAalpyTH.

Baratro pokiB  JOCHIKYETBCS ~ BIUIMB  PI3HUX
mapaMeTpiB Ha 3aNHIIKOBHH TepMiH cioyxou. bBymno
npoBeieHO  0Garato  eKCIepTH3  Ha  IPOTOTHUIIAX

Mmammd [12-15]. Ha mowaTky 1 HOCTiMKEHHS OyIIH
30cepeKeHi Ha mpoOjeMax TIpH 3amycKy 1 3YIHHII
MaIlliHU, OCKINbKH Tmependadanocs, MmO Me Mae
HAaOUIPIIMIM IIKIMIMBUKA BIUIMB HA pPEIITy TEPMIiHY
cinyx6u TypOinu @Dpencica. 1100 kpaire BHUBYHTH I
BIUIMBH, Oynu NpoBejeHi JlabopaTopHi BUNPOOYBaHHS Ha
MOJIENISX TYpOiH.

3 omHOro OOKY, OLIHKA MOKa3HHKIB BiJIOYBa€ThCS B
rapsaux Tovkax hotspot, ocKibKH IMi JaHi € KPUTHIHUMHE
om0 3001B i, OTXe, MalOTh 3HAYCHHS JISI PO3PaxXyHKY
TepMiHy cIyx0u. 3 iHIOro OOKy, JaHHI TCH30JATYHKIiB
mix 4ac  BHUMIPIOBAaHHA  TNPOTOTHILY  JO3BOJISIOTH
BigKamiOpyBaTH  BeCh  METOJ  PO3paxyHKy, KOJHA
MPUITYCTAMO, 3pOOJICHO BIAXWICHHS Bil KIACHYHOI
KOHCTPYKIii TypOiHH. Y IbOMY BHUIAJKy BUHUKAIOTh HOBI
npoOyieMH BU3HAYCHHS JTUHAMIYHHUX HATIPYT.

Ha pwuc.6 BigoOpakeHO PO3BUTOK TEXHOJOTIMH,
MOB'I3aHUX 3 JIIaTHOCTUKOI0 HECMPaBHOCTEH MaIuH.
JIeMOHCTpY€eThCSL  €BOJIONIS ~ TEXHOJOTii  JIaTYHKIiB,
00pOOKM JaHWX 1 CHTHAJNIB, MOHITOPHMHTY CTaHy Ta
JIIarHOCTHKH, a  TakoX  cTpaTerii =~ TEXHIYHOTO
obcayroByBanHs [13].

Imustry X.0

Indusory X.0 Industry X.0

Tndustey X.0

Puc. 6. OCHOBHI iIHCTPYMEHTH MOHITOPUHTY CIIPABHOCTI MallInH
3a OCTaHHI POKH Ta HalOmmKYe MaitoyTHe [13]

[Ipeamerom Oarathox cTaTeil € BIUIMB OKPEMHX
IIKIITMBUX SIBHII MOTOKY Ta iX KOMOIHAI Ha poOoTy
TypOiHn @peHcica B pi3HUX podOYMX  peXKHMaXx.
Hanpuknan, ne nepexiani epextu, Taki sk crapT-cror abo
BIZIXMJICHHS] HaBaHTaKEHHs MallMHH. ExcrniepuMmeHTalbHi
BHIIPOOYBaHHA Ta MPOICTypH BUMIpIOBaHb Ha PEabHUX
ycranoBkax omucani B [12; 14; 15]. OcranHiMu pokamu
Oyna BW3HaHAa HEOOXITHICTH BUMIPIOBAaHHS HAIpyTr Ta
nepopmanii Ha PK B peanpHHX yMOBax eKcCIUTyaTaii,
mo0 TepeBipUTH METOOM pPO3PaxyHKy Ta BH3HAYHTU
BIINOBITHI peXWUMH BiOpamii Ta BIACHI YacTOTH B
YaCTOTHIN 00JacTI.

IIpencraBneni MeTogu Ta aHamiz B pobotri [12]
0a3yrThCs HA JBOX JOCHTITHUIEKHX mpoekTtax GSG-PSP-

LowLoad 1 MDREST, ne Oyiao mnpoBeaeHo [JBa
MIPOTOTHUITHUX BUMIpIOBaHHS Ha JUFOUNX
rigpoenekTpocTanuisx. Takox Oynn HajaHI 3aBOJCHKA
MOKYMEHTaIlisl, KpeciendHs ta 3D  wmomem s
po3paxyHkiB. [lepeBipka unucioBux Mozesel Takox Oyina
peamizoBara Ha mmx J1Box [EC 'y KoHTeKcTi
JTOCTITHUIBKUX TPOEKTIB.

YMOBH ISl TEH30JAaTYMKIB HaA3BHUYaWHO >KOPCTKI,
TOMY BOHH MOXXYTh BUKOPHUCTOBYBATHCS JIMIIE MPOTATOM
KOpPOTKOTO Tiepiony 4acy. IIpuxyaan Takux BHMIipIOBaHb
3a JOOMOT'0I0 TEH30JaTYHKIB Ta iX OI[IHKM NpeJCTaBIICHI
B pobotax [12; 14; 15].

Excriepumentr [14] 3 BumiproBanHsmu nedopmartii
npoBomwimcs B paMmkax mnpoekty HydroFlex 3 mertoro
MEepeBIPKM  YKHCENLHOIO MOJICJIIOBAHHSI Ta OTPUMaHHS
KpaIoro po3yMiHHS CKOPOYEHHS TEPMiHY CIyXOu TypOiH
®peHcica yepe3 BUCOKE BTOMHE HABAaHTAKCHHS Bijl O1TbIIT
xucTkoro pexumy poboru. PK Francis-101 (F101), sxuit
BUKOPHCTOBYBABCS JUIsl €KCIIEPUMEHTIB, OyB cIieliaibHO
BurorosneHnit g mpoekry HydroFlex 1 camoro
excriepumenty. Konerpyxuiro PK 6yno ontumizoBano ais
BUMIpIOBaHb, 1100 TOPIBHATH YUCEIbHE MOJICIIOBAHHS 3
eKCIIEPUMEHTAIbHUMH  PE3yNbTaTaMH K  KIIOYOBOIO
METOIO.

PosMmipu pobodoro kosjeca Takox Oyiam oOMexeHi
ICHYIOUMM CHIpaJIbHUM KOPITYCOM 1 KpHIUKaMH, SKi €
3MCHIICHOI0 MOJEIUII0  eJeKTpocTanmii Toxke. VYces
JIOBXKHMHA JionaTeil TakoXK MOBUHHA Oyiia iCHYBaTH MIIHO
3akpimiena B cekuigx PK (itroctpoBano Ha puc. 7). o6
NpaBWJIBHO OI[IHUTH JIOBrOBIUHICTH TypOiH ®PpeHcica,
TEH301aTYMKH PO3TAIIOBYIOTh Y «2apsAuux moukax» ado
hotspot micrsax i3 MakcMManbHHM HaBaHTakeHHsAM. Lli

Micls  3a3BM4Yaii  BH3HAYAIOTHCS  BIANOBIZHO IO
IMiTaliiHUX Mozelei abo MOTIEPETHIX
ekcriepumentiB [12-15].

-Shroud cover

-Hub cone
-Center bushing

-Blade assembly

<Hub disk

Puc. 7. eranizoBanuii Bug PK F101, sxuit BUKopuctoByBaBcs
JUIsL KCIIEPUMEHTIB, IEMOHCTpYE crioci0 cknananus [14]

Jis mmpoxoro Aiama3oHy KOHKPETHHX IIBHIKOCTEH
(sIKi BU3HAYalOTh KOHCTPYKLilO TypOinm PpeHcica), wi
rapsdi TOYKHM 3a3BHUYAi pO3TAIlOBaHI HA 3aTHIN KpOMII
nonareil. TeH3zomaruWku 3a3BUYail  PO3MINIYIOTH Ha
CTOpPOHI BCMOKTYBaHHS Ta CTOPOHI THCKy Jomarteii. Ha
puc. 8 MoKa3aHO TUIOBE PO3TAIlyBaHHS TEH30JIaTYHKIB Y
Typbinax @pencica mrst Tprox pizHux PK. Opienrariro
TEH30laTUYMKa 3a3BUYail BHOMPAIOTH Yy  HANpPIMKY
rosioBroi Hanpyru [15]. TeH3omar4uku Ta APOTH MMOBUHHI
OyTH TIOKPHTI CTMOKCHUIHUM 3aXHUCTOM JUII KOMIIOHEHTIB,
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00 BUTPUMYBATH BHCOKI MEXaHIYHI HABAHTAXCHHS ITiJ{
Yac MepexiJHuX MPOIECiB Ta yMOB poOOTH MAITHHH.

Puc. 8. Po3rariyBaHHs TeH30JaTUKKIB y rapsiaux Toukax hotspot
[15]

Hocmimkennss [15] o0OroBoprooe HEBH3HAYCHICTH
BUMIpIOBaHb TEH30JaT4YMKiB, KOJM BOHHM BCTAQHOBJICHI B
TypbiHax @pencica. YactuHa wiei HEBU3HAYEHOCTI
MOXOJUTH BiJl BIAXWICHb Yy PO3TAlllyBaHHI Ta Opi€HTAIl
TEH30JaTYMKa  MiJ  9ac  BCTAHOBICHHA.  TaKOX
TEH30JIaTYMK IHTeTpye AedopMariii miJg CBOEI0 aKTHBHOIO
ciTKor0, siIka He € oxHiero Toukoio. llle omHe mxeperno
MOXUOKH BWHHUKA€E, KOJMU TEH30JATUYHUK NPHUBAPIOIOTH 10
omopHoi  Twatdopmu,  Im00  TONErmUTH  HOro
TIPUKJICIOBAHHS JI0 TIOBEPXHi BUMIPIOBAaHOI KOHCTPYKIIii.

BucHoBku. 3xificHeHnii y po0OOTi aHai3 OCHOBHHX
TEHJICHIII PO3BUTKY METOMAIB OIliHKK pecypcy [T Ha
Cy4acHOMY eTami Ja€ [MiJCTaBu OOIPYHTYBaTH Taki
BUCHOBKH: 1) MOCHJIEHHS 1HTEPECY JI0 MPOOIEMH Pecypcy
y 3B'I3Ky 3 HapOCTAalOYOI HEOOXIIHICTIO Ta IMOSBOIO
TEXHIYHUX MOXJIMBOCTEH; 2) MparHeHHs A0 30iJbLICHHS
JIOCTOBIPHOCTI Ta TOYHOCTI BHPIMIEHHS 3aBIaHb Ha BCIX
ertanax poOit 3 ouinku pecypcey ['T; 3) 06mik BIIIUBY Ha
pecypc HETNpPOEKTHHX eKCIUTyaTalilHUX pPEXUMIB Y
3BSI3Ky 3 HEOOXIOHICTIO TWIABHINEHHS THYYKOCTI
Bukopuctanusi  ['T;  4) nporHo3yBaHHS  JUHAMIKH
3pOCTaHHS TPIIIKMH y TPOIEC] eKCIulyaTamii 3 METOI0
BU3HAYCHHS ONTUMAJIBbHUX MDKPEMOHTHHX TEpPMIHIB
ekcrutyaTarfii;  5) 30iNbIIeHHS  YacTKH  YHCEIBHOTO
EKCIIEPUMEHTY 32 pPaxyHOK YacTKOBOTO 3aMillleHHS
MOJICIFHOTO Ta HATYPHOTO EKCIIEPHMEHTIB; 6) cripobu
VOpaBIiHHA  PecypcoM 3  JONOMOTOK  BHOOPY
ONTUMAIIFHUX PEKUMHHX TapaMeTpiB 3 ypaxXyBaHHSIM
MOXITHBOCTEH E€HEPrOCHCTEMH; [) CIPSIMOBAHICTh Ha
IHAMBITyanbHY €KCIEpTHY OWiHKY pecypcy ['T y 3B's3Ky 3
BiJICYTHICTIO HOPMATHBHUX BHMOT, PEKOMEHIOBAHHUX
METOIMK, KpPUTEpiiB  MOIMYCTHMOCTI  €KCIDTyaTallii,
KPUTHYHUX BEJIMYMH TPIIIMH, HOPMATUBHUX TEPMiHIB
cryx6u Ta  KoedimientiB  3amacy; 8) BimcyTHicTh
CHUCTEeMaTHYHHMX  JIOCHI/DKEHb Ha  TEeMy  pecypcy,
HaINpHKIIa] TaKWUX, SIK CBOTO Yacy Iie Oyio 3po0aeHo st
TypOiH TemmoBMX Ta aToMHHUX craHIiid. [IpoBeneHi
JIOCTIKCHHS 1 OTJISA JIiTepaTypH TOBOIATH, IO MOTPiOeH
MOJANBIINKA PO3BUTOK METOJIB 1 JOCIITHUIBKOI poOOTH
IIOI0 OLIHKK TepMiHy ciyxoum T1ypOiH PpeHcica.
Ocoba1Bo B 00acTi TexXHOJIOTIT BUMIprOBaHHS TypOiH,
300py, 0OpoOkM Ta 30epiraHHs JaHUX 3 TOYKH 30Dy
IMUIICHOTO ~ TIAXOAY, KOJH BCi  SBUIIA  IOTOKY
JIOCTIKYIOTBCSI OHOYACHO. Bke 3apa3 BUIHO, IO TITBKU
KOMOIHOBaHMH MiAXig pO3paxyHKIB 1 BUMIpIOBaHb
npuBene no metrd. OpnHiero 3 MaiOyTHIX mineil Oyme
CKOpOUYEHHSI BHTPATHHUX BHMIPIOBaHb MPOTOTHIY MO
MIiHIMYMY 3a JOIIOMOTOO YHCEIHHOTO MO/ICITIOBAHHSI.
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M. €. CEPI'TEHKO, O. 1. HA3APOB, C. 1. KPUBOIIIAIIOB, B. M. IIABJIEHKO, €. €. KA/TAIIIHIKOB,
A. M. CEPI'TEHKO, M. B. BYPHAIIIEB

HNIIBUINEHHA KEPOBAHOCTI JIETKOBUX ABTOMOBLJIIB ITPU1 KOMBIHOBAHOMY
I'AJIBMYBAHHI

Besnexa pyxy moB's3aHa y OLNBIIOCTI BHIAJKIB 3 BTPATOI0 KEPOBAHOCTI aBTOMOOLNIB Ta iHIIMX MBUAKOXiAHHX MamuH. OCOOIHBO HEOE3IEUHHM €
BTpaTa TPAEKTOPHOI KEPOBAHOCTI MPH PYCi B PEKUMI TOBOPOTY Ha BUCOKUX MIBHAKOCTSX Ha JIOPOTax 3 HU3bKUM Koe(illieHTOM 34eruieHHs. s nporo
BHKOPHCTOBYIOTBCS Pi3HI aBTOMATH4YHI IPUCTPOI, alie IPH EKCTPEHOMY TajlbMyBaHHI Ha IIOBOPOTI MOXKJINBO 3MCHIICHHS TPHCKOPEHHS 1 301/1bIICHHS
rajgbpbMiBHOTO NULIXy. [TiABUIIEHHS KEpOBAHOCTI aBTOMOOLIIS, P 30epeKeHH] HEOOXIJHOTO YINOBILIbHEHHS aBTOMOO1II MOXKIIMBO ITPU KOMOIHOBAaHOMY
ranpMyBaHHi. Jis peanmizanii IiIBHINEHHS KEPOBAHOCTI aBTOMOOLIS B BKa3aHOMY PEXKHMI PyXy HEOOXiIHO BCTAQHOBJEHHS 3aJISKHOCTEH iforo
KEPOBAHOCTI 3 ypaxyBaHHSIM 3MiH e()eKTUBHOI MOTYXKHOCTI ABHUIYHA, AedopMarlii muH. Y crarTi oOpaHa cxeMa MOJAENIOBAHHS PyXy aBTOMOOLIA mpu
KOMOIHOBaHOMY rajibMyBaHHI B TMOBOpoTi. HamaeTbcs OIiHKa KEpOBAHOCTI JIETKOBOrO aBTOMOOLIS, SK 00'€KTa KepyBaHHs IIPH TalbMyBaHHI B
MIOBOPOTi, B SIKOCTI SIKOI MOX€ BHCTYIIaTH BEJIMYMHA Iepe/aBaibHOi (yHKIi cucTeMu KepyBaHHs aBTOMOOLIS. Taka (yHKIIS pO3IISIAEThCs SIK
CIIBBITHOIICHHS! MDXK BEIMYMHOK KyTa IOBOPOTY PYJBOBOrO KoOJeca i KyTa IMOBOPOTY IMOJOBXHBOI OCi aBTOMOOINS, SKUi BHKOHYE EKCTpEHE
rajJbMyBaHHS, BUXOASYHM 3 MOBOPOTY. BCTaHOBIEHO 3aleXKHICTh Ky MOTPIOHO BMKOHATH JUISl IMiJBMIICHHS KEPOBAHOCTI HAa MPHKIAIl TOBOPOTY
JIETKOBOTO aBTOMOO1Is1. OIiHKY KEpOBAaHOCTI BUKOHAHO T10 BiIXMJICHHIO MOJIOBXKHBOI OCi aBTOMOOINIA 1 BiTHONIEHHS KyTiB HOBOPOTY KEPOBAHMX KOJIIC
i KyTiB yBOAy WIMH 10 0a3u aBToMoOLIs. [Ipyu 1poMy HEOOXiZHO BpaxOBYBaTH IIBUJAKICTH 00EpTaHHS pyJIbOBOro koseca. IIpakTuyHa peanmizariis
MOCTABJICHOI 3aJa4l Ha JIETKOBUX aBTOMOOIISIX MOMIIMBA MPH BUKOPUCTAHHI IIBHIKOAIIOYHAX MiKPOIPOLECOPHUX CUCTEM KEpyBaHHS 3 TPAAUIIHHUM
TiPaBIYHIM MIPUBOJIOM SIK POOOUYMX ralbMiBHIX MEXaHI3MIB, TaK i TiIpOIiACHIIIOBaYa PYJIOBOTO KepyBaHHs. BI3HaueHHS TOKa3HHUKIB KEPOBAHOCTI
3 BHKOPHCTaHHSIM HaBEICHOI METOAMKU JO3BOJIUTH OUIBLI PETENLHO OOIPYHTOBYBATH MapaMeTpPH BHUKOHYIOYUX HPUCTPOIB MPUBOAA i €IIEMEHTIB
XO0JI0BOI CHCTEMH Ta PO3pOOUTH e(hEeKTUBHHUIT aITOPUTM KepyBaHHSI.
Kuro4dosi ciioBa: jerkoBuii aBToM00i11b, KEpOBaHiCTh, KOMOIHOBaHE TaIbMYyBaHHS, TOBOPOT, IMBUAKICTB, YBOJ, KYT.

N. SERGIENKO, O. NAZAROV, S. KRIVOSHAPOV, V. PAVLENKO, Ye. KALASHNIKOV, A. SERGIENKO,
M. BURNIASHEV

IMPROVING THE HANDLING OF PASSENGER CARS DURING COMBINED BRAKING

Traffic safety is associated in most cases with the loss of controllability of cars and other high-speed vehicles. The loss of trajectory controllability
when driving in a turning mode at high speeds on roads with a low coefficient of adhesion is especially dangerous. Various automatic devices are used
for this, but during emergency braking on a turn, it is possible to reduce acceleration and increase the braking distance. Improving the controllability of
a car, while maintaining the required deceleration of the car, is possible with combined braking. To implement the improvement of the controllability
of a car in the specified driving mode, it is necessary to establish the dependencies of its controllability, taking into account changes in the effective
engine power and tire deformation. The article selects a scheme for modeling the movement of a car during combined braking in a turn. An assessment
of the controllability of a passenger car is provided as an object of control during braking in a turn, which can be the value of the transfer function of
the car control system. Such a function is considered as the ratio between the value of the steering wheel angle and the angle of rotation of the
longitudinal axis of the car that performs emergency braking, starting from the turn. The dependence that needs to be fulfilled to improve
controllability is established on the example of turning a passenger car. The controllability assessment is performed on the deviation of the longitudinal
axis of the car and the ratio of the angles of rotation of the steered wheels and the angles of the tires entering the car base. In this case, it is necessary to
take into account the speed of rotation of the steering wheel. The practical implementation of the task on passenger cars is possible when using high-
speed microprocessor control systems with a traditional hydraulic drive of both the working brake mechanisms and the hydraulic power steering.
Determining the controllability indicators using the above method will allow more thorough justification of the parameters of the drive actuators and
the elements of the chassis system and developing an effective control algorithm.
Keywords: passenger car, controllability, combined braking, veer, speed, wheel deviation, angle.

Beryn. Posmmpenns Mepexi aBTOMOOUIBHUX JIOPIr 1
HOJIMIIEHHS X SKOCTI CYNPOBOJDKYETHCS 3POCTaHHIM
KOHCTPYKTUBHUX  INBHAKOCTEH pyXy 1  KUIBKOCTI
aBromo0iniB. Lle, y cBoro depry, cupuuuHie 3a coO0r0
30UTPIIICHHS YHCNA JOPOKHBO-TPAHCIIOPTHUX  TTOMIM,
MOB'SI3aHUX 13 BTPATOI0 KEPOBAHOCTI aBTOMOOIIISIMH.

BigomMo, 1m0 and  MiOBUIICHHS  KEPOBAHOCTI
aBTOMOOLISL, Npu 30epekeHHi HeoOXiIHOT e(EeKTUBHOCTI
rajJbMyBaHHs, BHKOPHUCTOBYIOTbCS Pi3HI aBTOMAaTHYHI
NPUCTPOI, cepel SKUX € aHTHOJIOKYBallbHI CHCTEMH,
CHCTEMH NMHAMIYHOI cTabinizauii Ta iH.

MIMOBipHiCTh BMHMKHEHHS aBapii MpH EKCTPEHOMY
rajbMyBaHHI ~ aBTOMOOUII 3  aHTHOJOKYBAJIHHOIO
CHCTEMOI0 Ha TIOBOPOTi OOyMOBJIEHA 30iNBIICHHSIM
TabMIBHOTO IUIAXY, OCKINTBKH OiYHA IIEHTpaJbHA CHIIA,
0 BHHHUKAE TIPH IIbOMY, BinOWpae Ha MPOTHAIIIO CcOOi
YaCTUHY I'PAHMYHUX CHII I10 3YEIUICHHIO KOJIC 3 AOPOTOI0.

Ilpn cnyx00BUX TalbMyBaHHAX Ha IIOBOPOTI

HeOe3[EeYHNMH € BTpara TPAEKTOPHOI KEpOBaHOCTI, IO
MOXKE€ MpPU3BECTH JO CKHJAAHHS 3 JIOPOTH, a TaKOX

BUHECCHHS aBTOMOOUII Ha CYCIIHIO CMYTY pyXy
TPAHCIIOPTY.
Tomy 3a0e3nedyeHHs TPAEKTOPHOI KEPOBAHOCTI

aBTOMOOLTIB Ma€ BaXKIIMBE 3HAUCHHS, OCOOIHMBO AJIST OPIT
3 BUCOKHMH JOTYCTHMHAMH IIBUAKOCTSIMH PYXY.

