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M. CHERKASHENKO

ON THE THEORY OF SYNTHESIS OF MINIMAL SCHEMES OF SYSTEMS CONTROL OF
HYDRAULIC AND PNEUMATIC DRIVES

Showed the strict compliance of the scientific direction "Synthesis of minimum control schemes of hydraulic and pneumatic drive systems" developed
by the author with the point of view of general algebra, algebra of logic, graph theory and automata theory. The synthesis of the minimum graph of
operations, which is a mathematical model of the control system, has been proved. The legitimacy of the methods of undivided decomposition of
equations describing the scheme of the control system has been proved. The control system is considered as a cyclic Moore finite automaton. By a
cyclic automaton (CA) we will understand the mathematical model of a device designed to control cyclic processes, which are a set of technological
operations performed in a certain sequence. In this regard, the automaton at each clock necessarily passes into some new state, and for a finite number
of cycles the target reaches any state, and its graph contains a contour, covering all states. In general, the CA may contain several circuits, so that each
circuit is interpreted either as one of the possible sequences of technological operations due to the corresponding mode of operation, or as an
independent and simultaneous execution of a number of sets of technological operations. A sequential decomposition of the CA is presented in order to
represent it by the sequential operation of automata with one internal state. Such a consideration of the function of transitions will naturally lead to a
decrease in the number of elements in the implementation of the CA. The study will be subjected to the CA, the graph of which consists of a single
circuit, since the results obtained are easily generalized to multi-circuit CA. Obtaining a breakdown of the states of a cyclic automaton in the manner
indicated above is performed directly according to any automaton description without any additional calculations, tables and other constructions.
Keywords: mathematical model, general algebra, graph theory, automata theory, minimal scheme, equations.

M. B. YEPKAIIIEFHKO

JIO TEOPII CHHTE3Y MIHIMAJIbHUX CXEM CUCTEM YITPABJITHHS T'TJTPO- 1
ITIEBMOITPUBO/IIB

Ioka3zaHo CyBOpY BiJIOBIIHICTH PO3POOJIEHOr0 aBTOPOM HAyKOBOro HampsiMy «CHHTE3 MIHIMAJIBHMX CXEM YIpaBIIHHSA CHCTEM Tiipo- Ta
MTHEBMOIIPHBO/IB» 3 TOMIANY 3arajbHOI anredpu, anreOpu Joriku, Teopii rpadiB Ta Teopil aBromariB. JloBeneHo cuHTe3 MiHiMaibHOrO rpada
orepalrlii, [0 € MaTeMaTHIHOIO MOJICIUTIO CHCTEMHU KepyBaHHs. [|0BeJeHO MPaBOMIPHICTh METOAIB HEPO3ILUTBHOI IEKOMIIO3HLIT PiBHSHb, 10 OMUCYIOTh
cXeMy cUcTeMH ynpasiiHHsA. CHcTeMa yIpaBJIiHHS CHPHIAMAEThCS K LUKJIOBHH KiHNeBuid aBromar Mypa. I1in nukiosuM aBromaroM (L{A) posymiemo
MaTeMaTHYHy MOZEIb IIPUCTPOIO, MPU3HAYECHOrO IS YIPABIIHHS LHUKIYHUMH HPOLECAMH, sKi € CyKyIHICTIO TEXHOJIOTIYHHMX OIepawuii, oo
BUKOHYIOTHCS B NIEBHIH MOCIIZOBHOCTI. Y 3B'A3Ky 3 IIMM, aBTOMAT y KOXKHOMY TaKTi HEOJMIHHO HIEPETBOPIOETHCS HA ACSKUI HOBUIl CTaH, IPUUOMY 32
KiHIeBe 4nciao TakTiB L[A nmocsirae Gyab-sikoro crany, a rpad) HOro MiCTHUTh KOHTYp, IO OXOIUTIOE YCi cTaHH. Y 3arajbHOMy BHIaaky LA moxe
MICTHTH KiJIbKa KOHTYpIB, OTXKE KOXKEH KOHTYp IHTEpIpeTyeThes, abo SIK OJHA 3 MOXJIMBHX IOCIIOBHOCTEH BHKOHAHHS TEXHOJIOTIYHHX OINEparii,
00yMOBIICHA BIAMOBIZHUM PEXKHMOM POOOTH, ab0 SIK HE3aICXKHE Ta OJHOYACHE BHKOHAHHS HU3KHM CYKYIHOCTEH TEXHOJIOTIYHHX OIepariii.
IIpencrasnena nmociijoBHa JekoMmo3uLis LA 3 METOI0 MpeACTaBICHHs HOTO MOCIIIOBHOI POOOTO0 aBTOMATIB 3 OJHUM BHYTPIlIHIM cTaHOM. Takuii
po3nsi QYHKLIT epexoaiB NPUPOIHO NPU3BEAE 10 3MEHIICHHs KIIBKOCTI eleMeHTiB mif yac peanisawii LIA. Jocmimkennto mignamo LA, rpad skoro
CKJIAJIAETBCS 3 ONHOTO KOHTYPY, TaK sSIK OTPUMAaHI pe3yJIbTaTH JIETKO y3araJbHIOIOTECS Ha 6araTokoHTypHi L{A. OTpUMaHHS pO30UTTS CTaHIB IUKIOBOTO
aBTOMaTa BKa3aHHM BHIIE CIOCOOOM BUKOHAHO GE3M0CEPEaHbO 3a OyAb-IKUM aBTOMaTHIHUM OMUCOM 6e3 OyAb-KHX JOAATKOBHX OOYHCIICHB, TaOIHIb
Ta IHIIKMX MOOYI0B.
KurouoBi ci1oBa: MaTeMaTHIHa MOZIENIb, 3aralibHa anredpa, Teopis rpadis, Teopist aBTOMATIB, MiHIMAIbHA CXeMa, PIBHSIHHSL.

Introduction. In the synthesis of systems of residual functions, which leads, in combination with a

hydraulic and pneumatic automatics, a standard positional
structure is used, which has known advantages, the main
disadvantage of which is the complexity of the schemes.
Partial minimization of the standard positional structure
was proposed in the works of YuditskyS. A,
Goedecke W., Belforte G., Reizo J., etc. [1]. The method
of complete minimization of the standard positional
structure was first published by the author in [1, 2]. It is
based on the synthesis of the minimum graph of
operations and the synthesis of equations with using the
proposed mathematical model of the “correspondence
matrix" [2]. In the synthesis of schemes, methods of
separate decomposition of equations are used, they are
described in the works of Yuditsky S. A., Bettini A,
Middlton F., Gauthier D., Eng B., Rohner P. etc. [1]. The
main disadvantage of these methods is the complexity of
the schemes. For the first time, the principles of undivided
decomposition of equations and the method of
synthesizing circuits on switchgear were presented by the
author in [1, 3]. Methods of undivided decomposition of
equations lead to minimal schemes, they are based on the
decomposition of the equation into two variables, the
selection of decomposition variables and the calculation of

modular element base [3], to schemes with a minimum
number of modules and elements.

In this article, the author focuses on the strict
combination of the developed scientific direction
"Synthesis of minimum control schemes of hydro- and
pneumatic drive systems" with the point of view and view
of general algebra, graph theory and automata theory.

Under the cyclic automaton (CA) we will understand
the mathematical model of a device designed to control
cyclic processes, which are a set of technological
operations performed in a certain sequence. In this regard,
the automaton on each clock cycle necessarily goes into
some new state, and for a finite number of cycles the CA
reaches any state, and its graph contains a contour [4, 5],
covering all states. In general, CA can contain several
contours, so that each circuit is interpreted either as one of
the possible sequences of technological operations due to
the corresponding mode of operation, or as an independent
and simultaneous performance of a number of sets of
technological operations. CA is Moore's automaton.
Here A= (Y,X,Z,6,)), Y={y1,Y2 -, ¥a} — IS an
alphabet of states, each of which determines the state of
the actuators (IS) possessing "memory" and the state of
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the memory elements (EP); X'={xy,x,,...,x,} — input
alphabet, whose signals come from sensors that monitor
the state of the IS; Z={z,,z,,...,z,} — the output
alphabet whose signals affect the inputs of the IS; for any
state y; € Y and input word p; € X consisting of a set of
input signals, here i €{1,2,..,n},8 = 8(y;, p;) —the
function of transitions; A = A(y;,p;) — shifted output
function.

Here is a sequential decomposition of the CA in
order to represent it by the sequential operation of
automata with one internal state so that a4, a,, ..., a;

ax = (X0 80); 2 € {1,2,...,t}
Xo= Yo XX;2=(liY) XX > Z.

Then A= (1{Y,X,Z,82), where &(y;,p;)=
=64(Yy Py); P, —aset of signals that cause the transition.

Such a consideration of the function of transitions
will naturally lead to a decrease in the number of elements
in the implementation of CA. The study will be subjected
to the CA, the graph of which consists of a single circuit,
since the results obtained are easily generalized to multi-
circuit CA. Consider the set of S transitions into the set of
states Y of the automaton 4. By selecting any state as the
initial state, y; € Y; you can record transitions as follows:
Starting position Post-transition position

N - Y2
Y2 - 3
Yn1 - Yn

Yn - Ba!

Then arbitrary transition s;: y1 — y2; ¥» — ys; ... ;
Va1 — Vu; Vo — y1 — IS the forming element, and, denoting
simply s; — s, write the sequence as s, ss, 5... s = s, 5% ..., 5",
Binary operation: superposition. Associativity: the
superposition of transitions is associative. Unit element:
the initial position from which the transition is performed
is such that es = se = s. Therefore B: e, s, 5% ..., s" ' is a
semigroup with a unit or a monoid [6] and it is obvious
that » — number of states of the automaton is the order of
the monoid. Given that, and assuming that the cycle of the
automaton repeats, monoid s™ = eB can be written as:

n-1

2 2
e,s,s%, ..,s" e s, s, ...

So monoid B is cyclic, of order n. Summarizing the
above, we come to the conclusion that the set of states Y
of the automaton A can be considered as a superposition
of subsets of states or individual states. This can be seen
from the consideration of the superposition of transitions .S
of monoid B, for example, s3= s%s etc. Eachstate y; € Y
corresponds to the states of the outputs of the set Z (the
Moore automaton is considered). The set Z is divided into
two subsets

Z={z°}{Z"}},
where the set of signals that include Z5 the IS; are the set
of signals that disable the Z% 1S.
Consider the set Y ={y,, v, ..,¥,} and the
corresponding Y set, where Z = {{Q,},{Q}, ..., {Q.}}, {Q:},
i ={1,2,..,n} is the output word (a subset consisting of

the corresponding states, m signals of subsets {{Z°},
{ZF}}. Thus,

Qi = {Z7} Lz

where i,k € {1,2,..,m}. The change in output words

corresponding to the transition s denotes z. It is not
difficult to show, by analogy with monoid B, that the set
of monoids with respect to the superposition operation
C:1,z,z% .., z" 1 with the forming element - z, the unit
element » — the initial input word.

Let be the initial state y, €Y, then the
corresponding output word will be Q. The transition of s
to state is followed by a change in y, of the output word z.
The state corresponds y, to the output word Q,. The
further operation of the automaton A is similar. Therefore,
there is a relationship between monoid B and C. Monoid B
is uniquely mapped to monoid C so that

n-1

2

e,s,8% .., S i ;

f1:< e n—l)’ st# s/,
r,z,2% .., Z

and when the superposition operation is maintained the
homomorphism condition is satisfied

fl(sisj) = z'z) = f1(5i) fl(sj)~
Since it zican be equal z/ (due to possible equality
Q; and Q;), the isomorphism condition is not satisfied

fi(sH) # fi(s)) atst # s/.

Each transition s of the automaton 4 corresponds to
the input word P;. It is not difficult to show by analogy
with the set B that the set D: q,x,x%, ..,x"1- a
superposition monoid with a forming element x that shows
the change in input words during the transition s, the unit
element ¢ is the initial input word. Monoid B is uniquely
mapped to monoid D so that

(e,s,s%,.., st

f2: (q,x,xz, e x“‘1>
and when the superposition operation is maintained, the
homomorphism condition is satisfied. Since it x! can be
equal x’/ (due to the possible equality of the input words
P; and P;) the isomorphism conditionis not satisfied. thus,
monoid B is homomorphically displayed on monoids C
and D.

Set of transitions of an automaton 4 as a monoid by
a superposition operation allows you to consider the work
of the automaton as a sequential operation of the
automatons a4, a, ..., a;.

Consider a C, subset of monoid C of successive
changes in output words. The subset Z, c Z it induces
should not contain signals to turn on and off the same
actuator.

In the monoid B, the subset B, and C, corresponds
to the subset Dy, since Q; # Q;(Q;,Q; € Zy), these
subsets are isomorphic. In the monoid D, the subsets
B, and C, correspond to the subset D,. The latter does not
induce the appearance of identical input words, since the
output words of the subset repeat the positions of the
actuators (the position of the actuators is controlled by the
final switches, etc., from which the input signals. Hence,
subsets B,, C, and D, are isomorphic. A subset of
states Y, c Y, to which transitions of the subset B, lead
determines the division m of the states of the automaton 4
into equivalence classes by the consistent output words of
the subset, such that Z, m= {Y,},UY, =Y, Y, n Yy #0
ata # f.

Obtaining the partitioning of the states of a cycle
automaton by the above method is not laborious, and can
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be performed directly from any automaton description
without any additional calculations, tables and other
constructions.

Synthesis minimal graph operations. Method full
minimize described. In the first step of designing
determine the number of internal states, which equals the
number of conduction elements of the storage unit. To do
this, we carry out the partition m sequence of input
vectors P CA into disjoint subsets — blocks B such that
UB, =P, and B, N Bg =0. In the case of multi scheme
graph operations for each scheme partition is carried out
separately. The same set P,, that cause different output
sets CA z, and z,, by partitioning must be in different
blocks and not be the last elements of the neighboring
blocks B, and B, (following the first unit is considered
the last). In addition, any set P, the next block should not
be identical to the last set of the previous block B,.

The last statement can be represented as two adjacent
blocks where {..., P, - z,}, {.... P, z,,...}. Assuming

this arrangement sets in order to reduce the number of
blocks |B| , it is necessary to introduce an additional delay

in release synthesis z.

Let us illustrate the partition sets P by constructing a
graph partitioning G,. Incorporating memory element
meets the last item P, block B, ;, P, > S, (S— multiple

functions memory element inclusions). Each vertex of G,
unit is responsible B, and encompassed the loop when the
corresponding block has more than one element. If the
graph G, it comprises two peaks, one control automaton is
applied using two inverse outputs. Arcs of the graph
which are not loops forming one loop G,, if a partition
may comprise one unit. In the opposite case, the graph G,
group contains loops.

Minimal graph operations and the proof of its
minimal.

Theorem. The partition graph G, is realized by a
standard positional structure if identical combinations
P,, producing different combinations z, and z, are
assigned to different nonadjacent arcs.

In fact, to distinguish CA transitions in which two
identical sets act P,, that cause different sets z, and z, it
can only be an extension of their signal outputs signals
with ~ memory  element (ME) y, and g
(a#B; y, ¥ €Y; Y~ ME plurality of outputs).

Partitioning T it is constructed in such a way that on
the graph G, one internal state o (block B,) corresponds to
an arc that is not a loop, and its preceding adjacent loop.
Hence, for the two transitions 4,/4,, and 4,/4

i+1 J+1
column G, which belong to the loop or noose and
following its adjacent arc of the graph G,, under the action
sets in a sequence identical S, (P > z,), Which
corresponds  to  the  transition  4,/4,, and
S;1;a(B = z,), what corresponds to the transition
A;14;,, Py, =Ry, as P, =F. Those initial set of C4
z, will appear in the transition 4,/ 4,,,.
cycle before the transition 4,/ 4, .

If the same set P, and Py they are located on
contiguous arcs o and a + 1 column G,, that are not loops,
is considering a similar sequence Sy;+1 and Sy 41, We

That occurs in the

obtain extension P,y, and Py, +1 but as P,y, responsible
shutdown memory element a+1. Pgy,+1 — memory
element o+ 2, and P,= Py (recall that in the case of
standard positional structure, disconnection of any
preceding memory element off next output), we obtain
"slip" status o in state o+ 2 by state a+ 1, which is
contrary to the work cycle C4 (does not meet the stability
condition). Absence of identical input sets CA on
contiguous arcs of operations that are not loops
corresponds to satisfying a second condition for
correctness generalized vertices of operations, namely the
implementation of stability.

If the same set P, located on the arc a, that is not a
loop and its adjacent loop trail o+ 1 column G,, the
elongation P,y,, which belongs to the arc o in sequence
Sy +1 responsible memory element o + 1. The sequence
Sj;+1 elongation Py, ,. It belongs to the loop o + 1. But

as P,y, met the inclusion memory element a+ 1, the
transition 4,/ 4,,, column G set P, sequentially operates

with signals y, and y,.1, i.e. in transition 4 /A4

i+1
appears premature CA z, which corresponds to the
transition 4,/ 4, , . It is obvious that such an arrangement

is only possible if z =z (z,=2,), i.e. if in the
transitions, respectively, 4,/ 4,, and 4,/ 4,,,, on and off

one actuator (actuator switched on and off). The assertion
is proved.

Thus, the arcs of the graph G,, that are not loops,
recorded last elements of blocks, on loops — an ordered set
of the remaining elements.

Undivided decomposition methods. Consider
undivided decomposition methods developed by
M. Cherkashenko (i.e. undivided implement of the
function specified in the disjunctive normal form),
including automated scheme syntesis that makes
maximum use of logical and functional capabilities of the
selected basic apparatus (modules and components) and
lead to the minimum structure.

In developing hydropneumatic automation system
designers face the challenge of creating a minimum of the
number of logic elements. Thus solved a lot of problems,
namely an increase in reliability, cost reduction, reduction
in size, increase in speed, simplification of installation and
commissioning, simplify the operation of the system as a
whole. Here, the author suggests some developed
algorithms that allow the implementation hydropneumatic
automation scheme using the most frequently used in the
practice of their creation — distribution equipment.

The equation for the output of the distributor can be
represented as follows:

Z=X,X,)3 +(x, +‘xj)y4 . @

It should be noted that whenx; =0, z =Xy, + X, ;.

It will be shown that at the outlet may be
implemented of 55 logical functions. The repetition-free
basis (with equal ease of use of the direct and inverse
values of the arguments) such apparatus provides the
following functions and works sum of three arguments.

It is necessary to make an important statement.
Practice shows construction hydropneumatic automation
schemes implementing logic functions nonrepeating
expediently carried out separately decomposition
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methods, functions and implementation repetition of
arguments in different terms is advantageously carried out
by methods undivided decomposition.

Realization of schemes by using undivided
decomposition pneumatic distributors associated with
decomposition of logic functions of two variables. For
more than a simple expansion designed multifunctional
logic modules, which in turn are universal for repetition-
free functions. Consider the generalized uses of logic
modules to implement pneumatic distributors schemes on
distribution apparatus.

The function at the output of the module is of the
form

2=%%,/,(0,0)+%x, 4,(0,1) + XX, /,(1,0) + x.x, /3 (1,1) .(2)

Such a function is formula decomposition of logic
functions in two variables. Remaining after the expansion
of the function in this case is lowered by two orders of
magnitude. The use of such devices allows for easy
synthesis, however, does not always produce the desired
result, as in the structure already contains three of the
distributor. When the expansion of the function using the
module [7] a =3(1,1), b = f2(1,0), ¢ = f1(0,1), d == f4(0,0).
In order to bring the formula (1) to form (2) should be
compared y3=/£,(1,0), and y, =X, (0,0)+x f;(L,1)+
+%,x,£4(0,).

It is easy to verify that when substituted into the
formula (1) for the corresponding values y; and y,, of
formula (1) and (2) coincide. Thus, the synthesis scheme
in this case reduces to the determination of residual
functions for inputs y; and y, and natural selection
variable expansions for inputs x; and x;.

The equation for the output of the module is as
follows:

z= (fzf/ +xix/')y1 +xiij3 +)_Cixjy2 . )

In order to bring the formula (3) to (2), should be
Compared V3 :ﬁ(l!o)v Y2 :.fi(ov]-)’ N = xifS (111) + Zfo (O!O)
It is easy to show that in this case the functions (2) and (3)
coincide. Naturally there residual function is easier than
for the decomposition in the case of formula (1).
Furthermore, if the residual function f,(0,0) = f3(1,1), then
y1 =/0(0,0) = f3(1,1) implemented without additional
logical operations, which greatly simplifies the residual
function.

Thus, the conducted studies showed the strict
compliance of the scientific direction "Synthesis of
minimum control schemes of hydro- and pneumatic drive
systems" developed by the author with the point of view
of general algebra, algebra of logic, graph theory and
automata theory. The synthesis of the minimum graph of
operations, which is a mathematical model of the control
system, has been proved. The legitimacy of the methods

of undivided decomposition of equations describing the
scheme of the control system has been proved. The
following literature may be interesting to read [8-12].
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P.II. MUT'YIIIEHKO, O. 0. KPOIIAYEK, 1. M. KOP/KOB, T. O. EAPAHIOK

OTPUMAHHSA MATEMATHYHUX MOJEJENR BATATO30HHUX TEXHOJIOTTYHUX AT'PETATIB
JIAXOM NPAKTUYHOI ITEHTUPIKALII

CydvacHe NPOMHUCIIOBE OOJNAJHAHHS SIBISIE COOOI0 OOLIMPHY KOH'IOKTYPY OO'€KTiB MPOMHMCIOBOrO Ta CiIbCHKOTOCIOAAPCHKOro MpH3HadeHHs. Taki
00'eKTH TOTPeOYIOTh KOHTPONIO TEXHIYHUX 1 TEXHONOTIYHMX IPONECiB MiJ 4ac iX (YHKIIOHYBaHHS Ta MOMJIUBOCTI YIpPaBIiHHS Ha3BaHUMU
MPOLIECaMH B PEXUMI peabHOro 4acy. [1o0yaoBa CHCTEM KOHTPOJIIO 1 yIIpaBIiHHS MPOMHUCIOBUMHU 00'€KTaMHU MOTPeOy€e BUBUCHHS TaKHX 00'€KTiB, a
LIe HEMOXJIMBO 0e3 HasIBHOCTI BIAMOBIIHOI MaTeMaTHYHOI MOJENi MPOLECIB, 10 NPOTIKAIOTh B obnagHanHi. Bigomo, 1o Oyap-ski mpoLecH MOXyTh
OyTu onucaHi qud)epeHifHIMH PIBHSHHSAMHU BIANOBIAHOTO NOpsAKy. [IpoTte, npakTuyHa poOOTa 3 TAKMUMH PiBHSHHAMH Ha BUPOOHHYOMY piBHI BKpaii
yckinanHeHa. [lepeTBopeHHs qudepeHIiifHIX PIBHAHb B ayreOpaidHi 3a JOIOMOroro meperBopeHHs Jlamiaca no3Boisie 3IiHCHIOBATH TEOPETHYHE YH
iMiTawifiHe MOJENIOBaHHS y BHPOOHMYMX yMmoBaX. HalOinpIl MOIIMPEHHMMH HPOLECAaMH, sIKi MPOTIKAIOTh B HMPOMHUCIOBHX O00'€KTax, € TEIUIOBI i
BiOpauiiini nporecu. MateMaTu4Hi MOJIeNi JO3BOJISIOThH OLIIHUTH BiJIIOBIIHI IPOLIECH B TEXHIYHUX (TEXHOJIOTIYHKX) 00'€KTaX, BU3HAYUTH CTATUYHI Ta
JIMHAMIYHI XapaKTePUCTHKU IPOILECIB, BUSIBUTH PIBCHb B3a€EMHOTO BIUIMBY OJIOKIB O0'€KTIiB, IPOBECTH iMITAIliiHE MOMEIIIOBAHHS HPOIECIB TOLIO.
TpanuiiiHo icHye JjBa MOXJIMBUX CIIOCOOM OTPUMAaHHS MaTeMaTHYHMX MOJIENEH MPOLECIB B MPOMUCIOBHX 00'€KTaxX — TEOPETHYHMI, OCHOBAHMH Ha
no0y/0Bi piBHAHB 32 ANPIOPHUMH BiJIOMOCTSIMU 3 HACTYIHOIO BepudiKalli€ro pe3ynpTaTy, Ta METOAN NpakTH4HOT ineHTrdikalii, ocHOBaHi Ha 3HATTI
BUXIJTHAX XapaKTepPUCTHK 00'€KTy Ha NPaKTHII. 3BaXKalo4H Ha JOCTYIHICTh 00'€KTy JIOCII/DKEHHS aBTOpaMy OyB oOpaHHil qpyruii musix. B sixocti
HPOMHCIIOBOTO 00'eKTy OYB NMpPHIAHATHI JBOXIIHEKOBHH excTpynep BupobHunTea TOB «HaykoBo-BupoOHnue miampuemctBo «ITAKC», M. Xapkis,
SIKMH MOXe€ 3aCTOCOBYBATUCS Y CKJIaJi OOJaJHaHHA Ul T'paHyJIIOBAHHS 31 CTPEHTOBOIO MOPi3KOK. ABTOpPaMH BHKOHaHI pPOOOTH 3 MpPaKTHYHOT
imeHTH(iKaNil IPOMUCIOBOTO 00'€KTY, OTPHMaHI Ta IPOAHAII30BaHI MaTeMaTHYHi MOJEII MPOLECciB B 00'€KTi, HataHi PEKOMEHJALl 10 CTBOPEHHIO
iH(popMaIlifHO-BUMIPIOBAIBHOI CHCTEMH 0OpaHOTro 00J1a{HAHHS.

KurouoBi ciioBa: MmMaremMaTtMyHa MoOJeNb, NpaKTUYHA iAeHTU(]IKalis, OaraTO30HHMH TEXHOJIOTIYHMI arperar, TeMIeparypa, BiOpaiis,
nepefaBaibHa QyHKIIs, AMHAMIYHHI KOMIIEHCATOP.

R. MYGUSHCHENKO, O. KROPACHEK, I. KORZHOV, T. BARANIUK

OBTAINING MATHEMATICAL MODELS OF MULTI-ZONE TECHNOLOGICAL UNITS THROUGH
PRACTICAL IDENTIFICATION

Modern industrial equipment represents an extensive conjuncture of industrial and agricultural objects. Such objects require control of technical and
technological processes during their operation and the ability to manage said processes in real time. The construction of control and management
systems of industrial objects requires the study of such objects, and this is impossible without the presence of an appropriate mathematical model of
the processes occurring in the equipment. It is known that any processes can be described by differential equations of the appropriate order. However,
practical work with such equations at the production level is extremely complicated. The transformation of differential equations into algebraic ones
using the Laplace transformation allows for theoretical or simulated modeling in production conditions. The most common processes occurring in
industrial facilities are thermal and vibration processes. Mathematical models, in the form of transfer functions, represent aperiodic links with a delay
and oscillating links. Mathematical models make it possible to evaluate relevant processes in technical (technological) objects, to determine the static
and dynamic characteristics of processes, to identify the level of mutual influence of blocks of objects, to conduct simulation modeling of processes,
etc. Traditionally, there are two possible methods of obtaining mathematical models of processes in industrial facilities - the theoretical one, based on
the construction of equations based on a priori information with the subsequent verification of the result, and the methods of practical identification,
based on the removal of the initial characteristics of the object in practice. Taking into account the availability of the research object, the authors chose
the second way. As an industrial facility, a two-screw extruder manufactured by Scientific and Production Enterprise "PAKS" LLC, Kharkiv, was
adopted, which can be used as part of granulation equipment with a string cut. The authors performed work on the practical identification of an
industrial object, obtained and analyzed mathematical models of processes in the object, provided recommendations for creating an information and
measurement system of the selected equipment.

Keywords: mathematical model, practical identification, multi-zone technological unit, temperature, vibration, transfer function, dynamic
compensator.

IMocranoBka npoodJeMu. Busnauenns ExcnepuMeHTaNbHUH 1 TEOPETHYHHUN IIISIXH MAaIOTh

MaTeMaTHIHOI MOZeTi 00'ekTy abo MpPOIIECiB, AKi Y HHOMY
HPOTIKAIOTh, € HAA3BHYAIHO BAXIJIMBOKIO 3aJauei0 MPH
OCHIDKEHHIX oOJragHaHHSA TIPOMUCIIOBOTO Ta
cimpepkorocmoapeskoro npusHauenus [1-3]. Hasaicts
MaTeMaTHYHUX MOJeNiell 00'€KTIB Ta MPOIIECIB J03BOJISIE
OTpUMAaTH XapaKTEPUCTUKU OOJIaJIHAHHS, BU3HAYUTH HOTO
OCHOBHI TTapaMeTpH, MPOBECTH TEOPETHYHE 1 iMiTauiiiHe
MOJICTIIOBaHHS TOIIO. be3 HasBHUX MaTeMaTHYHHX
Mojeneid 00'€KTIB Ta MpPOIECiB HEMOMIJINBO TI'PaMOTHO
CHHTE3yBaTH CHCTEMH KOHTPOJIO YH  YIPaBJiHHI
JIOCITI/KYBaHOTo obnaananus [4, 5].

[ToOymoBa MareMaTHYHHX MoOJeNed 00'ekTiB Ta
NPOLECIB MPUHIUIIOBO MOXKIIMBA ABOMA HIIIXaMH:

- TeOpeTHYHMI cuHTe3 [6];

- OTPUMAaHHS MojeNnen
uwsxom [7].

CEKCIICPUMECHTAJIbHUM

cBoi mepesaru i Hegoiku. ToMy B OLIBIIOCTI AOCIIIKEHB
CTaparoThcs TMOEAHYBATH, B PO3yMHIN CTENeHi, IepeBaru
ouX MmaxoxiB. B mamid craTTi OpUHATO pilIeHHS
30CepENTUCh HAa OTpPHMaHHI Mojelieli 00'€KTiB Ta
MPOIIECIB  MTPOMHUCIIOBOTO Ta  CLIBCBKOTOCIIOIAPCHKOTO
oONafHaHHA  EKCIIEPUMEHTAIbHUM  IUIIXOM. Bubdip
€KCIIePUMEHTAILHOTO METOJLy npu po3pobui
MaTeMaTH4YHUX MoJelieil, 00paHoro I JOCIiKEHHS
arperary, 3yYMOBJICHUI HAsBHICTIO JTATYUKIB
i1eHTH(IKOBAaHUX TMapaMeTpiB, HAsBHICTIO CTaHIAPTHUX
pericTparopiB, HasgBHICTIO TepeBipeHMX 1 J100pe
3apeKOMEHIOBAaHUX METOIUK 00poOKkM  iHdopmarii,
amnpiOpHUMH  BIJOMOCTSIMH TIPO  CTPYKTYpy 00'ekTa
OCIIIOKEHHS.

B sxocti 6a30BOro MeTomy OTpHUMaHHS MOJEJCH
00'eKTIB Ta TpOILECiB OOpaHO METOA MPaKTHYHOI
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inentudikarnii. Lle mo3Boisie onepkaTh TUHAMIYHI MOJEIi
3 BUSIBIICHHSIM TPAHCIIOPTHOTO 3arTi3HeHHS,
IHepLIHHOCTEH, TTePeKOIMBAHD Ta TIEPEHTH Bill MOJAETCH 3
PO3MOJINCHUMHE  MapamerpamMu 10  Mojened i3
30cepeKeHrMHE TTapameTpam [8].

Bubip o0'exta npocaimxenHHs. B sxocti 00'ekta
JOCTI/KeHHS, B JaHiil cTaTTi, OOpaHO IBOXIITHEKOBHH
eKCTpyZep, KUK 3IIICHIOE MepepoOKy Ta BUTOTOBJICHHS
MmarepianmiB 3 TepMmomuiactiB  (nmomionedinis, I1BX,
tomio) [9]. OGpanuii arperar 3aifiCHIOE TEXHOJOTIYHHI
NpOLIEC TPaHyJIIOBaHHS 31 CTPEHIOBOIO Mopi3koro. Tumnosa
cXxema TpaHyJsiTopa Ha 0a3i eKcTpyaepa HaBeieHa Ha
puc. 1 [10].

3a3HaueHUi Ha puC. | TpaHyIATOp CKIANAETheA 3
HAaCTYITHUX CKJIQAOBMX: | — ekcTpyzep, 2 — BaHHa
OXOIIOJKEHHS CTPEHT, 3 — MEeXaHi3M CTPEHTOBOI MOPi3KH,
4 — myNbT KepyBaHHS.

BxigHa cHpoBHWHA HAaIXOOWTH 1O eKcTpydepy 1
(muB. puc. 1), B skoMmy miJ [i€0 (Hi3UKO-MEXaHIYHUX
MEepeTBOpEHb, a caMme, 0araToCTYIIEHEeBMM MEXaHIYHUM
Mo APiOHEHHSIM Ta TEPMIYHOIO 00poOKOIO,
MIEPETBOPIOETHCSL HAa CTPEHTH, SIKI 3 BHUXOJY €KCTpyJepa
MOTPAIUISIOTh Y BaHHY OXOJIOJDKEHHS CTpeHr 2. Y BaHHI
CTPEHTH OXOJIOJKYIOTHCS i €0 MPOTOYHOI BOAHM, IO
NpU3BOJIUTE J10 iX 3aTBepiiBaHHA. Jlami  cTpeHru
MOJIPIOHIOIOTECSL 32 JIOMIOMOTOI0 MEXaHi3My CTPEHroBOI
MOpi3kK 3, HA BHXOJI SKOTO, BHUXOJUTh KIHIIEBHUH
NPOAYKT — rpanyi. KepyBaHHS Ta iHAMKAIISI MapaMeTpiB
oOnajHaHHA Uil TPAHyJIOBaHHS 31  CTPEHrOBOIO
MOPi3KO0,  3MIHCHIOETBCS 32  JIOMIOMOTOK  MyJbTa
KepyBaHHS 4.

Haiibinpmmit iHTEepec y 3a3HadeHOMY OONagHAHHI
IUTS. TPaHYJIOBaHHS 31 CTPEHIOBOKO IOPI3KOK, 3 TOUYKHU
30py KOHTPOJIIO Ta JIarHOCTYyBaHHs, IPEICTaBIIsE
ekcrpynep (puc. 2), tak sik [10]:

- eKCTpYAep HaHOLIbLI CKIAJHUHA TEXHOJIOTIYHUH
00'eKT Ta HaliMEHII HAJIHHWH Yy MOPIBHSHHI 3 IHIIUMH

YacTUHAMU  OOJNIaJHAHHSA  JJIs  TPaHyJIOBaHHS 31
CTPEHT'OBOIO TIOPi3KOI0;

- BUXiZI 31 CTpOI0 EKCTpyAepa NPHU3BOJUTH IO
TPUBAJIOTO IPOCTOI0 TEXHOJIOTIYHOI JIIHII i BapTICHOTO
PEMOHTY.

Excrpynep Tpawkoe HACTYITHUM YHHOM.

Enexrponsuryn (puc.3) 4epe3 pemyKTop Ta peXyKTop-
posranyxyBad TOPH3BOIUTH 1O OOEPTAIBHOLO PYyXy
mHekiB  (puc. 4). 1IHekum TPOITOBXYIOTH  BXIiTHY
CHpPOBHHY, sIKa TOCTyIa€ depe3 MpHAMaNbHUI OyHKep,
Kpi3b 30HU HarpiBaHHs. B 30Hax HarpiBaHHS, 3aBJSIKH
HarpiBaJlbHUM  €JIEMEHTaM, MiITPUMYIOTBCS  3a/aHi
TEMIEpaTypyu 3TiAHO 31 BCTAHOBJICHHM TEXHOJIOTIYHHM
npouecom. [lix giero Temmeparypu Ta MeEXaHIYHOTO
MOJpPIOHEHHsT BXiJJHA CHPOBUHA DO3IUIABISETBCS Y
OJTHOPIZAHY PIOKY Macy, sika BHUXOJHUTh 4Yepe3 MaTpHIIO
¢bopmyBaHHs cTpeHTiB (puc.4) — KIiHIEBHHA HPOAYKT
excTpyzepa. KepyBaHHS  exkcTpynepoM, a  cawme,
BCTAaHOBJICHHS YaCTOTH OOEpTaHHs ITHEKIB Ta TEMIIEpaTyp
JUIT KOXHOI 13 30H HarpiBaHHsA, 3IiHCHIOETBCS 3a
JIOTIOMOTOIO TyJIbTa KepyBaHHS Ta iHAWKaIii (puc. 5), Ha
SIKOMY TaKOX BiOOpakalOThCS peanbHI 3HAYCHHS
rmapaMeTpiB IiJ 4ac BEACHHS TEXHOJOTIYHOTO TPOIECY.
Bcei  3a3HaueHi BY3MHM  eKCTpyZAepa 3MOHTOBaHI Ha
YKOPCTKIH CTaHWHI 32 TOTIOMOTOI0 €JIEMEHTIB KPIIJICHHS.
Haii0inpi Bpa3IMBUMHU By3JaMH €KCTPY/epa € 30HU
HarpiBaHHs (HarpiBajbHI €JIEMEHTH) Ta MiJIIHITHUKH
KOUEHHsI y PpeayKTopi-posraiyxysaui. Buxin 3i crporo
HarpiBajbHOTO CIIEMEHTY BIUIMBAE Ha BECh
TEXHOJIOTIYHUN MPOIEC, BKIFOYAKOYM SKICTh BHXITHOL
MPOMyKLii Ta TEXHIYHUH CTaH EKCTPyZepa B LIIOMY.
3MEHIICHHS HOPMOBAHOI TeMIlepaTypd B OJHIH i3 30H
HarpiBaHHsS TPHU3BOAWTH JIO IJBHIICHHS HAaBaHTAKECHHS

- Ol YacTHHA (i3MKO-MEXaHIYHOTO  HA MIJIIUIHUKKA PEAyKTOpiB, 1 B [Mepuly uepry,
HEePeTBOPEHHS.  BXiAHOI CHPOBMHM BiIOYBa€TbCS y  pEOyKTOpa-pos3ramyxyBada. I[iIBUINCHHS TEMICPATYpPH,
eKCTpyzepi; BIZIHOCHO HOPMOBA2HO{, IPH3BOJUTH [0 MPUTOPSHHS

- eKCTpyaep HaWOUTBII BapTiCHAa  YacTWHAa  BXIJIHOi CHMPOBHHHU JIO CTIHOK 30HH 1 IIHEKIB, IO TAKOXK
3a3HAQUCHOTO  OONagHAHHS JUI TPaHYTIOBaHHA 31  HEraTHBHO BIUIMBAE HA TEXHIUHMII CTaH PyXOMHX BY3IiB
CTPEHTOBOIO TOPI3KOI0; eKCTpyaepa.
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Puc. 1. Tunosa cxema rpanyisitopa Ha 6a3i ekcTpynepa
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Puc. 2. Exctpynep

Puc. 3. JIBuryH 3 noaBooBauemM

Puc. 5. Buxiana marpuis

He menmi npobineMu BinOyBaroThCS MPU BUXOAL 3i
CTPOIO MIAIIMIHKKIB PEIyKTOpa-po3rayly’KyBada. A came
JOBrOTpUBaJa 3yNUHKAa TEXHOJOTIYHOTO  IIPOIECY,
CKIQIHUA Ta BapTICHUA pPEMOHT, MIITOPSHHA Ta
3aCTHraHHs BXIJIHOI CHPOBMHM y 30HAX HarpiBaHHs, IO
JOCHTh  CHJIBHO  YCKJIQIHIOE  TIOBTODHHH  3aIlycK
TEXHOJIOTIYHOro Tporecy. Takok BHXIJ 31 CTPOIO
3a3Ha4YeHUX MiANIMIHUKIB MOXE€ CIPUYMHUTU HEraTHBHI
HACHIAKKM JUI1 PEOYKTOpa 1 eNeKTpOABHIYHA, IO IIe
Olnbllle YCKJIAIHIOE Ta 3/I0POKYYE PEMOHTHI POOOTH.
CTaH MiAWMIHUKIB KOYEHHS, TPAIHULIiitHO, KOHTPOIIOTh
OLIIHKOIO MeXaHi4Hoi BiOpauii y nporeci (yHKIIIOHYBaHHS
BimoBigHOTO By3na [10].

TakuM YWHOM, Ui KOHTPONIO Ta JiarHOCTYBaHHS
CTaHy poOOYMX 30H HarpiBaHHS EKCTpyAepa 1 CTaHy
T IITATTHAKIB KOYEHHS peIyKTOpa-po3rayKyBada
HEOOXiTHMA  MOHITOPHMHT  TeMIlepaTypu  (Iiama3oH
0-300 °C) Ta mexaniunoi BiOpartii (miamaszon Bix 100 xI'mr)
BimmosigHo [11].

OTpuMaHHA MAaTeMaTH4HOI MoJeldi mpouecy
BiOpauii. Buxonsun 3 mpuiHATOrO Kiacy Mojenei, a
TakoX 13 aHamizy (i3udHol mnpupomu o00'ekty OyJ0
OPUIHSITO  pIllICHHss NP0  BHKOPHUCTaHHS  METOMY
MPaKTUYHOT inenTudikarii 1o HepexiJIHuM
xapaktepuctukam /(z) [12]. OOpanuii MeTon nependavae
nmogadyy Ha OO0'€KT  OJMHWUYHMX  (yHKIOIH  THITY
«IIpAMOKYTHa XBWIS» abo OnaM3pkux g0 Hel i
BHUMIpPIOBAaHHS BUXIHOI KOOpPAWHATH BHMIiPIOBAJIBHUM
KaHatoM. Ha mpaktwimi — anroput™  imeHTHgIKaIii
peaii3oBaHUN Ha OCHOBI €KCIIEPHMEHTAILHOI YCTaHOBKH.
VYcraHoBka abcTparoBaHa Bil BIUIMBY JAECTaOLTi3yIOUMX
¢dakTopiB 1 3ailiCHEHa MOXIHMBICTH BHUMIPIOBAHHS
nepexiiHOl ~ XapakTepUCTUKH  00'€KTy  JOCIIIKEeHHs
HIIAXOM 0araTOKpaTHHUX CIIOCTEPEKEHb.

3 METOI 3HIKEHHS 3aJIeKHOCTI  Pe3yJbTaTiB
ineHTU(IKaIii BiJ MEPEIIKOA IS KOXHOTO 3 j-3pa3KiB
nepeadadeHa Mmpoleaypa momnepenHboi GiIbTpallii JaHux
(3rmaxyBanHs1). [lpu 1poMy aBTOPH BHKOPHCTOBYBAJIH
aNrTOpUTM  3TNIaXyBaHHA  (yHKII  mapabosiyHuM
GinbTpoM APYroro MOPSAKY, SKUH € MPUIATHHM JUIs
KOJIMBAJIBHAX ~ HNEpeXiJIHUX TMpOIEciB, SKUMH 1 €
MOTIepEeTHRO BHWBUYCHI Ha SKICHOMY pIiBHI TIpomecd B
JOCTKYBaHOMY 00'ekTi. 3HaUCHHS OIIIHKH MepPeXiTHOi

¢yHkii /; obuncmooThes 3a Gopmyoro [12]:

~

1
h o~z ——d'z, 1
1 Zl 12 Zl ( )

nie 8%z; — HeHTpanbHa YeTBepTa PisHULA (BYHKII z;.

[Micns  mpoBeneHHst  cepii  eKCIEPUMEHTIB 3
MUHAMIYHOT imeHTH(diKamii 00'e€KkTa JOCTIKCHb Oyin
OoTpUMaHi JlaHi psgy V, BUXOISYM 13  TIOKa3aHb
perictparopa, sKi ocepegHeHi mo L-cekmisM. Y
BIZMOBIZHOCTI 3 MPUUHATHM aJrOPUTMOM PsiJi MOKa3aHb
perictparopa OyB 3rTaKCHMH METOIOM YETBEPTHX
pi3HHMIE Ha ocHOBI (opmymu (1) i neHOpMOBaHHUI B psin
K;:

hy =z, —%6321,2 +%6422;
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}ALl =z +§8321/3 —%6422;

~ 1 3 1 4
h,=z, +§8 Z(n-2)I(n-1) +ES Z, 25
~ 2
h 17 Zne __632 -2)/(n— __SAan s
n-1 n-1 5 (n-2)/(n-1) 7 2

e 832ll /us1y — LCHTPAIIBHA TPETS PISHHULLSL:

Sazu/(wl) =z, —32” +3z}l+| —Zy12s
ne n=1,2,..,n-2.