PesynbraTi  IOCHIJDKEHb KEPOBAHOCTI JIETKOBUX
aBTOMOOUTIB  npu  KOMOIHOBaHOMY  rajibMyBaHHI,
0cOONMMBO Ha Bipakax, T[OKa3ajid, IO BEJIUYHHH
HOpPMAJIbHUX PEaKIlii Ha KoJiecaX MEepPeaHbOI Ta 3aIHBOT
oceil — pi3Hi. Y 3B'A3Ky 3 IIUM iIeabHUHN 3aKOH PO3MOILTY
TIbMIBHUX CHJI MIX OCSMH, IO 3a0e3rnedye OJHOYaCHE
JIOBEJICHHS IO MEX1 OJIOKYBaHHS MMEPEIHIX i 3aIHIX KOJiC,
MTOBHHCH OyTH 1HIITUM.

Tak sk yMOBM eKcIulyarallii JIerKOBHX aBTOMOOIIiB
CYTTEBO BIUIMBAIOTh HA TaJbMIBHI BJIACTHBOCTI, TO 3
METOI0 3a0e3ledyeHHs HeoOXiJHOI MaHEBPEHOCTI IpH
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raJbMyBaHHI HEOOXi/THO BpaXxOBYBAaTH X BILIMB.

AHaJi3 ocTaHHiX [ocArHeHb 1 myOJikamii.
Bigomo [1-6], mio kepoBaHicTh, sK 1 e(eKTHBHICTD
rajJbMyBaHHs, € TIOKa3HMKAaMH, SKi XapakTepH3yloTb
3ATHICTH JIETKOBOTO aBTOMOOINS 30epiraTé 3agaHui
3aKOH pyXy IpHW TalbMyBaHHI 0€3 pO3pHBY TpaHCMICIi,
SIKHH BU3HAYA€THCA, SIK TUIIOM 1 XapaKTepOM JIOPOKHBOTO
MOJIOTHA, TaK 1 MOXXJIHMBOCTSIMH TaJbMIBHOI CHCTEMH Ta
TpaHCMICIT I peai3alii IuX BIacTHBOCTEH.

KepoBaHicTp moB's13aHa 31 CTIHKICTIO PyXy MAIIMHH,
OCOONMBO 1€ TPOSBISIETBCSA TIPH  PyXy y CKIami
aproroiznaa [7].

Jns mpukiagy po3riITHEMO NPOLEC EKCTPEHOTro
rajJbMyBaHHs aBTOMOOLUIS, 110 pPyXaeThCs Ha MinidoMm 0Oe3
ONOKyBaHHS KOJIC, 3 BpaxyBaHHSAM YBOILY HOTro
MMOJOBYKHELOT OCi B IIOYAaTKOBHI MOMEHT, KOJIM BiIXHMJICHHS
TUIBKA PO3MOYMHAETBCSA. [IpM 1IbOMY BaXKJIMBa OILIHKA
€HeproHaBaHTA)KEHHICTI MEepeaHixX i 3aaHiX Koic [8], ska
BIUIMBae Ha BHOIp mapamerpiB map Tepts [9], a Takox
aHalli3 yMpaBIiHHA TalbMIBHAM 3yCHJUIIM, CTpaTerii
YIpaBITiHHS KOOpAHMHAIIIE0 Ta BiJIMOBOCTIMKOTO
YIPaBIiHHS CUCTEMOIO, TOUHICTh yrpasminns [10; 11]. Tle
Jla€  MOJMJIMBICTh yIOCKOHAJIECHHS METOAMKU OLIHKU
raJbMIBHHUX BJIIACTHBOCTEH aBTOMOOLTIB [12].

VYV pa3i KOMOIHOBaHOTO TaJbMyBaHHS poO0Ta Omopy
pYyXOBi, $Ka 3MIMCHIOIOTHCS TaJbMaMH, IBHUTYHOM 1
TPAHCMICI€I0 aBTOMOOLIS, MiAAOMOM JOPOTH Ta CHIIOKO
J1000BOTO OTOPY MOBWHHA 3MIiHIOBATHUCS BiAMOBITHO 3MiHi
KiHETHYHOI eHeprii aBToMo01s [1].

OTxe, 301IBIICHHS ONOPY PYXY NPH rajJbMyBaHHI B

MOBOPOTi CYNPOBOJUKYETHCSI 3MEHIICHHSM HIBHIKOCTI
pyxy aBToMOOUII Ta 3MEHIICHHSM  peaji30BaHol
MOTYXKHOCTI ~ JABMI'YHa B pasi  KoMmOiHOBaHOTrO
rajJbMyBaHHSsL.

Omxe, 3arabHAN OajJaHC MOMEHTIB, 1[0 CTBOPIOIOTH

omp oOepTaHHIO KOJic Ta  3a0e3medyoTh  iX
obepranus (puc. 1).
Po1 Mo = 2oy My + My, 1)

ne Mj; — i-it MmomeHT iHepuii 0OepTOBMX Mac Ha KoJjeci
aBTOMOOINs; My, ; — pymiiHMH MOMEHT Ha KOJECax, IIO
CTBOPIOETHCS CHJIOO 1HEPIIii aBTOMOO1IIA.

[IpoTte, 3arampHII MOMEHT OIIOPY PYXy aBTOMOOIJSA
i1 9ac KOMOIHOBAHOTO TaJIbMyBaHHS MiCTUTb

Zi5:1 Mci = Z?:l MTi + MCTp + (2)
+ Zi2=1 Mcki + Mcmgi + MCFW’

ne Mp; — rajipMiBHUI MOMEHT Ha i-H oci aBTOMOOis;
My MOMEHT OIOpPY, CTBOPIOBAaHHK TPAHCMICIEIO
aBTOMOOLIST; M,); — MOMEHT OTIOPY KOYCHHIO KoJric i-1 oci
aBTOMOOINS; Mcpmg; — MOMEHT ONOPY Ha KOJECax Bil
TOPU30HTAIBHOT CKJIaJIOBOT cHIH TSOKIHHS,
M g, — MOMEHT ONOPY Ha KOJiecax BiJ MOIOBXKHBOT
CKJIQJI0BO1 aepOAMHAMIYHOT CHIIH.
lanbMiBHME MOMEHT Ha i-iif oci aBTromoGis [2; 3]

aMp =Y K p (3)

ne K; KOHCTPYKTHBHHI KoeQimieHT rampMa i-i oci
aBTOMOOUISI; pP; — BEJMYMHA MPHUBOJHOIO THCKY Y
IWTIHAPI TaTbMIBHOTO MeEXaHi3My i-1 oci aBTOMOOLIS;
7, — AMHAMIuHUH pajiyc Koneca i-i oci aBToMOOGis.

Y pas3i 3acrocyBanHs ABC THCK y KOHTypax
HepeHiX Ta 3aJHiX KOJIC Ha MOMEHT OJIOKYBaHHS KOJic
Oyab-gKO1 OCi BU3HAYAETHCS, SIK

pi =52, @
ne Ry HOpMajbHA [UHAMIYHA peakilis Ha i-i oci
aBTOMOOLIS; K; — KOHCTPYKTHBHUI KOe(ilieHT raapM i-i
oci aBTOMOOUTA;, (P — KOEQIIiEHT 3YEIUIEHHS KOJIC 3
OIIOPHOIO MTOBEPXHEIO JTOPOTH.

Jns Bumanky, KOJM aBTOMOOUIb pYXaeTbcsi Ha
JIOPO3i 3 YXWJIOM, HOPMaJIbHI peakiii Ha 0CsSX aBTOMOOLISA
BU3HAYAKOTHCA 5K [3]

Rzl = (L_rcT'fﬂ.)'(Al+Clil2)+rCT'fa'(A2+CZ), (5)

Puc. 1. Cxema aii cui i MOMEHTIB Ipy KOMOIHOBaHOMY TalbMyBaHHI
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R, = "Ry T fa — (A + C3)), (6)

L- Tc’rf

Ay =myg-g-[b-cosi+ (h—r) X
()

X (z —sini) + 1, - @ - cos ],
Cl:Ko'Fw'1902'(hw+/12'b_rk)+21i';_A: (8)

Ay=mg-g-[r-@-cosi+(h—1)x -

X (z —sini) — a- cosi],

C, =K, F, 9% (hy,— X -a—1)+ 2] iﬂ (10)
e 7. — CTATUYHUH pajiyc Koseca; f; —
KOYeHHs KoJjieca; L — momoBKHS 0Oa3a aBTOMOOLIIS;
a, b, h- KoopauHaTH II€EHTA Mac aBTOMOOLJI;
h, — BHCOTHa KOOpIMHaTa METALEHTPa aBTOMOOLIS;
i — KyT yXwiy Iopord (+ Ansl CIycKy, — Ul HigioMmy);
Z — KoeiUi€HT TaJbMyBaHHS; A, — 4acTKa BEpTHKaJIbHOI
CKJIaJIOBOI B aepoJMHAMIi4HIi CHIi JI0OOBOTO OIOpY;
j — BeMYMHA YIOBIIbHEHHS aBTOMOOLIS; ), [; — CyMapHuii
IHEepIIHUI MOMEHT 00epTOBHX Mac Ha OCfX; M, — Maca
JIETKOBOTO aBTOMOOLIS; I, MMOYATKOBA IIBHJKICTh
TaIbMyBaHHST aBTOMOOUIT; K, — Koe(ilmieHT OOTIYHOCTI
Ky30Ba JIETKOBOTO aBTOMOOiNs; F, — moma Jio60BOro
OTIOpPY JIETKOBOTO aBTOMOOIIIS.

KOC(IIiEHT Omopy

MoMeHT  omopy, CTBOPIOBaHMH  TpaHCMICI€IO
ABTOMOOLIIA

MCTp = MTTp - MCTpi’ (11)

ne M, MOMEHT TepTs B TpaHCMicii aBTOMOOLIS;

M_p; — PYWIHHME MOMEHT, IKUH CTBOPIOE TPAHCMICis HA

i-il mepeavi mpu X0J0CTHX 00epTax IBUIYHa aBTOMOOIIS

Meppi = M5 9750 22 12

crpi — Mg Ui "Ny = “Up N1y ( )

ne My;, N;Y¥ — MomeHT Ta HOTY)KHiCTB JIBUTYHA Ha

XOJIOCTHX 00epTax; u; — IepeJaTHe YHMCIOo TpaHCcMicii Ha
i-ii mepenaui; Ny; — Koe(ilieHT KOPUCHOI Iii TpaHCMicil

aBTOMOOLIA.
MoMeHT omopy KOYEHHIO KOJIC aBTOMOOIA
BUPAXKAETHCS AK
2 _y2 —
i=1 My, = =1Rzi : fa1 =mg- fa’ (13)

ne fo, — KOe]iLieHT Onopy KoueHHs i-ro Koeca.

MoMeHT omopy Ha Kojecax BiJi TOPH30HTaJIBHOT
CKJIaJIOBOT CHJIM TSDKIHHS, IO BU3HAYAETHCA K (+ s
CIYCKY; — JUIs HifoMYy)

Mg = £m, - g - siny - 7. (14)

MomeHT omopy Ha Kojecax BiJl TIOJOBXHBOT
CKJIaJI0BO1 aepOAMHAMIYHOT CHITH

Mepy, = By - Ty

(15)
PymiiiHuii MOMEHT Ha KoJjecaX, IO CTBOPIOETHCS

CHJIOIO 1HEpIIii aBTOMOOLIIS

d9q

=mg -

MowmeHT iHepIIii Ha KoJiecax aBTOMOOLIS

YoMy = My + My, = 41, - d“"

A7)

Mera Ta nocTaHOBKa 3aga4i. Metoro pobotu €
MiIBUIICHAS] KEPOBAHOCTI JITKOBHX aBTOMOOLTIB B
nporeci eKcITyaranii npu KoMOiHOBaHOMY TaJbMyBaHHI
B ITOBOPOTI.

3aja4ero JOCHIHDKEHHSI € BCTAHOBIICHHS 3aJIEXHOCTI,
sKa BigoOpakac KEpOBaHICTh JIETKOBOTO aBTOMOOLNIA, SIK
00'exTa KEpyBaHHS IIPU rAIEMYBaHHI B TIOBOPOTI.

OuiHka BIVIMBY XapaKTepPUCTHKH JBUIyHa i
TpaHcMmicii aBTomo0insa. BigHocHe 3HUKEHHS
peasi3oBaHO! MOTY)KHOCTI JBUTYHA, SKHA YHUHHUTH OIIp
PyXy Ipu KOMOIHOBaHOMY TallbMyBaHHI, MOXe OyTH

OLIIHKOI0 KEPOBAaHOCTI JIETKOBOTO aBTOMOOUIS  MpH
ralbMyBaHHI B IOBOPOTI
dET
dN, = —, (18)

dt

ne dE; — KiHeTH4Ha eHepris aBTOMOOLIS 3 BpaXxyBaHHIM
OIIopy JIBUTYHA,

Sa)

Tk !

ne Mcrp; — pywifiHuii MOMEHT, SIKUH CTBOPIOE TPAHCMICist
Ha i-iif mepenaui.

Py1uiiiHuit MOMEHT, SIKHi CTBOPIOE TPaHCMicis Ha i-i
mepenadi Ha XOJOCTUX 0O0epTax IBUTYHAa aBTOMOOLIS,
3rigHo 3 (12) MOXKHA MPEICTABUTH SIK

Mchi=61230 NXX Tk “Nris

d (ma Sa Z]t"’a (19)

dNe = 2 2r2_

dt CTpi

(20)

Je T, — pajlyc KOYCHHsS KOJIIC; Ba — LIBHIKICTH PYXY
aBTOMOOILIS, sIKA 3MIHIOETLCS BiJl IIOYATKOBOI HIBHMIKOCTI
TAIBMYBaHHS 1O MIBUAKOCTi, IO BIAMOBIZaE pyxy Ha
NEeBHIH Iepefadi MpHM XOJOCTUX o0Oeprax JBUTYHa
(94 # 0).

Toxi pobora onopy pyxy aBTOMOOIJIs Bi TpaHCMicCii

Api = My; - 0 = 61230 * Ny * M7 (21)
Ha miacrasi Bupasis (18) i (19) ogepxumo
d i
& - ma-x‘)a-dﬂa—kzr]—ﬁ-ﬁa-dﬂa—— (22)

AHAJI3 pe3yJbTaTiB TEOPEeTHYHHUX JOCHiIkKeHb. I3
oJIepKaHO1 3aJIeKHOCTI (22) ciimye, mo s 30epeKeHHs

KEpOBaHOCTI  pyxXy 31 30UIBIIEHHAM  MOYaTKOBOI
MIBUAKOCTI ~ TaJbMyBaHHA  aBTOMOOUII  HEOOXimHO
30UIBIINTH  €(EKTUBHY IHOTYXXHICTH  JBHIYHA, IIO

peani3yeThecs Ha BeAyYIHX KoJiecax aBTOMOOIS.

[Ipote, 3 TOUKM 30py 3a0e3me4yeHHS BHUCOKOI
MpomyckHOi 3maTHOCTI joporu [l1], HeoOXimHO, 100
MOYAaTKOBa INIBWAKICTh TalbMyBaHHS aBTOMOOUIT Ha
KPUBOJNIHIHHIH  TpaeKTopii  aBTOMOOLIEHOI  JOpOTH
JIOpiBHIOBaNa MIBHJIKOCTI HOTO pyXy Ha IPOJOBXKYBaHIN
npsAMOTiHIAHIH (puc. 2).

Skuo BpaxoByBaTH JAedOpMallif0o IIMH KOJIC, TO

KyTOBa  LIBHJKICTh MOBOPOTY ~ aBTOMOOLJIS B
TOPH30HTANBHI TUIOMKHI TOPOTH (IHB. pHC. 2)
dljJ Ipk
w; == 1g(L, = 8,), (23)
Ipk .
w; == sin(g, — 8,), (24)
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2

UEHTR MacC

R
LEHTP Mac
"y
K_ e,
Puc. 2. Cxema MoJiennfoOBaHHs PyXy IPU KOMOIHOBaHOMY rajJbMyBaHHI B IOBOPOTI
das . . . : —
ne Opp = d—tT — IIBHUIKICTH IOBOPOTY 3aJHBOI OCl AnaJizyro4n, MOXHAa BCTaHOBHMTH, mo mpu =0,
. . b
BiIHOCHO TIOIOCA MOBOPOTY Pj; 8, — KyT yBoxy 3ammboi O = - tg0; = tgC,.

i irmst: - i . ds .
oci JIETKOBOTO aBTOM061JIH,. S, KyT yBOJy TIOTOBXKHBOI Skmo  migcraputn 9 = T 10 micm
oci aBToMoOUIST; {j — KyT MK pajiiycoM MOBOPOTY LIEHTpa dat
Mac Ta CepeJMHOK 3aJHBOI Ooci aBTOMOOUIT O3 HEPCTBOPCHHS OTPUMAEMO
Bpaxy;aHHﬂ YBOY. . ) ) Cay e ) 5, 26)

ypaxyBaHHSIM  BiIOMOI  TPUTOHOMETPUYHOI = sy .

(bopMyH pO3KJIaJaHHs TaHIeHCa Pi3HUII KYTiB BUILJIUBAE,
110

L
_dy _ pk 1—82-E<ctg9i

' b ) b
L [1+8,2-tg0; ZAtgei-(1+82-z<tg9i)

[ToMHOXXHBIIH Ta PO3AUTMBIIN JIiBY 1 IpaBy YaCTHHU
PiBHSIHHS Ha d, micis CKOPOUEHb OJIEP)KUMO

=—= tgh; (25)
L ’
boa L 148, 5tg6; ' ay _ tgh; 1—52‘%Ctg9i __dst 1_82‘%Ctg9i tgh; 7)
=L T 2T TR R I
ne 0; — KyT IOBOPOTY KEPOBAHUX KOJIC. O Lggy 16ptgd; 40 148,710 L
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Bupas mis BH3HAuUe€HHS KyTOBOI IUBHJIKOCTI JUIst
MaJIuX KyTiB IIOBOPOTY KEPOBaHUX KOJIC MOXKHA BUPA3UTH
SIK

ay  pk . Ipk
—=—2%-sin(G; = 8,) =2 (6; + 8, — 8,). (28)
IIpn BUCOKili KEpOBaHOCTI JIETKOBOTO KyTOBa

LIBUAKICTh MOBOPOTY B TOPU3OHTAJBHIN IUIOLMIMHI Mae
JIOPIBHIOBaTH HYJIIO.

Toxmi mis TiABHIICHHS KEPOBAHOCTI JISTKOBOTO
aBTOMOOITISI TpH  TalbMyBaHHI  HEOOXimHO, 100
BHKOHYBAJIACs 3aJICKHICTh

dy dy 1
—=——=--[0;+68, — §,]. (29)

dsy  Oppdt L

3 BpaxyBaHHSAM KYTiB YBOJY IIIMH KOJIC Ta pamiyca
MTOBOPOTY TIEPETBOPHUTHCS HA

av

ay g _ Ypk 1 9k 1

a = ar =y (88 =8 = aw = 7, (30)
dt t dt dt

JIe w; — MUTTEBA KyTOBa IBHIKICTh; R, < R, — pamiyc
MUTTEBOTO OBOPOTY aBTOMOOLIIS.

Cucrema piBHsHB i3 BHpasiB (29) i (30) mo3Bose
3IIMCHUTH OIIIHKY KEpPOBaHOCTI JIETKOBUX aBTOMOOIIB, Ha
Ii/ICTaBi 4YOro MOKHA OTPUMATH HACTYIHI BUCHOBKH.

BucnoBkn. Opepxani Bupasu (29) i (30) e
MaTEeMaTHYHOI0 MOJEIUTI0  30epekeHHS KepOBaHOCTI
JIETKOBHUX aBTOMOOITIB.

Ha mincraBi mporo BCTaHOBJICHO, IO KEPOBAaHICTH
aBTOMOOIsSI Oyzme 30epiraTich SK 3aBrOJHO JOBTO, SKIIO
MOXilHA Bl KyTa BIOXWICHHSA IIOJOBXKHBOI  OCI
aBTOMOOITSI TI0 BENMYWHI HOTO TaNbMIBHOTO NUIAXY, HE
Oyne nepeBHIYBaTH BiJHOLICHHS CyMH KYTIB IOBOPOTY
KEpPOBaHUX KOJIC 1 KyTIB yBOIy iX IIMH J0 MIKKOJICHOT
6azu aBromoOins. IIpore, moxigHa Bij KyTa BiJXWIICHHS
MOJIOBKHBOI OCI aBTOMOOLTS 1O BEIHMYUHI MOBOPOTY
KEpPOBaHUX KOJIIC MOBUHHA OyTH OOEpHEHO MpOMNopliliHa
KYTOBilf IIBUAKOCTI 00EPTaHHS PYIFOBOTO KOJIeca.