HacrynmauM erarmoM JuHamiuHOi igeHTH]IKALil €
3HAXO/UKEHHS  CTPYKTYpM 1  KUIBKICHUX  3HaueHb
napaMeTpiB OCHOBHHX NepeaaBanbHux (yHkuii [12, 13].

AmnpiopHi BimoMocti Tpo 00'ekT Ta HaTypHI
CIIOCTEPEXXEHHs TII0Kas3aly, LI0 BUMIPSHHMH THpolec €
KOJIMBAJILHUM 1 MO>Ke OyTH OIMCAaHUM HACTYITHHM YHHOM
[14]:

- y BUDIIA1 AU EpeHIiitHOTO piBHSHHS:

(T2 p* +T,p+1)y = kx,

ne k — xoedilieHT nepenayi JaHKHK;
T; — craui yacy,
npuyomy T3 1 T, MOB's13aH1 YMOBOIO:
T,
¢= 2 <1 ,
1

- Yy BUTJISII TIEPEAaBaTbHOI (QYHKIIIi:

k

W(p)=——s——
D)=

- Y BUIJISIII TIEPEXiTHOT XapaKTEPUCTUKH:

2 2
h@)=k 1—a—+be‘”sin([3t+arctgﬁ) ,
o
7, 4le —TZZ
ac oa=-— ) =
217 P 2T

- y BUIJISLIII aMIUTITY/IHO-(a30B0i HYHKIIIT:

k(l-T20*) - jkT,o

W(jo) = ,
('] ) (1_7—;[2(02)2 +Tv220)2
-y BWUINIAI  aMIUNTynHO- 1 a309acToTHOI
(hyHKITIH:
A(o) = K )
\/(1_ lemz )Y+ TZZ(DZ
¢(w) = —arctg

—2
1- T’

Bci cnocobu mpencTaBiieHHsT KOJIHBAJIbHOI JTAHKH €
IICHTHYHUMH. B maHii cTarTi TpUHHATHA METO.X
Mpe/ICTaBICHHS Ha OCHOBI MepeiaBalibHOT QyHKIIIT:

k

W(p)=——sr
D)=t i

()

Bu3sHaueHHs YKCeNbHUX 3HAUYCHB MapaMeTpiB y (2), a
came k, T;, T, Moxxe OyTH BHKOHAHO JAEKUTBKOMaMHU
MeromamHu, siki omucani B [13]. B nmawHiii crarTi s
BU3HAUCHHS BKA3aHUX IMapameTpiB Oyiu 3acTOCOBaHI
HACTYyTHI criBBigHOMIEeHHS [12]:

k=Y, nmpu x, =1,
1
T =———,
toa%+0?
2\

€ Vyer yCTaJeHe 3HAYEHHS BHXIAHOI KOOPIUHATH
BUMIPIOBAJILHOTO KaHAIY;
Xyer — OIMHUYHE BXifIHE 30ypeHHS,
A 1 0 o0UHCIIOIOTBCSA OE3MOCePEIHBO O MepeXimHii
XapaKTEPUCTHUI[ HACTYITHHUM YUHOM:
2n
0=—,
p

A
A= 12,3 1 lgm
p AyMaKC]

>

Jie p — IepioJ] BIAaCHUX aBTOKOJIMBAHb, 10 BU3HAYAETHCS
3 TepexifHOl XapakTepuCTHKU h(f) TIpH  yCTaleHOMY
3HA4YEHHI;
AVyaxel 1 AVyaez — QMILTITY I aBTOKOJIMBAHb.
Pe3ynbTaToM npoBeeHOl MPaKTUYHOI 1eHTH(IKALIT
OTpHMaHI KITBKICHI 3HaueHHA (2), a cama JAWHAMiYHA
MOJIEIb Ma€ BUIJISIL:

W (p)

~ 0,13
2,17-10°p% +2,01-103p +1

-3107°p

A).

OTpuMaHH MaTeMATHYHHMX MOJeJeH TemI0BHX
nponeciB B ekcTpydepi. Po3paxyHok aMHaMi4HHX
MOJIeJeH TEIUIOBUX OO0'€KTIB € CKJIAJHOI0 3aJaycio, e
CTaH OO'€KTy ONHUCYETHCS PIBHSHHAMH B YaCTHHHHUX
MOXI/THUX, IHTETpaJIbHUMHU PIBHSHHSIMH, a 4acoM OiiIbII
CKIamHUMH  (YHKIIOHATPHUMH  PIBHSHHAMH. ToMy
00'€KTH 3 PO3IMOJINICHUMH IapaMeTpaMH, SIK TPABUIIO,
CTapaloThCs 3aMIiHHUTH  BiJMOBIMTHOIO CHUCTEMOKO i3
3ocepemkeHnMu. [lepexin o Moaeneit i3 30cepeKeHIMI
napaMeTpaMu OOyMOBIICHHH JIOKATBHUM PO3MIIICHHAM
JaTYuKiB (B TEBHMX TOYKaxX) i HarpiBadiB (B MEBHHX
001aCTAX) peaIbHUX TEXHOJOTTYHMX 00'E€KTIB.

B naHomy Bumaznky po3lOAiICHY TEIUIOBY CHUCTEMY
eKCTpyZAepa 3MIHUMO Ha 30CepeKEHY 3 BiJI0OpaKeHHSIM
¢yHKII B3aeMHOTO BIUIMBY. Taka MOJENb Ma€ BHIJISA
[14]:
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ne Wiu(p), Wa(p), Wa(p) — ObyHKuii, oo BH3HAYAIOTH
nepegady 30ypeHHs 3 OOKy JIOKaTbHHX peTyISTOPIiB
TeMIepaTypu Ha eKcTpynep 3 (ikcamieto Temmeparyp 71,
T, T3,

Wia(p), Wis(p), Walp), Wa@), Walp), Walp) -
(hyHKI{, SKi BiqoOpakatoTh IepexpecHi BIUIUBH.

Crpykrypa momeni (4) 103BOJIsiE BH3HAYATH KIac
Monened mpu igeHTU(IKaii — JiHIAHI, HENEpepBHi, 3
30CePE/PKCHUMH MapaMeTpaMH, OIHOMIpHI, CTalliOHAPHI,
JICTEPMIiHOBaHi.

B xoni BupimenHs 3anadi ineHtudikanii HeoOXiqHO:

- BU3HAYUTHU CTPYKTYPY i TapaMeTpH MepeaaBaibHUX
dynxuiit Wu(p), Waa(p), Was(p);

- BU3HAUNTH (YHKIHI B3a€MHOTO BILIUBY Wy (p),
Wai(p), Wa(p) (mpsmi (HanmpsMOK Tiepemadi  Teruia
BIAMOBIIa€ HampsiMy pyxy CHpPOBHHH)), Wiy(p), Wis(p),
Wo(p)  (obepHeni  (HampsiMOK — Tiepemadi  Teria
MPOTHJICKHHUN HATIPSIMY PYXY CHPOBHHH)).

Sk BimomMo 3 Teopil aBTOMaTHYHOTO YIpaBIIiHHS
TEIUIOBUII 00'€KT sABJsie cOOOK 1HEpUiiiHy JaHKy 13
3aIli3HeHHM, TiepeaBaibHa (GyHKIs SKOi Ma€ BUTJISIL

¥ (p)= e

(Tp+1) ©)

ne k — xoedilieHT mepeaadi IaHKH,

T; — craii gacy,

T — TPaHCIIOPTHE 3aITi3HEHHS.

B naniii crarTi 1uia BU3HaUeHHs mapameTpis (5) OyB
MPUAHATHA METOJ MOCTIIOBHOTO JIoTapu(pMyBaHHS, KUK
BIIPI3HSETHCS  CBOEIO  TPOCTOTOIO 1  HAIIHHICTIO
OTPUMaHUX pe3yibTaTiB. €JAUHUM HEJOJIKOM IHOTO
METOJy € T0siBa CYO'€KTHBHHUX IIOMHJIOK I Yac
MPOBEJCHHS IpadiuyHuX ONeparii.

Inest MeTony monsArae y mociiOBHOMY HaOJIMXKEHHI
AHAJITUYHOT 3aJIE)KHOCTI:

h(t)=h(t,)=-> Ce™, (6)

ne h(f) — mepexinHa GyHKIs, SKa BIAMOBITAE yCTATCHOMY
3HAYCHHIO;

Y, — KOpeHi XapaKTepUCTUIHOTO PiBHSHHS;

C; — noCTiitHi KoediIlieHTH;

1 — TOPSIIOK PiBHSHHS,
g0 nrykaHoi mepexiguoi  ¢yHkuii  A(f)  cnouatky
PO3B'SI3KOM PIBHSHHS TEPIIOrO MOPSAKY, 1 SKIIO s
aTMPOKCHMALlisl BUSIBUThCS HE3a0BITBHOI, TO PO3B'SI3KOM
PIBHSIHHSI IPYrOro Mopsiaky i T. 1. TTopsiok aHamiTHYHOT
nepexifiHoi (QyHKIIT 301IBIIYETHCS 10 TUX Tip, moku A(f)
He OyJie anpoKCHMOBaHA 3 HEOOX1THOIO TOYHICTIO.

I3 3anexuocri (6) Bu3HauaroThCs Mapamerpu k, Tj, n
nanku  (5). BenwunmHa TPAHCIIOPTHOTO 3aIli3HEHHS T
BU3HAYAETHCS AK BIIPI30K dYacy, BCEpPEOuHI SKOTO
BHKOHYEThCSI HEpiBHICTb [15]:

0<h(r)<A,

Je A — noxnOka BUMIpIOBaJIbHOI alaparypH.

B xomi pgocnmimkeHb TEIUIOBUX MPOIECIB Y

JIBOXIITHEKOBOMY €KCTpy/iepi Oyna Bu3HaueHa Moaeis (4),
sIKa TIPUIHSIA BUTIISA:

44.6exp(—24p) 6,9exp(—390p)
(1+354p)(1+174p) (1+570p)(1+120p)
6,3exp(-318p) 64,2exp(-12p)

0

exp(-1260p)

07| (1+756p)(1+240p)  (1+192p)(1+102p) (1+846p)(1+264p) (7)
5exp(—726p) 6,1exp(—486p) 45,2exp(—6p)
(1+690p)(1+216p)  (1+582p)(1+408p)  (1+156p)(1+204p)

MaremaTiaHa Mozelb (7) BKa3ye Ha BUCOKUI piBEHb

MEPEXPECHUX  BIUIMBIB B PO0OYii  TEIUIOBIH  30HI
eKCTpyJiepa 3a BUHATKOM Tiapametpy Wis(p).
Cunre3 Mmopeni kommencaropa. HasBHicTs

6arato3B'a3HOCTI B JIOCHIPKyBaHOMY arperarti, B poOodii
TEIJIOBIM 30HI eKCTpyAepa, IMoKaszaja, IO YHpPaBIiHHSI
TEIJIOBUMH TIPOLIECAMH  YCKJIQJHEHE 4Yepe3 HasBHICTb
MEPEeXPEeCHUX 3B'SA3KIB — MOJATKOBHX JECTaOLTi3YIOUIX
(axropis. Lle, B mepury uepry, BIDUIMBA€E Ha MOCTiHHI Yacy
arperaTty, 3HIDKYE HOTO MOOLIBHICTB, MPHU3BOIUTH MO
JOJATKOBHUX BTPAT CHPOBUHM i ¢iHaHCIB. {15 yCyHEHHS
Ha3BaHUX HEIONIKIB HEOOXIAHO MpUBECTH Moxaenb (7) 1o
surny [16]:

0 Wy(p) O (8)

Jna orpumanHs Mozeni o0'ekty y Burisaai (8) i3
Mozeni (6) HeoOXiTHO CHHTE3YBaTH KOMIICHCATOP.

Cytp 1OOyZOBH  JAWHAMIYHOTO  KOMIIEHCATOpa
nojsrae B OJCPKaHHI Pe3yJbTyIouoi MaTeMaTH4HOI
MomeNni  pobOY0oi  TEIUIOBOI  30HHM  EKCTpyaepa
1arOHAJILHOTO BULLY () IIIXOM BBEJICHHS
KOMIIEHCATopa WK(p) Yy BHUMiploOBaIbHUI KaHail. [Ipu

L[OMY, IPHUHIIUIIOBO, KOMIICHCATOP MOX€E OyTH BBEICHUM
JBOMa HIISIXaMH.

[epmumii LUIAX BBEJICHHS KOMIIEHcaTopa
HATpaBJICHUI Ha PO3B'AI3yBaHHS KaHAIIB 0arato3s's3HOT
CHCTEMU  3aCTOCYBaHHSM  JIOKaJbHOTO  peryjisropa
MepEXPECHUX 3B'A3KIB 1, K MPaBUIIO, BUKOPHCTOBYETHCS B
3aMKHEHUX cHucTeMax. JIpyrui minxin HampaBieHHWH Ha
KOMIIEHCAITII0 BILUIUBY NIEePEXPECHUX 3B'SI3KIB
ABTOMATHYHMM BBEJCHHSIM BIINOBIAHUX IONPAaBOK 1
BHKOPHCTOBY€ETHCS B PO3IMKHEHNX CHCTEMAaX.

Bubip crpykTypum KoMIleHcamii  BH3HAYa€THCS
crenr(iko TOCITiKYBAaHOTO MPOMICIOBOTO arperary i
€KOHOMIYHOIO e(eKTHBHICTIO. B HamoMmy BHIaaKy
cnenrgika poOOYOi TEIIOBOI 30HN EKCTPYJepa TO3BOIISIE
PO3TIISAATH JIMIIE APYTHl BapiaHT.

Bigmosinno g0 [16] wMomens  aMHaMiuHOTO
KOMIIGHCaTOpa  BU3HAYA€TbCd 3  PIBHAHHA  ANIA
PO3IMKHEHHX CHCTEM:

Wy (p)W,(p)=diagW, (p)=Ws(p)

1 Ma€ HACTYITHUH BUTIIAL;
Wi (p)=diagh,(p)-W,"(p), ©)
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ae Wi(p),
KOMHCHC&TOpa,

Wo(p), diagWo(p) — nuHamiubi Mopgeni
o0'ekta 0Oe3 kowmreHcarii, o0'ekta 3

KOMIICHCAITIE0 MTEPEXPECHUX 3B'SI3KiB BiIMOBITHO.

Jts po3risayBaHOTO 00'€KTY, IepeaaBaibHi (PYHKITT

sxoro Wi(p), Wi(p), BinnosinHo z10 (5), € iHepuiliHi TaHKH
JIPYTOTO TOPSAAKY i3 3ami3HEHHSIM, JUHAMIYHAa MOJEINb

W, (p) npuiivae Buras:

by by bs
A A A
b, b, b
wt(p)=|Z2 P2 Das |
A e
by by bn
A A A
ne b; — anreOpaiuHi JONMOBHEHHs elleMeHTiB Wo,(p)
mopeii (9);

A — BuzHauHuK Mozeni (7).
Cama Mojaenb KommeHcaropa, Biamosigao g0 (9)

3HAXOJUTHCSI HACTYITHUM YMHOM:

by by b
Wll(l’) 0 0 bA bA bA
We(p)=| 0 Wa(p) O |8 —F -5
° 0 Vall ey by by
LA A A |
1 Ma€ BUIIISAL:
_Wn(l’) le(p) VVIB(p)_
A A A
W, W, W,
W, (p) _ 21A(p) zzA(p) zaA(P) (10)
W:n(l’) Wsz(l’) Wsz(P)
A A A

BucHoBok. B crarti npoananizoBaHe 00JagHAHHS,

AK€ BHUKOHY€ IPOLECC TIPaHyJIIOBAaHHA 31 CTPCHI'OBOIO
HOpiSKOIO, OCHOBHHM CJICMCHTOM SKOI'O € Z[BOXIHHCKOBI/Iﬁ

EKCTpYZEp.

BusiBneni  HaWOUMBII — Bpa3iHMBI  MiCIs

eKCTpyAepa i OTpUMaHi MaTeMaTH9IHI MOJIENI BiOpamifHIX
mporeciB (3) i TemmoBmx mporeciB (7). Po3poOiena
MO/IeNIh KOMITEHCaTopa nepexpecHux 38's3kiB (10).

4.
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O.JI. ITIYBEHKO, O. B. CEHEIIbKHH, M. IO. FAFAK

BIHAPHA EJIEKTPOT'EHEPYIOUA YCTAHOBKA JIJISI YTUIIBALII TEIVIOTH IMMOBUX T'A3IB
KOTJIIB

PoGoTa npucBsueHa po3poOlli Cy4acHHX TEIUIOBMX CXEM I BHPOOHMIITBA €JNCKTPUYHOI €HEepril mpu yTuiisalii TEIUIOTH JMMOBUX ra3iB KOTIIB
eneproBy3iiB. Ha npukiaai THIIOBOT paifOHHOT KOTENbHI JOCIIIKEHO ITapaMeTpy Ta MOTEHIIaT TeIUIOTH, sIKa CKHIAETHCS 10 aTMOChepr 3 TUMOBUMH
ra3aMy KOTJIB, Ta BU3HAYEHO, IO iX JOCTATHBO JUIS TeHepallii eJIeKTpUYHOI eHeprii IUIIXOM peali3alii Tak 3BaHUX OpraHiYHUX HUKIiB Penkina. s
yTHJIi3allii TEIUIOTH BUXiTHUX ra3iB 3 Temneparyporo 280 °C npu ix Butpati 10 Kr/c 6yn0 ZOCIIHKEHO TPUKOHTYPHY €IEKTPOreHEPYIOYY YCTaHOBKY,
sIKa TO/1i0HA TUM, 1110 BUKOPUCTOBYIOTHCS y TeoTepMallbHiil eHepreTuii. [IpoananizoBaHo psa TypOiHHHX POOOYMX TiJ, IO BiNOBIAAIOTh HEOOXITHUM
BUMOTaM, Ta PEKOMEHJOBAHO HaiOinbIn migxomsmi. bepydnm 10 yBarm XapakTEpHCTHKH JDKepesa TeIUIOTH, 3 METOI0 BH3HAUCHHS pPalliOHaJbHOI
KOH(irypauii cxemu BukoHaHO 50 po3paxyHKIB 0araTOKOHTYPHHX TEIUIOBHX CXEM CHEPrOyCTAHOBOK, IO MHPALIOIOTh Ha PI3HUX pOOOYMX Tijax.
Pe3ynbraTtu IOCHiIKEeHb MOKa3aind, mo edextuBHicTh (enexTpuynuii KKJ/I) Ta moTyXHICTh TYpOiHHOTO LMKIY BH3HAYA€THCS MOTEHIIAJIOM CKHIHOI
TEIUIOTH, TEPMOJAMHAMIYHIMHY BJIACTHBOCTSIMU POOOYOro TiNia, CTPYKTYpPHUMH Ta IapaMETPUYHUMH XapaKTePHCTUKaMH cxeMH. Cepell TOCITiIKEeHNX
Haiikpami nokasHuku: enektpuunnii KKJI 20,6 %, «xopucHy» enekTpudHy moTyxHicTh 357 kBT npu Temneparypi Buxiguux rasi 131 °C mana
TPUKOHTYpHA yTHJi3aliiiHa ycTaHoBKa 3 pobounmu Tinamu Bopa / R-245fa/ R-245fa. Bapiant cxemu 3 pobounmu Titamu Boma / R-600a/ R-600a
IPOrpaBaB KpamioMy BapiaHTy ~ 8 KBT elleKTpH4YHOI MOTYXHOCTI, aje OyB BU3HAaHUM OLTBII MEpPCHEKTHBHUM, OCKiNbKH (peoH R-600a (i3ompoman)
Mae crioxuByi nepesaru Haj R-245fa. By Takox npoBeeHi po3paxyHKOBi JOCIIKeHHsI GiHAPHOT TEIIOBOI CXEMH SHEProyCTaHOBKH, SIKi TOKa3aJIH,
IO PAal[iOHATBHUM € BUKOPHCTaHHS s 1-ro koHTypy Bomu, mns 2-ro — R-600a. Take pimieHHs1 J03BOJHIO OTPHUMATH PO3PAXYHKOBY «KOPHCHY»
CIIEKTPUYHY MHOTYXHICTh eHeprokomiuiekcy ~ 290,8 kBt (1-if koutyp ~ 129 kBr, 2-it ~161,8 kBT). Ilporpam GiHapHOI CXEMH IO «KOPHCHiM»
@JICKTPUYHIN MOTYHOCTI NMEPCIEKTHBHOMY BapiaHTy TPHKOHTYPHOI CXEMH KOMIICHCYETBCSI CYTTEBUM CIIPOIICHHSM TEIUIOBOI CXEMH 1, SIK HACIIJIOK,
3HAQYHO MEHIIMMHM KamiTaJIbHUMH BHUTpaTamMu. IluTOMa Maca 3ampONOHOBAHOIO TEIJIOOOMIHHOTO OONAJHAHHS YCTAHOBKM 3 OiHApHOIO TEIIOBOIO
cXeMoIo cTaHOBHTH ~ 150 kr/kBT. BpaxoBytoun BiacTHBOCTI poO0YOro Tija, 31iiiCHEHO MOIEpEeIHIO MPOPoOKy KOHCTpYyKLii TypOin 1-ro (Boxma) ta
2-ro (R-600a) xonTypiB. st 1-ro KOHTYpY 3ampOIIOHOBAaHO BHKOPHCTOBYBAaTH 6-TW CTymiHYaTy OCbOBY TypOiHy, st 2-r0 — OJHOCTYIiHYATy
panianbHy. PO3paxyHKOBMM HUISIXOM BH3HAU€HI T€OMETPUYHI XapaKTEPUCTUKH MPOTOYHUX YacTUH TypOiH. [lomepenHs cnpolieHa oLiHKa IpOCTOro
TepMiHy OKYITHOCTi CBITYHTH O HEIIOTaHHX IEPCIEKTHBAX BIPOBAPKEHHS 3alIPOIIOHOBAHOI €Hepro30epiralouoi yCTaHOBKH.

KurouoBi ci1oBa: BifxifHi ra3u KOTJa, TEIUIOBa cXeMa, pobodYe TiJIo, TEPMOAMHAMIUHHMIT LMK, OpPraHiyHMi LUK PeHkiHa, MOIETIOBaHHS,
€JIEKTPHYHA IOTYKHICTh, OCbOBA Ta pajliaJibHa TypOiHa, TEMI000MiHHHUK.

0. SHUBENKO, O. SENESTKYI, M. BABAK

BINARY ELECTRICAL GENERATING INSTALLATION FOR UTILIZATION HEAT OF BOILER
FLUE GASES

The work is devoted to the development of modern thermal schemes for the production of electrical energy while utilizing the heat of flue gases from
boilers of power units. On the example of a typical district boiler house, the parameters and potential of heat discharged into the atmosphere with the
flue gases of boilers are investigated, and it is determined that they are sufficient to generate electrical energy by implementing the so-called organic
Rankine cycles. To utilize the heat of exhaust gases with a temperature of 280 °C at a flow rate of 10 kg/s, a three-loop power generating plant similar
to those used in geothermal energy was studied. In the process of conducting research related to solving the problem, the thermal scheme was
improved. A number of turbine working bodies that meet the necessary requirements are analyzed and the most suitable ones are recommended.
Taking into account the characteristics of the heat source, in order to determine the rational configuration of the circuit, 50 calculations of thermal
circuits of power plants on different working fluids were performed. The research results showed that the efficiency (electrical efficiency) and power
of the turbine cycle are determined by the waste heat potential, the thermodynamic properties of the working fluid, the structural and parametric
characteristics of the circuit. Among the studied indicators, the best indicators are: electrical efficiency of 20,6 %, a “useful” electrical power of
357 kW at a flue gas temperature of 131 °C was a three-circuit utilization plant with working bodies Water / R-245fa / R-245fa. The variant of the
circuit with working fluids Water / R-600a / R-600a lost ~ 8 kW of electric power to the best variant, but was recognized as more promising, since
R-600a (isopropane) Freon has consumer advantages over R-245fa. Computational studies of the binary thermal scheme of the power plant were also
carried out, which showed that it is rational to use Water for the 1st circuit, R-600a for the 2nd circuit. This solution made it possible to obtain the
calculated "useful" electric power of the energy complex ~290,8 kW (1st circuit ~ 129 kW, 2nd circuit ~ 161,8 kW). The loss of the binary scheme in
terms of "useful” electric power to the promising version of the three-loop scheme is compensated by a significant simplification of the thermal
scheme and, as a result, significantly lower capital costs. The specific mass of the proposed heat exchange equipment of the installation with a binary
thermal scheme is ~ 150 kg/kW. Taking into account the properties of the working fluids, a preliminary study of the structures of the turbines of the 1st
(Water) and 2nd (R-600a) circuits was carried out. For the 1st circuit, it is proposed to use a 6-stage axial turbine, for the 2nd — a single-stage radial.
The geometric characteristics of the flow parts of turbines are determined by calculation. A preliminary simplified assessment of a simple payback
period indicates good prospects for the implementation of the proposed energy-saving installation.

Keywords: boiler exhaust gases, heat scheme, working body, thermodynamic cycle, organic Rankine cycle, modeling, electric power, axial and
radial turbine, heat exchanger.

Beryn.  3i 3pocraHHSM  BapTOCTI  HaJMBHO-  aTMoc(epy BHKJIHMKAE IIKiJJIMBUI BIUIMB HAa HABKOJIMILIHE
EHEePreTHYHUX PEecypciB MiJBUINEHHS C€(QEKTUBHOCTI iX  cepeloBHIle Ta  30UIbIIye  BHUTpaTd  BIACHUKIB
BUKOPHUCTaHHS crae BCE OinmbI aKTyaJIbHUM  eHeproBy3miB [3,4]. 3aranbHO BIiJOMHM € Te, IO
3aBaaHmsM [1, 2].  3HadymmMm  JDKEpenoM  CKHAAHHS ~ OCHOBHOIO CKJI4J0OBOKO BTPaT KOTIIA CTAHOBUTH TEILIOTA

3HIDKEHHs Kol Ha 12-16°C

TEIJIOBOT eHeprii [0 HABKOJMIIHBLOTO CEPE/IOBHINA €
mumoBi rasu (JII') kotenpHux arperaris. Ha sxaimb, aHami3
cTany 1Iii€ei mpoOimemMu B YKpaiHi CBiTYHTH, IIEe PO
3HaYHWH  TIOTEHIial  BIPOBA/PKEHHS  BiJIOBITHHUX
eHepro30epiratounx 3axoxmiB. CKupaHHs Temna o

AT (5-12 %) [5, 6],
no3sourste miasumuT KK/ kotima Ha ~ 1 %.

OmauM 3 pilieHs OUTBII MTOBHOTO BHUKOPWUCTAHHS
TEIUIOTH TanuBa € yTwmizamis temotd I moraxom
peanizaiii 3aMKHEHUX MapoOTypOIHHUX LUKIIB Ha PI3HUX
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pobounx Tinmax (PT), Tak 3BaHMX OpPraHIYHHMX LHKJIB
Penkina (ORC) [7-9]. OcHOBOIIOIIOKHUM TIpH BHOOpi Ta
po3paxynky TtemioBoi cxemu (TC) enepreTmyHOi
YCTAaHOBKH € MapaMeTpu JKepena TEIUIOTH, Y AaHOMY
Bunaaky JI' BomOrpifHOTO KOTENBHOTO — arperary
(Butpara, Temreparypa, TEIIOMICTKICTH Ta  iHIII).
JbKkepeoM TEIOTH Ui €HEPrOyCTaHOBKH —Oyaemo
BB&)XaTH  MPOJYKTH  3TOpSHHS  IPUPOJHOTO  Tazy
(Bu3Hauyenns mapametpiB /[T mMpOBOMATHCS, COMPAIOYHCH
Ha [10]).

Panime aBTOopamu OyJI0O AOCIHIZKEHO MOXKIMBOCTI
BukopucranHsi ORC TexHomorii s yTumizamii TemIoTH
JAI' [oTyXHHX BOJOTPIMHUX KOTJIB MYHIIMITAIEHUX
koteneHb [11], mnst sikux OUTBIIICTH 4Yacy XapakTepHa
pobora 3 Temneparyporo I, mo He mepepumtye 150 °C.
[Muranns yrunizanii rerutota [T 6inermoro notermiany (3
temnepatypoio 10 300 °C) 3 eneKTporeHepari€eio, Ha Hall
MOTJIAN, IIe He BHUPIMIEHI OCTATOYHO i MOTPeOYIOTh
JIOCIIIIDKEHD.

Meta pocaimkenHsi. OCHOBHOIO METOI0 POOOTH €
BUOIp pationansHoi koHpirypanii, PT Ta mnapamerpis
OararokoHtypHoi TC enekrporeHepyroudoi yTuiizaniiHol
yCTaHOBKHM, w10 obirpiBaerbest JIIT 3 TemmepaTtyporo
280 °C mpu 30epekeHHI TEIJIOBOTO HABAHTAXKCHHS
BOJIOTpifiHOTO KOTIa (0€3 JOMaTKOBOTO CIANIOBAHHS
TaiiBa) Ta peai3yeTbes Ha 0a3l TypOiHHMX IUKIIIB.

Jnst mocsITHeHHS! TTOCTaBJICHOT METH CIIil PO3B's3aTh
HACTYITHI 3aBIaHHS:

- moaemoBanHg TC,;

-pubip PT, sKki MakcHMaibHO BIiIMOBITAIOTH
HEOOXITHUM €KOJIOTIYHHM, TePMOAWHAMIYHUM,
eKCIUTyaTaIlifHIM Ta €KOHOMIUYHUM KpuTepism [9, 11];

- BU3HAUEHHS  MAacorabapuTHHUX  XapaKTePHCTHK
TEIJIO0OOMIHHOTO YCTATKYBaHHS CXEMHU;

- ToTepeiHs OI[IHKa TeOMETPHUYHHX XapaKTePHCTHK
MPOTOYHUX YACTHUH TYpOiH.

Metonn AOCiIKeHHS. Hna IIPOBEJICHHS
JOCIIKeHb OyJ0 BHKOPHCTAaHO HAyKOBO OOIPYHTOBaHY
metononorito Buobopy TC typOinamx mukmiB Ta PT. Lg
METOJ/IOJIOTIST  JI03BOJIIE  LIIECTIPSIMOBAHO — BU3HAYATH
BUTpPaTHI Ta MapaMEeTpU4HI XapaKTEPHUCTHKH OCHOBHHX
MOTOKIB ~ TEIUIOTH, BHOpaTH Ha  MACTaBi  IHX
XapaKTePUCTUK OCHOBHE I JIONOMiKHE OOJiaIHaHHS,
MTOTY>KHICTH 1 TEOMETPII0 CKIIQJIOBUX €JIEMEHTIB TEIUIOBHIX
CXEM B 3aJIe)KHOCTI BiJl MOTEHIlia)ly TEIUIOBOTO JKepena i
TepMoaArHaMiuHUX BiactuBocteil PT eHeprorenepyrodoro
KoHTYpY [9, 12]. ToOGTO B 3aMeXHOCTI BiA MOTEHIIATY
BTOPUHHHMX  E€HEPreTUYHHX  PECypCiB  pallioHaIbHO
MIAXOMUTH [0 MiJBHUINEHHS eHeproeekTUBHOCTI Ta
HaAidHOCTI (3a PAaxyHOK BJIACHOI €JEKTpPOreHepallii)
€HEepPreTHYHUX 00'eKTIB YKpaiHH.

Pe3ynbpraToM BHUpILIEHHS MNEpIIMX JBOX BKa3aHUX
3aBJjaHb € BH3HAUCHHS paliOHAIFHOI KOMIIOHOBKH TC
YTUITI3AIIHHOI eNeKTpOoreHepyroUuoi ycTaHoBKH. [ qoro
ciig chopMyJIIOBaTH 1 BUPINIMTH BIATIOBITHY JIOCHTH
HENpOCTy 3ajady ONTHMi3amii, oOpaB y SKOCTi (QyHKIIi

METH «KOPHCHY» EIEKTPHYHY HOTYXKHICTh
eneproycranoBku Ne . [9].
v 3arajbHOMY BUIISAL MaTeMaTU4HE

(dopMyIrOBaHHA 33a[adi MaKCUMi3alii HemiHiiHOT QyHKIIIT
«KOpHCHa» €JEKTPHYHA MOTYKHICTb EHEPrOKOMILIEKCY

MOJKe OyTH To/1IaHe HAaCTYITHUM YHHOM [9]

NELK. :Ne.m(X'YIZ); 1
X e XD, @)

ne XD - momyctuma obmacte 3MmiEM (QYHKINT Ny,
BU3HAYAETHCSI CUCTEMOIO HEIHIMHUX 0OMEKEHD:
- y BUIJISI PiIBHOCTI!

q)](XJ,YJ,ZJ):O,J:L 2""’nTC;

- Y BUIJIAI HEPIBHOCTEH:

[Fmin]S F(X!Y! Z) S[Fmax]l
[Umin]SU(xle Z) S[Umax]v

a TaKOX Ha HE3aJIC)KHI MapaMeTpH 3B'SI3KY
Yemini < Yi < Ymaxir 1 =1, 2. ..., K,

Ta KOHCTPYKTHBHI Mapamerpu

1,2 ..

Xmini < Xi < Xmaxi, | = , m,

ne  X={Xi, Xz ..., Xm} — MHOXXHHAa KOHCTPYKTHBHHUX
HapamMeTpiB CHEProyCTaHOBKH;

Y ={y1, Y2, ..., Yk} — MHOXXHHA ITapaMeTpiB CTaHy,
II0 BU3HAYAIOTHCS (TEPMOJMHAMIYHHMX IapaMeTpiB i
KKJ);

Z={zy, 7, ..., Z} — MHOKHHA 3aJaHUX 30BHIIIHIX
(axTopiBs;

®; - CyKynHicThb piBHSHb OanaHCiB Julsi BCiX

€JIEMEHTIB 00JIaIHAaHHS YCTaHOBKH.

3 ypaxyBaHHSIM CHCTEMHOIO HiIXO0/y 3arajbHa 3a1a4a
omrumMizamii (1) TpammmiiHO pO3OMBAETBCA HA  PAN
B3a€MOIIOB'SI3aHUX 3a]a4, 10 3HAXOIAThCI MK COOOK0 y
iepapxiuHomMy  3B'i3ky  [9]. 3amawa = BepxXHBOTO
iepapXiqHOTO PiBHA — BH3HAYCHHA IIIIXOM Bapialii psmy
TepMoAWHAMIUHNX xapakTepucTuk TC, mo BBa)XarOTHCS
He3aJNe)KHUMH, onTUManbHOro N, . Ha Hmkuux piBHsX
BUPIIICHHS 3ajayi €] peanizyeTbcs BUOIp
KOHCTPYKTHUBHHX rapamerpiB: I TypOiH,
TEIUNIOOOMIHHUKIB CXEMH, IO 3a0e3MeuyroTh HeoOXimHi
3HAQUYEHHS XapaKTEPUCTUK Yyar, SAKI BU3HAYAIHMCS TPH
BHpIIICHHI 3a1a49i O1TBII BUCOKOTO PiBHSI.

OyHKITIS METH 3a7adi ONTHMi3alii BEpXHBOTO PiBHS
[BOTO JAOCITIPKCHHSI BU3HAYA€ETHCS TAKUM YHHOM

Ne.x. = Ne. «(Z, Yvar, Y), 2

ae Z:{Pﬂr, tﬂr, Gﬂr, t3.1‘l.7 tOB}ﬂ FHZO — MHO>HHa
3a7aHMX 30BHIMHIX (akTopiB, TYT Ppr, tqr, Gur — THCK,
TeMreparypa Ta Burpara [II', Temmeparypu:
30BHINIHBOTO MOBITPS, {op — OXOJIOKYIOUOT BOJIH;

ts.n. -

Fizo = {Tkm20, Prmzor VMu20, Cpm2or SH20, PH20s
Oy H20s ---} — MHOXKHHA TIAPaMETPIB, 110 XapaKTePH3YIOTh
BiactuBocti Bomu [9], TyT Vmmo — Momsipauiit 06'eMm,
KPUTHYHI: Ty oo — TEMIIEPATYPA, Pk 20 — THCK, Cproo —
TEIJIOEMHICTB,  Sppo  — CHTPOMIsl; Pypo — FYCTHHA,
0 ppo — KOeQIIieHT TeIUIoBiaIavi Ta iHIi;

Yvar = {tizo, trar tews Kro Kew} N F1 N Fy — MEOXMHA
napaMmeTpiB ctaHy 6aratokoHTypHOi TC, M0 Bapirol0ThCH,
ne typo — temmepatypa cymimi Boxsna mapa — Boga,
sKa po3aisieTbess y cemapatopi TC (aus. puc. 1, ne
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HaBegeHo TC TPUKOHTYPHOI €HEpreTMYHOI YCTaHOBKH,
sIKa TOCIiKyBanacs); t, 4, 1,y — TEMIepaTypu y Toukax a i
U BixmoBigHO 2-TO Ta 3-T0 KOHTYpiB (Ha BXOHi y PpeOHOBI
Typ6inn); K. = K. — mapamMeTpH, 1m0 BH3HAYAIOTH, SKAM
YIHOM peali3ye€ThCsl OXONO/KCHHA (TOBITpAHE UM
BOJIIHE) Y TOYKax C i W BIAMOBIAHO 2-TO Ta 3-TO KOHTYpiB
(Ha BHXO7i 3 KOHAEHCATOPiB (PPeOHOBUX TypOiH);

Fi={Tci, Pci» Vmiv Oy 1= 1, 25 8125 11,2, S1,2, 1,20
Or1,2, .-} — MHOXKHHA TIAPAMETPIB, 10 XapaKTEPU3YIOTh
BIACTHUBOCTI j-r0 mBOKOoMmoHeHTHoro PT [9], Tyt
Vmi—MomsipHuii  00'eM, KpuTH4HI: Ty —Temmeparypa,
Pxi— THCK, ©p; — aueHTpuuHud ¢axrop Ilitnepa €
KOHCTAHTH piBHAHHS craHy Ilenra-PoGincona  i-i
KOMIIOHCHTH  CyMIIli; KoedimieHT OiHapHOT
B3aeMoii MoJnekyn 1-1 Ta 2-1 kommoHeHT cymimesoro PT;
Cp1,2 — NUTOMA TEMJIOEMHICTB; S1 — EHTPONISA; P1p —
TYCTHHA; 0 1, 2 — KOe(imi€HT TEIUIOBIAai Ta iHIII.

SIKImo mpURHATH OO yBard OCOOJIMBOCTI BUPIMICHHS
3amavi (2): HEOOXiTHICTH KOMIITOTEPHOI'O MOJIEITIOBAHHS
Garatokontypuoi TC, me mnpucyTHiI pi3HI CTPYKTypHIi
eIEMEHTH Ta CliJ BHM3HA4aTH xapakrepuctuku PT
KOHTYpiB Fj, siki moTpiOHO 3MmiHIOBaTH (HEepebupaTn) fK i
Oe3nepepBHi 3MiHHI 3 Y. 3p0O3yMisIo, 110 MPH 0OMEKEHIN
KIJIBKOCTI mapameTpiB (5), sKi BapifOIOThCS, Ta aKTUBHHUX
oOMeXXeHb  TOIIYK  piOIeHHS Uil BH3HAYEHHS
panioHaIbHOT KOMITOHOBKH TC YCTaHOBKH
KBaJTi(piKOBaHUN TOCTIIHUK MOXKE TOCTATHHO S(EKTHBHO
BHPIIIUTH MIPOCTHM TIepeOOpOM.

81,2 -

Ho ammoctepn
f

Boaa

Puc. 1. [IpuHuunosa TemioBa cxeMa TPUKOHTYPHOL
€HEepreTUYHOI yCTAaHOBKU:
KV — korten-yrunizatop st HarpiBy Boau [I';

CII - cenapatop; Tw, Tz, Te; — TypOiHu: Ha BOAsHIN mapi,
¢dpeoHOoBi 2-r0 Ta 3-ro KOHTYpiB; I" — reHepaTop BiAMOBiAHOTO
koHTypy; BOKW,OWH®, KO — TernooominHuKH 2-T0 Ta 3-T0

KOHTYPIB, IO BiATIOBITHO BUKOHYIOTh: BUMIAPIOBAHHS (PPEOHY Ta
KOHJICHCAITisl BOASHUX MapiB, OXOJOKEHHS BOAU Ta HArPiB
(dpeoHy, koHIEHC Al HPEOHY MUPKYIALIHHOI Booo BO;

JKH — >KUBHIBHHN HACOC BIAMOBITHOTO KOHTYPY

Sk Bimomo [12], xomm'totepre MmomemoBanus TC
CHEPrOrCHEPYIOUOl YCTAHOBKH IMOJIATa€ y PO3B'sS3aHHI
CHUCTEMHU pIBHSHB, 3a JOMOMOTOH SKHUX 3IIHCHIOETHCS
omuc (i3MYHUX TPOIECIB B EICMEHTAX CXEMH Ta
TEPMOJMHAMIYHUN  CTaH TEIUIOHOCIiB. B  mpomy
JOCTIKeHHI TomyK partionaneHoi TC 3mificHIOBaBCS 3
BUKOPUCTaHHAM mporpamHoro komiuekcy SCAT, mo
pO3pOONCHUIT Ta  amanToOBaHWKM  JUIS  PO3B'SI3AHHS
nocraBnenoi 3agaui B I[IMamm HAH VYkpainu [9, 13].

Moro 0coGNMUBICTIO € MOXKIHBICTh BHKOPUCTAHHS Pi3HUX
TeIIoHOCIB B sikocTi PT, Takum unHOM peanizyroun ORC
JUIA 00'€KTIB TEIIOTH MaJloTO Ta HHU3BKOTO IMOTEHITANY.
Pospaxynoxk  IIY  TypGiH Ta  TEIOOOMIHHOTO
YCTaTKyBaHHSA 3IHCHIOETBCS 3TiITHO METOIWKH, IO
BHKIAJeHa y [9].

O06'ekT nmocaimxenna. OO'eKTOM IOCIIIHKEHHA €
KacKaIHHI TePMOIUHAMIYHHN MK (TP — JBA IOB'sSI3aHI
3aMKHeHI IMKIM) Ha pisHux PT, skuii peamizyerbcs At
BUPOOHMIITBA €JICKTPUYHOI eHeprii mpH  yTuii3amii
terotu JI'.

He 3atpumyrounch Ha po3paxyHKy TypOiHHHX
LUKIIIB KOHTYPIB, sIKi BUKIIaieHo, Hanpukiaz, y [9], [14],
[15], Haramaemo, sik OLiHIOBAJIACS MOTYXHICTh TEIIOBOTO
notoky AT

Temmomictkicts " BU3HAYAETHCS 32 PiBHAHHSIM

r r r
Qﬂr:GH 'Cf)[ e

ne GY — Burpara; cjplr -

temneparypa " Ha BUXoi 3 KOTTA.