3abe3neunTH KepOBaHICTh JIETKOBOTO aBTOMOOLNISA B
pa3i KOMOIHOBaHOTO TaJlbMyBaHHS, B TOMY YHCII B
MOBOPOTi, MOJKHA, SIKIIO 3a0E3MeYNTH  KEpOBaHY
B33a€EMOJIII0 BHINIE BKa3aHUX IapaMeTpiB, IO MOKINBO
Jume y  pasi  3aCTOCYBaHHS  IIBHAKOMIIOYHX
MIKPOIIPOIIECOPHUX CHCTEM KEpYBaHHS 3 TpPaAWL[IHHUM
TiIpaBIiYHMM TPUBOAOM K pOOOYMX TaJbMIBHHX
MEXaHi3MiB, TakK 1 TiIpOMiACHIIOBa4Ya  PYJIbOBOTO
KepyBaHHSI.
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M. B. YEPKAIIIEHKO, O. I. T'ACIOK

MATEMATHUYHA MOJEJIb BUKOHABUYOI'O CEPBOMOTOPA CUCTEMMU PEI'YJIIOBAHHSA
MBUJAKOCTI I'TIPOTYPBIHU

Hagano maremMaTMyHy MOJenb BHKOHABUOTO CEpPBOMOTOpa. B CBITOBIif Ta BITYM3HAHIA NPaKTULl CTBOPEHHS TiAPOTYpOIHHOTO OONaTHAHHS
BU3HAYMJIACS YiTKA TCHJCHIIS CTBOPEHHS CHCTEM YNPABIiHHA YaCTOTOIO OOepTaHHs poTopa TiApoTypOiHM Ha 6a3i xomm'rorepiB. Komm'torepHi
CHCTEMH BiJKPUBAIOTh MOXJIMBICT 32 JOIIOMOIO0 IPOrPAMHOTO 3a0e3IeUeHHs peasisyBaTH BBEICHHS €(EKTHBHHUX aITOPUTMIB, IO MOKPAILYIOTH
CTaTHYHI i ANHAMIYHI XapaKTEPUCTHKHU cucTeMH. Lle B CBOO uepry miJBHIlye 3HAYHMMICTh MATEMATHYHOIO MOJICIIFOBAHHS SIK HA CTAil IPOCKTyBaHHS,
TaK 1 1iJ 4ac MMyCKOHAJIaroJKyBaJIbHNUX PoOiT. AHai3 BUKOHAHHX POOIT, IPUCBAYCHUX MATEMATHYHOMY OIMCY €IEMEHTIB TiIPONPUBOIY PEryIsiTopa,
MOKAa3aB, IO BOHU 3BOJSATHCS IO JIIHEAPH30BAHUX DIBHSAHb 0€3 ypaxyBaHHS DAy BaJIMBHX (AaKTOPIB, SIKi JO3BOJATH MiJBHIIMTH TOYHICTb
MaTteMaTH4HOI Mojeni. ITokpalieHHs CTaTHYHUX i JMHAMIYHMX XapaKTePHCTUK i CHCTEMH B L(JIOMY MOXKHA JOCSITH IIUIIXOM BHPIIICHHS HAayKOBOI
npobsieMn 3 JIOCIIDKEHHS HOro JMHAMIKM Ha 0a3i po3poOku Oumbll NMOBHOI MaTreMaTW4HOI Mojeni. JIst 3HWKEHHS TepTs i TicTepesucy,
YHEMOXKJIMBJICHHS O0JiTepanii IyHXep eIeKTPOriApaBIiyHOro MepeTBOPIOBaYa B HIDKHIW YaCTHHI OCHAICHHI CETHEPOBHM KosiecoM. [lominmenHs
JIMHAMIYHAX XapaKTEPUCTUK PEryIsTopiB IMIBHAKOCTI TiApoTypOiH BHMMarae po3poONeHHs HENiHIHHMX MaTeMaTHYHHMX MOJeNeH i3 mojaabIIuM
aHaTI30M IePeXiTHUX MPOLECiB y TiIPONPHBOI peryasTopa mMBHAKOCTI. OmiHKa MOKa3HUKIB SKOCTI NMEPEXiTHUX MPOLECIB 1 OJabIle KOPUTYBaHHS
napameTpiB Jja€ 3MOTY JOMOITHCS 3HIDKCHHS TPHBAIOCTI MEPEXiJHUX IMPOLECIB, MiIBHUIIECHHS IBHIKOAIl Ta TOYHOCTI MO3MLIOHYBAHHS 33 MaJMX
nepeMinieHs ceppomoropa. Huska HeBpaxOBaHMX YMHHUKIB T1iJl 4ac CKJIAJaHHS MaTeMaTHYHOI MOJZENI eIEKTPOTiApaBIidHOTO IepeTBOpIOBaya Jae
3MOTy MiBUIIUTH ii aJeKBAaTHICTh pealbHOMY 00'€KTY NOCIIJDKEHHS 1 MIABUIIMTH IMIBHJIKOMAII0 CHCTEMH KEepyBaHHS YacTOTOI0 oOEpTaHHS poOTopa
rigpoTypOiHu.

Kurodosi ciioBa: cuctema ynpaBiiHHS, poOode KOJIeco, MOBOPOTHO-JIONATEBA TifAPOTypOiHa, PEryisTop, MaTeMaTHYHAa MOJIEIb, TTO3HILIHHIN
TiZPOITHEBMOIIPHBIJI.

M. CHERKASHENKO, O. HASIUK

MATHEMATICAL MODEL THE EXECUTIVE SERVOMOTOR OF THE HYDRAULIC TURBINE
SPEED CONTROL SYSTEM

The article presents a mathematical model of executive servomotor. 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, impeller, rotary blade hydraulic turbine, regulator, mathematical model, positional hydraulic pneumatic drive.

Beryn. Y cydacHOMY €HEPreTHYHOMY CEKTOpI  aBTOMATHYHOrO  yhnpaBiiHHsA. BoHu  3abe3medyroTsh
aBTOMaTH3alliss Ta [UQPOBI3ail €  KIIOYOBUMH  TOYHICTH OOpOoOKH JMaHWUX Yy peaJpHOMY 4daci Ta
(dakTopaMu TiABHIOICHHA €(QEKTHBHOCTI BHPOOHMIITBA  MOJMJIMBICTh aJamTamii o 3MiH YMOB eKcIuTyartamii. Y

enekTpoereprii. OcobauBe Miciie 3aiiMalOTh KOMIT'IOTEPHI
CHCTEMH KEepyBaHHSI dYacTOTOIO 0O0epTiB y cucreMax
perymoBaHHS — mBHAKOCTI  TypOiH. LI  cuctemu
3abe3neuyroTh  CTablIbHY  Ta  HaAidHy  poOotry
ringpoenekrpocranuiil (CEC), mo € BaXXIMBOIO CKIaJ0BOIO
€HepreTUYHOro OanaHcy.

laporypOinn € ocHoBHuMH KommoneHTamu ['EC,
MOBMHHI TNPAIfOBAaTH B YMOBAX 3MIHHOTO HABAHTAXKECHHS,
II0 BHMAara€ TOYHOTO PpETyJIOBaHHS INBUAKOCTI iX
obepriB. HemocratHs TOYHiICTE abo OOMEXEHHSI Y
peTyIIOBaHHI MOXYTh MPH3BECTH IO HECTaOLIBHOCTI
MEpexi, 0 HEraTHBHO BIIMBAE Ha SKICTh €IEKTPOCHEPTil
Ta poOOTy IHMMX CHoXuBadiB. ToMy BIpPOBAaKCHHS
IHHOBALIHHUX KOMIT'IOTEPHUX CHCTEM Uil YHPaBJIiHHS
YaCTOTOIO 00EPTIB CTA€ KPUTHYHO BAXKIIMBHM.

OCHOBOIO  Takoi  CHCTEMH €  QJITOPUTMHU
peryioBaHHs, MOOyJOBaHI HAa IMPUHIMIAX  TEOpii

SIKOCTI TPUKIANiB MOXKHAa HAaBECTH CHCTEMH Ha 0a3i
nporpamMoBaHuX Joriyanx koHrtposepiB  (PLC), sxi
BUKOPUCTOBYIOTh y Oarateox cydacHux I'EC. Bonn
MOXYTh  BHKOHYBaTH  aHalli3  [OTOYHOTO  CTaHy,
MPOTHO3yBaHHS HAaBaHTAXEHHS Ta OINEPaTHBHY 3MiHY
pexuMy poOOTH TYpOiHH.

OnHuM i3 HaWBIIOMIMIMX peabHUX TPUKIAIIB €
rigpocucreMa kepyBaHHsi TypOiHamu Ha I'EC Tpum

ymenuan B Kwrai -  HaiiOumemmit  y  cBiTi
T1IpOEIEeKTPOCTaHILII. BrpoBamkeni CUCTEMU
aBTOMAaTHYHOTO  PETyJIIOBaHHS  4acTOTH  00epTiB

3abe3neuyroTh cTabinbHy po0OoTy TYpOiHM 3a pi3HUMH
pIBHSAMH BOJM Ta HAaBaHTA)XCHHS. [HIIUM MPHUKIAIOM €
BIIPOBA/KEHHS KOMIT'IOTEPHHUX CHCTEM Ha 0a3i IITyYHOTO
iHTEeNeKTyY Ha rimpoemektpoctanmisx Hopserii. 1i
CHUCTEMH [IO3BOJIIIOTH BHKOHYBAaTH BHOIp alrOpPUTMIB
MAaIlMHHOTO HAaBYaHHSA JJIs ONTHMi3amii  BHUTpATH,
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OIIEPaTHBHOI'O MPOTHO3YBaHHs ITIKOBUX HAaBaHTaXXCHb 1
3abe3neueHHs CTabiIbHOCTI MEpexi.

CyuacHi JOCHiDKeHHsSI 30Cepe/KEeHI Ha iHTerparii
cUCTEM KepyBaHHA 3 PO3YMHHUMH EHEPreTHYHUMHU
Mepexamu (smart grids), 0 J03BOJIAIOTH 3a0€3MEYUTU
OUTpIly THYYKE pearyBaHHS Ha 3MiHY HaBaHTa)KCHHS.
BuxopuctanHs 1H(pOBHX ABIMHHKIB, BipTyaabHHX
Mozenel TiApoTypOiHH, TaKOXK CTa€ IHCTPYMEHTOM IUIS
TECTyBaHHS Ta BIOCKOHAJICHHS CHCTEMH PETyIIOBaHHS.
3aBOSKH  [OFOMY  PO3POOHHKH  MOXYTh  OI[IHUTH
e(pEeKTHBHICTF HOBHX alTOPUTMIB y  Oe3meuyHoMy
BIpTyaJIbHOMY CEpEeNOBHILNI JO X BIPOB3KEHHS B
peaiibHi 00'eKTH.

OTxe, KOMI'TOTEPHI CUCTEMH KEPYBaHHS 4aCTOTOIO
o0epTiB y  cHCTeMax  pEerylioBaHHsS  MIBUAKOCTI
rigpoTypOiHy € He Juile HEOOXiAHUM KOMIIOHEHTOM
cyugacHoi 'EC, ane i mepcrnekTuBHOIO miIaTGopMoro s
NO/IANLIIOTO  PO3BUTKY ~€HEPreTMYHOrO CeKTopa. Ix
PO3IIUPEHHS CIPUSE TiIBUMICHHIO e()EeKTUBHOCTI POOOTH,
3HIDKEHHIO eKCIUTyaTallliHUX BHUTpaT Ta 3abe3mnedye
CTaOIIbHICTh eJIeKTPUIHOI Mepexi. PeanmpHi mpukmamw,
taki sk ['EC Tpum ymenuHn Ta HOpPBE3bKi CTaHII,
JEMOHCTPYIOTh YCHINIHICT BUKOPHUCTAHHS LHUX
TEXHOJIOTIH y pi3HHX MaciTabax i yMoBax.

Cyuacumii crtan po3Butky CYUYOP mnaBeneno y
pobGorax [1-15]. AHami3 nux poOiT Jae 3MOry 3a3HAYMTH,
0 MNOAAJBUIMI PpPO3BUTOK MATEMaTUYHUX MOJEIEH
enemeHTiB TigponpuBoxy CYYOP e akryansHUM.

Pimennsi. 3rimfHO 31 CXEMOK MpH NepeMillleHHI
3onoTHuka P3; Bim He#TpampHOro monoxkeHHs PP Bix
MHY 4epe3 npocemtoroui miuHU P3, HagXxoamTh [0
BiAMOBIAHUX TOPOXHUHN CM,, CTBOPIOIOYM KpPYTHHI
MOMEHT Ha MexaHi3Mi moBopory Jsonatsmu PK. Ilpu
I[bOMY BUKOHY€ThCS KOMaHJA Ha BIIKPUTTS a00 3aKPUTTS
PP, noBopoT i po3BOpOT.

Burparu PP, mo nHamxonste Big P3, B CM, mo
HarHiTaJbHIM MaricTpaii, BUSHAYa€ThCS PIBHSAHHIMU:

- mpu xg > 0 1 mpu xp3; > 0 (PP momaetbes uepes P3;
B MOpIIHEBY MOpOXHHHY CM,):

2, IPo—Pyl

2
p Am.ps2
(42 )]

a PP smuBaeThcs uepe3 P3; 3 mrokoBoi mopoxxHuH CM,:

Qps2n1 = K- Am.p32 ' ! Sign(PO - Pn)! (1)

. |PLL|_P3Jl|

Amipsz\2 ' Sign(Pm - PBJI); (2)
1+(&) ]

Ak

qp32.LLll =W Am.p32 )

- ipu Xg < 0, xp3, < 0 HarHiTaJBHA MaricTpaib Yepes
P3, 3'emHyerbcst 3 MITOKOBOIO TopokHWHOIO CM; i
Butpara PP Bu3HauaeTbcs BUpazoMm:

—L ol sign(Py-Py), (3)
1+ A—> ]

a MopIIHeBa NOpoxHHMHA dYepe3 P3, crae 3muBHOW0O 3
BUTPATOIO:

|Pn_P3n|

2 .
Qps2m2 = K- ALu.paZ ! ; ' Slgn(Pn - Pan)' (4)

3 iHmoro OOKy BUTpaTd B MOPIIHEBHH NMOPOKHHHU

CM;:
- mpu xg > 0, xp3p > 01 Vewn > 0 (Vemz = dXemo/dt):
Gonzm = An 20 ¢ Putinen: @)

- 1pu xg < 0, xp3, <0, Vo < 0:

_ Voicmz—AnXcmz APy
Gevznz = —AnVewe —— . - (6)
K
Butpatn B mrokoBiii  mopoxknuHn — CM;

BHU3HAYAETHCSI HACTYITHIUMH BUPA3aMU:
- mpu xg > 0, xp3, > 01 Vp3, > 0 Ha 371MBI:

VocMz—AwXcMz | 3P @

=AVemz —
Gcvzm m V' cM2 Fr T

- [IpU Xg < 0,)Cp32 < Oin32 <0:

demzamz = —AuVemz + %}KAMXCMZ : ddi;u- (8)
Slkmo 3HexTyBaTH BUTOKamu PP y rigponaniory
P3, i CM; 3Baxarouu 3 ix MaJorw KinbKicTio BuTpar B ['T1,
TO HEPO3PHUBHICTh BUTPAT BU3HAYAETHCS PIBHAHHAMMU:
- IIpH Xg > 0, Xp3p > 01 VCM2 > 0:

Op32.m = Qomz.is ©)

Qp32.1m1 = Qemz.ns (10)
-mpu xg <0, xp3; <01 Veup <0:

Op32.m2 = Qemz.m2s (11)

Qp32.112 = QoM (12)

Pyx mrToka CM, (a pazoM 3 THM KyT IOBOPOTY
nonareit PK) BU3HauaeThCst piBHSAHHSIM:

d?
Mmemz % = ApPn — AwPuw — Feemz — (13)

—Frpocmz * signVemz — Bemz * Vomz

Jlist oTpuMaHHS €JMHOTO PIllIEHHS CUCTEMH PiBHSIHB
(1-27) neoOxigHo matm movatkoBi ymoBu (ITY). Ilpu
bOMY BCl AuepeHILianbHl pPiBHSIHHS PI3HOTO IMOPSIKY
3alMCYIOTBCSl  €KBIBAICHTHHUMH  JUQepeHIiaJbHUMH
PIBHSHHSMH IIEPLIOTO MOPSJIKY 3 PO3MILICHHSIM MOXiTHOT
B JIBIH YacTHHi, a B NpaBiii 4acTMHI TO YOMY BOHa

JIOPiBHIOE.
Tomi, aHami3oBaHi audeEpeHIaNbHI  PIBHIHHS
cucremu (1—13) npuiiMyTh HACTYITHAHN BUTJIA;
di i Ug—-KnVg o
= (), a4
dxg _
— = Ve (15)
av 1 :
— = — (kpii — Ce (g + x0) +
£ (16)
+Gg — Frog — BeVe — Frap)s
d
J;sz = Vpaz, a7
dpp3z _ 4E1—4dp32.1
BPTEi T (18)
dpp32 _ 4p32.2—qE2 Ex, (19)

dt VTE
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avg _ 1
i om (Apazn * Pp3z — Apazs " Po —
P32 (20)
_GE - FTP.P32 - BP32VP32 - FF,E[.P32)’
dxcmz _
dt - VCMZ! (21)
aVeMme _ 1
BT (AnPp — APy — Feeomz —
t meMm2 (22)
—Frpo.cmz - SignVemz — Bemz * Vemz),
dapPp qpr3z.n1—AnVcemz
at Vo1.cm2+Anxcmz
dPn _ _ AnVcmz—dp32nz (24)
dt Vo1.cMz—AnXcMz
dPn __ AmVp3z2—qp3z.111
at v —4A Ho (25)
02.CM2 —AlIXCM2
dPu _ gp3z2z—AmVcmz (26)
dt Voz.cm2 +AmXcmz
BrumB wmarictpanbHux  TpyOompoBoniB [Tl sk

cucTeMa 3 30CepePKEHIMH IapamMeTpaMH BU3HAYAETHCS
nedopmariero, Mo 3HAXOAUTHCS B TpyOompoBoaax 3 PP, i
nedopmamiero  CTiHOK caMux TpyOompoBoniB. s
rizponpuBony moBopoTy yomateit PK, sx cuctemu 3
30CEpEPKCHUMH NapaMeTpaMy, THCK B TPyOOIIPOBOII Mixk
EI'Tl, i P3, mom's1i3ano 3 Butparoro PP wuepe3 HbOrO
3aJICKHOCTSIMH

- pu xg > 0O:
VT.e—psZ d'Pp32
- = Jreopz, Bz, 26
g1 — 4ps2.1 Ey 2t (26)
- ipu xg < O:
_ VT.e—psZ d'Ppaz
Qps22 =482 = —f ""ar 27)
K

BucnoBku. Po3poOnena HemiHiiiHA MaTeMaTH4HA
MOJIETIb BHKOHABYOIO CEPBOMOTOpA, SKa BXOJHUTH JIO
CKJIaJy TOBHOI  MareMaTHYHOI  MOJENl  CUCTEMH
peryIroBaHHS IIBUAKOCTI T1APOTYpOIHN A JOCIIIKEHHS
OUHAMIYHUX XapaKTePUCTHK 3 METOK IOKPAIlCHHS
MIBAAKOIIT Ta TOYHOCTI MO3HUIIFOBAHHS.

Po3pobniena  HenmimiiiHAa MaTeMaTHYHa  MOJEINB
BHUKOHABYOI'O CEPBOMOTOPA, sSKa BXOOHUTh JO CKIALy
MOBHOI MaTeMaTUYHOi MOJIETl CHUCTEMH pPETYIIIOBaHHS
IMIBUAKOCTI  TiIpoTypOiHW,  103BONSiE  €(EeKTHBHO
JIOCTIKYBAaTH JWHAMIYHI XapakTepucTuku cucremu. lle
Jla€ 3MOTY aHaJli3yBaTH BIUIMB PI3HUX PEXUMIB pOOOTH Ha
HIBUAKICTb, TOYHICTH TO3UIIIOHYBaHHS Ta PEryJIOBaHHS
cTabllpHOCTI  4YacToTH.  BpaxyBaHHsS — HeNiHIHHHX
BIACTUBOCTEH  €NIEMEHTIB  CEpBOMOTOpa  JO3BOJISIE
aJICKBaTHO MOJICIIIOBATH peajibHi YMOBH eKCILTyaTalil, 10
€ KIIOYOBMM JUIA PO3POOKM Cy4YacHHX AJITOPHTMIB
KepyBaHHSI.

OtpumaHi  pe3ynpTaTH  NpPU  MOJCIFOBaHHI
JIEMOHCTPYIOTh MOKIIMBICTh ONITUMI3AIliil cHcTeMH poOoTH
32 paxyHOK BJIOCKOHAJICHHsS alrOPUTMIB KepyBaHHS,
30KpeMa, BUKOPHCTAHHS aJalTHBHUX 1 HPOTHO3YHOYHX

MiAXOMiB. 3acTOCYBaHHSA IIUX AITOPUTMIB  CIIPHSIE
MABUIIEHHIO TOYHOCTI perynaropa LIBUAKOCTI
rigporypOiHM, MiHIMI3alil KOJMBaHHA Ta 3HKCHHS

€HEeproClOKUBAHHS.

Ile ocobmuBO TSt

aKTyaJbHO

BEJIMKHX T1IPOCIEKTPOCTAHIIHN, AKi IPAIOIOTh y 3MIHHHX
pPeKMMaxX HaBaHTaKECHHs

BUKOPHCTaHA
CUCTEMaMU
o0JTaTHAHHS.

Kpim Toro, maremaTMuHa MoOAETb MOXe OyTH
JUIs  iHTerpamii 3~ KOMI'IOTEpHUMH
MOHITOPHHTY Ta JIaTHOCTHKH  CTaHy
Lle nmo3Bomse 3amolirtm  aBapiftHUM

cuTyarisiM. TakuM dYHHOM, po3pobOJeHa MaTeMaTHYHA
MOJIETIb € MOTY>KHUM IHCTPYMEHTOM JJIsl BIIOCKOHAJICHHS

CUCTEMU  PCTYJIIOBAHHA HIBI/IHKOCTi

rizpotypbin Ta

MiABUIICHHS X 3arajlbHOi €()CKTUBHOCTI.
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A. C. POTOBHH, B. E. IPAHKOBCBKHH, /I. A. CABEHKOB, 0. /. THHBAHOB, A. C. A34POB

MPOEKTYBAHHS OBOPOTHOI I'I/TIPOMAIIIMHUA 3ACOBAMH ANSYS TA JTOCJALIKEHHS TEYTI
Y HACOCHOMY PEXKUMI

VY CBiTOBilf eHepreTuii CHOCTEPIraeThcs MEPeXiZ 0 EHEepProe(peKTHBHOCTI, €HEproOes3NeKH Ta HU3bKOBYIJICLIEBOI CHEPreTUKM 3 AaKIEHTOM Ha
BIZIHOBIIIOBaHI DKepesia Ta 3MEHIICHHS TpaauLiiiHuX nmoTyxHocTei. B Ykpaini 1o 2035 poky KIIOYOBUM 3aBIaHHSAM € PO3pOOKa TiIpOMAIINH s
I'AEC i3 manopamu 10 500 M, 30xpema a1 3akapnarcekoi [AEC 3 motyxnictio 230 MBT y HacocHoMy pexumi. CydacHuil DiIXiA 10 IPOEKTYBAHHS
HPOTOYHMX YaCTHH IPYHTYEThCSl HA YMCIIOBHX JOCIIIKEHHAX, SIKi aHANI3ylOTh BIUIMB I'€OMETPHYHHX 1 PEXUMHHUX IapaMeTpiB Ha €()EKTUBHICTD.
CAIIP nae 3Mory ClpOeKTyBaTH Ta B MOAAJIBIIOMY TOYHO 3MOJIEIIOBATH MTApaMEeTPH, ONTUMI3YFO4YM FeOMETpIk0 JOMATOK Il KPAIol MPOXyKTHBHOCTI
Ta MiHIMi3amil BTpaT, o 3po0IeHo B poOOTI BUKOPHCTOBYIOUM 3acobu Ansys: Ansys Vista CPD, Ansys BladeGen, Ansys TurboGrid. Ha ocHoBi
YHCJIOBOTO MOJICIIOBAHHS Teyil y IPOTOYHIH YacTHHI 000POTHOI I JPOMAILIMHK B HACOCHOMY PEXHMI OTpUMaHi TiApOJHMHAMIYHI XapaKTePUCTHKHU Teii
(pOo3MOIiIK THCKIB, IIBUIKOCTEH Ta 1HIIMX HapameTpiB). IIpoTouHa yacTHHA cKiIazanacs 3 poOoYoro koseca 3a BUKOPUCTAHHS CEKTOPHOTO IMiXOLY 10
MO/ICJTIOBaHHS, CIIPAJIbHOTO BiIBOAY Ta MifBOAY. E(EKTUBHICTH CIIPOEKTOBAHOI TiIPOMAIIMHU B HACOCHOMY pEeXHMI ckiana 96 %, mo Bianosigae
HaKpaIMM CBITOBHM 3pa3KaM i JIeMOHCTpYe cripoMoskHicTh CAD-iHCTpYMEHTIB CTBOPIOBAaTH BUCOKOSKICHI I'iJpOMAIINHA. Pe3ybTaTi MO/ICTIOBAaHHS
it aHani3y Tedii MoKa3anu piBHOMIpPHE 3pOCTaHHS SIK CTATHYHOTO, TAK i 3araJIbHOTO THCKY ITiJl 4ac pyXy piJIMHM B3JOBX JIoNaTi. BincyTHicTh mikiB un
MPOBAJIB THCKY BiJl MEPEIHBOI 10 3aJHBOI KPOMKH JIONATI CBIJUUTH MPO BiACYTHICTh KPUTHYHUX 30H, SKi MOTPEOYIOTh MOAANBLIOT ONTUMI3AI] YK
Jociijkenb. [Ipote crioctepiraeThes BinpUBaHHS piMHN OIM>KYE 10 BUXiJHOT KPOMKH, IPUYOMY 30HA BiJIpHBAaHHS 011 KOPIyCy Ma€ OiJbIny Iuionty.
MepunioHalbHa MBUJIKICTh 301IBITY€EThCSA HA TEPEAHIN KPOMIL, 10 TUIAHYETHCS ONTHMI3yBaTH B HACTYITHHX JIOCITIKEHHAX JUIS BUPIBHIOBAHHS Ta
3MEHLICHHS il rpajieHTa.