CepemHst  TEIUNIOEMHICTh  IPOAYKTIB  MOBHOTO
3TOPSHHS, IO HE MICTATh KHCHIO, 3aJEeKUTh Bif
KOMIIOHEHTHOT'O CKJIaJly TTaJIiBa

-

TEIIOEMHICTE,

N CO. H,0
o Chr Ny +¢%.CO, +¢f -H,0

P 100 - 0

c

e cgz,cgoz,cgzo
TemIepaTypi " N,, CO,, H,0 — BincorkoBuii BMmicT
KOMIOHEHT. [Ilpu coajgioBaHHI TanuBa  MPOXYKTH
3TOPSHHS, IO YTBOPIOIOTHCS, BiIPI3HSAIOTHCS 32 CKJIAIOM
BiJl TIJPaxOBaHOI'O 3a CTEXIOMETPUYHHMM DPIBHSIHHIM

— TeIIoeMHICTh ckianoBux I mpu

BHACJIJIOK BMICTYy HAaUIMIIKOBOTO TOBITpS, a IpH
HETIOBHOTI 3TOPSIHHA MPUCYTHICTIO TOPIOYUX
xomnonentis — CO, H, i CH, BigmosigHo a0 LbOro
CEpEeIHIO TETJIOEMHICTb MIPOJIYKTIiB 3TOPSIHHS

IiIpaxoBy0Th 32 (OpMYJIOI0, aHayoriuHoo (3), ane npu
OLTBII IUPOKOMY KOMITOHCHTHOMY CKJIIAI.

Temora, MO MiABOAUTECS BiJl MPOMYKTIB 3TOPSHHS
1o PT, sike HarpiBaeThCs, CTAHOBUTH

AT Bx AT BuX

Q}:[r — G)ll“ P _;cp .<til" —tAr ) ,

BUX

pe tV,tM — rtemmeparypa JI' Ha BXomi Ta BUXOJi
TEIUI0OOOMIHHHKA.

[porpamanit kommmexkc SCAT mo3Boisie BU3HAYATH
HOTY>XHICTb TemnoBoro noroky JAI' Qpr (Temora, sika
MIBOOUTBECA 3a OAMHUINO dYacy). Ilpm HeobximHOCTI
BEIMYMHA TIOTY)KHOCTI 3MIHIOETBCSI Ta  BiJIOBITHO
MIePepaxoBYIOTECS TEMIIEpaTypH, TEIUIOEMHOCTI Ta iHIII
NOKa3HHKH.

3aranbHi pesyabTatn pociimxkenHs TC. bymno
BUKOHAHO PO3paxyHKH 50 BapiaHTiB TC
€HEeproyCTaHOBKH. AmnarizyBanucs MOXITBOCTI
3acTOCyBaHHs Juig 11 peamizauii 9 Bapiantie PT.
Pospaxynkn TC BukonyBammcsi mpu ¢ikcoBannx KKJI
TypOiH Ta HACOCIB.

PT tino 1-ro KOHTYypy mpW AOCHi/UKeHHI Oyio
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HEe3MIHHMM (HOro XapakTepHi TOYKH I03Ha4yeHi Ha puc. 1
1-2-3-4-5-6-7-8-9-10) me Boma Ta BomsHa mapa, PT 2-ro

(a-b-c-d-¢), Ta 3-ro  (u-v-w-x-y)  KOHTYpiB —
HU3BKOKUIULTYL  Qpeonn (abo ix  cymimm), sKi
3MIHIOBAJHCA.

[pu BupimenHi 3agadi (2) mpu BUOOPi Yyqr Ta CKIIATY
KOHTYpPY MAOCHIIHHUK KepyBaBCS TAaKUMH MipKyBaHHSIMH.
3poctanas KKJ][ eHepreTHUHOTO KOMILIEKCY TMOB'SI3aHO 3
MaKCHMaJIbHUM BUKOPHCTaHHIM Qur LUISIXOM
paIlioHAILHOTO PO3IOJUTY MOTOKIB MapoBOi Ta BOISHOI
ritok 1-ro koHTYpy. 3a med po3MoAia BigHoOBimae tyo.
IMpn HU3BKIH typo YTBOPIOIOTHCS OibIlle BOAW MEHIIE

BOASHOI TapW, TpPHW BENUKIH — HaBOakW. Tak camo
BiIOYBa€TbCA 1 3 TMOTY)XHOCTAMH TypOiH 1-TOo Ta 2-TO
KOHTYDIB.

XapakTepuCTUKH 2-TO KOHTYpy y Oijpmiocrti

BUMAJKIB HE 3MIHIOIOTBCSA, OCKUIBKM —TeMIieparypa
BUXJIONY TypOiHM Ha BOAsHIN mapi He nepesuirye 110 °C.
OTKe NiIBUILEHHS TEMIIEpaTypu Iepea TypOiHOW 2-ro
KOHTYpPY HEMOXJIMBE. PeryioBaTH IOTYXHICTh i€l
TypOiHM MOXJIMBO TiNBbKM 30UIblIeHHSM BuTparu PT y
2-My KOHTYDI.

[TinBumienns Temneparypu nepel (GpeoHOBUMHU
TypOiHAMH ~ MOXJIMBE 32  YMOBH  BCTaHOBJICHHS
TaporeperpiBHMKa MiXK BUITADHUKAMH Ta TYpOiHAMH.
Sxmo pesynpratn pospaxyHky TC gocnmigHuka He
BIIAIITOBYBAIM, TO BIH TPHIAMaB pImIEHHS, SK CIiX
MPOJOBXKYBaTH pO3paxyHKH. Tak OyB 3a0pakoBaHHI
BapiaHT CXeMH 3 BHKOPHCTaHHAM IIOBITPSHHOTO
OXOJIO/DKEHHS (IUB. Tab. 1), IKuil MaB HU3bKI MOKA3HUKU
(enextpuunnit KKJ{ menme 5 %). [lpuunnHa, sIK BUIHO 3
uiei Tabmuii, ToNArae B TOMY, WO HA MPHBIT
BEHTWJISITOPIB  OXOJIO/KEHHSI ~ BUTpa4aeTbcsi — Oararo
€JIEKTPUYHOI IIOTY>KHOCTI.

Crnig BiA3HAYUTH, IO TPU BUKOHAHHI JOCIHIIKEHB
npormopiiii komnoHeHT cymimesoro PT R-600a/R-141b
He 3MmiHoBanucs 1 ckmaganu  macoBux 60 % /40 %.
OcTtaHHE TOB'A3aHO 3 THM, M0 TEPMOAWHAMIUHI
BIACTUBOCTI ~ camMe  Takol  CyMilli  JO3BOJISIOTH
BUKOPUCTOBYBaTH 1i M 3aJaHOTO TEMIIEpaTypHOTo
niarma3oHy CKUAHOI TEIUIOTH, SIKa YTHITI3y€ThCS.

OCHOBHI pO3paxyHKOBI XapaKTEePUCTHKH 12 MOKa30BUX
(3 IOCTaTHBRO BHUCOKOIO €JIEKTPOTE€HEPAILi€lo) i1 BapiaHTIB, M0
po3ratoBani 1o 3pocranHio KK/, npencrasneno y Taom. 2,

Tabmuus 1. OcHOBHI po3paxyHKoBi XxapakTepucTuku TC TPUKOHTYpPHOI €HEPreTHYHOI YCTAHOBKH P 3aIaHUX MapaMeTpax HKepeia
TertoTu: Temneparypa 280 °C, macoBa BuTpara BiaxigHux rasziB 10 kr/c

1-if koHTYp 2-11 KOHTYD 3-ii
[Tapametp PT KOHTYP
Boasna mapa | R-600a / R-141b (60 % /40 % macoBi) R-152a
. - TypOinu, kBt 68,8 (80 %) 20,1 (85 %) 80 (85 %)
Motyxnicts (KK):
- Hacocy, KBt 5,4 (75 %) 1,5 (75 %) 3,6 (75 %)
Ox0710/Ky10U€e CepeaOBHILIE - [MogiTpst 3 Temnepatypoto 25 °C
[MoTyXHICTh BEHTHIITOPIB CHCTEMH OXOJIO/KEHHS, KBT - 14,7 95,3
[Tapamerpu PT y KOHTPOJIBHUX TOUKaX CXEMHU

No P, xIla t,°C X S, kJ1x/(kr-°C) i, KJIx/Kr G, kr/c

1 3976 250 0,0 5,501 —-14867 1,0

2 1123 185 0,156 5,555 —-14867 1,0

3 1123 185 0,0 4,862 -15185 0,844

4 1123 185 1,0 9,297 -13153 0,156

5 150 111,2 0,923 9,482 —13438 0,156

6 150 111,2 0,248 5,555 -14947 0,156

7 150 36,9 0,0 3,235 -15805 0,156

8 1123 132,2 0,0 4,330 -15415 0,844

9 1123 36,5 0,0 3,229 —-15806 0,844

10 150 36,7 0,0 3,233 —-15805 1,0

a 2700 106,2 1,0 2,723 —7176 1,148

b 675 40,2 1,0 2,746 —7217 1,148

c 675 30 0,0 1,806 —7502 1,148

d 2700 31,9 0,0 1,807 —7499 1,148

e 2700 88,3 0,0 2,156 —7382 1,148

u 2700 144,9 1,0 2,956 —2385 1,206

v 355 80,0 1,0 2,987 —2446 1,206

w 355 30 0,0 1,776 —2824 1,206

X 2700 31,5 0,0 1,780 —-2819 1,206

y 2700 127,2 0,0 2,558 —2545 1,206
Temneparypa BigxigHux rasis, °C 197
Enexrpuunuii KK/I enepreruunoi ycranoky, % 4,7
3araibHa KOpPUCHA €NEeKTPHUYHA MOTYXHICTh, KBT 48,4
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Tabnums 2. 3BeeHi XapaKTEPUCTHKU TEIUIOBOI CXEMH €HEProyCTaHOBKH IIPH TeMIlepaTypi mkepena temtotu 280 °C, Butpari
BinxigHux rasie 10 xr/c, TemnoBa moTyxHicTb 1,75 MJx

Butparu PT 1-ro/ 2-ro / 3-ro
Ne papiaHTY| PT 1-ro/ 2-ro / 3-ro koHTYpIB KOHTYpIB taomn °C ty, °C Nes %0 Ne «, KBT
Gi,i=1,2, 3 xkr/c
6 Bona / R-152a/ (R-600a / R-141b) 2,3/3,43/1,295 165 131 17,8 308,0
15 Boga / (R-600a / R-141b) / R-152a 1,0/3,42/1,745 185 131 17,5 326,1
16 Bona/ (R-600a/ R-141b)/ R-152a 1,2/3,35/1,37 185 132 17,9 307,2
17 Bopna/ (R-600a/ R-141b) / R-152a 1,0/3,84/0,86 185 131 18,8 3259
18 Boma/RC318 /RC318 1,0/9,17/2,1 185 131 18,9 326,7
19 Bona /R-152a / (R-600a / R-141b) 1,0/4,09/0,82 185 131 19 328,8
20 Bopa / R-152a / R-152a 1,0/4,09/0,85 185 131 19,4 335,0
22 Bopa / R-600a / R-600a 1,0/3,165/0,7 185 131 20,2 3493
23 Bopna /R-245fa | R-245fa 1,0/54/13 185 131 20,6 357,0
Bapianru 3 BpaxyBauusaM ¢axruaHoro KK/ npotounux yactut TypOin
44 Boga / R-600a 1,0/3,94 185 131 16,35 290,8
43 Boga / R-600a / R-600a 1,0/3,24/0,7 185 131 16,54 286,0
42 Bopa / R-245fa / R-245fa 1,0/552/1,21 185 131 16,89 2918

Je Mmo3HaueHo: P — Tuck; t — TeMmepaTypa; X — CTYyIiHb
CyXOCTi; S Ta | — NUTOMIi EHTPOIiS Ta TEIJIOMICTKICTh
BiamoBinHoO, a Gj — Butpara PT y i-My KOHTYpi.

Hani Tabm. 2  AEMOHCTPYIOTh, SKAM  YHHOM
3MIHIOIOTBCSI:  «KOPHUCHA»  CJIEKTPUYHA  MOTYKHICTH
eHepreTnyHoi ycTaHoBKH N, , 11 enextpuanuii KK/ n, ta
TEMIIepaTypa BIAXIHUX Tra3iB 1y, B 3aJEKHOCTI BiJ
ckiany PT ta iioro Butpatu Gj Ha KOXKHOMY 3 KOHTYPIB.

Sk BumgHO 3 TaON. 2, HaWKkpaml MOKa3HUKU:
Ne. . =357 kBT, Ne = 20,6 %, t, =131 °C Mae
TPUKOHTYpHa  yTWiizaniiiHa  ycranoBka 3 PT

Bopa / R-245fa / R-245fa (Bapiant 23). Menm Hix 8 kBt
CNIEKTPUYHOI MOTYKHOCTI MOCTYMAEThCS il YyCTAaHOBKA 3
PT Bopa/R-600a/R-600a (BapianT 22), mio oJHaK He
CTaJIO TEPEIIKOAO 10 BHOOPY y SIKOCTI paliOHAaIEHOTO
mporo BapianTy. Ockinmpku croxuBdi sikocti R-600a
(i300ytan C4Hjg, Temneparypa kuminns — 11,7 °C npu
aTMOC(epHOMY THCKY) BapTiCTh, PO3IMOBCIOMKEHICTh Ta
iHmi nepeBaxarots R-245fa.

Sk cBiguyarh 1i JaHHI, 3aJEXKHICTH €(PEKTUBHOCTI
reHepallii eJeKTPUYHOT eHeprii Bif TeMIepaTypu Mmapu
{0 IEPEN TYPOIHOIO HE € JHIHHOIO 1 Mae exctpemyM. Le
HiITBEPKY€E PUC. 2, IKHHA TEMOHCTPY€E (PakKT AOCSATHEHHS
exkctpeMyMy 10 N . CTOCOBHO 3MIiHH 0.

JOCITIJPKEHO BUKOPHCTaHHS OJTHAKOBHMX (DpPEeoHiB It 2-T0
ta 3-ro KOHTypiB (Bapiantu 18, 20, 23, 42, 43,
IuB. Tabi. 2). Buxomsun 3 TOro, mio y HHUX KOHTYpax
MOXJIMBO BHKOPHCTOBYBAaTH OJHAKOBHIl TEIUIOHOCIH,
3aIPONIOHOBAHO peaizyBaTH OLIBII NMPOCTY NBOKACKAIHY
TC, sixa moTpebye MEHIINX KaliTaIbHUX BKIAJCHD.

Bkiazn y 3arajibHy eJIeKTPHYHY IOTYKHICTh KOXKHOTO
i-ro xoHTYpYy N 32 YMOBH BiIIOBIZHOTO 3HAYCHHSI
TEeMIlepaTypy NapoBOJSHOI CyMmilli HaBeAEeHO Ha puc. 3.
HaBaHTa)keHHSI ~KOXKHOTO  KOHTYpY  3aJI€KUTh  Bif
PO3MOJITy CTYNEHsI BUIAPIOBAHHS BOJAU Ta CHPSIMYBaHHS
ii go TypOinu abo no HarpiBanus PT 3-ro xoHTYypy.

Mex, 1 Tle »
BT G  — %
280 s A 15
’ N
270 < B 14
« | 7 Mex
260 ot - 13
A
280 7 12
240 4 11
160 170 180 180 Egogm, °C

Puc. 2. 3anexnicts N, . Bix 3MiHH t,,, 111 TC TpukoHTypHOT

Honst 3JI€IIEBJICHHS €HEepProyCTaHOBKU OyJ0 eneproycranoBku 3 PT Bopa / R-600a / R-600a
A, 180
180 _ | |
40
120
100
o
eo
20
° 7 8 a 10 " 12 13 14 15 16 17 18 19 20 21 22 23

Puc. 3. Bxiag y 3aranbHy eeKTpUUIHY MOTYKHICTh KOJKHOTO KOHTYPY 32 YMOBH 3MiHU TEMIIEPaTypH MApOBOASHOL CyMiTi 3 1y, = 185 °C
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Sk BUzHO 3 puc. 3, A7 BapiaHTiB €HEProyCTaHOBKH,
mo MawoTh Oty N ., XapakTepHi OUTBII eIeKTPUYHI
MOTY>XKHOCTI IUTS ABOX KOHTYpiB: 1-To Ta 3-ro (BapiaHTH
15, 16, 17) abo 1-ro ta 2-ro (Bapiantu 18, 19, 20). Hasits
KOJIM KOHTYPH IPAlOI0Th Ha OJHOMY (peoHi (BapiaHTH
22,23).

Takox pe3ynpTaTH pO3PaxyHKOBHUX JOCIHIIKECHb
[I0Ka3ajy, 110 32 YMOBU HasBHOI BUTpatu PT y KoHTYypax,
¢daktrmyanit  KKJ[ typOin Oyzme gemo HIKYMA 3a
MEPBUHHO MPUHHATHH (TIOB'A3aHO 3 KOHCTPYKTHBHUMU
ocobmmBocTsimu [14). [IpoBeneHo BiaNoBiAHI MOPIBHSUIBHI
pospaxyHkoBi nociipkeHHs TC ycTaHOBOK ONM3BKHX 32

MOYATKOBHX YMOB 1  EJIEKTPUYHOKI  TOTYXKHICTIO,
pe3ynbTaTh SKUX HaBeJCHO Ha pucC. 4.
N, 200
150 -
B 1-i koHTyp
100+ —— | i xoRTyp
03-i koHTyp
ol
0
0 8 Y Bapraut

Puc. 4. Enextpuuni noTyXHOCTI TypOiH KacKasiB 3
ypaxyBaaHsIM ¢paktuaroro KKJI ix mpoToyHux qyacTuH

Ilonepenni omiHkM radapuTHUX XapaKTEPHUCTHK
pauionaanuoi aABokoHTYpHOI TC. IIpoBeneHo aeranbHi

pPO3paxyHKOBI  JOCNIUKCHHS  OCHOBHUX  CJICMCHTIB
JBOKOHTYPHOI TEIJIOBOi cXeMH |- KOHTyp — BoJa Ta
BOJIsIHA mapa (Horo KOHTpobHI Touku 1-2-3-4-5-6-7-10),
2-it kouTyp (a-b-c-d-e) — R-600a (muB. prc. 5 Ta Tabi. 3,
ne HaBeneHo mapameTrpu PT y KOHTPONBHHX TOYKAX).
[lo3nauenns ©Ha puc.5, kpim PT (pemykTop THCKY),
aHayoriudi go puc. 1.

Jlo amsoedepn
PT

ar

FG

Puc. 5. BiockoHanieHa 1BOKOHTYpHA TEIJIOBa CXeMa
YTHJT3aiiHOT eICKTPOreHEPYOUO0i YCTAHOBKH

Amnaniz puc. 1 Ta puc. 5 miaTBepIKye, MO KUIBKICTh
obmagHanHs y TC nBOKackagHOI yCTaHOBKHM MEHIIA Ha
5on. Tomy, He3Bakaroud Ha Te, o ycraHoBka 3 PT
Boga / R-600a MOCTYMAETHCS TpUKaCKaHIH
M0 «KOPHCHIN» MOTYXHOCTI Ha 62,5 kBT, 1151 moJanbIimx
JOCITIKeHb 00paHo caMe Iiel BapiaHT.

Tennooominne YCMAamKy8anHs TC. ITo
pe3yiabraTax PO3paxyHKOBHX JTOCITLKEHB
€HEepProreHepyoY0i  YCTAHOBKM  MPOBEACHO  OLIHKY
MacorabapuTHUX  XapakTePUCTHK  TEIUIOOOMIHHOTO

obnannanns [9, 16].

Ta6nuws 3. OcHOBHI po3paxyHKOBi xapaktepucTrku TC JBOTPUKOHTYPHOI €HEPreTHYHOI yCTAaHOBKH NP 3aJaHUX MapameTpax
JoKepena Tertot: Temieparypa 280 °C, Burpata BiaxigHux rasis 10 kr/c

e — T 1-it koHTYp 2-ii KOHTYD
Bonsna napa R-600a
) - TypOinu, KBt 130,5 (65 %) 177,5 (74 %)
IotyxHnicts (KK/I)
- Hacocy, KBT 1,4 (75 %) 15,5 (75 %)
CepenoBullie, 1110 OXOJIOIKYE - Boza 25 °C
[MoTy>xHicTh HUPKHACOCY, KBT - 0,3
[Tapamerpu PT y KOHTpOJIBHUX TOUKaX CXEMHU
Ne P, kITa t,°C X s, kJx/(xr-°C) i, KIK/KT Gi, kr/c
1 1123 36,41 0,0 0,524 -15772 1,0
2 1123 185 0,55 4,584 -14043 1,0
3 1123 185 0,0 2,188 -15140 0,45
4 1123 185 1,0 6,544 -13144 0,55
5 140 109,3 0,936 6,873 —-13378 0,55
Sa 140 109,3 0,581 4,8 -14170 1,0
6 140 109,3 0,213 2,653 -14992 1,0
7 140 36,3 0,0 0,523 -15773 1,0
a 2000 100 1,0 2,976 -2176 3,94
b 400 50,59 1,0 3,025 —2224 3,94
c 400 29,46 0,0 1,829 —2587 3,94
d 2000 30,88 0,0 1,833 —2583 3,94
e 2000 99,89 0,0 2,417 —2385 3,94
Temnepatypa BinxinHux rasis, °C 131
Enexrpuannii KKJ] enepreTndsoi ycraHoBKH, % 16,35
3araipHa «KOpHUCHa» €JIEKTPUYHA IOTYXHICTh, KBT 290,8
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Y Tabn.4 HamaHO OCHOBHI  XapaKTEPHUCTHKU
TEIUIOOOMIHHHUKIB, IO 320e3MedyoTh HeOOXiTHI TeIuIoBi
moTOKH ABoKOHTYpHOI TC (1uB. puc. 5).

Sk BUHO 3 Tabu1. 4, KOHCTPYKTHBHI XapaKTePUCTUKH
temooominnukie:  KY, B®KW, OWH® wmaino
BiPI3HSIOTHCS (ZIBa OCTaHHIX B3araji OXHAKOBI), TUTBKU
K®, mo BuxopuctoByeTbesi aist konzaeHcarii R-600a,
OuTbIl TabapUTHUI. 3arajbHa Maca TEIJIOOOMIHHHKIB
craHoBuTh ~41T. BigzHaumMo  Takoxk  Manuii
TiIpaBliYHAN  CIPOTHB  TEIUIOOOMIHHUKIB  (THCK
TEIUIOHOCITB Ha BXOJIi Ta BUXOJIi HE BiJ[Pi3HIETHCS).

Typoina na 600aniii napi. BUXiTHUMH TaHUMU JUIS
OLIHKM T'€OMETPUYHUX Ta BUTPATHUX XapaKTEPHCTHK
TypOiHM Ha HacH4eHi BONMHIA mTapi € pe3ynbTaTé
PO3paxyHKy TC (muB. puc. 5 Ta tabi. 3)
SHePrOyCTaHOBKH.

OcHOBHI po3paxyHKOBi xapakrepuctuku I[TY miei
TypOiHM HaBemeHO y Tabi. 5, ii 3arampHWII BUTIISA — Ha
puc. 6.

3a pexomennanismu [17] kiabkicts crynenis B T4
TypOiHM 6 0. 00paHO 3 ypaxyBaHHAM 3a0e3NeyeHHs
PIBHSI pPO3LIMPEHHS B CTYIIEHIO He Oubiue 1,44,

Yacrora oOepTaHHs poTopa ® BH3HAYajacs NpU
3a0e3MeueHHi Uil OCbOBHX CTYIICHIB 3Ha4€Hb BiJHOCHH
uBuakocteir U/Cq Big 0,45 mo 0,55. THIn KOHCTPYKTUBHI
XapaKTEePUCTHKH 1 Koe(ilieHTH oOmpaiucs, BUXOAIIH 3
PEKOMEHALIH TPOTPaMHOT0 KOMILIEKCY.

Bubip ® = 25 Trc. 06/xB 3YMOBJICHHI
MOJKJIMBOCTSIMA BHTOTOBJICHHA (MIHIMAJIBHO [OIyCTHMA
BUCOTa 1-T0 cTyneHs TypOinu He MeHma 3a 10 mm [17]) Ta

3a0e3mevyeHHsM  HaJiifHOCTI  pOOOTH  €HepreTHYHOI
YCTaHOBKM. 30UIBIICHHSA  NPH3BEAE IO 3MEHIICHHS
ZiaMeTpy JIOTIATKOBUX amapaTiB Ta CYTTEBO BIUIMHE Ha
MOXJIMBICTh BHTOTOBJICHHS pOTOpY, a TakoX JO
HEOOXiTHOCTI BUKOPUCTAHHS OUTBII JOPOTOTO PEeayKTOpa
a00 J4aCTOTHOTO MEPEeTBOPIOBaYA.

3a yMOBH 3MEHIICHHS  30LIBIIUTHCA CepemHii
aiaMeTp JIOMATKOBHMX — amapariB, I0 MPH3BEAC 10
3MEHIIECHHS! Koe(illieHTy mnapuiaibHOro MigBOAY (BiH
3MiHoeThes Big 0,4 mis 1-ro crymens g0 0,04 mis 5-ro,
JIUB. TabOJ1. 5) 1 IOMaTKOBUX BTpPAT €HEPril.

Typoina na R-600a. BuxigHumu JnaHuUMH Ui
OLIHKA TEOMETPUYHHX Ta BHUTPATHHX XapPaKTCPHCTHK
TypOinm Ha ¢peoni R-600a Takox € pe3yabTaTH
pospaxyuky TC (auB. puc. 5 Ta Tabn. 3).

Po3mozin 0CHOBHUX pO3paxyHKOBUX XapaKTEPHCTHK
MY no crynensx maHo y Tabi. 6.

Bwusnaueni npodini CA ta PK HaBeneno Ha puc. 7.

[Ipu mpoekTyBaHHI y 3B'3KY 3 BEIHMKOIO CTYIICHIO
posmpeHHss ~ Oyno — OPHUHAHATO  padialbHO-OCBOBY
OTHOCTYIIEHEBY KOHCTPYKII0 TypOiHHM 3 PEaKTHBHICTIO
0,55 mns HemomylieHHS HaI3BYKOBOI mBHAKOCTI B ITY.
Manuii po3mip paliaibHO-OCHOBOTO KoJleca TOB'sI3aHuil 3
BEJIMKOI0 YacTOTOI OOEpTaHHs POTOpY Ta 3 JOCTAaTHBO
Besimkoro rycrunoro PT R-600a.

YacToTa obepTaHHs poTopa BU3HAYaIacs, BUXOAIIH
i3 3a0e3medeHHs JUIi pajiajbHO-OCHOBUX CTYIEHIB
3Hauenb BigHocwmu mBuakocreii U/Cq Bim 0,6 mo 0,7 i
BHOOpPi IiameTpa, MpH SKOMY KOHCTPYKTHBHO MOXIINBA

JOBJXHWHA JIOIIATKH.

Tabnuus 4. Pe3ynbraTi po3paxyHKy TpyOUaTHX TEINIOOOMIHHUKIB ITOBEPXHEBOTO THILY ABOKOHTYPHOI €HEProyCTaHOBKH

HaiimenyBanHs KY BOKW OWH® Ko
JliameTp koxyxa, MM 1100 1100 1100 1100
Po3mip TpyOxu, MM 20x2 20x2 20x2 20x2
3arasibHe 4ncio TPyOOK / XOAiB, O/1. 1500/ 2 1500/ 2 1500/ 2 1500/ 2
JoBxuHa TpYOKH, MM 3000 3000 3000 6000
I\T/I;)/IBH_II/IHa TpyOHUX JOUIKH / IEPETOPOIKH, 50/ 40 50/ 40 50/ 40 50/ 40
[Monepeunnii Kpok Mixk TpyOKamMu, MM 24 24 24 24
Yucso xoaiB MOMiX TpyOKax, oj 7 7 7 15

MixTpyOHMI IPOCTIp
TemoHociit ar ar R-600a R-600a R-600a
Butpara pobodvoro Tijia, Kr/c 10 10 3,94 3,94 3,94
Tuck na Bxoxi / Ha Buxoxi, MIla 0,11/0,11 0,11/0,11 2,0/2,0 2,0/2,0 0,4/04
Temneparypa Ha Bxozi / Ha Buxoxui, °C 185,9/130,8 280/185,9 99,89/100,0 | 30,88/99,89 | 50,59/2946
TpyOHwuii ipocrip (rermionociii — Boaa, y KO — texniuna)
Burpara PT, kr/c 1,0 1,0 1,0 1,0 171,1-
Tuck na Bxozi / Ha Buxoxni, MITa 1,123/1,123 1,123/1,123 0,14/0,14 0,14/0,14 0,102/0,101
Temneparypa Ha Bxozi / Ha Buxoxi, °C 36,41/185,0 185,0/185,0 109,3/109,3 109,3/36,3 25,0/27,0
OCHOBHI XapaKTEPUCTHKH TEIUIOOOMiHHHUKIB

[MixBeneHa TerIoBa MOTYXHiCTh, KBT 631,9 1098 821,2 781,1 1431,0
Koedimient Termonepenadi, BT/(MZ-K) 188,0 112,5 308,2 128,9 676,9
Iiowa pospaxyHkosa / KoHCTpyKuiitna, m?| 235,6 / 282,7 235,6/282,7 | 2356/282,7 | 23561/282,7 | 471,2/565,5
Maca Termoo0MiHHOTO anapary, Kr 7000 7000 7000 7000 12700
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Tabnuis 5. XapakTepUCTUKH MPOTOYHOI YaCTHHHU OChOBOI TYpOiHM Ha BOISHIN mapi

‘Hasea  ————  Crymine | 1 2 3 4 5 6
Tuck Ha Bxoi B cTyninb, MIla (abc) 1,123 | 0,7937 | 0,561 | 0,3965 | 0,2802 | 0,198
TemmnepaTypa Ha BXOJi B CTYIiHb, °C 185,0 170,1 | 156,23 | 143,35 | 131,2 119,9
Tuck Ha Buxoqi 3i crynensi, MIla (a6c) 0,794 | 0561 | 0,397 | 0,280 | 0,198 | 0,140
YacToTa obepranHs, 00/XB 25000
CryniHb NapuiaibHOCTI 0,4 0,5 0,6 0,7 0,84 1,0
Cepenniii niametp CA, M 0,13 | 0,1305 | 0,1315 | 0,1325 | 0,1335 | 0,1345
Bucora CA, M 0,011 | 0,0124 | 0,0135 | 0,0145 | 0,0155 | 0,0165
Bignomennst mBuakocreii (U/Cy) 0,464 | 0,476 | 0,487 | 0,495 | 0,507 | 0,516
Kinekicts CA / PJI, on. 28125
Cepenniii miamerp PJI, M 0,13 0,131 0,132 0,133 0,134 0,135
Bucora PJI, M 0,0115| 0,013 | 0,014 | 0,015 | 0,016 | 0,017
Oxpysxuuit KK/ 0,787 | 0,831 | 0,846 | 0,861 | 0,867 | 0,871
Buyrpimniit KKJI crynenst 0,683 0,763 0,790 0,812 0,826 0,835
IlotyxHicTb cTynens, KBt 25,7 27,5 27,5 27,7 27,2 26,6
KK typ6inu 3 ypaxyBaHHsaM napiiansHoro migsoay | 0,65 | TloryxHicts TypOinu, KBt 130,5
0.08 _"-"""'"""""”-__-”-"”"":"""”"":'"""""'_-""”-"”"""""”-:""""”-"_“'""'"""'""”"-"'-"”""'-"""""'“"”""”"."”-"
'- 0.0'1 A — ............\E,...........,E............E............E,........... memmemsneent i i
—CA lcT —CA2cr =——CA3cr =——CAder ~—CA Scr CA 6eT
0.02 Heeeeeeeni =——PJI leT PII2cT  ==——=PpJl3cr =——PJldct =——PJISct ——PJIGeT
0.00 : f ; ; ; ; . ; ; ; ;
0 0.02  0.04 0.06  0.08 0.1 012 014 016 018 0.2 0.22 024 0.26
Puc. 6. 3aransHuil Buj IPOTOYHOT YaCTHHH OChOBOI TypOiHM Ha BOJSIHIN mapi
Tabsuus 6 — XapakTepuCTHKH MPOTOYHOT YaCTHHH 0.121_ =
oxHocTyneHeBoi TypOinu Ha R-600a S I-')
o LT
Ha3zga mapamerpa Bennunna “" Lf___v L/
Tuck Ha BXozii / Ha BUXozi 3 TypGinu, MITa 2104 - 008 {
Temneparypa Ha BXOJI€ B CTyIiHb, °C 100 v /
MacoBa BUTpaTa, Kr/c 3,940 b.061—L
CTyniHb peakTHBHOCTI 0,55 [
3BoporHa crerinb pagiaibHocTi (Dy/Dy) 0,5 0.04
Kyt Buxony 3 PK y BigHOCHOMY pyci, Tpan 20 /
Tuck 3a CA, MIla 0,896 0.0'2 L
Temmneparypa 3a CA, °C 70,45 \f
Kyr Buxosy noroky 3 CA, rpan 18,96 01 002 %0 002 004 006 008
Bxinuuit kyt nonarok PK, rpag 90
Jiametp nokpuBHOro avcKy Ha Buxomi 3 PK, M 0,1320 a
YacTora 0bepTaHHs poTopa ®, 00/XB 25000 70.09 i Y
Miamerp Buxigaux KpoMok CA, M 0,190 f'_?ulmm it
— puxignoi CA, M 0,00413 L0.08 — Buytpunniii oGeiy
JoBxuHa KpoMKH JonaTok: | — BXigHOi PK, M 0,00444 — Bxuma kpomka
— suxignoi PK, m 0,0474 L0.07 — Becima i
Kinekicts nonarok PK, ox. 17 \ i
TopumHa BUXiqHOT KpoMKH Jionatku PK, M 0,0015 L0.06 D !
KKJI Typ6inu 0,7396 \ yd 1
IotyxHicTb TypOiny, KBT 1775 0.05 \‘-\
Temnepatypa 3a Typbinoo, °C 54,3 \ |
KK/ Typ6inu 3 ypaxyBaHHsM maTpyOKiB 0,74 0.04 \ ’.’____
[HII KOHCTPYKTUBHI XapaKTEPUCTHKH 1 KoedilieHTn 0.03 I
obupanucs, BUXOISMYM 3 PEKOMEHJALId MPOrpaMHOrO ‘k“:
KOMILIEKCY. - 0.02

BaxnuBuM € Takoxx TOH (akT, 0 OTHAKOBA YacTOTa

obepranHs J1BOX TypOiH (25 THC. 00/XB)
IpUEHATH iX 4Yepe3 pPeayKTop 10 OJHOTO

JI03BOJIUTh
reHeparopa,

TUM CaMUM 3MCHIIWTH BUTPATH HA peani3aui10 MOPOCKTY.

0

0 0.01 002 0.03,m

Puc. 7. IIpodini CA (a) Ta PK (6) Typ6inu na R-600a
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lepcnexkTuBHn BIIPOBA/’KCHHH. Bukonaemo
TIOTIePETHIO OIIHKY MIEPCIICKTHB BIIPOBAKCHHS
eHepro30epirarouoi  yCTaHOBKH, BH3HAYHB  IPOCTHH

TePMiH OKYITHOCTI, IO ouikyeTscs. [luToMmi BapTocTi
KOHTYpPY €HEproyCTaHOBKHM: |-To Ha BOAgHIN mapi
noryxHictio  130,5 kBt oninumo y ~ 1000 USD/xBt
(aHmamor — WPOTHUTHCKOBa MapoBa TypbOiHa), 2-T0 Ha
R-600a notysxHictio 177,5 kBt — y ~ 2000 USD/xBr [11].
Toni cepenHst mUTOMa BapTiCTh EHEPrOYCTAHOBKH CKJIAJIC
Cce. ~ 1560 USD/xBT.

CepenHst BapTiCTb eJeKTpoeHeprii B YkpaiHi mis
npomuciosocti ~ 0,07 USD rpu/(kBr-rox) (1 kiac, kypc:
1 USD ~ 41 rpu [18]). TakuMm 9nuHOM, 10O OKYITHTH C.,
SHeproyCTaHOBKa IIOBHHHA IPOIPALIOBATH HE MEHILIE HIXK
1560/0,07 ~22300 rox (6e3 ypaxyBaHHS BHTpaT Ha
ekciuryararifo). He cimagHo pospaxyBaTd, IO HpHU
NPUHHATHX YMOBaX CHEPrOoyCTaHOBKA MOXKE OKYIHTHUCS
nech 3a ~ 3 poku (HanpaitoBanus ~ 7500 roa/pik).

BucHoBkH. B pe3ynbraTi BAKOPUCTaHHS aBTOPCHKOT
HAyKOBO OOIpyHTOBaHOi MeTomoiyiorii 3 BHOOpPY Ta
(hopMyBaHHS TEIUIOBUX CXEM MapOTypOIHHHMX IMKIIB Ha
pisaux PT 3anpomoHoBaHO palioHaJbHY KOMIIOHOBKY
OiHapHOI EHEPreTUYHOT YCTAHOBKY 3 YTHITI3AIlii BiIXiTHUX
rasiB KOTEJILHOTO arperary 3 reHepaui€ro eleKTpoeHeprii.
Bukonano min6ip PT ans peanizanii mapotypOiHHOTO
OiHapHOTO IUKITY.

PesynbraTu JOCITiIKEHb MoKa3au, 10
e(peKTUBHICTb  TypOIHHOTO LMKy  3aJeXKUTh  Bif
MOTEHIialy  CKUOHOI  TEIDIOTH,  TEPMOIWHAMITHIX

BinactuBocteit PT Ta koedimieHTy epeTBOPEHHS TEIIOBOT
€Heprii B eJIeKTPUUHY.

Po3paxyHKOBI JOCHipDKEHHsT OiHApHOI  TEIIOBOi
CXeMH JUIsl JDKepea CKUAHOI TEeIUIOTH 3 TeMIIepaTyporo
280 °C Tta BuTpaToro BixigHux rasis 10 kr/c mokazai,
IO paliOHAIBHO BUKOpHCTaTH i 1-ro koHTypy H20
(cymim mapiB Ta pimuan), a g 2-ro R-600a. Taxe
pIlICHHS JO3BOJMTH OTPUMATH «KOPUCHY» EIEKTPHUYHY
MOTYXHICTb €HEeProKOMITIEKCY ~290,8 kBt 3
enexktpuaanM KKJ[ 16,35 % Ta 3HU3UTH TemmepaTypy
Bigxiguux rasis mo 131 °C.

3a  pe3ympTaraMHM ~ OLIHKK  TEIDIOBHUX  Ta
MacorabapuTHIX XapakTepUCTHK  TEIUIOOOMIHHOTO
oOlamHaHHS, fK€ BXONUTh 1O TEIUIOBOI  CXeMH,

BU3HAYeHO, 110 #oro nuroma Bara ~ 150kr Ha
BCTaHOBJECHUIT | KBT enekTpuyHOT MOTYKHOCTI.

BukoHaHO nepBUHHY pO3pOOKY KOHCTPYKIii TypOiH
l-ro (mapm H20) Tta 2-ro (R-600a) xoHTypiB 3
ypaxyBaHHsiM BiactuBocTeid PT. B 3amexxHOCTI Bif
CTyIIeHI po3mupeHHs Ta Butpatu PT oOpaHo BiAmOBiqHUN
tun [T4 TypOiH, Bu3Ha4YeHo ix reometpito. EdexkTuHicTh
TypOiHH 3 TapIiaIbHUM TiJBOJOM CTaHOBHTH: 65 % Ha
Bonwmiit mapi, ~74% mna R-600a, mo € mocraTtHBO
BHUCOKHMH TIOKa3HHKaMHU JUIS PO3TIITHYTHX MapaMeTpiB
PT. OtpumaHni pe3ynbTaTH € BHUXITHAMH NaHUMH JUIS
MPOBEICHHS JETAlbHUX KOHCTPYKTOPCBKUX MPOPOOOK
OCHOBHHX €JIEMEHTIB TEIJIOBOT CXEMH.

CriporieHa oIfiHKa MpOoCTOTO TePMiHy OKYITHOCTI (He
Habarato Oinpmie HiK 3 POKM) CBIMYUTH O HEMOTAHUX
MEePCIIEKTHBAX BITPOBAPKEHHS 3anpONOHOBAHOT
eHepro30epiraroyuoi yCTaHOBKH.

Hapmani pesynbraTH € TNPHKIAIOM IONEPEAHBOT

OIIIHKK  XapaKTepHUCTUK  OCHOBHOTO  OOIagHaHHSA
€JIEKTPOrCHEPYIOYOT YTHITI3aLiHHOI YCTaHOBKH, TEILUIOBA
cxema sIKoi Moxke OyTH THUIIOBOIO JUIsS TOMAIOHUX JDKepe
CKHIHOI TEIUIOBOI eHeprii. Aje y KOXKHOMY BHIAIKY
HEeoOXi/JHe TIPOBENEHHS BIANOBIIHUX PO3PaxXyHKOBHX
JOCITiKEHB.
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A. C. POTOBHH, M. 0. KOCTIOK, A. C. A34POB

YAOCKOHAJIOBAHHA EHEPTETUYHUX ITAPAMETPIB HA®TOBUX CTPYMUHHUX HACOCIB

CknagHicTh BU0OYTKY Ha)TH 3 BENMKUX IJIMOMH BHACIHIIOK 3HAYHUX KUIBKOCTEH MiCKy, BOJM Ta IHIIMX JOMILIOK NPH3BENa JO TOrO, L0 BCE
GiIBIIOro MONIMPEHHS OTPHMYIOTh CBEpUIOBHHHI CTPYMHHHI Ha()TOBI HACOCH. IX BUKOpHCTAaHHIO Hif 4ac BUIOOYTKY HA(TH CIPUAIOTH TaKi (haKTOpH,
SK TPaKTHYHO HEYyTJIMBICTH O BMICTY PO3YMHEHOro y Ha(Ti rasy Ta iHIIMX JOMINIOK y IOPIBHSHHI 3 IHIOIMMH THIIAMH HAcOCIB; HPOCTOTA
KOHCTPYKUIT W BICYTHICTh PYXOMHUX YAaCTHH, L0 NPUTAMAHHO YCiii CTpyMMHHIH TexHiui. HaniiiHiCTh Ta JOBrOBIYHICTH CTPYMHHHHMX HAacOCiB Ha
HOPSIOK TMEPEBHIIy€ IIi IMOKA3HUKH OyAb-fKHX IHIINX HACOCIB, IO BHKOPHUCTOBYIOTBCS y HadTOrazoBHAoOyTKy. OTpHMaHHS JOCKOHAIUX
XapaKTepPUCTUK CTPYMHHHOTO Ha(TOBOTO HACOCY NMOTpedye CHCTEMHOrO X0y O aHali3y XapaKTepHCTHK Ta MOJCNIOBAaHHs Tedil y Hacoci.
INepekauyBaHHs HadTH € CKIAJHOIO 33/[a4€I0 BHACIIIOK TOTO, IO € JOCHThH BEJIMKE PO3MAITTS THUINB HA(TH Ta PEYOBHH, IO MOXKYTb B HEl BXOAUTH Yy
pi3HuX ponoBumax. lle npuBoANTH 10 MpoOIeM MiJ 4ac MOAEIIOBaHHS POOOTH Hacoca Ta 10 BUKOPHCTAHHs OLIBII CKIAIHUX MOJEJICH Teuil piiuHu
BiJI pEOJIOTIYHNX MOJeNell 10 MOJEMIOBaHHs KaBiTamil. Y CKIaJHEHHsT MaTeMaTHYHUX Mojeneil Tedil IpoBoKye 301IbIICHHS IIOMIUIOK MOJIETIOBaHHS,
yCKJIagHeHHs BepHiKanii Tedil Ta 3HaXOMKEHHS palioHaNbHUX KoedillieHTiB i KopuryBaHb 10 Mojenell TypOyneHTHOCTI. B poboTi yaockonaneHo
CHEPreTHYHi MapamMeTpd HAapTOBHX CTPYMHHHHX HAcCOCIB PO3PAaXyHKOBHM NIIIXOM. BHKOHAHO MPOEKTYyBaHHS CTPYMHHHOTO HAcoCy JUIs
nepexadyBaHHS Ha(TH Ta NPOBEACHI MOrO YHCIOBI PO3paxyHKH 3 PI3HUMH MOJETSIMH TYpOYJIESHTHOCTI Ta arperaTHHMH CTaHAMH CEpPeJOBHIL.
OtpumaHi KiHEMaTHYHI XapaKTepucTHKH Teuii Ta po3paxoBaHo KKJI Hacoca. B pesymbrari po3paxyHKy Mojeni 3 KaBitaiiero orpumano, mo KKJI
Hacoca opiBHIOe 10 %, 1110 y Tpu pa3u MepeBHIIy€e pe3yIbTaT po3paxyHKy O0e3 ypaxyBaHnHs kaitauii. 30inpmenunit KK/ BiAnoBizae acHMOTOTHYHUM
METO/IMKAM PO3paxyHKy XapaKTepUCTHK Hacoca.
KutrouoBi ci10Ba: cTpyMuHHHI Hacoc, HadTa, YUCIOBUH PO3PaxyHOK, KIHEMAaTH4HI IapaMeTpH, MaTeMaTHIHA MOJIelIb, PO3UMHEHHH ra3.