Kurodosi cioBa: 000poTHa TifipaBiiuHa MalllMHA, HACOCHUH PEXHM, CHCTEMa aBTOMAaTH30BAHOTO NMPOCKTYBaHHS, YHCIOBE MOJEITIOBAHHS,
Tedisl, ePEKTUBHICT.

A. ROGOVYI, V. DRANKOVSKIY, D. SAVENKOQV, O. TYNIANOV, A. AZAROV

DESIGN OF A REVERSIBLE HYDRAULIC MACHINE USING ANSYS AND FLOW STUDIES IN THE
PUMPING MODE

The global energy sector is experiencing a transition to energy efficiency, energy security, and low-carbon energy with a focus on renewable sources
and a reduction in conventional capacities. In Ukraine, the key task by 2035 is to develop hydraulic machines for pumped storage power plants (PSPP)
with heads of up to 500 m, particularly for the Zakarpattia PSPP with a capacity of 230 MW in pumping mode. The current approach to designing flow
parts is based on numerical studies that analyze the impact of geometric and operating parameters on efficiency. CAD makes it possible to design and
subsequently accurately model the parameters, optimizing the blade geometry for better performance and minimizing losses, which was done in this
work using Ansys tools: Ansys Vista CPD, Ansys BladeGen, and Ansys TurboGrid. Based on the numerical modeling of the flow in the flowing part
of the reversible hydraulic machine in the pumping mode, the hydrodynamic characteristics of the flow (distributions of pressures, velocities, and other
parameters) were obtained. The flow consisted of an impeller using a sectoral modeling approach, a volute, and an inlet channel. The efficiency of the
designed hydraulic machine in the pumping mode was 96%, which corresponds to the best world standards and demonstrates the ability of CAD tools
to create high-quality hydraulic machines. Flow modeling and analysis results showed a uniform increase in static and total pressure as the fluid moves
along the blade. The absence of pressure peaks or dips from the front to the back edge of the blade indicates that no critical points require further
optimization or research. However, fluid separation closer to the leading edge is observed, and the separation zone near the casing has a larger area.
The meridional velocity increases at the leading edge, which will be optimized in future studies to equalize and reduce its gradient.
Keywords: reversible hydraulic machine, pumping mode, computer-aided design system, numerical modeling, flow, efficiency.

Beryn. B cBiTOBilf eHepreTuili pi3Ko 3MIHHIUCS
TEHJEHILI] PO3BUTKY €JEKTPOCHEPIeTUKH Ha OCHOBI
NPUHLIUIIB ~ €HeproeeKTHBHOCTI, eHeprodesneku i
HU3BKOBYIJICIIEBOI ~ €HEPreTMKHM 3  MepexoJoM  Ha
MIPUCKOPEHHH PO3BUTOK BiJIHOBIIOBAHUX JXKEPEI CHEprii i
CKOPOYEHHSIM BHUPOOHHLITBA eJIeKTpOeHepTii
TpaaULiTHUMH TeHEPYIOYHMHU MOTYKHOCTSIMH.
BimnosimHo mo «EnHeprermunoi crparerii Vipainu Ha
mepiox mo 2035 p.»  BU3HAYAIOTBCS ~ NPIOPUTETH
HaIllOHAFHOI ~ €HepreTHYHOI TIONITHKKA  YKpaiHu 3
MIBUAKMM 3POCTaHHSIM IIOTY)KHOCTEH BiJHOBIIIOBAaHHX
JoKepen eHeprii, ska B 2035 p. moBHHHA CKIACTH 25 MIIpI
kBr-rog [1]. Taki TeHmeHUii NMOTPEOYIOTH 3pPOCTAHHS

OalaHCYIOUMX BHCOKOMAaHEBPEHHMX IOTYXHOCTEH B
TipOoeHepreT I IS peryaroBaHHS rpadikiB
HAaBaHTAXKEHb 1 3a0e3meyeHHs CTiKocTi 1  HagiHOI

pobotu o0'eqHaHMX eHeprocucTeM. Taka crpareris
motpebye  30UIBIICHHS  BIOBIYl  MOTY)KHOCTEH  Ha
rizpoeHepreTHIHUX 00'ekTax YKpainu mo 12 muH KBT 1o
2035 p. Ta BHpimIeHHS psAOy MUTaHb TOCTIIDKCHHSA Ta
MOJICpHI3allii TPOTOYHMX YACTHH TiJpPOMAlIMH Ha

icaytounx I'EC-TAEC. ¥V cywyacHux ymoBax po0oTH
€HEepProCHCTEM TOCTPOIO € TMpobyieMa MOKPUTTS MIKOBHX
HAaBaHTaXCHb, IO BUKIWUKAE HEOOXITHICTh TPHIIIATH
OimpIe yBarm poOOTI MaHEBPEHOI'O TiAPOCHEPTETHIHOTO
oOmagHaHHA 3 METOI0 ONTUMI3aIii  PO3MOIiITEHHS
HABAHTAKCHb HA CIIOXKUBaYiB [2].

B VYkpainun, Ha mepiom mo 2035 p., po3pobka
rizpomammHHOro ycrarkyBanus i AEC 3 Hamopamu
10 500 M, € BaXXJIMBUM 3aBAAaHHSM IOCTaBJICHUM Mepen
JOCIIiTHUKaMH 1 niepenbavyae OyaiBHUITBO 3aKapraTchbKol
T'AEC Ha paHuil Hamip 3 MaKCHMAJBHOIO ITOTYXHICTIO
rizpoarperaty B HacocHomy pexumi 230 MBTt [3]. Lx
TEHJEHIlSl 3YMOBJEHAa EKOHOMIYHHMH MipKyBaHHIMH,
TOMy IO 32 OJHAKOBHX  IIOTY)KHOCTEH  Bara
BHCOKOHAIPHOI Hacoc-TypOiHM MeHIIa, mpuoiIm3Ho B 1,5
pas3u, HK HU3BKOHAIIIPHOI, a Bara BCHOTO TifpoarperaTy
3MeHmyeTsest npuoausHo Ha 30 %. [Ipn mpoMy icTOTHO
3MEHIIYIOThCA TIIOIII BOJOCXOBHIIA, IO 3HIKYE BUTPATH
Ha OyniBHMOTBO cTaHnii. Tomy pmaHa TeHAeHUIS €
MEPCICKTHBHOI, Y 3B'A3KYy 3 UMM BHHHUKAE HEOOXIIHICTh
pO3pOOJIEHHST HOBOTO Ta BIOCKOHAJIEHHS HAasBHOTO
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o0namHanHs s BucokoHamnipaux AEC.

AHAJI3 OCTAHHIX HOCTiMKeHb. AHai3 POOIT MIOA0
JIOCIIKeHHsT po0oYoro nporecy 000pOTHHX TiIpOMaIInH
MOKa3ye, 10 HMHI NHUTaHHS PO CTBOPEHHS NMPOTOYHHX
YaCTHH 0OOPOTHHX TiIPOMAIIMH AOCUTh akTyanbHe [4—7].
s TAEC Bu3HavaidpHAM Tij 9ac BUOOPY IMapaMeTpiB €
HACOCHHWH pEXHM, OCKITBKH OOOpPOTHa TigpoMarinHa
MMOBHHHA 3a0e3leduyBaT HEoOXimHWH Hamip i HeoOXimHi
XapaKTepUCTHKH KaBiTamii 3a JOCSITHEHHS B TypOiHHOMY
pexuMmi i3 pO3paxyHKOBHM  HAIOpPOM  HEOOXiTHOI
BCTaHOBJICHOI MOTYXHOCTI 3 MakcuMatbHuM KKJI.

Cy4acHuil miaxXiJ 10 pO3pOOJECHHS MNPOTOYHOT
YaCTHHU TIepeadayae NPOBEJCHHS BEIHMKOI KIUIBKOCTI
YHUCJIOBHX JIOCHIJDKEHb, CHPSIMOBAaHMX Ha BHSBJICHHS
BIUIMBY T€OMETPUYHHMX 1 PpEKHUMHUX [apameTpiB Ha
enepretruni  mokasuuku  [8;9].  OcHoBoro s
NPOBEJCHHS TaKOro 4YHCJIOBOIO aHallidy €  pi3Hi
MaTeMaTH4HI MoJeNi po0Oodoro mporecy, HaldacTime
3aCHOBaHI Ha OCEPENHEHHMX PpIBHAHHAX PeliHombaca.
Po3BUTOK METOMIB MOJENIOBaHHS pPOOOYOro Tpolecy
3aCHOBAaHMX Ha  pO3B'A3aHHI  3agadi  OOYHCICHHS
TPUBUMIPHOTO B'SI3KOTO TOTOKY, 3HAXOAATH MLIMPOKE
3aCTOCYBaHHS inié JIOCITIKCHHS KiHEMaTUYHUX
XapaKTEePUCTUK MPOTOYHOI yacTrHY Tiapomaruau [10].

CAIIP  yMOXIWBIIOE  TOYHE  TapaMeTpUyYHE
MOJICIOBAHHS, IO JO03BOJISIE iH)KEHEpaM ONTHUMIi3yBaTH
TeOMETPil0 JIOMATOK Ui MiABHIICHHA €(pEeKTHBHOCTI Ta
MPOYKTUBHOCTI. Hanpuknan, BJOCKOHAJICHHS
napaMeTpuuHNX  B-crialiHIB - MoJermrye  CTBOpEHHS
IJaJIKuX, TiApO- Ta aepoAuHaMidyHO edeKkTHBHUX (opM
JIONAToK, $KI MiHIMI3ylOTh BTpaTH THUCKY 1 BiJIpUB
noToky [11]. Li iHCTpyMEHTH TaKOX O3BOJAIOTH JIETKO
IHTErpyBaTHCS 3 pOOOYHMMH MPOLIECaMH MOJETIOBAHHS Ta
onTHMi3alii, 10 MOXe 3HaYHO 3MEHIINTH 00YNCITIOBAIIBHI
BUTpATH, OIHOYAaCHO  MOKpAIIyl4M  IOKAa3HUKH
MPOAYKTUBHOCTI.

OmHrM 3 BaXIUBUX 3aCTOCYBaHb € iHTErparis
CAIIP B aBTOMAaTH30BaHI JIAHIIOKKH IPOEKTYBAHHS, II0
3a0e3neyuye IMIBUIKY B3a€EMOIII0 Ta MPSIMHHA 3B'S30K 3
anamizom CFD (Computational Fluid Dynamics) [12].
Takuit miaxig 3abe3medyye BIIMOBIMHICTE  KIHIEBHX
MPOEKTIB peajbHill TUHAMILl MOTOKY, 110 NPU3BOJHUTH JIO
3HW)KEHHST BHTpaT Ha CTBOPEHHsS TMPOTOTHIIB i
MiZBUIICHHS ~ TOYHOCTI  MpOeKTyBaHHs. Hampukman,
napamerpusanis Ha ocHoBi CAIIP noBema cBomo
e(dexTHUBHICTp Tpu cTBOpeHHI 3D-reometpii Jomareit
craropa 1 poTopa BimneHTpoBoro kommpecopa [13].
Takxum unaOM, CATIP Bimirpae choroHi BaXXIUBY pOIb Y
BIOCKOHAJICHHI TPOEKTYBAHHS TiIpPOMAIINH Ta 3JaTHUH

MOJIETIINTH  ONTHMI3Alil0  CKIAJHUX  IH)KCHEPHHX
TIPOIIECIB.

Mera. Meroro po0OTH € TIPOEKTYBaHHS Ta
i ABUIICHHS e(eKTHBHOCTI pobotu 00opoTHO{

TiIpOMAamIMHA B HACOCHOMY pEXHMiI 3a paxyHOK
BukopuctanHs CAIIP-iporpam ANSYS 3 mNOJaIBIINM
YAOCKOHAJIEHHSM IIPOTOYHOI YaCTUHMU.

Pe3yabTaTn nociigxeHb. MeToauka AOCTIHKEHHS
CKJajajach 3 JICKUIBKOX €TalmiB B IPOIPaMHOMY
cepenoBumii ANSYS: Ha OCHOBI BHUXIJHHX JaHHX
MPOEKTYBAIOCS poOOYe KOJECO Ta CHipajbHUW BiIBiJ B
nporpami  Ansys Vista CPD [14]. Ilicis wsoro

OLIIHIOBAJIacs Ta 3MiHIOBajlacs TeOMETpis IMPOTOYHO]
yacTuHd B mporpami Ansys BladeGen, rekcoronanpHa
citka OymyBamacs B TurboGrid i Ha 3aBepluambHOMY
etani po3paxyHok Teuii y Ansys CFX.

Brouna  cTpykTypa  JOCHIIKEHHS Y
Workbench 24.1 npencrasiena Ha puc. 1.

Ansys

- A

| P

—— 2 WP ladeDesign

Vista CPD - npoekTyeaHHA poBo4oro Koneca Ta cnipansHoro eigsogy

- B - c - ]
32 [l BdeDesin v~ o2 [l Tubomesn 2 @ Setw v,
BladeGen - mogepHisauia  TurboGrid - nobynosa Bl @ Sobtin
reomeTpil poboyoro koneca rekcaroHansHol CiTkW 4 P Resus &
cexTopa poBoqoro koneca Ansys CFX
PoapaxyHok Tedii
y Hacoci
- E
S
2 [l ceomery
3 @ Mesh v .
L oo 4 (5] Parameters

MeomeTpia Ta citka
cnipansHoro sigeoay

F - G

2 B ceomery v ,———m2 B Geomety

. v
Meomertpin 3 @ e 4

nigsoay Citka ninsoay

Puc. 1. CtpykTypa MpoeKTYBaHHs Ta AOCIIKSHHs Tedil B
000pOTHI TiApOMAaIINHI

[Mporpamue 3abe3neyenHs Vista s TypOoMauiuH
BKJIIOYAE IHCTPYMEHTH JUISt OJTHOBHMIPHOTO
MPOEKTYBAHHS Ta PO3PaxyHKiB OCHOBUX 1 paiallbHUX
TypOiH, KOMIIPECOpiB, BEHTWISATOPIB Ta  HACOCIB.
Iarerpamis 3 Ansys Workbench 3abe3neduye mepexin Bin
ID no 3D reomerpii, po3zpaxyskiB i CFD ananizy. ¥
mopiBastHEI 3 mporpamamu CFturbo i PumpLinx, Vista
CPD € 6iibII CIIPOIIEHUM Ta OPIEHTOBAaHUM Ha MOYaTKOBI
etann mpoektyBaHHA, Tomi sk CFturbo nHamae mmpmri
MOXJIMBOCTI ~ JUIi  CTBOpEHHS  OaraTocTyneHeBHX
TypOOMamiiH 1 WIATPEIMYe IMUPOKUH Mdialla30H THIIIB
obnagHanHs (Hacocu, KoMmmpecopu, TypOinm) [15]. Vista
CPD pmns mpoexTyBaHHS HacociB 3abe3nedye ITaBHHN
nepexin 10 TpuBuMipHOTo MojentoBanHs Ta CFD-ananizy
B Ansys CFX a6o Fluent, dworo He mpomnoHye
PumpLinx [16], 3ocepemkenuii Ha neTanbHOMY aHai3i
B)XX€ TOTOBHX MOJIEJIeH, 30KpeMa JUlsl OLIHKY KaBitauii 4u
BiOpauiii. CFturbo, xoua 1 0aratoyHKIIOHAIBHHH,
BUMAarae Oilbllle Yacy HAa HaNANITYBaHHA Ta aHAII3.
3arajom Vista CPD € onTuMmMambHuUM BHOOpOM JUis
LIBUIKOTO  TMEPBHHHOTO IPOEKTYBaHHA HACOCIB 13
MOJIaJIBIIIAM PO3IIUPEHUM aHATI30M y CepeoBHUII Ansys,
toni sik CFturbo mimxoauTs i yHiBepCalbHUX PIllICHb, a
PumpLinx - s CIeIiaai30BaHuX 3aBIaHb
eKCIITyaTaliifHOro aHaizy.

B sixocTi BXigHHX TapaMeTpiB po3paxyHKy 3aJaHo:
gacToTy obepranus 500 06/xB.; mogaay 39 M/ TYCTUHY
pimuarn 1000 kr/m®, Hamip 528 M; Kyt Bxoxy 90° .

Kyt nmoroxy Ha mepenHiii kpoMmiii pobodoro xojeca
BU3HAYAETHCS BIJTHOCHO TaHIEHLIAJILHOTO HAIPSMKY. 3a
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CTAaHAApTOM  BCTAHOBJIIOETbCS  3HaueHHs 90°,  ske
BiJINIOBiZJa€ TIOTOKY 0€3 MOIepeTHhOT0 OOEpPTaHHS Iepen
BX0JIOM y poboue koseco [15].

Kpim TOTO, B KOCTI MOYaTKOBHX YMOB PO3PaXYHKY
3aMaH0  KOe(IIlieHT MepHAiOHAaTbHOI IIBHUAKOCTI, IO
BH3HAYAE JIHIMHAN MPOQiNb MBUAKOCTI Bill MATOUYWHH 10
KOpITyCy Ha TepeiHiil kpomii poGodoro komeca (puc. 2).
3amaHuii TPami€eHT PO3MOIUTY IIBHIKOCTI XapaKTepU3ye
CHIBBIIHOIIEHHS  MEPHUIIOHANBHOI  IIBHAKOCTI  Ha
Mepe/IHii KPOMIIi MaTO4YMHU hils) cepenHboi
MEPHUIIOHATBHOT [IIBUIKOCTI.

Cm, mle

30 | |
q 28 |
L 25 I|

24 |

r22 ||I! |

| 20 |

g } 18 |

| 16

' 14

§ 12

10
8
6

Puc. 2. MepuaionanpHa MIBHAKICTh HAa EPEAHiil KpoMmili 13
koedimierTom 1,1

Ha macrymaomy erami otpumana B Vista CPD
reoMeTpis imMmopryBanacs B Momyiab Ansys Mesh s
NoOY/ZIOBH CITKM CHIpaJIbHOTO BiIBOJY Ta B IPOIPaMHUH
MOJIyJTb Ansys BladeGen JUIS onTHUMI3aIii
3MIHH/T€OMETpii MPOTOYHOI YaCTHHH Hacoca abo JomnaTi.

Ansys BladeGen cnienianizyeTbcst Ha TPHBUMIPHOMY
MOJICTIFOBaHHI JIONAaTOK TypOOMaIIMH 1 IHTErpyerscs 3
IHIIUMH TpOAyKTaMH Ansys Juis TJTHOOKOTO aHaii3y, o
PpOOUTH HOTO ieaTbHUM JJISl TOYATKOBOTO IHU3aiHYy. Horo
IHTYITHBHHN iHTEepdeEiic cpusie IIBUIKOMY
MPOTOTHITYBaHHIO, Ha BiaMiHy Bim Cadence Fine/Turbo,
SIKHi Oinbmn opieHToBaHWi Ha netanpHuid CFD-amami3 i
omrtumMizamito  [17]. Siemens NX Hamae mHUpPOKi
MoxxmmBocTi CAD, ame He HacTUTbKM cnenu(ivyHUNA I
rizpomarus, sk BladeGen. NUMECA Takox MpornoHye
noaibHi QyHKIIT 3 akieHTOM Ha onTuMmizariio [18].

Ha ©puc.3 HaBemeno cmpodiiboBaHi
000pOTHOT I'iIPOMAIIIHH.

JIomnari

a o

Puc. 3. Cnpodinbosana B nmporpami BladeGen:
@ — JIoTaTh; 6 — KYTOBE MOJIOXKEHHSI JIOTATi

Ha puc. 3, 6 HaBeJeHO KyTOBE IOJIOKECHHS JOMATI
TiIpOMAaIIMHYN Y MOJSAPHIN CHCTeMi KOOPAMHAT, BiTHOCHO

oci obepranns. Llell napameTp BU3HAYaE, K pO3TAlIOBAaHA
Jonarthb Y3/I0BK OKPYXHOCTI (B HAIpPSIMKY
TaHI'CHIIAJIbHOTO MOTOKY). 3HAueHHs IbOTO Mapamerpy
3a3BMYail 33al0ThCs Yy Tpajycax 1 MOXKYTb 3MiHIOBaTHUCS
JUISL CTBOPEHHSI Pi3HUX pO3TalllyBaHb JIOMATEH, TAaKUX SK
piBHOMIpHHIT abo HepiBHOMipHHUI po3nozin. Y BladeGen
Ile KOPHCHHUHM IHCTPYMEHT AJIsi KOHTPOJIIO KyTa HaxXuiy
JIOTIaTi, PO3TAIIyBaHHS MEPEAHBO] Ta 3aJHHOT KPOMKH Ta i1
opieHTaril BiTHOCHO iHIIKX JionaTei [17].

Ha mHactymHOMy Kpomi TeoMeTpis IpPOTOYHOI
YaCTHHU-POOOUOro Kojeca IepeaaBanacss B IpOrpamy
Ansys TurboGrid mis moGya0BH rekcaroHaabHOT CiTKH.
'ekcaroHaspHa CciTKa € ONTUMAJIbHUM BHOOPOM IS
TiIpOMaIH Yepe3 CBOI e(PEKTHBHICTH y MOJCITIOBAHHI
CKJIQJIHUX T€OMETpil 3 BUCOKOIO TOUHIcTIO. BoHa 3HMXKY€
KUTBKICTP ~ HEOOXIZHHWX  CNIEMEHTIB  TOPIBHAHO 3
TeTpaeApUYHUMH CiTKaMH, IO 3MEHIIye O0YMCITIOBaIBHI
BUTPaTH 1 TMOKpaulye CTaOUIBbHICTh  PO3PaxyHKIB.
I'ekcaroHanbpHI eleMeHTH 3a0e3MeuyroTh Kpallly iMITaliio
MIOTOKIB, 0COOJINBO B MPUKOPIOHHKX Iapax, MO BaXKJIHBO
JUIS  QepOJMHAMIYHOTO Ta TiAPOAMHAMIYHOTO aHAII3y
TypOiH, HAacociB 1 KOMIpECOpiB, [€ KPUTUYHHM €
MO/ICTIOBaHHsI TypOyJIeHTHOCTI Ta BTpat eneprii [19].

Ha pwuc.4 HaBeneHo ciTkd, w0 3pOOJICHO [JIst
MDKJIOIaTeEBOTO  mpoctopy y  TurboGrid Tta s
cripansHOro BiBoxy i migsoay B Mesh mporpami Ansys.
Jns  cmipaspHOrO  BiBOAY  CKJIIaJHO  CTBOPHUTH
reKcaroHajbHY CITKY uepe3 HOoro ckiaJHy reoMeTpito, sika
Ma€ KpHUBOJIHIHHMNA NPOoQiie 1 HEpIBHOMIPHUN NEPETHH.
KpiM Toro, HasgBHICTH S3MKa CHIpajJbHOTO BiJBOAY
Hacoca-TypOiHM, YaCTHHH KOHCTPYKIii, sfka 3abe3medye
TUTABHUH TIEpeXii MOTOKY PIAMHHU BiJl BUXIJHOTO KaHATY

O  BIABIIHOIO TPyOONpPOBONY 3HAYHO  YCKIAJHIOE
moOyaoBy  TeKcaeapajbHOI  CITKHM, IO  BHMAarae
HepalioHaIbHO BENIMKOTO dYacy Ha 1 moOyIoBy.

I'excaroHanbHi €IEMEHTH HOTAHO MPHUCTOCOBYIOTHCS 0
Takux (OpM, OCOOJIMBO B MICIAX 31 3HAYHUMH 3MiHAMH
kpuBm3HA. [le yckmaaHioe KOHTPOIs skocTi citku [20].

Puc. 4. Citku A7 MOZIeNIOBaHHS Tedil B 000pOTHIii
TipoMaIIiHi

Ha ocranHpOMYy eTari BHKOHAHO PO3paxyHOK Tedii B
rijpoMalvHi B HAaCOCHOMY peXHMi 00'€qHaBIIM CITKH
yepe3 iHTepdeiicu B nmporpami Ansys CFX, mo nokasane
Ha puc. 5. [ToeaHaHHs ciTOK yepe3 inTepdericn HeoOXiaHe
JUTSL MOJISIOBAHHS CKJIQJIHUX TEOMETpid 13 pIi3HUMH
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CITKOBUMH XapaKTepUCTUKaMHM B PI3HUX oO0JacTsiX, a
TaKOXX Yepe3 HasgBHICTH O00epTaHHA poOOYOTo Kojeca 3a
BiZICYTHOCTI obepTaHHs CTaTOPHUX €JIEMEHTIB!
CHipaJbHOTO BiJBOAY Ta migBoxy pimwnu. Lle no3posse
ONTUMI3yBaTH PO3PaxXyHKOBY TOYHICTh Ta IIBUAKICTB,
BHKOPHUCTOBYIOUH T'YCTY CiTKY B KPUTHYHHUX 30HAX 1 rpyoOy
B MEHII B&XJIMBUX, 3a0€3Neuyloyd KOPEKTHHH OOMiH
JTaHUMH MDK 30HAMH.

IHTepdeics

p =0..6 MMNa IHTepdenct

p =0Ma
Puc. 5. Po3paxyHkoBa MOJIeNb Ta TPAHIYHI YMOBH PO3PaxyHKY

VY rizpoMalninHax MOJCIIOETHCS JIUIIE ONUH CEKTOP
i3 JOmarTio dYepe3 IMepioAWJHICTh IXHBOI TeoMmeTpii Ta
MOTOKY. binmpmiicTs TypOOMammH MaioTh PIiBHOMIPHO
po3TamioBaHi  Jomari, OI0  JO3BOJSIE  TPUIYCTHTH
OJTHAKOBICTh yMOB Y KOXXHOMY cekTopi. lle 3HauHO
3MEHIIYE OOYHMCIIIOBAIbHI BUTPATH, OCKUIBKH 3aMiCTh
MOJICTIFOBaHHS BCi€l MallMHU aHaNi3yeTbCs JIMIIE OJHA
YacTHHA 3 MEPIOJUYHMMH TPaHUYHHUMH YMOBaMH, SKi
IMITYIOTh B3AEMOJI0 MDK cekropamu. Takuii miaxin
3a0e3nedye TOYHICTh PO3PaxyHKiB IS  KIFOYOBHX
mapaMeTpiB TMOTOKY, HANpHUKIa, PO3IOAUTy THCKY,
mBUIKOCTI Ta eHeprii. KpiM Toro, 3HMWKEHHS KUTBKOCTI
€JIeMEHTIB  CITKM  JIO3BOJISIE  IIBH[IIC BHUKOHYBATH
CHUMYJISIIT Ta BAKOPUCTOBYBATH JTOCTYITHI OOYHCIIOBAIBHI
pecypcu edekTusHimte [21].

Jns MonenmtoBaHHST B3aeMoAii MK 00epTOBHMH 1
HEPYXOMHMH YaCTHMHaM{ TiIPOMALIMHU BUKOPHCTAHO
intepdeiic Frozen Rotor. Y wmpomy minxoxmi porop i
cmipajdbHMAN BIJABIA Ta MIABIA  PO3MISATAIOTHCS  SIK
3aMOPOXKEHI B KOHKPETHOMY TIOJIOKEHHI OJMH BiIHOCHO
OJIHOTO, TOOTO OOEpTaHHsI POTOpa HE BPAXOBYETHCS IIi[
yac po3paxyHKiB. lle 103BONsSE MIBHIKO BUKOHYBaTH
CTalliOHapHI pO3paxyHKH, 30epiraloun BIUIMB BiJTHOCHOTO
TIOJIO’KEHHST POTOpa 1 CTaTOpa Ha XapaKTEePUCTUKH MOTOKY,
HalpuKiag, po3MOJUI THCKYy abo mBuakocTi. Frozen
Rotor miaxoauTs Ai1st MONEPEAHBOT0 aHaNi3Y, JIe BasKINBO
BpaxyBaTu BIUIMB B3a€MOJil MK YacTHHaMH, ajie HEMae
HEOOXIAHOCTI B TOYHOMY MOJIENIOBAaHHI HECTalliOHAPHUX
SIBHIII, TAKAX SIK TyJIbCAIlii 00 KOJUBAHHS TOTOKY [22].

AHami3  YyTOMBOCTI  CITOK Yy  YHCIOBOMY
MOJEIIOBaHHI MOJIATa€e y BU3HAUCHHI BIUIMBY TYCTHHH Ta
mapaMeTpiB  OOYHCIIOBANbHOI CITKM Ha TOYHICTH Ta
30DKHICT pe3ynbTariB. Bin nependayae nposeneHHs cepii
PO3paxyHKIB i3 PI3HHUMHU CITKaMH, MI00 OLIHUTU 3MIHH Y
KJIIOYOBUX  IapaMeTpax MoOJeNi, TaKMX SK THCK,
HIBUAKICT, YK TemriepaTypa. Takuii aHamiz pornomarae
3HAMTH OajaHC MK OOYMCIIOBAJIbHUMM BHTpaTaMHu Ta

HEOOXiTHY TYCTHHY CITKH IJII OTPUMAHHS JOCTOBIPHHX
pesynprariB.  TakuM  9YWMHOM, JI1  OTPUMAaHHA
XapaKTepUCTHK, II0 HE 3alle)KaTh BiA SKOCTI MOOYZOBH
CITKM BUKOHAHO TIOPIiBHSHHS IHTETPaJbHHUX MapaMeTpiB
po3paxysky (KK/I ta momaga) Bif KiTbKOCTI KOHTPOIBHHIX
00'emiB. XapaKTEpPUCTHKH CITOK MMPEICTaBICHO B Ta0I. 1.

Tabnuus 1 — KibKiCTh €1€MEeHTIB B JOCHTIKEHUX CITKOBUX
PO3OHTTSAX y MITH KOHTPOJIBHHX 00'€MiB

Bun Cexrop CripanbHuii
. MixBix | poGouoro . Pazom
CITKH BIZIBi[
KoJieca
I'pyba 0,085 0,221 0,494 0,8
Cepenns 0,2 1,11 4,24 5,55
TapHa 0,5 3,6 8,82 12,92

Pesyneratn BusHauenHs KKJ[ Ta BigHOCHOI momadwi
Hacoca (BigHecCeHa [0 MAaKCHUMaJbHOI 3  TPHOX
pO3paxyHKIB Ha Pi3HUX CITKax) MPEJCTaBIeHO Ha pHC. 6.
[ounnaroun 3 10 MITH KOHTPONBHUX 00'€MIB iHTErpaNbHi
MTOKa3HUKHU poOOTHU TiIpOMAIINHI 3MIHIOIOTECS HE OTbIIIe
Hix Ha 0,5%. Tomy, B mOJambIiuX pO3paxyHKax
BUKOPDHCTOBYEMO  CITKOBE pO30OMTTS 3  3arajbHOIO
KinbkicTio 12,92 MiH KOHTpOJIBHHX 00'eMiB. Kpim ToOTO,
JUISL BCIX CITOK KOHTPOJIIOBABCS IapaMeTp HPUCTIHHOTO
nrapy citku y+ # WOro 3HAYEHHsS JUIs TapHOI CITKH HE
nepeBuIlyBago 3HaueHHs 5 [23], mo  mo3Bosie
sacrocyBatn SST (Shear Stress Transport) wmomensb
TypOynenTHOCTI [24; 25].

1

099 |

Tpirpmax, QQmax

0,97 L L i i i L
0 2 4 [ 8 10 12 14

KinbKicTs KOHTPONbHWX OG'EMIB, MNH

Puc. 6. AHauni3 9yTJIMBOCTI pe3yJIbTaTiB A0 KiJIbKOCTI €lIeMEHTIB
CITKH

B gKOCTI rpaHUYHAX YMOB 3a[aHO: Ha BXOJi B Mi/BiJ
3HadeHHs 3arambHOro Tucky OIla Ta 3HavyeHHS
CTaTUYHOTO THCKYy Ha Buxomi Bim 0 mo 6 Mlla mus
OTPUMAHHS XapaKTCPUCTHKH HACOCHOTO PEXHMY. 3MiHa
3HAYCHHS CTATUYHOIO THCKY HA BHXOJl JO3BOJHIO
orpumaru ontuManbhy 3a KKJ| po6ouy Touky.

Ha pwuc. 7 mnpeacraBieHO poO3MOALT CTATHYHOTO
tucky Ha yomnari Ha 20 %, 50 % i 95 % Oe3po3mipHOi
BijICTaHi 110 BUCOTI Bijl KOPIYCY /0 3aJIHBOTO JHUCKY (Span

Normalized). BesposmipHy BimcTanb y Hacocax Ta
TypOOMallMHAX  BHUKOPUCTOBYIOTH  JUIi  BHUPaKCHHS
TeOMETPHYHUX  abo  OWHAMIYHUX  XapaKTEePHUCTHK

KOMIIOHEHTIB y3/IOBX DPagiallbHOTO PO3IMOILUTY YV BHIIIALI
6e3po3mipHOi BenmmauHA. Po3monin HaBeneHO 3a 00BOAOM
mpoidI0 Ha CepeIHBOMY HiaMeTpi — Ie Oe3po3MipHa
BiZICTaHb BIJl BXOJY 1O BHXOIY, SIka BUMIpIO€ThCS Bix 0
mo 1. s Bigcramp  (Streamwise) g jomareit
TipOMalIMH ONHKCYE HANPSIMOK IOTOKY piAMHH abo rasy,
SIKH 30iraeThes 3 JIOKAIBHOIO JIiHIEK Teuil (streamline)

TOYHICTIO ~MOJIETIOBAHHsA, BH3HAYAIOUM  MIHIMAIBHO  y3710B3K IOBEPXHi JOHATI.
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Puc. 7. Po3monin cCTaTHYHOTO TUCKY B3IOBXK JIOTIATI:
a — 20 % Bucoru; 6 — 50 % Bucoru; 6 — 80 % BucoTH;
2 — 00'eHaHI pO3MOiIH

3 rpadikiB BHIHO, L0 CHOCTEPIra€Tbcs Pi3HULS
THUCKIB Ha CTOpPOHaxX JIONaTi B3JOBX BCi€l Jomari.
HasBHICTh pI3HMX THCKIB Ha pI3HMX CTOPOHAxX JIOMATi
Hacoca € KPUTHYHO BAaXJIMBUM JUisl 3a0e3redeHHs
epekTBHOI poboTH  Mammau. Lle moB's3aHo 3
HEOOXiTHICTIO CTBOPEHHS IEBHOTO THUCKY 1 IOTOKY, 1100
3a0e3MeYnTH ONTUMANbHE TIePeKadTyBaHHS PiJUHH.

Ha puc. 8 HaBemeHO pO3MOIINMM THCKIB B3JOBXK
JomaTi: Py — 3araJbHUM THCK B HEPYXOMIiH CHCTEMI
KOOPJIMHAT; Ps — CTATHYHUN OCEpEeIHEHUH 32 KOMipKaMu
B3IIOBX JIiHII Tedii THcK. CTaTHYHMI THUCK PO3PaXOBAHO Y
BIJTHOCHI IIKaJIi BITHOCHO aTMOC(EPHOTO TUCKY.

— s

Tuck [MNa]
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Hopmanizoeaqe NonoxeHHA B3Noex nonari [-]

Puc. 8. Po3mnoisn THCKIB B3JJOBXK JIOMATI

3aranbpHUi TUCK B HEPYXOMIiH cHCTEMi KOOpJIMHAT €
KOMOIHAIlIEf0 ~ CTaTMYHOTO  THUCKY PpIIMHM Ta  1i
JUHAMIYHOTO THUCKY (SKHMH BHMHHUKAae BHACHIZOK pYyXY),
po3paxoBaHa 0e3 ypaxyBaHHS KOMIIOHEHTIB LIBHJIKOCTI
o0epTaHHs ~ pIAMHM, OCKUIBKM HepyxoMma cucTema
KOOpAMHAT HE 00epTaeThCs pa3oM 3 TEOMETpi€ro.
Bigyamizamist 3MiHM THCKY BiJ TEepeAHbOI A0 3aTHBOI
KpPOMKH JIOTIaTi, OI0 HaBeIEHO Ha pHUC.§ ITOBOIWTH
BIICYTHICTp TiKiB abo TmpoBamiB, IIO BKa3ye Ha
BIICYTHICTh TpoOIeMHUX oOmacTeif, mo mnoTpedyroTh
onTuMizanii KOHCTPYKUii 200 MOAATBIIMX JOCIIIKEHB.

Ha pwc.9 mnpencraBieHo po3nozia  BiAHOCHOT
LIBUJKOCTI PiIMHM CTOCOBHO poOOYOro Kojieca Hacoca
(W) Ta abcomroTHOI MIBHAKOCTI MOTOKY pPiIHHH Y
MPOCTOPi, HE3aJEeKHO BiA pyxy pobdouoro koseca (C).
BinHocHA IMIBUIKICTH BH3HAYAETHCS B CHCTEMI BIJIIKY,
AKa PYXaeTbCS pPa3oM 3 JIOMaTaMHU poOodoro Koieca.
AOCOoIOTHA IIBUKICTh BPAXOBYE SIK TAHTCHIIAIBHY, TaK 1
panianbHy KOMIOHEHTH IIBHIKOCTI.

60 f ——C
—_—W

40

Wenakicts [mic]

20
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Hopmanizoeane NnoNoxeHHs B3n0ex nonati [-]

Puc. 9. Po3nozin BifHOCHOT Ta a0COIIOTHOT IIBUAKOCTEN B3I0BXK
Jronari

CriocTepiracTbcsi HEBEJIMKE KOJWBAaHHS BiTHOCHOI
LIBHJKOCTI y MDKJIONATEBOMY MPOCTOPI MiXK 3HAUEHHSIMH
35 ta 50 M/c. AGCoNIOTHA MBHIKICTH 3pocTae Bia 12 m/c
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Ha IepeiHii Kpomili 10 65 M/c — Ha 3a/iHIH.

Ha puc. 10 HaBeneHO aHami3 3MiHH KYTIB MOTOKY o
Ta [ B3OOBXK JiHII Tewii y MibxonmateBoMy mpocTopi. Kyt
MOTOKY O — I KyT MK HAIpsSMKOM BEKTOpa TOTOKY i
TaHTEHIIAIFHOI0  CKJIagoBOI0 ImBHAKOCTI. Lle#t KyT
O3BOJISIE  BU3HAUUTH, HACKUIBKM e(eKTHBHO TIOTIK
BXOJWTh Yy JIOMATCBHIA KaHaJ, B3MCHIIYIOYH PH3HUK
BUHUKHCHHS BIIPUBIB a00 3aBUXPEHb, IO 3HWXKYIOTh
epexruBHicTh. KyT BmimBae Ha BHOIp KyTa Haxuiy
BXIJIHUX KPOMOK Jjomnareil, mo0 MiHIMi3yBaTH BTpaTu
eHeprii Ha BXoJi B poboue Koisieco. HenpaBunbHuili o
MOJXKE BUKJIHKATH HeOakaHi €(eKTH, SK-OT KaBITAIIO YU
BHCOKI TiApOMHAMIYHI BTPATH.

80 | —— a
[p—

.
o
T

k=1

Kytu notory [°]

Hopmanizoeane nonoxeHHa eanoex nonari [-]

Puc. 10. Po3noain KyTiB OTOKY B30BX JIOTATI

Kyt motoxy [ B rigpomammHax — me KyT MiX
HaTIPSMKOM a0COJIFOTHOTO BEKTOpa IIBUAKOCTI IMMOTOKY Ta
OCBOBOIO CKJI3JIOBOIO IIOTOKY Ha BXOJi B poboue Koljieco
a0o iHmui KoMnoHeHT TypoomamuHy. Lle# kyT Bu3HaUae,
HACKINBKHM TMOTIK Y3TOKYETHCSI 3 TEOMETPI€0 BXiTHOT
KpOMKHM Jjonared. OnTuManbHE 3HAYCHHS JIOTIOMAarae
YHUKHYTH BTpaT, BHUKIMKAaHUX 3aBUXPEHHSM  abo
BIAPHBOM HOTOKY. SIKIIO KyT 0 — e KyT MK HaIIPSIMKOM
MOTOKY 1 TaHT€HI[IaJIbHOI0 HIBHIKICTIO, TO B — KyT MiX
HanpsiIMKOM ~ a0COJIIOTHOI ~ MIBHAKOCTI 1 OCBOBOIO
ckianoBoto. [lpaBwmbHuUA TiAGip [ € BaXIUBUM s
JIOCSITHEHHSI ~ ONTHMalbHUX  Xapakrepuctuk KK i
HaJiiHOCTI TypboMmammau [26; 27].

Ha puc. 11 HaBemeHo 3MiHY KyTiB o Ta [} B3IOBX
BHCOTH JIOTIATI 71 BXiAHOT i BUXiTHOT KPOMOK.

CnoctepiraeTbcs 3MEHILIEHHS KYyTiB K O Tak i [
B3JIOBK BHCOTH JIOTIATI BiJl KOPIYCY JO 33JHBOTO IHCKY
Ha TEpeIHId KPOMIN Ta MPAKTUYHO IIOCTiHHE 3HAYCHHS
B3JI0BXK BUCOTH JJIsl 33 JHHOT KPOMKH.

Ha pwuc. 12 HaBeqeHO KOHTYpH 3MIiHH BiTHOCHOI
mBHAKOCTI. CIocTepiraeTbesl BifpUBaHHS PiTUHH OIIDKIC
IO BUX1THOT KPOMKH.

Ha puc. 13 HaBemeHO BEKTOPH MIBHAKOCTI y MiK
JIONIaTeBOMY IPOCTOpi y IUIOIIMHAX, IO BiANOBIZAIOTH
Pi3HIH BHCOTI jomati. Y BCiX IUIOIIMHAX CIIOCTEPIra€Thes
BIIpMBaHHS TOTOKY, ajic OIS KOPIYCY BiIpUBaHHS Mae
OiITBIITY TUIONLY 30HH.

Ha puc. 14 HaBemeHO PO3MOMALT 3arajbHOTO THCKY Y
Pi3HMX nepeTHHax O JionaTi Hacoca.

3arajgpHUM THCK PIBHOMIPHO 30UIBINYETHCS MiJ Yac
NPOXO/PKEHHSI  PIAMHM ~ MDKJIONATEBOTO  MPOCTOPY.
CrocTepiraeTbCsi HEBEJIMYKE BIJIPUBAHHA Ha 3aJHIN
KpPOMIIi, IO MpPOSBISIETHCS B PO3MOAITIAX 3arajJbHOTO
THCKy Ta Ha pO3MNOAITAaX CTATUYHOTO THCKY B3IOBX
nomati (puc. 7).
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Puc. 11. Po3noain KyTiB IOTOKY B30BX BHCOTH JIOTIATI:
a — JUIsl BXIZIHOT KPOMKH; 6 — 7S BUXiJHOT KPOMKH

=
@

Puc. 12. KonTtypu BiTHOCHOT IIBHAKOCTI y epeTHHI OiJIs:
a — BXiZTHOT KPOMKH; 6 — BHX1THOI KDOMKH; 6 — JIONATI y
MIepETHHI TI0CEePEINHI BUCOTH JIOTATI

Velocity

s 44

[ms*-1]

Puc. 13. Po3nonin BeKTOPiB MBUAKOCTI OiIst JIonaTi y HepeTuHax
HOPMaJTi30BaHo{ BUCOTH:
a-02;6-05;6-0,8

Ha puc. 15 HaBeneHO pO3MOIIT CTATUYHOIO TUCKY Y
mwionuHax Hacoca. CTaTHYHMM THCK TakK caMo, 5K 1
3araJlbHUM ~ piBHOMIpPHO  30UIBIIyETBCS Wi dYac
MPOXOHKEHHS PiMHU B3A0BXK JomaTi [28].
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Puc. 14. Po3nonin 3aragbHOTO THCKY B HEPYXOMill cHCTeMI
BIJITIKY:
a — Ha BXiZHI KpoMmIli; 6 — BUXi/IHIH KpoMILi; 6 — Oist TomaTi y
MEePETHHI MOCePeINHI BUCOTH JIOMATI; 2 — Y MEPUAIOHAIBHII
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Puc. 15. Po3monin craTHYHOTO THCKY:
a — OiJst JToTaTi y nepeTuHi HocepeAnHi BUCOTH JIOTATi;
6 — ocepeHEHNIT 3a IUIOLICIO KOJla Y MepHIiOHAIbHIN IIOIIUHI

Ha pwuc. 16 HaBemeHo po3moain BiIHOCHOI Ta
a0COJIFOTHOT IIBU/IKOCTEH y MEPUIIOHANIBHIN TIOMINHI.