A. ROGOVYI, M. KOSTIUK, A. AZAROV
IMPROVING ENERGY PARAMETERS OF OIL JET PUMPS

The difficulty of extracting oil from great depths due to the huge amounts of sand, water and other impurities has led to the fact that well jet oil pumps
are becoming more common. Their use in oil production is facilitated by such factors as practical insensitivity to the content of gas and other
impurities dissolved in oil compared to other types of pumps; simplicity of design and the absence of moving parts, which is inherent in all jet
technology. The reliability and durability of jet pumps are an order of magnitude higher than those of any other pumps used in oil and gas production.
Obtaining excellent characteristics of a jet oil pump requires a systematic approach to the analysis of characteristics and modeling of the pump flow.
Pumping oil is a complex task because there is a fairly large variety of oil and substances that can be included in it in various fields. This leads to
problems when modeling pump operation and using more complex fluid flow models from rheological models to modeling cavitation. The
complication of mathematical models of the flow provokes an increase in modeling errors, complications of flow verification and finding rational
coefficients and corrections to turbulence models. In the paper, the energy parameters of oil jet pumps are improved by calculation. A jet pump for
pumping oil has been designed and numerical calculations have been carried out with different models of turbulence and aggregate states of media.
The kinematic characteristics of the flow are obtained and the efficiency of the pump is calculated. As a result of the calculation of the model with
cavitation, it was obtained that the pump efficiency is 10 %, which is 3 times higher than the calculation result without cavitation. The increased
efficiency is consistent with asymptotic methods for calculating pump characteristics.
Keywords: jet pump, oil, numerical calculation, kinematic parameters, mathematical model, dissolved gas.

Beryn. Crxuiapnicts BumoOyTKy HaTH 3 BEIHKHX
TAOWH BHACTINOK BEJIHMKHX KUTBKOCTEH MICKy, BOOHM Ta
IHIIMX JTOMIMIOK IpHW3BENa IO TOTO, M0 BCE OLIBIIOTO
MOUTUPEHHS  OTPUMYIOTh  CBEPUIOBHHHI  CTPYMHHHI
HadToBi Hacocw [1]. CTpyMHUHHI HACOCH MalOTh JCKiTbKa
HemomikiB, sk-oT: Hu3bkuii KKJI Ta HeoOXimHICTh
BUKOPHUCTaHHS  JIOMIOMIXKHOT'O Hacoca, oOMexeHi
rabapuTHi XapakTepucTuku [2]. Ane X BHKOPHCTaHHIO
i yac BUIOOYTKY HaTH CIPHSIOTH Taki (akTopw, siK-
OT: TPaKTUYHO HEUYYTJIMBICTH JI0 BMICTY PO3YMHEHOTO Yy
HadTi razy Ta iHIMX JOMIIIOK y HOPIBHSHHI 3 1HIIUMH
TUTIAMH HACOCIB; TPOCTOTAa KOHCTPYKINi ¥ BICYTHICTh
PYXOMHX 4YaCTHH, [0 MPHUTAMaHHO YCiii CTPyMHUHHIN
TexHili. HamiiHICTP Ta JOBrOBIYHICTH CTPYMHHHUX
HACOCIB Ha MOPSIOK MEPEBUIIYE I1i TOKA3HUKA OY/b-SIKIX
12101150'¢ HACOCIB, (Y BUKOPHCTOBYIOTHCS y
HadTorazoBumoOyTKy [3].

TTopamnbrie MM ABUIIEHHS
CBEpAJIOBUHHUX Ha(TOBUX YCTaHOBOK
MOKPAIIEHHS  MMOKA3HHWKIB  HAMIHHOCTI, EKOHOMIYHOT
JOLUILHOCTI  Ta  Oe3mepepBHOi  pobotu  moTpebye
MOJAJIIIOr0 yJOCKOHAJICHHS! €HEPreTHYHUX IapaMeTpiB
CTPYMHHHUX HACOCIB, IO JIO3BOJHIO 3a0C3MEeUYUTH

e(eKTUBHOCTI
32 PaxyHOK

MaKCHMaJlbHI IMOKa3HMKH HAaMIHHOCTI, AOBrOBIYHOCTI Ta

PEMOHTOIIPHUAATHOCTI.

AHaN3 ocTaHHIX AocaiKeHb. JlocmimKeHHIM
po0OTH CTPpYMHHHHX HACOCIB TIPHCBSIYCHO Oarato
HayKoBUX poOiT [4,5], ame B Oimpmocti poOiT

BUCBITIIIOIOTBECS TIMTaHHS POOOTH €XEKTOpiB [6], abo
HACOCIB U TepeKadyBaHHS CHUIyYHX cepemoBwm] [7] Ta
3a3HAYAETHCS, [0 € PaliOHaJbHI Te€OMETPUYHI po3Mipu
HACOCIB, III0 3HAXOAATHCS JOCHTH B ITUPOKOMY Jiama3oHi
[2, 8]. Lle npm3BOAWTH MO TOTO, MIO MPAKTHYHO IS
KOXXKHOT 3ajaul abo piguHM HEOOXIHO MPOEKTYBaTH
HOBMHM HAcOC Ta NPOBOJUTH ONTUMI3AI0  HOro
xapaktepucTuk. Tomy, B Oarathox Bumagkax, KK]|
CTPYMHHHUX HAaCOCIB KOJMBA€ThCS B Jiama3oHi Bia 3 10
25%, mo moTpedye TOAANBIIUX MOKpAIleHh Ta
BUSIBJICHHS ~ ONTHMAQJIBHMX  KOHCTPYKIIH came s
repekadyBaHHs Ha(TH 3a HAsIBHOCTI B HIH BEIHMKOI
KITBKOCTI  JOMINIOK ~ PIi3HWX  arperatHUX  CTaHiB
pegosuH [9].

Poboty [3] mpucBsYeHO MOCITIIKEHHIO TEPCIIEKTHB
PO3BUTKY HapTOBHX CTPYMHUHHHX HACOCIB ¥ 3a3Ha4eHO,
[0, Ha CHOTOAHINIHI J€Hb, € TEHAEHIS OO0 CHIJILHOIO
KOMIUIEKTYBaHHS CTPYMHUHHOTO Hacoca Ta TIJIMOMHHOTO
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HAcOCHOTro o0JjagHaHHs. B miii poboTi TakoX po3risiHyTa
MOXJIMBICTh YIOCKOHANICHHS CTPYMHMHHHX HAcoCiB 3a
pPaxyHOK yIOCKOHAJICHHS pPEXHMY 3MIIIyBaHHSI Ta
CTBOPEHHS HaIpaBIITIOYNX CIICMEHTIB, ane
XapaKTePHCTHKY TAKUX HACOCIB HE HAaBEJEHO.

B poGori [10] onTumizoBaHO KOHCTPYKIIIO
CTPYMHHHOTO Hacoca JUIsl IepeKadyBaHHS HadTH, aje He
HaBEJICHO EHePreTHYHUX  XapakTePUCTHK  TaKol
KOHCTpYKii Ta 3aramsHOro KK/I.

OTtpumMaHHs JIOCKOHAIINX XapaKTePUCTUK
CTPYMHHHOTO Ha()TOBOTO HACOCYy IOTPEeOYyE CHUCTEMHOTO
MiIXOAY IO aHaji3y XapakTepUCTHUK Ta MOZETIOBAHHS
Tedii y Hacoci. IlepexauyBaHHA HadTH € CKIaJHOIO
3aJa4er0 BHACTIJJOK TOTO, L0 € JJOCHTh BEIUKE PO3MAiTTs
THUMIB Ha(TH Ta PEYOBHH, IO MOXYTb B HEi BXOAUTH y
pizHEX pomoBumax [11]. Lle mpuBoauTh M0 MpOOIEM IIif
4ac MOJENIOBaHHA pPoOOTH Hacoca Ta 10 BHUKOPUCTAHHS
OUITBII CKIIAIHUX MOJIENIeH Teuii piAWHYU Bl BUKOPUCTAHHS
peororigHux Mozenei [12] mo MopnemoBaHHS KaBiTarii

[13]. VYckmagHeHHs MaTeMaTHYHHX MOJENeH  Teuii
MPOBOKY€E  30UIBIICHHSA  MOMWJIOK  MOJCIIOBAHH,
yCcKimagHeHHs Bepudikamii Tewil Ta  3HAXOIKCHHS

panioHaNbHUX KOe(illieHTIB i KOpHUTyBaHb IO MOAENeH
TypOyaenTHocri [14, 15].

ToMmy, aKTyaqbHOIO € 3ajada YHOCKOHAJICHHS
EHEePreTUYHUX XapaKTePUCTUK HA(PTOBHX CTPYMHUHHHX
HACcOCIB 32 JIONOMOIOI0 CY4YacHUX YHCJIOBUX METOJIB
MOJICIIOBAHHS, 10 JO3BOJISAE 3MEHIIUTH Yac JOCIHIIKEHb
Ta OTPUMATH ONTHUMAJbHI XapaKTEpUCTHKU HacociB. Lle
MO3BOJIMTH  3a0e3leuuTH  OE3MEepepBHICTE  po0OTH
CBEpPIUIOBUHHUX HA(TOBUX YCTAaHOBOK Ta 3HAYHO
30UIBIINTH TX HAAIHHICTH Ta JJOBIOBIYHICTD.

Merta. Metoto  pobOTH €  YAOCKOHAJCHHS
SGHePreTUYHNX  IapaMeTpiB  HAPTOBHX CTPYMHHHHUX
HAcOCiB PO3paxyHKOBMM [UIIXOM JUIS TOAAIBIIOTO
CTBOPEHHS ONTHMAIILHOT KOHCTPYKIIT Hacoca.

PesyabTaTin nocaigskenb. CTpyMHHHI Hacocw Ta
S)KEKTOpH MpALOI0Th Ha OCHOBI NPHHIMIY Mepenadi
KiHeTn4yHOi eHeprii. PoOoumii MOTIK 3  BeNUKUM
E€HEePreTHYHNM TIOTSHIIaJIOM TIepeiae eHeprito 0 MOTOKY,
o ©KEKTYETHCS/IHKEKTY€ThCS/TIepeKadyeThCs 3a
BIZICYTHOCTI ~ MeXaHIYHMX pyXOMUX opraHiB  abo
MpoMibKHUX By3miB. OCHOBHUM HENONIK Takoi Iepenadi
eHeprii € Te, MmO YMM OLTbIIA PI3HUNOS y MIBUAKOCTAX
aKTHBHOTO Ta MACHBHOTO TNOTOKY, TUM OUIBIII BHTPATH
eHepril mig wac meperadi. TakuM YHHOM, ONTHMAJbHA
KOHCTPYKIiE CTPYMHHHOTO Hacoca Oyme Taka, B SKid
MIBUAKOCTI IHMX MOTOKiB mopiBHsHI [2, 16]. PoGounit
MOTIK Ta TOTIK, IO €XEKTYEThCSA, 3MIIIYIOTECS y Kamepi
3MIITyBaHHS, J€ iX INBHUAKOCTI BHPIBHIOIOTBCS Ta
BiOyBaeTbcsi OOMIH IMIynbcaMM MK poOodoro i
nepeMinryBaHoro piguaamMu [17]. 3 mudysopa piamHa
MoCTynae y Haripauii Tpyoonposiz (puc. 1).

Jdns jocimiJpKeHHS — MOBOJDKEHHS — CTPYMHHHOTO
amapaty Iix dYac TMepekadyyBaHHsA Ha(TH, B SKOCTI
npoToTHIa, 00paHo cTpyMuHHUI Hacoc — HCDB 39/45.

Ha puc. 2 npencrasnena 3D-moiens CTpyMHHHOTO
Hacoca, CTBOpeHa y mporpamHomy cepenonuiii ANSY'S.

Podoi ! CmucHeru

nomik ! nomic
) —
Go o Wa e u\‘)&pamxf
R oowi fr
G o We b % [Tomik. wo
HXCKIMYEMLLS

Puc. 1. Po3paxyHkoBa cxema CTPYMHHHOTO €XEKTOpa

0,000 0,050
0,025 0,075

0,100 (m)
]

2

Puc. 2. TBepaoTiapHa MOAENE IPOTOYHOT 00JIACTI CTPYMHHHOTO
Hacocy (a, 6) Ta citkoBa MOJeb (6, 2)

[TobOynoBa KIHIIEBO-EJIEMEHTHO1 CiTKHA
3niificHioBaslacss  y  migmporpami  Ansys  Meshing.
Po3paxynkoBa citka — HecTpykrypoBana. Ocepenku B
SIIPi OTOKY SIBJISUTH COOO0 TeTpaeapH, aie Ha nepudepii,
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NOOJIM3Y TBEPAMX CTIHOK, CTBOPEHO LIapH MPU3MATHUYHHUX
ocepenkiB. Uncio mapiB mpu3M CTaHOBHIIO 6, CymMapHa
TOBIMMHA AkuxXx cradoBuna 0,8 Mm. Takmii meton €
ONTUMAIIEHUM 3 TOYKH 30py KIUIBKOCTI €JIEMEHTIB,
MIBAJKOCTI OOYMCIEHHA Ta MOCATHEHHS HeoOXigHOol
TOYHOCTI po3paxyHKy. B obmacti comiga Ta KiJbIIeBOTO
3a30py Ha BXOAI TACHBHOTO TIOTOKY B KaMepy
3MIIIIYBaHHS BHPOOJISIIOCSA 3TYINCHHS €JIEMEHTIB CITKH.
3aranbpHa KUIbKICTh pO3PaxyHKOBHX OCEpENKiB — OJIN3BKO
0,5 MuIbiiOHHM, 110  JIO3BOJIAE  BHUKOPHCTOBYBATH
crynenrceka Jinenszis ANSYS [18]. CitkoBa momelnb
NOKa3aHa Ha puc. 2.

Jns mpoToTHIly Hacoca Ha OCHOBI BiloMHX (hopMyII
PO3paxyHKy HOKa3HHKIB e(eKTHBHOCTI po3paxoBano KK/
3a HACTYITHHMHU MapaMeTpaMH, IO B3STO 3 XapaKTEPUCTHK
Hacoca HC®b 39/45 mim bac #Oro mPOMHCIOBOTO
BUKOPHCTAHHS: THCK B KaHaui jxuBIeHHS Py, = 840 kIla;
TUCK y BuxigHomy KaHami P.=0; Tuck B KaHaii
BCMOKTYyBaHHs Pp = —40 k[la; mBuakicTh B  KaHaui
xuBJieHHS V= 16 M/C; MIBUIKICT y BUXITHOMY KaHaJ
V.=195M/c; mBuAKICTh B KaHaJll BCMOKTYBAaHHS
V, =16 m/c:

a) poOouiif Hamip, IO BHUTPAYa€eThCSl y Hacoci Ta
SKM{ JIOPIBHIOE DI3HMII HAmopiB poOOYOro MOTOKY Ha
BXOJl B HACOC Ta Ha BUXO/I 3 HHOTO

v, Ve
Hy=Po o P %o gy L)

pg 29 pg 29

6) KOpUCHUI HaIlip, 0 CTBOPIOETHCS Yy HAcoOCi Ta
JIOPIBHIOE Pi3HUII MiXK HallopaMH Ha BUXOJI 3 HACOCYy Ta B
KaHaJi BCMOKTYBaHHS

2 2
P Ve P Ve g5y, @)
pg 29 pg 29

B) BUTpaTa poOoUoi piguHu
Q =V,S, = 0,044 m%Cc; ©)
T') KOpHCHA o1a9a
Q, =0,0079 m%c. (4)

KK/ crpymunHOro0 Hacoca:

H
n= k—Q" =0,00234. (5)
p 1
lppoowHamiuHWit  po3paxyHOK  Tedii  HadTu
MPOBEACHO Ha OCHOBI MaTeMaTW4YHOI MoJemi, MI0

cKiazanacs 3 IUQEpeHUIMHUX pIBHAHb Yy YaCTKOBHX
HOXITHUX, IPEICTaBICHUX PIBHAHHAMHU PeifHonbpaca ams
HECTHUCIHMBOI PIIMHU Ta PIBHSHHS HEPO3PUBHOCTI:

ou, ou, lop o ou

— U —=F———+—| (v+tvy))— |;

;t OX; pox  OX, OX; ©)
Wy,

OX;

ne i, j=1,2,3; Uy — mpoekiii BEKTOpa HIBUAKOCTI Ha OCi
KoopauHaTt; F; — mpoekmii BekTopa MacoBHX CHJI Ha OCi
KOOPJAWHAT; P — TIApOIWHAMIYHINA THCK; V — KIHEeMaTHYHA
B'S3KICTb piguHMA; Vi — TypOyleHTHAa KiHeMaTHYHA
B'SI3KICTH PiIUHM.

Jlis 3amukanHs cuctemu (6) mpuiiHaTa cTaHIapTHA
«k—e» Momenb TypOyJIEHTHOCTI HA OCHOBI piBHAHB (7-9)

[19]:

%+(§-\7)k:§ (V+V—Tj§k +G-¢; (7)

Oy

oe = S M
E+(V~V)5:V [V+G—T]V8+E(C1G_Cz‘9) /(8)

&

Gy, Qi[O Oy ©)
Tox\ox, ox )
K? 1, . -
pe v, =C,—; Kk :Euiui — KIHETMYHA EHeprisg
&

\2
TYpOYJICHTHOCTI; € =V, (%] — IIBUIKICTh JAMCHOAIIT
1
eHeprii TypOynentHocTi; G — IIBHAKICTE TeHeparil
TypOYJIEHTHOCTI. 3HaYeHHS KOHCTaHT Moemi
mpuitMancst ok = 1,0; o.,=1,3; C,=0,09-p; C,=1,44;

C,=1,92.

Tomy 1m0 e(heKTUBHICTE HAcOCa-NPOTOTHILY € AyXKe
HHU3BKOIO Ta He mepeBumrye 3 % MNpUNAHATO pIlIEHHS
YIOCKOHAJINUTH IO KOHCTPYKIIIO IHUISXOM ITOJIOBXKEHHS
KaMmepu 3MmimryBaHHs Ha 100 MM Ta 3MCHIICHHS KyTa
BIAKpUTTS audy3opa B J1Ba pa3H, IO IOBHHHO OYIIO
3MEHIIUTH BiJpUBHI sIBUIIA Y AU(Y30pi Ta MOKPALIUTH
3arajbHy e()eKTHBHICTH Hacoca. [IopiBHSIHHS mapaMeTpiB
e(eKTUBHOCTI POOOTH TPOTOTHIy Ta IIOIOBKEHOI 3a
OCBOBHUMH PO3MipaMH KOHCTPYKIi 3IiHCHEHO IUIIXOM
YHCIOBOTO  po3paxyHKy. IIOpiBHSHHA  pe3yJbTaTiB
po3paxyHKy HaBeZieHO y Tabur. 1.

Tabnuus 1 — [opiBHSAHHS mapaMeTpiB e(peKTHBHOCTI Hacoca-
IIPOTOTHILY Ta yJOCKOHAIEHOI KOHCTPYKII{

Hacoc Hp, M |H, M |Q, v/ |Qq, Mc n, %
[Tporotun 78 10,2 0,044 | 0,0079 | 2,3
VnockoHageHUH 90 13 0,049 0,0105 3,1
36inbineHHs, % 15 27 11 33 35

[opiBHsAHHS KiHEMAaTWYHUX MapaMeTpiB Teuil B
HACOCI-TIPOTOTHII il Yac repexadyBaHHs BOAU Ta HaTH
HaBeseHO Ha puc. 3. KiHeMaTHuHI KapTUHU Tedii ImiJ| Jac
nepexadyBaHHs HaTH Ta BOAW 30€piraloThCs MPAaKTHYHO
He3MIHHUMH. CIIOCTEepIraeThesl 3HWKEHHS THCKY HIKYE
aOCONIOTHOTO HyIsd 1IN0 TOTpedye YIOCKOHAJICHHS
MaTeMaTHYHOI MOJIEJI Tedii Ta MOJaJbIINX PO3PAXYHKIB 3
ypaxyBaHHIM KaBiTallii.

Ha puc. 4 HaBeneHO KiHEMaTHYHI TapaMeTpH Tedii B
YIOCKOHAJICHIH KOHCTPYKIIii Hacoca.
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Puc. 3. [opiBHAHHS PO3MOALTIB THCKY (a4, O) Ta LIBUAKOCTI (8, 2)
I/l Yac nepexadyBaHHS BOJM BOJOIO (¢, 6) Ta HadhTH
Hadroro (6, 2)

Skmio  mopiBHATH puc.3 Ta 4, TO MOXHA
KOHCTaTyBaTH, 110 KAPTUHH Tedil 3aJTHIIIINCS TPAKTUIHO
TUMH CcaMHMH, 10 ¥ Oynu Juis cepiiHOro Hacoca, aie
JIEN0 3MEHIIMIacs 30Ha BIIPUBY IOTOKY BiJl CTIHKH
KaMepH 3MIIIyBaHHS Ta JEUI0 3MEHIINIACS IIBHIKICTH
MOTOKY B SIIpi, IO PYXA€ThCSI B Kamepi 3MmimryBaHHs. Lle
JIO3BOJISIE  PO3pPaxOBYBATH Ha OUIBIN pPIBHUA THpodine

IIBUJKOCTI Ta Ha 3MEHIIEHHS BTpaT €Heprii B Kamepi
3MIlTyBaHHS Ta B AU(Y30Di.