Puc. 16. Po3nonin mBuaKocTeH Tedii y MepHIiOHATBHIH
TUIOILHHI:
a — BiZITHOCHOT OCEpEeTHEHOI0 32 MacoI0; 6 — aDCOMOTHOL
MepHIiOHAIBFHOT OCEPEAHEHOI 3a IUIOLICI0 KoJia

MepuaioHanpHa IIBHIKICTH Ma€ 301UMBIICHHS Ha
nepesHiil kpomui, o Oyae ONTHMI30BaHO Ta MOKPAIIEHO
Ha HACTYIHIHM CTajil JOCIIKCHb 3 METOK BHUPiBHIOBAHHS
Ta 3MEHILIEHHS IPali€eHTy MEPUIIOHAIBHOT IIBUKOCTI.

BucnoBkn. Ha OCHOBI 4YHCIIOBOTO MOJICITIOBaHHS
Tedii y MPOTOYHIM YacTWHI OOOPOTHOI TiAPOMAIIMHH B
HAaCOCHOMY pexuMi OTpHUMaHi TigpoaumHaMivHi
XapaKTepUCTHKH Tedii (PO3IMOIiIIH THCKIB, IIBUAKOCTEH Ta
IHIIAX TTapaMeTpiB).

IIporouna wactuHa, IO CKIajgagacs 3 podOUYOro
KoJieca 3a BHKOPHCTAHHS CEKTOPHOTO MiIXOXmy [0
MOJICJIFOBAHHS,  CHIPAJIBHOTO  BiJBOAY Ta  MiIBOAY
crpoekToBadi 3a ornomoroto CAIIP-incTpymenTiB Ansys:
Ansys Vista CPD, Ansys BladeGen, Ansys TurboGrid.

KK crpoekToBaHOi TiIpoMalIMHH B HaCOCHOMY
pexumi BUBUBCS 96 %, 1110 BiINOBiAae yciM HalKpalyum
3pa3kam, 10 BUKOPUCTOBYEThCS Y CBITOBIi MpakTHLI, IO
JIOBOINTH 3JaTHICTE  Ta CIPOMOXKHICTh CAD-
IHCTPYMEHTIB MPOEKTYBATH TOCKOHAII T1JpOMAITHHH.

Pesymbratm  po3paxyHKy Ta Bidyamizamii Tedii
MOKa3aJIy, 0 CTAaTUYHHUI THCK TaK camo, sIK 1 3arajJbHUN
PIBHOMIpPHO 30UTBIIYETHCS MiJ YaC MPOXOPKEHHS PiTUHH
B3JIOBX JIomaTi. Bizyamizaliis 3MiHH THCKY BiJ NEepeaHboi
JI0 3aJHBOi KPOMKH JIOTIaTi AOBOIUTH BiJACYTHICTh IiKiB
abo mpoBajiB, IO BKa3ye Ha BiJCYTHICTh NMPOOJIEMHHX
obnacrteid, Mo MOTPeOyITh ONTUMI3AIll KOHCTPYKIIi abo
MOJANBIINX JOCHiKeHb. CrocTepiraeTbcsi BiIpHBaHHS
piavHE ONIMXKYe JO BUXITHOI KPOMKH, aje Oilns Kopmycy
BiJJpUBaHHS Ma€ OibIIY IUIOILY 30HH.
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O. FATYEYEV, N. FATIEIEVA, A. SHYIAN, V. POLIAKOV, V. BOIKO

METHOD OF SOFTWARE CONTROL OF MOTION PARAMETERS OF THE OUTPUT ELEMENT OF
THE PNEUMATIC UNIT BY CHANGING THE EFFECTIVE AREAS OF CONTROL LINES

Control of position pneumatic units includes tasks of precise positioning, speed and acceleration control, as well as ensuring reliability and safety of
operation. Existing control methods can range from simple mechanical solutions to complex programmable systems using modern automation
technologies and intelligent algorithms. In the context of dynamically changing production requirements and the need to improve the accuracy of
operations, the development and implementation of new control methods become particularly relevant. This requires a deep understanding of both
physical principles of pneumatic units operation and modern approaches to automation and control of technological processes. Two available methods
of program control of pneumatic unit output motion parameters exist. The first method consists of changing the effective areas of control lines, and the
second — is changing the value of braking force developed by the external braking device. The first method is suggested for the open loop program-
time control, as the second method will cause energy losses due to the need to work to overcome the friction force developed by the braking device. A
control algorithm for a position pneumatic unit is proposed, which is a set of consecutive values of the control signal. These values are not connected
with each other by analytical dependence, so the simplest way of their assignment is tabular. It is assumed that the entire set of control signal values is
simply entered into the controller's memory, and at set intervals the control signal is changed according to the table. The described control algorithm is
quite simple to implement. It is possible to use two methods of regulation at open-loop program-time control, depending on the type of applied
distribution equipment — analog and discrete-analog. The analog method allows the setting influence to be worked out more accurately but requires
more expensive hardware costs; the discrete-analog method is less accurate, easier to implement, and more reliable. The essence of the discrete-analog
method of regulation consists in replacement of exact analog values of effective areas by approximate ones, which are chosen as the nearest from a
limited range of values provided by discrete distribution equipment.
Keywords: position pneumatic unit, control algorithm, distribution equipment, effective area, controller, control signal.

O. M. ®ATEEB, H. M. DATEEBA, A. B. IIIHAH, B. B. IT0JIAKOB, B. 0. BOHKO

METO/I MPOTPAMHOT'O PETYJIOBAHHS TAPAMETPIB PYXY BUXIJTHOI JJAHKH
ITHEBMOATPET'ATY 3A JOIIOMOI'OI0 3MIHU E@EKTUBHUX I1J101I1 JITHIN YIIPABJITHHS

VnpaBniHHA NO3MUIHMMK IHEBMOArperaTaMi BKIIOYae B ceOe 3a[adi TOYHOTO IO3HLIIOBAHHS, KOHTPONIO IIBUJKOCTI Ta NMPHCKOPEHHS, a TaKoX
3a0e3neueH s HaiiHOCTI Ta Oe3meku poOoTH. ICHYIYi METOaM YNpaBIiHHS MOXXYTh BapirOBAaTHCS BiJ MPOCTHX MEXaHIYHHMX PIIICHb IO CKIIATHUX
HPOrPaMOBaHUX CHCTEM, IO BHUKOPHCTOBYIOTh CYYacCHI TEXHOJIOTii aBTOMAaTH3allii Ta iHTEIEKTyalbHi alropuTMH. B yMoBaX JMHAaMi4HO MiHJIMBHX
BUPOOHMYMX BHMOI i HEOOXITHOCTI MiABHIIEHHS TOYHOCTI Omepaliil, po3poOka i BOPOBAa/PKEHHS HOBUX METOJIB YHPABIIHHS CTalOTh OCOOJIHMBO
akTyanpHUMH. 1{e BuMarae ramGokoro po3ymiHHS K (i3MYHUX MPUHIMIIB POOOTH IMHEBMOArperariB, Tak i Cy4acHUX MiIXOJIB O aBTOMAaTH3aLll Ta
KOHTPOJIFO TEXHOJIOIIYHHUX MPOLECiB. ICHYe nBa JOCTYIMHHUX CIIOCOOHM MPOTrPaMHOIO PETryJIIOBAHHS MapaMeTpiB PyXy BUXiJIHOI JIAHKU ITHEBMOArperara.
IMepumit momnsirae y 3miHi eheKTUBHUX IUIONI JIiHI YIpaBiiHHSA, @ APYrHd — y 3MiHI BEIMYMHH CHJIM TajJbMyBaHHS, IO CTBOPIOETHCS 30BHIIIHIM
rajJbMiBHUM OPUCTPOEM. [IIsi PO3IMKHYTOTO MPOrpaMHO-4aCOBOTO YIPABIIHHS MPOMOHYETHCS BUKOPUCTAHHS MEPLIOr0 CHOCO0Y, OCKIIBKH Mij yac
BUKOPHUCTAHHS JIPYroro 3'ABISIOTHCS €HEPreTUUYHI BTPATH, 3yMOBJICHI HEOOXIHICTIO 3/iliCHEHHS POOOTH 3 MOONIAHHS CHIIH TEPTS, IJ0 CTBOPIOETHCS
rallbMiBHIM IIPUCTPOEM. 3alpOIIOHOBAHO AJITOPUTM YIPABIIHHS MO3ULIMHAM ITHEBMOArpPEratoM, SKHil SBJsSE COOOK CYKYITHICTH MOCIIIOBHHX
3HA4€Hb CUTHaJy ynpamiiHHA. Lli 3HaueHHs He MOB'A3aHI MK COOOI aHAJITUYHOIO 3AJISKHICTIO, TOMY HAMIPOCTIIIMM CHOCOOOM iXHIX 3aBIaHb €
Tabnuunmii. [lepenbadaeTses, 0 BCsI CYKYIHICT 3HAYEHDb CHIHAITY YIIPABIIHHS IIPOCTO BBOJHUTHCS B TIaM'sITh KOHTPOJIEPA, 1 Yepe3 3a1aHi HPOMIXKKI
Jacy Bi/IOyBaeTbCs 3MiHA CHTHAIY YNpPaBJIiHHS BiINOBIAHO 710 Tabmmni. OnncaHuid alropuT™ YIpaBiliHHS JOCHTh NMPOCTHiT y peanizanii. Mosximse
BHUKOPHCTAHHS JIBOX CIIOCOOIB PEryJIOBaHHS i 4Yac PO3IMKHYTOrO MPOTPAMHO-YacOBOTO YIPABIIHHS, L0 3aJ€XaThb BiJl THILY 3aCTOCOBAHOL
PO3MoALTEYOI arnapaTypy, — aHAJIOTOBUH 1 JMCKPETHO-aHAJIOrOBHH. AHAJOTOBHH CIOCIO Ja€ 3MOTY TOUHIIIE BiANpALIOBAaTH BIUIMB, IO 3aJa€, aje
norpedye JOPOXKYHX alapaTypHUX BUTpAT, IUCKPETHO-aHAIOTOBHMII — MCHII TOYHMIA, MpoCTimmii y peamisauii Ta mae Bumty Hagiiiaicts. CyTb
JIUCKPETHO-aHAJIOTOBOTO CIIOCOOY PEryJrOBaHHs IOJISITA€ B 3aMiHI TOYHMX aHAJOrOBUX 3HA4CHb €(DEKTHBHUX IUIOLI HAOIMKCHUMH, SIKI OOMPAIOTh
HalOMDKIMMH 3 00MEKEHOI HU3KH 3HAUEHb, 110 3a0€3MeuyrOThCs JUCKPETHOIO PO3IOALIBHOIO allapaTyporo.

KoarodoBi cioBa: mosuniiiHmii IHEBMoarperar, ajiropHTM YIPaBIiHHA, PO3MOAiNbYa amaparypa, e(eKTHBHA IUIOIIA, KOHTPOJIEP, CHIHAI
YIpaBIIiHHS.

Introduction. Pneumatic units that use compressed accuracy of operations, the development and

air as a working medium play an essential role in the
automation of production processes and the mechanization
of various operations [1; 2]. They are widely used in areas
such as assembly, packaging, material handling, and many
others. The efficiency of pneumatic units largely depends
on the methods used to control their positioning
systems [3]. Control of position pneumatic units includes
tasks of precise positioning, speed and acceleration
control, as well as ensuring reliability and safety of
operation [4; 5].

Existing control methods can range from simple
mechanical solutions to complex programmable systems
using modern automation technologies and intelligent
algorithms [6; 7]. In the context of dynamically changing
production requirements and the need to improve the

implementation of new control methods have become
particularly relevant [8;9]. This requires a deep
understanding of both physical principles of pneumatic
units operation and modern approaches to automation and
control of technological processes.

The study of control methods for position pneumatic
units is relevant due to several key factors. Firstly, with
the increasing competition in the market, companies are
looking to improve the productivity and efficiency of their
processes. With their high responsiveness and ease of use,
pneumatic units are becoming the preferred choice for
many applications. However, to maximize efficiency,
modern control methods must be applied to ensure
accurate and reliable operation [10; 11].

Secondly, with the increasing complexity of
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production processes, there is a need for more flexible and
adaptive control systems. Modern technologies, such as
artificial intelligence and machine learning, open up new
opportunities for optimizing the operation of pneumatic
units [12; 13]. Research and implementation of such
methods allow not only to improve product quality but
also to reduce the time required to perform
operations [14].

Moreover, the safety and reliability issues of
pneumatic unit operations are becoming more and more
relevant in light of increasing requirements for labor
safety and accident risk reduction. Effective control
methods can minimize the probability of errors and ensure
safe working conditions.

Thus, the study of control methods of position
pneumatic units is an important task that contributes to the
development of automation technologies, increasing the
competitiveness of enterprises and ensuring safe working
conditions.

Analysis of the state of the issue. One of the
advantages of open-loop control is the simplicity of design
and circuit solution, which consists of the absence of the
need to use feedback sensors, as well as sensor
communication devices with the model of the control
system. This leads to a significant reduction in the cost of
the pneumatic unit design; however, the lack of feedback
on position increases the error of working out the set point
effect [15].

The considered approach to constructing the control
system will be expedient in those cases when high
requirements for the accuracy of the pneumatic unit are
not imposed.

As discussed in the papers [16; 17], two available
methods of program control of pneumatic unit output
motion parameters exist.

The first method consists of changing the effective
areas of control lines, and the second — is changing the
value of braking force developed by the external braking
device. Obviously, for the open-loop program-time
control, the first method will be the most rational, because
when using the second method, there will be energy losses
due to the need to perform work to overcome the friction
force developed by the braking device [9].

Main part. Let's consider the algorithm of
pneumatic unit control based on program-time change of
values of effective areas of its control lines. The
simplified structural scheme of the unit with such a
control algorithm (see Fig. 1) includes pneumatic engine 1
with inertial load 2, pneumatic engine control lines with
effective areas fi° and £, distribution equipment 3, and
controller 4.

The process of program-time control can be
represented as follows: according to the program entered
into the controller memory, the control signal U(t) values
are determined, depending on time and the computational
algorithm embedded in the program. Further, from the
controller output, the control signal is fed to the
electromagnets of the distribution devices, which
transform the control signal into values of the effective
areas of the control lines, which are also functions of time

f£ (@) and f5 (0).

Fr
g
'
1 U
i Contfroller
suygaly  atmosphere
lne lme

Fig 1. Structural scheme of the pneumatic unit

The input for the control system is information about
the movement parameters of the actuator, and the output is
a control signal.

In a control system based on a controller, the control
signal is changed discretely at specified time intervals At,
according to some algorithm set by the designer. The
following number of main factors determines the choice
of Aty value:

- the speed of the control system model (CSM), the
higher the speed of the electronic units, the smaller At, can
be;

- the number of operations that the controller must
perform to work out a given algorithm. The simpler the
algorithm, the fewer operations, and therefore the smaller
the value of At, can be;

- the speed of the object communication devices
(OCD), the higher the speed of the OCD, the smaller the
value of At, can be.

To properly model an accurate scale program-
controlled pneumatic unit system, it is very important to
consider the distributing devices' response time or electro-
pneumatic converters' response time.

Let the response time of the electropneumatic
converter be equal to t, (if there are several
electropneumatic converters in the pneumatic unit system,
it is necessary to take the response time of the slowest of
them as t), and the time of performing operations of the
CSM - t,,;; the speed of the interface, or OCD —t,. Then
the following relations can be used to choose At

Aty =t when ty, + t, < t; Aty =ty + t, when ty + t, > te. (1)

By choosing At, according to (1), we consider the
actual capabilities of the CSM and the actuator.

Thus, changes in the values of effective areas f;°(t)
and f;7(t) occur discretely at time intervals At,. To the
above, the process of determining the control algorithm
can be divided into several stages:

1. determination of the value At, from conditions (1);

2. determination of the law of motion of the output
link, providing the specified technical characteristics;

3. determination of the law of change of effective
area corresponding to the chosen law of motion and
program controllability criteria;
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4. determination of the law of change of the control
signal;

5. determination of the control algorithm, or program
algorithm for the controller, providing the obtained law of
change of the control signal.

The second step may not be necessary if the unit
performs a contour control task and the motion law has
already been set according to the process requirements.

In the third stage, to determine the time law of
effective area change, it is necessary to use the
dependencies given in paper [18], obtained for solving the
inverse problem of pneumatic unit dynamics. However,
since the effective area will change discretely and the time
interval remains constant, it is necessary to average the
obtained values of f°(t) and f;(t) when solving the
inverse problem. In this case, finding the time law of
change of £°(t) and £ (t) is somewhat more complicated
and will consist of a sequential solution of the direct and
inverse problem [19]. In this case, the direct problem is
solved with averaged values over the interval At, and its
solution is necessary for obtaining initial data for solving
the inverse problem. After finding the law of effective
area change, the law of control signal change, providing
the given law of effective area change, can be found using
the switchgear model [20].

Results of the analysis. In accordance with the
above, a simplified flowchart of the process of
determining the control algorithm can be presented

(Fig. 2).

( Setting the
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Fig 2. Flowchart for determining the control algorithm of a
positional pneumatic unit

The resulting control algorithm will be a set of
successive control signal values. As a rule, these values
are not connected with each other by analytical
dependence. Therefore, the simplest way of setting them
is the tabular method. In this case, the entire set of control
signal values is simply entered into the controller memory,
and at specified time intervals At, the control signal is

changed in accordance with the table.

Conclusions. The described control algorithm is
quite simple to implement. At the same time, it should be
noted that there are two possible ways of regulation at
open loop program-time control, depending on the type of
applied distribution equipment — analog and discrete-
analog.

The analog method allows the setting influence to be
worked out more accurately but requires more expensive
hardware costs; the discrete-analog method is less
accurate, easier to implement, and more reliable. The
essence of the discrete-analog method of regulation
consists in the replacement of exact analog values of
effective areas f°(t) and f;’(t) by approximate ones,
which are chosen as the closest from a limited range of
values provided by discrete distribution equipment.
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H. M. ®PATEEBA, O. M. ®ATEEB, B. B. IIOJIFIKOB, A. B. IITUAH, /l. O. OXPIMEHKO

OCOBJUBOCTI ITPOEKTYBAHHS T'IJIPABJTYHAX CUCTEM HA BA3I MOJAYJIbHOI
I'TAPOAITAPATYPHU

MonyneHa rigpoamnaparypa sBise co00K Halip B3a€MO3aMiHHHUX KOMIIOHCHTIB, SIKI MOXYTh OyTH JIETKO iHTEIpOBaHI B HasBHI cHUCTeMH abo
BUKOPHUCTaHI JUIs CTBOPEHHS HOBHX. I'iipoanapatypa MOAYy/IbHOrO BUKOHAHHS HE TiIbKM CIPOIILY€e POLEC MPOEKTYBAHHS | MOHTAXY TiIPOCHCTEM, a i
3HAYHO CKOPOYY€E 4ac Ha OOCIYrOBYBaHHS i MOJEpHI3allil0 MPUBOJIB, Aa€ 3MOTY 3HHU3UTH BUTPATH Ha €KCIUTyaTallilo riIpocucteM. MeTow CTaTTi €
y3araJIbHeHHsl JaHHX IIOJO CYYacHOI MOJIYJBHOI TifpoamapaTypd, IO AacTh 3MOry (axiBLIsM KOHCTPYIOBATH DPI3HOMAHITHI TiAPONPHBOIH 3i
3HAXOJDKEHHAM HalKpaluX KOMIIOHYBAJIbHHX pIllleHb Ul 3aJaHMX KOHKPETHHX yMOB eKciuryaTauii. I'izpoamapaTypa MOAYyJIbHOTO BUKOHAHHS He
TiJIBKM Ma€ BCi IepeBaru 3BUYaiHOI TijpoanapaTypy CTUKOBOTO BUKOHAHHS, aje W JO3BOJIsIE BUKOHATHU TiIPaBIiYHUI HPHBIJ JETKUM, KOMIAKTHUM,
3py4HHMM [T MOHTaXy Ta eKCILTyaTauii 0e3 3'eqHyrounx Tpybomposoais. Lle mae 3Mory cTHKyBaTH ripoanapaTd i BCTAaHOBIIOBATH IX Ha ILIUTH,
3abe3reuyroun 3pyYHHil | KOMIIAKTHUH MOHTaX HaifyacTillMX THIIOBHX CXeM riaponpuBoay. Halinpocrima dgopma npueHanHs anapary MOLYyJIBHOTO
Ta CTUKOBOTO MOHTaXXy — II€ HOro BCTAHOBJICHHS HAa OJHOMICHIM MOHT@XHIH IUIMTI Ta 3'€THAHHS IUIUT MK COOOIO 32 JIOMOMOTOK TPYOOIPOBOIIB.
baraToMicHi MOHT@XHi IUIMTH CITUIBHO 3 MOAYJIBHHUM IIPUHLMIIOM (3'€/[HAHHS 3a BHCOTON) 3a0e3MeUy0Th MOKIMBICTE KOMIAKTHOTO PO3MILICHHS
TiZipoanapaTypu [ KUIbKOX crioxuBadiB. TyT He MOTpiOHI 3'eJHYBaNbHI TPyOOIPOBOIM i € JUIIE KiJIbKa MiCIlb, IKi MArOTh OyTH repMETH30BaHi, a
came CTHKOBI ITOBEPXHI Ta OTBOPH /I BKPYTHHX LITYylepiB. baraToMicHi iUTH € 6a30BMM €JIEMEHTOM TiJPOCUCTEMH VIS MiJKIFOUCHHS 0 IECATH
€JIEMEHTIB YIPABIIHHS y BEPTHKAIbHIN KOHCTPYKIIl (MOHTaXHHUX «CEH/BIU» IUIUT Ta KianaHiB). BUKOpHCTaHHS anapaTypy MOYJIBHOTO MOHTaxy B
TiIponpHBOAi € eEKTUBHUM DIIICHHAM U Cy4acHHX BHpOOHMYMX mporeciB. Lle 3abe3medye THYUKiCTb, MPOCTOTY OOCIYTOBYBaHHS, €KOHOMIIO
BUTpAT 1 MOXJIMBICTH iHTErpauii 3 HOBUMH TEXHOJOTISIMH, IO POOUTH BUOIp MOAYIBHOI TiApoamapaTypu NpUBaOIMBHM BapiaHTOM Uil 0araTthbox
I APHEMCTB.

KurouoBi ciioBa: rigpasiiyni cucteMu, MOIYJIBHUIM MOHTa)X, YMOBHHUI [IPOXiJl, TIPOEKTYBAaHHs, MOHTAXHI [UIMTH, TiJpoanapaTtd MOLYJIBHOTO
BUKOHAHHSL.

N. FATIEIEVA, O. FATYEYEV, V. POLIAKOV, A. SHYIAN, D. OKHRIMENKO

FEATURES OF DESIGNING HYDRAULIC SYSTEMS BASED ON MODULAR HYDRAULIC
EQUIPMENT

Modular hydraulic equipment consists of a set of interchangeable components that can be easily integrated into existing systems or used to create new
ones. Modular hydraulic equipment not only simplifies the design and installation process of hydraulic systems but also significantly reduces
maintenance and modernization time for drives, allowing for lower operational costs of hydraulic systems. The aim of this article is to summarize data
on modern modular hydraulic equipment, enabling specialists to design various hydraulic drives while finding optimal layout solutions for specific
operating conditions. Modular hydraulic equipment not only possesses all the advantages of conventional block-type hydraulic equipment but also
allows for the creation of lightweight, compact, and convenient hydraulic drives for installation and operation without connecting pipelines. This
facilitates the connection of hydraulic units and their installation on plates, providing convenient and compact assembly of the most common standard
hydraulic drive configurations. The simplest form of connection for modular and block-mounted equipment is its installation on a single mounting
plate and the connection of plates to each other using pipelines. Multi-seat mounting plates, combined with the modular principle (vertical
connections), enable compact placement of hydraulic equipment for multiple consumers. In this setup, connecting pipelines is unnecessary, and only a
few points need to be sealed, specifically the joint surfaces and holes for threaded fittings. Multi-seat plates serve as the basic element of the hydraulic
system for connecting up to ten control elements in a vertical configuration (mounting "sandwich" plates and valves). Modular mounting equipment in
hydraulic drives is an effective solution for modern manufacturing processes. It provides flexibility, ease of maintenance, cost savings, and the ability
to integrate with new technologies, making modular hydraulic equipment an attractive option for many enterprises.
Keywords: hydraulic systems, modular mounting, nominal diameter, design, mounting plates, modular hydraulic devices.

Beryn. NigponpuBon € oMHUM 13 HaHTOCKOHATIIITUX
3aco0iB aBTOMaTH3alii Ta MexaHizalil MalMH y pi3HUX
ramy3sx mpomucioBocTi [1; 2]. Iupoke BmpoBaIKeHHs
TiIpONPHUBOLY BHUCYBA€ 10 HHOTO JEAall BHIII BUMOTH HE
TIIBKM [IOJ0 TOJINIMIEHHS pPoOOTH, PO3MHPEHHS
(YHKIIOHATPHAX MOXJIIMBOCTEH, aje TakoX 1 IIomo
BIOCKOHAJICHHS MOHTa)y, MIJBUINEHHS KOMITAKTHOCTI
MIPHUBO/IA, 3py4YHOCTI o0cITyroByBaHHS Ta
ekcmutyatarii [3; 4].

IosiBa MOy IBHOT TiipoanapaTypH cTaja HACiIKOM
poOIT 3 MiJBUINEHHS KOMIIAKTHOCTI TiAPONPHBOIY
3aBASKM MiHiaTIopu3amii iX CKJIaZOBHX YacTUH 1
3aCTOCYBaHHS MOJYJbHOTO MOHTaXY.

MonynbpHa rifpoamapaTypa sBIsS€ CO00K0 Habip
B3a€MO3aMIHHUX KOMITOHEHTIB, SIKi MOXYTb OyTH IIETKO
IHTeTpOBaHI B HasBHI cucTeMH a00 BHKOPHCTaHI IS
CTBOpEHHsS  HOBUX. [impoamapaTypa  MOMAYJIbHOTO
BUKOHAHHS HE TIJIBKH CIIPOIYE MPOIEC MPOEKTYBAHHS i
MOHTaXy TiIPOCHCTEM, a W 3HAYHO CKOPOYYE Yac Ha

obciyroByBaHHs 1 MoZIepHi3alito mpuBois [5], mae 3mory
3HU3UTHU BUTPATH Ha €KCILTyaTallilo I'1IPOCHCTEM.

3aranom, MOAYJIbHHH MOHTaX Yy TiAPONPUBO/II HAJAE
0e3umiy mepeBar, ki poOJIATh HOro akTyalbHHM BHOOPOM
U CyYacHUX MPOMUCIIOBHX PIllICHb.

AHasi3 crany nutaHHd. [lpyHuMn MomynIbHOTO
MOHTaXY TIOJISira€ B TOMY, IO arnapaTtd pi3HOTO
(YHKIIOHAJIBHOTO NMPU3HAYCHHS BCTAHOBJIIOIOTH OJWH HA
IHIMUA Yy TeBHIM TOCTIAOBHOCTI, IO BHU3HAYAETHCS
CXEeMOI0 TiApomnpuBoay, yTBOprotouM Onoku. KoxkeH i3
IUX afnapaTiB-MOMYJIiB Ma€ JBI CTHUKOBI IJIOUIMHH,
OJIHAKOBI 3a pO3MipamMH, pO3TallyBaHHSM 1 KUIbKIiCTIO
KaHalliB 1 KPIMMIBHUX  OTBOPIB 13  IUIONIMHOIO
pO3MOMITbHUKA, SKHH BCTAHOBIIOETHCS HAZA — yciMma
amaparaMmy, 3aMHKalO4d TaKMM YHHOM Ied Onok (y
JIeIKMX BUI3JKax BEPXHIM Moyke OyTW IHIIWK amapat
CTHKOBOTO ITPUETHAHHS, HAMIPHUKJIIA]] KJIaTlaH THUCKY).

[epeBaru pu BUKOPHCTaHHI MOJIYJIBHOT
rizpoanapaTypu Taxi:
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- 3HAYHO 3MCHIIYETHCS IUIOMIA, SIKY TiIPOIPHBO/L
3aliMa€ B MaIllMHI, BHACIIJIOK YOr0 3MCHIIYIOTBCS 1
rabapuTi caMoi MalluHU a0o K y TaKUX came radapurax

BIA€TbCS BUKOHATH  CKJIAQHINIMHA  TiApONpHBOX i3
OinpIIMMU (QYHKIIOHATEHIUMHU MO>KJIMBOCTSIMU;
- TaKOXK 3HAYHO CKOpPOYYETHCS KUTBKICTh

TpyOOIIPOBOZIB Ta IXHIX 3'€JlHAHB, IO A€ EKOHOMIIO B
Tpy0ax 1 KIiHIEBUX 3'€IHAHHSIX, a TaKOX JMJa€ 3MOTyY
3MEHIIIUTH BTPATU THCKY 1 ITYM Y CHCTEMI;

-3HQYHO CIIPOIIYIOTBCSI MOHTaX 1 JEMOHTAaX
rigpanmaparypy, IO Ja€ 3MOTYy 3pPY4YHO 1 IIBHJIKO
MPOBOJUTH PEMOHT NPHBOAY ab0 3aMiHy amapariB, sIKi
BUHIUIM 3 Jany, JIETKO, Oe3 MOpYIIEHHS MOHTaXHOI
CXeMH, 3MIHCHIOBATH MOJICPHI3AIII0 MIPUBOLY:
3aMiHIOBaTH OJHI amapard iHIIMMH, BHIAJSTH anapary,
SKi CTald HEeNoTpiOHMMH, BBOJUTH paHille He
nepeabadeHi cxemoro anaparu [5].

Kpim ToTrO, 3'IBISETECS MOXIUBICTH BXKE HA CTaii
MIPOEKTYBaHHS CyIUTH po XapaKTEePUCTUKY
TiIPONPHUBOJy MAIIMHM, BUXOISIYM 3 XapaKTEPHUCTHK
anapariB-MOJyJIiB, 1[0 BXOIATH J0 HHOTO [6].

Bci nepepaxoBaHi mepeBaru MOAYJIbHOTO MOHTaXy
3YMOBHJIM HOTO BiTHOCHO IIBUAKE 1 IIMPOKE HOMIMPEHHS.

OpHak, SK MOKa3aly MpaKTUKa 1 POBEJCHUH aHai3
MPOTPECHBHUX  METOAIB  MOOYZOBH 1  MOHTaxy
TiIpONpHBO/IiB, BUKOHAHHS TiAPONPHUBOAIB Ha 0a3i jumie
MO/JIyJIbHOTO MOHT)XY HE 3aBXKH MOXKJIMBE 1 BUIIpaB/IaHe.

SIKmo TPOCTHH TiAPONPHUBOA (HAUPUKIAL, MPHUBIT
BY3JIIB 3aTHCKY a00 (ikcaliil, MexaHi3MiB 3aBaHTaKCHHS 1
PO3BaHTa)XEHHs BEPCTATIB 1 aBTOMATHYHHX JiHIN) SBISIE
co00r0 3aKiHUYCHUA MOAYNIBHUI OJOK, TO CKJIamHIIINN
TiAPOTIPUBOJ 3a3BHYAll MiCTUTh KUTbKA MOIYJIBHUX OJIOKIB
abo sBisge co0OI0 KOMOIHAIIO TakMX OJIOKIB 3 iHILIOIO
rigpoamnapaTyporo, 3MOHTOBAHOIO 1HIIUM criocobom [7].

Crin BiA3HAYMTH, IO JJIS TiIPOCHUCTEM 3 BUCOKHUM i
HAJBUCOKHUM THCKOM 1 BEIMKHMH BHUTpaTaMu pPoOOUOi
piAMHY, HIITNM HANPSIMKOM Yy TMOOYIOBI TiAPONPUBOIIB 3
0e3TpyOHMM  CHOCOOOM  MOHTaXy, €  CTBOPEHHS
TiApOCHCTEM 3 BHKOPHCTAaHHAM KiIalaHHOI BOYIOBaHOI B
OTBOPH TiZpoamapaTrypd, sSKa BHKOHYEThCS Ha 0a3i
3BOPOTHOIO KJlarnaHa, KEepOBaHOTO TifipaBiaiyHuM abo
eJIEKTPOTriApaBiivyHuM criocobom [8].

[To6ynoBa Cy4YacCHHX T1IpONPHUBOIIB Mae
BiZOyBaTHCS 13 3aCTOCYBaHHSM YCiX BUJIB anapatrypy Juis
Toro, 1mo0 Morau OyTH MaKCUMajbHO BHKOPUCTaHI
nepeBaru Ko>xHoro Buny [9]. 3okpema, sk moKa3aiu mayxe
Oarato po3poOOK 1 TPOMHUCIOBHH [IOCBiN, CHLIbHE
3aCTOCYBaHHS MOJIYJBHOI Ta CTHKOBOI amaparypu
3a0e3mneuye YHIBepCAIbHICTh, KOMIIAKTHICTD, IPHIATHICTh
JUIL  THIIOBUX pIlIeHb, a TOJOBHE — JOCSTHEHHS
HaMKpannux TEXHIYHUX ITapaMeTpiB.

Merta. Metoro i€l cTarTi € y3arajJbHEHHs JaHUX
IIOZ0 Cy4YacHOI MOJAYJBHOI TiZpoamapaTyp, IO JacTh
3MOTy ¢axiBism KOHCTpPYIOBAaTH pi3HOMaHITHI
TiApOTpUBOIH 31 3HAXOPKSHHIM HalKpammx
KOMITOHYBaJIbHUX PILlIEHb IJISl 33IaHUX KOHKPETHHX YMOB
eKCILTyaTartii.

i mani OynyTh KOPHUCHUMHM Uil 1H)KEHEPHO-
TEXHIYHHX MPAI[iBHUKIB, SIKi 3aiHMalOThCS IPOEKTYBAHHSM,
BIPOBA/DKCHHSM Ta EKCIUIyaTali€elo TiAPOCHCTEM Yy
MalIMHOOYAyBaHHI Ta IHIIMX I'aTy3sX IPOMHUCIOBOCTI.

BupoOHuky TigpaBaidHOrO OONaTHAHHS ITOCTIHHO
BEyTh POOOTH 3 YIOCKOHAJIICHHS KOHCTPYKIIH MOJYJIbHOT
ripoamapaTypy, MiABUINECHHS 11 TEXHIYHUX TapaMeTpiB,
TOMY IUIKOM 3pO3yMiIO, MI0 MOXIJMBAa 3MiHa 1
JIOTIOBHEHHS NPEACTABICHUX B Wil CTATTI KOHCTPYKLIH, 1X
mapaMeTpiB Ta IHIINX JaHUX.

OcHoBHa vacTuHA. [lpusnauenns, ckiad i cgepa
3acmocysants MooyabHoi ciopoanapamypu. MoaynbHa
rizpoanapaTypa MOKe 3aCTOCOBYBATHCS B TiJpOCHCTEMAX
MeTano- 1 JepeBoOOpPOOHUX BEpCTaTIB, KOBAIHCHKO-
IpecoBoro oONaaHaHHA, BIJIMBHUX 1 JIMBAPHUX MAIIWH,
ABTOMATHYHMX JIHIN Ta IHIIOTO 00JIa HAHHSI.

Kommieke MomynbHOI  rimpoamapaTypud  MiCTHTh
rigpoamnaparypy peryjIioBalbHy (KiIalaHd 3arnoODKHHUN i
PeOyKIiMHMN, Apocedi 31 3BOPOTHAM KIIATIAHOM) 1
PO3MOITBHY (Ki1anaH 3BOPOTHUH, T1Jp03aMOK).

MogynsHy TifpoamapaTypy 3 YMOBHHM IIPOXOJOM
DN =6 MM BHKOpDHCTOBYIOTh MEpPEBa)KHO CIIIJIBHO 3
posnoxainsaIKOM DN = 6 MM.

lNagpoanapatn MOAYJIBHOTO BHKOHAHHS HE3aJeKHO
BiJl IXHBOTO (PYHKITIOHATBHOTO TPHU3HAYCHHS MAaIOTh IBi

CTHKOBI  IUIONMHH 3  €IMHUMH  MDKHapOIHUMU
rabapuTHUMHU | TIPUEIHYBANLHUME po3mipamu (pwuc. 1),
BUKOHAHUMU 3TiIHO 3 pEeKOMEHAIIEI0

JCTY ISO 4401:2008, Ta € aHaAJOTIYHOIO [0 IHIIHX

cranmaptie, a came: SO 4401-03-02; Form A6 to
DIN 24 340; NFPA N3.5.1 MR1/ANSI B93.7M-D03.
a5 Bepxes nAauUHe anqoamy
Py
4 omb i
W
FKinbtye O09-012-19-2-2 B12477
ACTY TOCT 166292019 ‘. i 8
Hawrs naowuma argpamy  / R s B
275 max >
L‘\-r M- TH
4 amth
I }R P
! 78 1 T b
R & Lﬁl ‘ a | _ X
WM N A9 Tz =
—1% [ 77 ¢

[ pasran Bioxunerrs
kogpduHam ambogb +0 7 mr

Puc. 1. IlpueanyBaibHi po3Mipd MOHTXKHOT IIMTH Ta BEPXHBOT
onnHH rigpoanapara DN = 6 mm:
P — ninBenenus; A, B — kaHaIU 10 TOPOKHUH BUKOHABYOTO
npuctporo (riapoitinapa abo rizpomoropa); T — 3711B

lNppoanapaTypa MOAYJIEHOTO BHKOHAHHS HE TUIBKH
Mae BCi IepeBard 3BHYAHOI TiIpoanaparypu CTHKOBOTO
BUKOHAHHS, ali¢ ¥ JO3BOJSE BHUKOHATH TiAPaBIiYHUN
MIPUBIJ JIETKUM, KOMIAKTHUM, 3pYyYHHM JUII MOHTaXy Ta
ekcrutyaTanii 6e3 3'emHyrounx TpybOompoBoniB. lle nae
3MOTY CTHKYBaTH TifjpoamapaTd i BCTAHOBIIIOBATH iX Ha
IUTHTH, 3a0€3MeUy0Ud 3pYYHUH 1 KOMIAKTHHHA MOHTaX
HaW4acTIUX TUMTOBUX CXEM TiJpOTPUBOY.
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Monmaoicni naumu. OOHOMICHI MOHMANCHT NJUMU.
Haiinpocrima ¢opMa npuenHaHHs anapaTy MOIYJIBHOTO
Ta CTHKOBOTO MOHTaXy — II¢ HOro BCTAHOBICHHS Ha
OJHOMICHIM MOHTaXXHINM IUIMTI Ta 3'€QHAHHS IUIAT MIX
co6or0 3a JomoMoror Tpydonposoais (puc. 2) [10; 11].

Puc. 2. Ilpukia BUKOPHCTAHHS OAHOMICHUX MOHT)XHHUX IUTUT
3a MMPOEKTOM Ipynu Kommnasiit «Motopimmexce» [10]:
a — OJJHOMICHA IUTNTa i3 BOY/I0BaHUM 3aM001KHUM KIIAllaHOM,
DN = 10 mM; 6 — oqHOMICHA IIINTA i3 BOYZOBaHUM 3aM001KHUM
inanadoM, DN = 6 mm

3a3Bu4ail CTUKOBA MOBEPXHS 3HAXOIUTHCS 3BEPXY, a
BiJBiZHI Hapi3eBi oTBOpH — 3HU3Y i 300Ky (pumc. 3). Ilpu

CKIaJaHHI  TigpaBIIYHUX CXeM 1  KOMIIOHYBaHHI
riponaxenell MPUBOIY IMO3JOBXKHI KaHAJU JJIsl TIPOXOLY
po0oYOoi piIMHM B MOHT@)XHHX IUIMTaX IO3HAYAIOTHCS
TaKUMH JliTepaMu: P — mifiBeIeHHs TOTOKY po00U0i pituHN
(uepBonmii); T — 31MB pobouoi pimuam (cuHii); 4, B —
JmiHIT migBemeHHS poOodoi piIAMHHM 0 BUKOHABYOTO
MIPUCTPOIO (3ETCHU).

Ha pwuc.3,6 mpencraBmeHo  rabaputHi Ta
NPUETHYBaIbHI PO3MIpH OofHOMICHOT 1uth Ty G342
¢ipmu Rexroth, y sikoi: 1 — crukoBa miomuHa (Micue
MOHTaXYy Tifpoamnapara); 2 — TEXHOJIOTIYHUI BHpI3 B
TUINTI; 3 — OTBOPH i3 Hapiz3r0 MS [uist KpiryleHHs KiarnaHa
IO TUTUTH; 4 — TBUHTH IS KPIIUICHHS KiamaHa;, 5 — 0e3
OTBOpPY mis po3MimeHHs mTudTa; 6 — wMicme s
BCTAHOBJICHHS HAIPABIIIOYOro MTHPTA TiaMeTpoM 4 MM
(BUKOPUCTOBYETHCS OMITiIOHANBHO) [12].

VY OGinpmiocTi BHMAAKIB Hapi3eBi oTBOpW KaHATiB P,
T, A, B BHUKOHYIOTH 3a po3Mmipamu, SKi BiAIOBiIAIOTH
wrynepauM  3'eqnandsM  3rigpo  JICTY EN 1SO 1179
(BapiaHT Hapi3eBOTO OTBOPY WiA KIHIEBHHA MTYyHEp i3
Hapi3zzto BSPP G3/8 Ta emacToMipHMM yHIUIBHEHHSIM
npuBeneHo Ha puc.4). Takok DOMMpPEHi IITyHepHi
3'eTHaHHA 3a CTaHIapTaMH DIN EN 1SO 9974,
DIN ISO 6149. B gesxkux BHIIagKaX BHKOPHUCTOBYIOTH
KOHIYHY II0MMOBY Hapi3b 3 kyrom 60° (NPT/NPTF) 3a
craniaprom ANSI/ASME B 1.20.1-1983.

G3/8

NGG G3/8

> 028; 1

G3/813

9

I~

80

31,75

31
25

<30

Type /710,01/100mm

G 342/01

/ Rzmax 4 2

Puc. 3. OnHomicHa MOHTaxHa mukTta ¢ipmu Rexroth [12]:
a — 3araJIbHUI BUMIIAA; O — TiApaBIivuHe NO3HAYCHHS; ¢ — Ta0apUTHI Ta NPUEAHYBANBHI po3Mipu Ty Tuiy G342
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Oreip TUn X.
Oreip i3 Hapissio BSPP srigho 150 1179-1

Wiryyep man E.
Yuiinehenns: enactomep ED
Kivews wryuepa i3 Hapissio BSPP
arigHo IS0 1179-2

74

3. 1.6
c or

G3/8A
@219

T

Puc. 4. KoHCTpyKLisi Hapi3eBOro OTBOPY I KiHILEBHUIl IITYIIEp
i3 Hapi33to BSPP G3/8 Ta enacromipuuM yminmsaenasm ED

OCKUTbKH U1 Hapi3eBUX OTBOPIB MOTPiOHO Oarato
MICIISl, MOHTa)KHA TUTUTA 332 PO3MIpaMH 9acTO TIEPEBHILYE
pO3MipH CTHUKOBOI IOBEpXHi Trigpoamnapara. [Ipu 1mpomy
KaHAJIX BijJi CTUKOBOI IUIONIMHHU JIO BiJBIIHAX HApPi3eBHX
OTBOPIB MOXKYTh OYTH MOXWIMMH 200 MONEPEUHUMHU.

JUiss 3py4YHOCTI BUKOPUCTAHHS MOHTQXKHUX IUIHT
JIesiKi BUPOOHHMKH TPOIMOHYIOTh IUTUTH 3 BMOHTOBaHUM
3anobikHUM KiramaHoMm mpsimoi aii (puc. 5) [13]. Leit

3amoODKHMK  KJIamaH MOXe BHKOHYBaTH  (PyHKIIiIO
aBapiHOTO KJIaraHa THUCKY 1 BIJIITOBITHO
HaJIAIITOBYBaTUCS Ha 3HAYCHHS aBapiiHOTO
(MakcUManbHOTO POOOYOro) THCKY B  TiApaBIidHIMN

51,7 max

CHUCTEMI.
[Ipu mpoekTyBaHHI MOHTa)XHUX IUIMT CJiJl 3BEPHYTH
yBary Ha HacTyITHi 00OB'S3KOB1 BUMOTH:

- MOHTaXKHA TUIONMHA (MiCIleé MOHTaXy Tifpoarapara)
MOBHHHA MATH SKICTh 0OPOOKH MOBEPXHI R;max < 4 MKM Ta
Bumory Jo miomuHHicTi < 0,01 MM Ha 100 MM 10BXUHH;

- KpinmiIbHI OOJITH IMOBUHHI BiJINOBIIaTH 3a3HAYEHUM
y TEXHIYHOMY IIacropTi po3MipaM, Kiacy MII[HOCTI i
3aTATYBATHCS 33JaHAM 00EpTOBUM MOMEHTOM.

bacamomicni monmaosicni naumu. YacTo >KUBICHHS
KITBKOX ~ CIIOJKHMBA4iB  3IIHCHIOETBCS  Bi  OJHOTO
3arajibHOTO TpyOOmpoBoMy. SIKIIO JiaMeTpu YMOBHHX
MIPOXO/IIB YIPABISAIOYHX TifpoamnapaTiB JOPiBHIOIOTH abo
BIIPI3HSIOTECS HE OUIbIIe HDK HAa OIWH CTYIMiHb
(nanpuxnaa, DN =6 mM 1 DN = 10 mMM), pekomMeHayeTbCs
ix yCTaHOBKa Ha 0araToMIiCHUX MOHTa)KHUX
turtax (puc. 6).

BaraTomicHi MOHTaXHi ITUTH CIUTBHO 3 MOJYJIbHUM
MPUHIUIIOM (3'€MHAHHA 3a BHCOTOIO) 3a0e3MedyIoTh

MOXKJIUBICTh KOMITAKTHOTO PO3MILIEHHS TiJpoanaparypu
JUISl KiJIBKOX crioxkuBaviB. TyT He MOTpiOHI 3'enMHyBabHI
TpYOOIIPOBOIM i € JHIIe KUThKAa MiCIb, AKi MalOTh OyTH
TepPMETU30BaHi, a caMe — CTUKOBI IIOBEPXHI Ta OTBOPH IS
BKPYTHHUX IITYLEPIB.

[

© ©
@ 7 -_, I_- i @
= - ! ; : : =
T e
8 8 ®-®
' =P
i -‘-.-.-
Hel | e
. :
7 40,5 2%
4x M5x10

I

Puc. 5. OnHoMmicHa runTa i3 BOynoBaHnM 3anobikHuM kiananom tairy BS030 ¢pipmu Oleodinamica Marchesini [13]
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Puc. 6. BaratomicHa MOHTa)XHA IUIMTA 3 TiIpoanapaTyporo
DN = 6 mm Ta DN = 10 MM 3a IpO€KTOM TpyITH KOMIaHii
«Moropimmexc» [10]

bararomicai mauTH €  0a30BHM  €JIEMEHTOM
TiIPOCUCTEMH JUIsl MiJKIIOYEHHS JO JECSTH eJIEeMEHTIB
YIPaBIiHHS Y BEPTUKAIBHIH KOHCTPYKLIT (MOHTaXKHHUX
«CEHJIBIY» IUIMT Ta KIamaHiB). Y IUIMTI BHKOHAHO
3arajpHy JIHIIO JKUBJICHHS (JIiHIA P) Ta 3arajibHy JIiHIiIO

53 _ 505

3muBy (miHis 7), SKI NIPOXOAsATH dYepe3 Bl TepeaHi
CTOPOHH IUINTH, @ TaKOXK OKPeMi MOPTH 10 BHKOHABUHMX
npuctpoiB (minii 4 Ta B). [loptn A Ta B OmnmioHajIbHO
MOXYTh OyTH poO3TalloBaHi BHHM3Yy ab0 300Ky IUIMTH.
KoxHuii mopT MapKyeThbCsl BiANOBITHMM MO3HAYSHHSIM.
Jms 3pydHOCTI MiaTHOCTYBaHHS POOOTH TiIpOCHCTEMH,
IUINTH MOXYTh OYTH BHUKOHaHI i3 BUMIpIOBaJbHUMU
moptamu (otBopu MA Ta MB). HasBHICTP KOHTPOJIBHHIX
TOYOK BHUMIpPIOBaHHS THCKY Yy BHKOHABUMX JIHISAX
TOJICTINY€E HAaNAINTYBAaHHSA, MIarHOCTHUKY 1 BBEICHHS B
eKCIUTyaTalliio TiqpOCHCTEMH.

Ha pwuc.7 HaBeneHo OnxHY 13 OCHOBHHX THIIIB
Oararomicuux Mt — mta DN =6 mm tuny HSR 06
¢bipmu Rexroth Ha wricte mo3umiit i3 BUMIpIOBaIbHUMHE
noptamu MA, MB [14].

Jns  KOMIIOHOBKM TiIPOIUIMTH JIO 3arajibHOro
o0JiaiHaHHS TiIPOCUCTEMH, Ha BEPXHIM MOBEPXHI IUIUTH
nepeadadeH0 MOHTaKHI  HACKpi3HI TJIamki  OTBOPHU
JiamMeTpoM 6,8 MM, a TakoX TpU Hapi3eBi oTBopu MS§-14
Ha 3a[IHi} TOBEPXHI.

[IpuHiunoBa cxemMa IUIATH Ha TPH TMO3MINI 13
BHUMIiPIOBaJIbHIMHU TIOPTaMH 300pakeHo Ha puc. 8.
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Puc. 7. 3aranpHuii BUrisia ta rabapuTHi i NpUeaHyBalibHI po3Mipu 6aratomicHoi minTh Ayt rigpoanaparis DN = 6 mm Ty HSR 06
¢bipmu Rexroth [14]
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SIK TmpaBWIO, MOHTaXHI IUTUTH BUTOTOBISIOTH 31
CTaJl Ta aJIOMiHIEBOTO cIulaBy. MakcumanbHHI poOouuii
TUCK Yy IUIMTax i3 aJIIOMIHIEBOrO CIUIaBY CTaHOBHTH
250 6ap. [Jns  1wudT, BHWTOTOBICHHMX 31  CTani,
MaKCHMalIbHUH poOoumii Tuck ctaHoBuTh 350 Gap. Jlns
3axHCTy BiJ aTMOC(EpPHOTO BIUIMBY Ha ITOBEPXHIO ILTUT 3i
CTalli HAHOCATh IMHKOBE abo (¢ocdaTtHe MOKPHTTS
(DIN EN ISO 9717).

HSR 06 -25/01D S08

MA1__A1 B1__MB1 MA2 A2
T

B2 MB2 MA3__A3
AB=G38 j— - a—

B3 _MB3
{7

e T maMB=G1M T G1/2]

P 1 1 |

RS

Puc. 8. [Ipuniunosa cxema IIMTH Ha TPH MO3MULIIT i3
BUMIpIOBAJIbHUMHU [OPTaMU

SIK It OMHOMICHHX IUIMT, Tak 1 JUIsi 0araTOMICHHX
IUTAT € BUKOHAHHS 13 BOyIOBaHNM Y JIiHiI0 P 3amo0iKHIM
KJIaTIaHOM, SIKM MO’Ke BHKOHYBAaTH (YHKIIIIO aBapiifHOTO
KJIaraHa.

Komnnexc modynvhoi ciopoanapamypu 3 yMogHUM
npoxooom DN = 6 mm.

Anapamypa  pecynwioua. Po3rissHeMo — KianaH
3ano0DKHUH B MOJYJNbHOMY BHKOHaHHI. Kiaman
3ano0DKHUN TPU3HAYEHO AU 3aro0iraHHs TiJpOCUCTEMH
Bil TIEepeBaHTAXKCHHS, a TaKOX M MiATPUMAHHSA
MOCTIHHOTO THCKY. B 3amexHoCTi Bing TiApocxeMu
KJIATIaH! 3aIl001KHI PO3TAIIOBYIOTECS MiX JiHIAMHA P—T,
A—T,B—T, 4 ta B—>T abo A—B ta B—A.

Knananu tucky tumy ZDB i Z2DB ¢ipmu Rexroth €
3aro0DKHUMH KJIalaHaMU HEnpsMoi 1ii B MOJYJIBHOMY
(cekuiitnomy) BukoHanHi [15]. Kinaman senpsimoi mii Ty
ZDB 6 VA2 (puc.9) 3axuimiae BiJ NepeBaHTAKEHHS
ninio 4 (cxema: A—T).

ATPB @

Puc. 9. Kiranan 3ano6ixuuii Henpsimoi aii (cxema 4A—T) tummy
ZDB 6 VA2 ¢ipmu Rexroth [15]

Knananu ckiamarwThes 3 KOpmycy 7 1 omHOro abo
JIBOX KJamaHiB THCKY. THCK y CHCTeMI PEryio€eThCs 3a
JIOTIOMOTOI0 PETYJIOBANBHOTO eneMenTa 4. Y BHXIZHOMY
MOJIOKEHHI KJallaHW 3aKpHUTi. THUCK y KaHami Ji€ Ha
mopmieHs 1. OmHOYWAacHO Ji€ THCK depe3 comio 2 Ha
CTOPOHI HAaBaHTAXEHHS Ha MPYKUHY mopimHA | i cormio 3
Ha KOHYCHOMY 3aIlipHOMY €JIEMEHTi 6 MUIOTHOTO KIIalaHa.
Komu trck y KaHaNi 4 TIepeBHINy€e THCK, BCTAHOBJICHUH Ha
NPYKHHI 5, KOHYCHMH 3amipHUil eleMeHT 6 MiJIOTHOrOo
KJIaraHa BiJIKPUBAETHCS.

PoOoua piguHa BuTiKae 3 OOKy HaBaHTaKEHHS Ha
Hnpy>kuHy nopiss 1 yepe3 comno 3, kanan 8 B kaHan 7.
Ilepemax THCKIB, IO BHHMKAE BHACIIIOK IHOTO,
nepeMillye MopueHs 1 i THM caMUM BiJIKpHUBA€E MopT A 110
T, miATPUMYIOYH THCK, BCTAaHOBJICHHH Ha TPYXKUHI 5.
JlpeHaxx 000X TMpPYXHHHUX TOPOXXKHHH 3/1HCHIOETHCS

Po3risiHeMo penykuiifHuil KiamaH npsMol Iil THITY
ZDR oipmu Rexroth B MomynbHOMY (cekuiiiHOMY)
BUKOHAHHI 13 3aXHCTOM BiJ] TEPEBHILICHHS THCKY Yy
BTOPUHHOMY KOHTYPI (puc. 10) [16]. Bin
BUKOPHCTOBYETHCS IS SMEHIIICHHSI THCKY B CHCTEMI.

31eOUThIIOT0 PeAYKIIHHINA KIAalaH CKIAJAEThCS 3
Koprmycy 1, 30OTHHKA, IO YOpaBise 2, MPYKHHH
CTUCHEHHs 3, BHKOHABUOrO elieMeHTa 4 i 3BOPOTHOrO
KJIallaHa, Ha BUOIp.

HanamryBaHHS ~ TUCKYy  BTOPUHHOTO  KOHTYpY
3IIACHIOETHCS 3a JIOTIOMOT' OO0 PeryiIoBaIbHOrO
eireMeHTa 4.

v
4 3 7 6 yn? 2 8
P1 A1 (Y)/B1

Type ZDR 6 DA1-4X/...YM...

Puc. 10. Penykuiitanii knanan npsmoi aii tury ZDR
¢bipmu Rexroth [16]

BukonanHs «A». Y BHXIJIHOMY IMOJIOKCHHI KJamaH
BimkpuTuii. PoOoua pigmHa MoOXe Oe3MepenIKoIHO
neperikati 3 kaHaiay Al y kanan A2. Tuck y kanam A2
YTBOPIOETHCSI OAHOYACHO Yepe3 KaHall YHpaBJiHHA 5 Ha
MMOBEPXHI 30JIOTHUKA TIPOTH TMPYXXUHH CTUCHEHHSA 3.
Mo#tHo THCK y KXaHanmi A2 migHIMaeThCs BHIE 3a
3HA4YCHHS, BCTAHOBJICHE HA TIPY)KHHI CTHUCHEHHS 3,
YIPaBJISIOYHIA 30JIOTHUK 2 TEPEMIIIY€EThCS B MOJI0KEHHS
perysioBaHHs MPOTH NPYKHUHU CTUCHEHHS 3 1 yTpUMY€E Ha
MOCTIHHOMY DPiBHI BCTAHOBJICHHH TUCK Y KaHaui A2.

VYnpaBnstounii  CHTHQI 1 MacTHiIO  KOHTYpY
YIOpaBIiHHS ~ HaJIXOISATh  3CEPEIMHM  4Yepe3  KaHal
yIpaBiiHHS 5 3 kanay A2,

ko THCK y KaHami A2 TPOJOBXKYE 3pOCTATH
BHACIIJIOK 30BHIITHBOTO CHJIOBOTO BIUIMBY Ha CIIO)KHBaya,
TO YHPABISIOYHI 30JO0THHK 2 TIEPEMIIIyeThCs IIe Oaii
MIPOTH MPY>KUHHA CTUCHEHHS 3.

3a paxyHOK mpOoro Kauain A2 dYepe3 IpOCETIOIOTY
KPOMKY 9 Ha yIpaBisO4oMy 30JIOTHHKY 2 1 kopmyc |
s'eqHyeThcss 3 OakoMm. Jlo 0Oaka Tede Taka KiNBKiCTh
poOouoi piguHM, MO THCK Halli He 3pocTae. BinBeaeHHs
BUTOKIB 13 TIOPO’KHUHU TIPYXKUHH 7 BUKOHYETHCS 3aBXKIH
3oBHI uepe3 oteip 6 1 kamam T(Y). Ilpuennanuit
MaHoMeTp 8 3abe3rnedye KOHTPOJb THCKY BTOPHUHHOTO
KOHTYpY Ha KJIaIaHi.

Y BUKOHaHHI «A» UI1 BITBHOTO MPOXOIY POOOYOi
piauaU Bix kaHamy A2 y kaHai Al MO)XHa BCTAaHOBITIOBATH
3BOPOTHHH KJIaMaH.

Buxonanmas «P» 1 «B». Jna BukoHaHHA «P»
penyKyBaHHS THCKY BHKOHYETbcs B KaHam Pl.
VYrpaBisrounii CUTHajd 1 MacTHJIO KOHTYPY YHpaBIiHHS
HAAXOIITh 3cepeaunu 3 KaHany PLl. Y Bukonanui «B»
3MEHINYEThCS THCK y Kanaimi Pl, mactuno KoHTypy
YIpaBIIiHHS, OJIHAK, BiIOMpaeThCs 3 KaHaiy B.

PosrasiHemo fpoceni 31 3BOPOTHUM KJIallaHOM B
MOJYJNbHOMY (CeKIiiiHOMY) BHMKOHaHHI. Kiamanu THIy
Z2FS 6 dipmu Rexroth sBisroTE cO00F0 3ABOEHI Ipocei

yepes kaHai 7. 31 3BOPOTHHM KJAamaHOM y BUIJAAI  NPOMDKHHX
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wut (puc. 11) [17].

Bonu npusHayeHi g OOMEXEHHS OCHOBHOI
00'eMHOi BHTpaTH 1 00'€eMHOI BUTpaTH YNpPaBIiHHA Yy
0JTHOTO 200 JIBOX MOPTIB CIIOKMBAYA.

3 1 A2 B2
Tun Z2FS 6-2-4X/... (npocentoaHHA NOTOKY, WO NABOAUTLCR)

Puc. 11. [lpocens 3i 3BopoTHHUM KiianaHoMm tumy Z2FS 6
¢dipmu Rexroth [17]

JIBa nmpocerni 31 3BOPOTHAM KJIalTlaHOM, PO3TaIIOBaHi
CUMETPUYHO OJMH JI0 OJHOT0, OOMEXYIOTh IIOTIK B
OIHOMY HaIlpSAMKY 1 3a0e3Ne4yioTb y 3BOPOTHOMY
HarnpsIMKy BiJIbHUI1 3BOPOTHHH TIOTIK.

[ix wac ppocenroBaHHS MOTOKY, LIO IiJBOAMTHCS,
poboua piamHa HagxoauTh KaHanoM Al uepes
JIPOCENBHUI eJNeMEeHT 1, 10 CKIamaeThes i3 cimma 2
KJIaTTaHa i 30JI0THHKA 3 3 IpocelieM, 10 crioknBada A2.

OcboBe peryioBaHHSA 30J0THHKA 3 3 JpOCeneM
BUKOHY€ PETyJIOBaJbHUI TBUHT 4, YUM 320€3MeUy€eThCs
MOXJIMBICTh PETYITIOBAHHS APOCEIBHOTO €JIeMEHTa 1.

Poboua pignHa, mo Tede Ha3ax Bin cmoxkuBada A2,
HepeMilrye ciao 2 KiamaHa A0 MPYXHHH 5 Y HapsAMKy
JI0 30JIOTHHKA 3 3 ApoceiieM, BUCTYNAIOUd TaAKUM YHHOM
SIK 3BOPOTHHUH KJIanaH JJis BITbHOTO MOTOKY. 3aJIe:KHO BiJl
MOJIOXKEHHS IMiJ] 4aC MOHTaXy MOXXE BUHHKHYTH e(EeKT
IPOCEIIOBAHHs ~ IOTOKY, IO  MiABOJAMTHCA  abo
BiBOAUTECH.

Anapamypa nanpasnsiioua. Po3riasiHeMo 3BOPOTHUI
KJIaraH B MOIYyJIbHOMY (cekliifHomy) BuKOHaHHI. Kiamax
tury Z1S ¢ipmu Rexroth siBisie coboro 3BopoTHHH KiIanaH
npsAMoi il y BUIISAL TpoMikHUX muT (puc. 12) [18].

BiH npu3HaueHWH IS TEPMETHYHOTO 3aMHUKaHHS B
OJTHOMY HampsMKY i 3a0e3neuye BUTbHY 00'€MHY BHTpary
Y 3BOPOTHOMY HAaIPSIMKY.

Al B1

A2 B2
Section 1: Type Z1S6 A...

Puc. 12. 3BoporHuii kinanan tumy Z1S ¢ipmu Rexroth [18]

OOmexxeHHsT ~ XOoAy ~ KOHIYHOro  3arBopa 3
3IIMCHIOETHCS 32 JOTIOMOTO0 YIIiJIbHIOBAILHOT BTYIIKH 4.
BOynoBana mpyxuHa S 3a0e3neuye pyx 3aKpUTTS.
[pyxuHa 5 yTpuMye KOHIYHHH 3aTBOpP 3 y MOJOXKEHHI
3aKPUTTSL.

Posristremo rizpo3amox B MOJYJIEHOMY
(cexuiiHOMYy) BHWKOHAHHI. 3amipHuil kiamaH tumy Z2S
¢ipmu  Rexroth saBmse coboro 3BOpPOTHHH KiamaH
CEKIIHOTO BUKOHAHHS, 10 nebmokyeThest (prc. 13) [19].

BiH mnpu3Ha4YeHW# Ui TEPMETHYHOTO 3aMHUKAaHHS
o/iHOro abo JBOX MPHEIHAHL CIIOKUBAYa HABITH Mijl Yac
JIOBTUX MPOCTOIB.

VYV wmanpsmky Al mo A2 abo Bl mo B2 - BinbHa
o0'eMHa BUTparTa, y 3BOPOTHOMY HAampsMKy o00'eMHa
BUTpAaTa 3aMUKA€THCS.

Sxmo pigHa Tede Mo Kiama"y B HampsMmKy Bim Al
mo A2, TO YIpaBISOYXN 30JIOTHHK | TepeMilryeTscs B
HampsAMKy cTOopoHHM B i1 mroBxae mrymxkep 2 i3 cimia.
[Micns mporo piamHA MOXE TEKTH B HampsAMKY Bing B2 mo
B1.

1106 3abe3neunT HajAIWHE 3aKPUTTS IUIyHXKepa 2,
NOTPIOHO ~ 3HATHM  TigpaBIiYHE  HABAHTAXKCHHS 3
YOPaBJIAIOYOTO 30JO0THHKA | (OWB. TPHKIAA CXEMH —
puc. 14). 3 — poboua mioma ImIyrmxkepa, 4 — poboua
wioma 3onoTHUKa. CraHzapTHE  CHIBBBIAHOIICHHS
po60o10i TIOMI MTYHX)epa 10 poOOUO0i TUIONII 30JI0THUKA —
1/3,5.

Type Z2S 6 -...
Puc. 13. 3BoporHuii kinanan tumty Z1S ¢ipmu Rexroth [19]
PIT

Puc. 14. TIpuknax cxemu

3aramomM, po3TISHyTa TiZpoamapaTypa MOIYIBHOTO
MOHTaXY TIpM BHKOPUCTaHHI B TiJpONpPHBOII €
e(eKTUBHIM pIlIEHHSIM IS CY4acHHX BHPOOHHIHMX
npoueciB.  Lle  3a0e3neyye  THYYKiCTh, IPOCTOTY
00CIIyTOByBaHHS, €KOHOMIIO BHTpaT 1 MOMIJIHBICTh
inTerpaiii 3 HoBUMH TexHonorismu [20], mo pobuth
BHOIp  MOAYNBHOI  TifpoamapaTypd  NPHUBAOIHBAM
BapiaHTOM JJIs 0araThOX IiATPHEMCTB.

BucHoBkn. Takum  yHHOM, BHUKOPUCTAHHSA
rizpoamapaTypu MOIyJIHHOTO MOHTaXYy B TiAPOIPHUBOJI €
CyJaCHHM IIIXOIOM JO TPOEKTYBAaHHS 1 peamizamii
TiIpaBIIYHAX CHUCTEM, SKi BHKOPHUCTOBYIOTHCS B DPi3HHX
BepcTaTax 1 o0JaJHaHHI, 1 Ma€e KiJbKa KJIFOYOBHX aCIICKTIB
i epeBar:

1. THyukicTh 1  aQJaNTHUBHICT:  BUKOPHUCTAHHSI
MOZYJBHOI TigpoanapaTypH Ia€ 3MOTry JIErKO 3MiHIOBATH
KOH(DIrypalio TiIpOCUCTEMH 3aJIe)KHO BiJ HOTpeO
BHpPOOHMIITBA ab0 3MiHH YyMOB ekcruryaramii. Lle
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0COOJIMBO BaXKJIMBO B CydJaCcHHUX YyMOBaXx, KOJM BUMOI'U 10

MPOAYKTUBHOCTI  Ta  (YHKIIOHAIBHOCTI  MOXYTh
3MIHIOBAaTHUCH.
2. CrpomieHHs 00CITyTOBYBaHHS: MOJyJIEHA

rizpoamapaTypa Moxe OyTH JeTKO 3aMiHeHa abo
BigpeMOHTOBaHAa 0e3 HEOOXiTHOCTI pPO30MpaHHA BCiel
rizpocucremu. lle ckopodye gac mpocToro oOmagHaHHS i
3HIDKY€ BUTPATH Ha 00CITyrOBYBaHHS.

3. IIBuaKicTh MOHTaXy: MOIYJIBHHNH MOHTaX [a€
3MOTYy  3HAQ4HO  IPUCKOPUTH  TPOLEC  MOHTAXKY
TiIPONPHUBOJY,  OCKUIBKM  BY3IM 3 MOJIYJBHOL
rigpoanaparypu MOXyTb OyTH 3a3jaieriip 3i0pani Ta
nporecroBani. lle 0coOnMBO BaXIJMBO B MpPOEKTaxX i3
KOPCTKMMU TEPMiHAMHU.

4. EKOHOMIsI BUTpaT: BHKOPHCTaHHS CTaHIAPTHHUX
MOHTQXHUX IUIUT JAa€ MOJJIMBICTD 3HM3HTH BHTpPATH Ha
BHPOOHHMIITBO 1 3aKyMiBIIO KOMIIOHEHTiB. KpiMm TOTO,
3aBISKM 3MEHIICHHIO 4Yacy Ha BCTaHOBJCHHS Ta
00CITyTOBYBaHHSI 3HIKYIOTHCS 3arajbHi eKCIDTyaTaliiHi
BUTpaTH.

5. IHTerpatisi Cy4acHUX TEXHOJOTIH: T1JPOCUCTEMH 3
MOJYJIbHUMHU rizpoanapaTaMmu MOXYTb JIETKO
IHTErpyBaTHCSl 3 CyYaCHHUMHU TEXHOJIOTISIMH, TaKHMH SIK
cucteMu MoHiTopunry crany (loT), mo nmae 3mory
3MIACHIOBATH BiIMAaJICeHWH KOHTPOJIb 1 JIarHOCTHKY
poboTH 0bnagHAHHS.
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