OCHOBHOIO TE€PEBAroK BUKOPUCTAHHS CTPYMHHHHUX
HAacoCiB Uil TepeKkadyBaHHS Ha()TH € MOXKJIMBICTb HOTO
poboti Ha ABO(A3HUX piAMHAX i3 JOCTATHBO BEIHKOIO
KOHIIeHTpaliero rasy. s ontumizamii  KOHCTPYKIT
Hacoca Juisl nepekadyBaHHs [BO(A3HOI PiIMHU AOLLIBHO
MIPOBECTH YUCIIOBE MOJICIIOBAaHHSI HOT'O XapakTepUCTUK. B
JlaHii poOOTI MPOBEICHO TaKe JOCIIDKEHHS Al HaTh 3
00'eMHOI0 KOHIIEHTpatli€eo rasy B 3 %.

3 TOYKHM 30pYy pO3paxyHKOBOI e(pEeKTHBHOCTI, Iie
JIOCUTh CKJIaJHA 3aJadya TOMY, IO HEOOXITHO POOHTH
OHOYACHUN PO3PAXYHOK JBOX PIIUH B  KOXHOMY
KOHTPOJILHOMY 00'€Mi CITKH.

Puc. 4. Kinematnuni napameTpu Tedii B yJJOCKOHaJICHIN
KOHCTPYKLI{ CTPyMHHHOT'0 Hacoca:
a — PO3MOJIII THCKIB; & — PO3MOALI IBUAKOCTEH; 6 — BEKTOPHE
oJie IBUIKOCTEH

Po3paxyHok nepekadyBaHHA Ha)TH 3a JOIIOMOIOO
CTPYMHHHOT'O Hacoca i3 ypaxyBaHHSIM ra30BMICTy € TaKUM
caMnM, SK ¥ pO3paxyHKH XapaKTEpPHCTHK OyJb-IKOTO
Hacoca 3 ypaxyBaHHSIM sBHUINA KaBiTauii. Tomy 1m0 B 30HI
HU3BKUX THUCKIB MOXJIMBE BUAUICHHS Tazy 3 Hadtu i
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MOJaJbIINK HOTO BIUIMB HA XapaKTEPUCTHKU PO3TIITHEMO
MaTeMaTHYHy MOJCTbh pO3paxyHKy Tedii piauHu i3
ypaxyBaHHIM KaBiTaIlil.

B 3amexHOCTI Bim MeETOMy pO3paxyHKY KaBiTarlii
MOJICIIOBAHHS KaBITAIlIHHOTO TIOTOKY TIPYHTYEThCA Ha
PIBHSHHSIX MEXaHIKH PiIMHM Ta ra3y: PiBHAHHS OanaHCy
Mac, piBHSHHS IMITyJIbCYy, MOJIENb TYPOYJICHTHOCTI.

PiBHsiHHs OanaHcy Mac OTPHMYIOTh LITYYHHM
CHOCOOOM PpO3ILICIUICHHSIM PIBHSHHS HEPO3PHBHOCTI Ha
OBl ckimamoBi (st KoxkHOT 3 (a3) Ta BBEACHHSIM
MacorepeHocy 3 oaHiel (as3u B iHuy Ta Hapmaku [20]:

%+ div(apa\7) =-m; (10)

Bpy —
TBerlv(BpBV): m, (11)

Ie o, p — ob'eMHa 10N PILUHU Ta ra3y; Py, Pg — FYCTUHA
pimuHM Ta razy; V — HMIBHAKICTH; M — BEJIHMYHHA CTOKY
a0bo IPUTOKY Macu BHACIIIZIOK MacoOIepeHOCy B 00'eM.

Ho piBasee (10) ta (11) nmomaerscst piBHSHHSA
Ganancy ¢a3:

a+pf=1, (12)
SKe JTO3BOJIAE PO3paxyBaTh KaBiTalliWHUK MOTIK pa3oM 3
HeKaBiTalliiHUM.

PiBHSIHHS IMITYJIBCY Y YHMCIIOBHX MOJENSAX KaBiTamii
MaroTh BUTJISIL:

—aagt AU div(ap, [V xV ]) = —aVp+aVr—mV; (13)

oPp,V _ _
BaLtf‘wliv(Bpﬁ [V xVJ)=—BVp+BVr+mV, (14)

ne VP — rpafieHT HOPMaJbHUX THUCKIB (KOMIIOHEHT
TEH30pa THUCKIB); V1 — TrpamieHT NOTHYHHUX HAIpPyT.
OCKiTBKM BCi CydacHI dHCeNbHI MOJeni Kapitarii

TOMOTEHHI, TO TIOJS IIBHAKOCTEH Ta TEH30pU THCKIB €
CHUTBHUMH [T 000X (has.

Y ANSYS CFX pearnizoBaHa MOJeIb KaBiTalliiHOTO
MacoIepeHoCy, 3acCHOBaHa Ha piBHsHHI Penes-Ilneccera:

2 2 _
Rﬂg§+§(95] _P-p (15)
dt® 3 dt p
200 B CIIPOIICHOMY BHTJISII
dR
—= =, 16
o (16)

ne R — pagmiyc kaBiramiiiHOi OynpOamku; P, — THCK
BCepeauHi OyIbp0aIke; P — JOKaTbHUN THCK B PiIUHI.

PiBHAHHS, IO BHPaXAIOTh CITIBBiIHONICHHS Mac
KOHJICHCOBAHOI MapH, II0 BHIUIAETHCS, NPUNAHSITI Yy
PO3paxyHKy MalOTh BUTJISII:

3ap,

2p.p
3

m'=F* . (p<p,); 17

0

_3ay(1-a)p, [2p,—p
Ry 3 p ’

m =-F (p=p,), (18)

ne oy — KoedimieHT 3B'A3Ky 00'€eMHOI JOdi mapu 3
MacoBol; Ry, — mouarkoBuii pamiyc OyipOamkwy;
pg—ryctuHa mnaposoi ¢asu; F', F — KoHcTauTm
MOJICTIFOBAHHS.

Mogems Penes-Ilneccera BpaxoBye aBa (hakTopu:
MIBUJIKICTH POCTY OyNIBOAIIKK Ta CTATHCTUYHUI XapakTep
posnoxiny Oyns6amok y kaBiTaniiHomy moromi. O6'emHa
JIOJs TIapyu B OCEPEIKy BPaxOBYETHCS CTATUCTUYHO Ha
OCHOBI BU3HAYCHHS YHCJIa 3apOJKiB N Ta ix pamiycy Ry 3a
dhopmyiioro:

a=gnRgn .

(19)

Mogpens kaBirtarii, mo peamizoBaHa B ANSYS CFX
notpedye 3aJaHHS TakMX IIapaMeTpiB, SK CepenHii
JiaMeTp OynpOaliKy Ta TUCK HACHUEHOT Napy. 3a JaHUMHU
miteparypu [21], paxiyc Oynp0amky B KiHIII CTHCKAaHHS
Riin, SIK TIPaBUIIO, 3HAXOIUTHCA Y MEXKaX 107-10% m npu
noyatkoBoMy pamiyci Ro=1-10°m. Takum unHOM,
3MiHeHHs1 00'eMy OynbOamiku ckianae e Menmie 1000.
Tuck HacuueHOi mapu BUOUpAEThCS 3 YypaxyBaHHAM
TEMIIEpaTypH PiANHH, IO MOJICITIOETHCS.

Ha puc. 5 HaBeneHO MOPiBHSAHHSA IBOX KapTWUH Tedii
HaQTH B CTPYMHHHOMY NPSIMOTOYHOMY Hacoci i3
ypaxyBaHHsM  Mozemi  Pemes-Ilmeccera Ta  0e3
ypaxyBaHHs, TOOTO 3 ypaxyBaHHsSM KaBitauii Ta 6e3. Tax,
Ha PHCYHKY HaBEACHO PO3MOIiN 00'€MHOI KOHIICHTpALii
rasy B JIBOX Takux po3paxyHkax. OOumBa po3paxyHKH
BKJIFOYAIOTh B SIKOCTI PIMHH, IO PYXAETHCS MPOTOYHOIO
4acTWHOW, HadTy i3 3-BiACOTKOBHM BMICTOM rasy.
MoxHa crHocrepiratd, IO B MEpIIOMY BHIQJIKy He
BiIOYBA€ThCSA 3OUIBIICHHSA KOHIIGHTpAIl Ta3y B3I0BK
NMpOTOYHOI YacTMHM Hacoca. B apyrom Bumaaky
CIIOCTEpIraeThCsl JOBOJI IIMPOKa 30HA BHUAUICHOTO 3
HaTH rasy, II0 HE MOXKC HE BIUIMBATH Ha 3arajibHi
SHEPreTHYHI XapaKTePHCTUKH NepeKadyBaHH.

B pesynbprari po3paxyHKy MoJeNi 3 KaBiTali€ro
orpumano, mo KKJI nHacoca popiBHioe 10 %. Takum
YHUHOM, BHOIp MOJIEINI, 3a KO0 BiOYBA€THCS PO3PaXyHOK
YHCIOBMMH METOJaMH 3HAuyHO BIUIMBA€ HA IHTETPalbHI
XapaKTEepPUCTUKU POOOTH CTPYMHUHHOTO Hacoca, 0COOIMBO
iz gac 1BodaszHoi Horo podoru. Tak, ypaxyBaHHS MOl
Penes-Ilneccera (Momemi  KaBiTamii) TpWBENO 10
30inpmieHHs KK cTpyMuHHOTO Hacoca Oijbliie HiXK B TPU
pasu. Ilpmgomy, QismuHi KapTUHHU Tedil 3 ypaxyBaHHSIM
KaBiTallli Bi3yaJbHO aJIeKBATHO OIHUCYIOTh IPOIEC, IO
BiI0OYBa€eThCSl B HACOCI, SIKIIO piiuMHA BKIIOYae B cede
IesKy KimbKicTh Tazy. Kpim Ttoro, 36impmenmit KKJ|
BIJINIOBIIa€  ACHMIITOTUYHMM METOAMKAM PO3PaXyHKY
XapaKTEepUCTHK Hacoca i OLIblIe BiANOBija€ NiHCHOCTI.

Ha puc. 6 mpezncraBieHo rpadikd THCKY B PI3HHX
MepeTHHaX KaMepy 3MilTyBaHHS Hacoca.
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Puc. 5. O6'eMHa KOHIIEHTpAIIisI Ta3y B IPOTOYHI YaCTHHI
CTPYMHHHOTO Hacoca:
a — po3paxyHOK 0e3 ypaxyBaHHsS MOJIelli KaBiTallil; 6 — 3
ypaxyBaHHsIM MOJIelTi KaBiTawil
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Puc. 6. Po3nozin THCKIB B IepeTHHAX 3MIIIyBalbHOT KAMEPH:
CHUHS JTiHis — Ha BigcTtani 0,1 M Bil aKTUBHOTO COILIA; YSPBOHA
niHist — Ha Bigctani 0,2 M; 3enena — 0,3 m; ¢ionerosa — 0,4 M

Ha puc. 7-9 npeacraBneno rpadiku  pi3HUX
napamerpiB  poOOTH CTPYMHHHOTO HAacoCy B pI3HHX
nepeTuHax Kamepu 3mimyBadHs. [li rpadiku € myxe
KOPUCHUMH TIiJl 4ac MPOEKTYBAHHS CTPYMHUHHUX HACOCIB
W MOXyTb OyTH BHMKOPHCTaHi IijJi Yac ONTUMI3alilfHOTO
MO/ICIIFOBaHHS HAacOCa 32 FTEOMETPUYHUMH TapaMeTpaMu.

tasa]

Pluid Lislacity
i

= =

o 0015 061 aom o LT o oo any

Puc. 7. Po3nonin mBuakocTei HahTH B mepeTHHAX
3MilllyBaJIbHOT KaMepH: CUHs JIiHis — Ha Bigcrtani 0,1 M Bifg
aKTUBHOT'O COILJIa; YepBOHA JIiHis — Ha BifcTaHi 0,2 M; 3e/eHa —
0,3 m; ¢ioneroBa — 0,4 M
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Puc. 8. Po3nozin mBuakocTei ra3y B epeTHHAX 3MillyBaJIbHOT
KaMepu: CHUHS JIiHis — Ha BifcTaHi 0,1 M BiJl aKTHBHOTO COILIA;
4yepBoHa JiiHisl — Ha Bifcrani 0,2 Mm; 3eneHa — 0,3 m;
¢ioneroBa — 0,4 M

Puc. 9. Po3mozin 06'eMHuX KOHIIGHTpaLiil HaQTH B EpeTHHAX
3MiIIyBaNbHOT KaMepH: CUHs JiHist — Ha Biactani 0,1 M Bix
aKTUBHOTO COILIA; YepBOHA JiHis — Ha BigcTani 0,2 M; 3eneHa —
0,3 m; ¢ioneroBa — 0,4 M

BucnoBkn. B po0oTi ynockoHaneHO eHepreTuyHi
rnapameTpu HaTOBHUX CTPYMHUHHUX HacociB
pO3paxyHKOBHM IIUIAXOM. BHKOHaHO TPOEKTYBaHHS
CTPYMHHHOTO HAacoCy /sl IepekadyyBaHHS HadTH, Ta

MPOBEJICHI HOTO YHCJIOBI PO3PaXyHKH 3  PI3HUMH
MOJIENSIMH TypOyJIEeHTHOCTI Ta arperaTHUMH CTaHAMH
cepenosumml. OTpruMmaHi KiHEMaTH4HI XapaKTEPHCTHKH

Teuii Ta po3paxoBano KKJI Hacoca.

B pesymprari po3paxyHKy MOJeNi 3 KaBiTali€lo
orpumano, mo KKJ| nacoca nopiBaroe 10 %. Taxum
YHUHOM, BHOIp MOJIEINI, 3a KO BiOYBAETHCSA PO3PAXyHOK
YHCIOBUMH METOAAaMH 3HAYHO BIUIMBA€ HA IHTErpasbHI
XapaKTEePUCTHKU POOOTH CTPYMHUHHOTO HAcoca, 0COOJIMBO
i yac qeodasHoi oro podotu. Tak, ypaxyBaHHS MOJEII
Penes-IIneccera  (Momeni  kaBitaiii) TpUBENO  J0
30inbpmenas KK ctpyMuHHOTO Hacoca Oijibliie HixK B TpU
pasu. Ilpudomy, ¢izuuHi KapTHHHU Tedii 3 ypaxyBaHHAIM
KaBiTallii Bi3yalbHO aJIeKBATHO OIMUCYIOTh MPOIIEC, IO
BiOyBa€ThCS B HACOCI, SKIIO piAWHA BKIIOYaE B cebe
IesKy KimbKicTh Tazy. Kpim Ttoro, 36impmenuit KK]]
BIJIMIOBIIa€ ACHMITOTUYHHM METOAMKAM PO3PaXyHKY
XapaKTEepPUCTHK Hacoca i OiJIble BIAMOBIIa€e AIHCHOCTI.

Cnucok jgiteparypu

1. Sxumeuxo S1. 5. BukopucranHs myJbcaniiHO-XBHIBOBOT TEXHOJIOTIT
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N. FATIEIEVA, O. FATYEYEV, V. PONOMAROV

ADVANTAGES OF USING HYDRAULIC EQUIPMENT OF MODULAR MOUNTING IN THE
MODERNIZATION OF MACHINE HYDROSYSTEMS

With each passing year, automation schemes that use hydraulics are becoming more and more complex. With the large number of hydraulic devices in
the scheme, replacing threaded connections with other methods of mounting becomes very important. The analysis of building and mounting of
hydraulic drives and hydraulic units on the example of metal-cutting machines, namely: round saw and turret lathe. The analysis shows that the
optimal variant of pipeless mounting of hydraulic drives is mounting with the use of modular and butt hydraulic equipment. The main advantages of
modular mounting are: reducing the number of pipelines and their connections; increasing drive rigidity, reducing noise; compactness, small size and
weight; reducing labor costs and time for design and manufacture of the drive; convenience of operation, the ability to quickly reconfigure the drive,
replace the failed unit without disassembly of the hydraulic drive; unification of mounting plates and hydraulic panels; increasing their seriality. In
addition, with this type of mounting, there is always a constant distance between the individual devices and regulating bodies of different apparatuses
that make up a typical element of a hydraulic system (its structural contour). This makes it possible to determine in advance the characteristics,
properties and "behavior" not of individual hydraulic apparatuses included in the hydraulic system of the machine drive, but of groups of apparatuses
that make up typical modular units. We have an opportunity to judge the characteristics of the hydraulic drive of the machine as a whole already at the
stage of its design by predetermined characteristics of typical elements (modular units) included in the hydraulic system of the machine, which will
significantly reduce the time for designing, debugging and launching the drive in production. The group of metalworking equipment, in which the
hydraulic drive on the basis of modular and butt hydraulic equipment is easily performed, includes: turning group machines; drilling and boring
machines; grinding group machines; broaching machines; cutting machines, milling machines and other special machines. Justified selection of the
nomenclature of normalized hydrostations, modular and butt hydraulic apparatuses and other unified elements can solve the problem of creating up to
70-75 % of the manufactured hydraulic drives completely based on unified units.
Keywords: hydraulic drive, machine hydrosystems, modular mounting, butt mounting, structural contour, hydraulic panel, modular unit.

H. M. DATEEBA, O. M. PATEEB, B. A. IOHOMAPbOB

INEPEBAI'M BUKOPUCTAHHAA I'IIPOATIAPATYPU MOAYJIbHOI'O MOHTAKY IIPH
MOJEPHI3AIIII BEPCTATHUX I'TIPOCUCTEM

3 KOXKHUM POKOM CXEMH aBTOMAaTH3alil, 10 peayi3yloThCs, i3 3aCTOCYBaHHSM TiApaBIiKH, CTAIOTh BCce CKIaaHimie i crimagdime. Ilpu Benmukii
KITBKOCTI TifpaBIIiYHMX amapariB y cxXeMi 3aMiHa pi3bOOBUX 3'€IHAHb HA iHINI CIIOCOOM MOHTaXy CTa€ IyXe akTyanbHOIo. [IpoBeneHo anami3
noOyI0BH 1 MOHT)XY TipaBIIYHUX MPUBOIIB 1 rigpoarperariB Ha NMPUKJIAAl METAJIOPi3albHUX BEPCTATiB, a caMe: KPYIJIOMHJILHOTO Ta TOKapHO-
PEBOIBBEPHOTO. AHANI3 MOKa3ye, MI0 ONTHMAaIbHHM BapiaHTOM 0e3TpyOHOTO MOHTaXy TiIpONPHBOJIB € MOHT@X 3 BHKOPHCTaHHSIM MOMYIBHOI i
CTUKOBOI rigpoanaparypy. OCHOBHHMH TepeBaraMi MOIYJIBHOTO MOHTaXY €: CKOPOYEHHsI KiNBKOCTI TPyOONpOBOIIB 1 iX 3'€[HAHB; MiABHIICHHSI
JKOPCTKOCTI IIPUBOJLY, 3HIDKCHHS IIIyMy; KOMIIAKTHICTb, MaJli rabapuTH i Maca; 3HI)KCHHS BUTpAT IIpalli i 9acy Ha po3poOKy i BUTOTOBIICHHS IIPUBOLY;
3PYYHICTh CKCILTyaTallii, MOKIIMBICTb IIBUJKOIO MEPEKOMIIOHYBAHHS PUBOJLY, 3aMiHH BHIILIIOBILIOIO 3 JIafy anapary 0e3 po3OupaHHs riIporpHuBoOLY;
yHi(iKaIlis MOHTaXHHX IUIUT i TigpomaHenei, 30inbpmreHHs X cepiiiHocTi. KpiM Toro, mpu 3a3HaueHOMY BHJII MOHTaXKy 3aBXIH JOTPHUMYETHCS
CTAJICTh BIJCTaHI MDK OKPEMHUMHM alapaTaMy 1 perysrolo4YMMH OpraHaMH pPi3HHX anaparis, sKi BXOJSATh B MOAYJIbHUI OJIOK 1 CKIAaIalOTh TUIIOBHH
eneMeHT TifpocucteMu (i cTpykTypHUil KOHTYp). Lle 1ae MOKIIMBICTB 3a3falierifb BU3HAYUTH XapaKTEPHCTUKH, BIACTHBOCTI 1 «IIOBEJIHKY» BXkKe HE
OKpEMUX TiJJpoanaparis, 110 BXOAATH B I'JIPOCUCTEMY NMPUBOJY MAIIWHHU, a IPYH araparis, [0 CTAHOBJIATh THIIOBI MOAYJIbHI OJOKH. € MOXJIMBICTD 32
3a3fayierijb BU3HAUCHHMH XapaKTePHCTUKAMH THIIOBHX EJIEMEHTIB (MORYIBHHX OJOKIB), INO BXOJATh B TiIPOCHCTEMY MAIIMHH, CYIUTH IIPO
XapaKTEPHCTHKU TiAPONPHUBOLY MAIIMHU B IIIOMY B)KE Ha CTajii HOro MPOEKTYBaHHS, IIO JO3BOJIIE 3HAYHO CKOPOTHTH 4ac Ha MPOCKTYBaHHS,
HaJIarOJDKEHH 1 3aIlyCK IPUBOAY B BUPOOHUNTBO. JI0 rpynH MeTanooOpoOHOro 00Ia HaHHS, B SIKilf JIETKO BUKOHY€ETHCS TiIpaBIIivHMIl IpHUBix Ha 0a3i
MOJYJIbHOI 1 CTHKOBOI Iijpoanaparypu BiJHOCSTHCS: BEPCTaTH TOKAPHOI IPYIH; BEPCTATH CBEPIJIMIbHI i pO3TOYyBajbHI; BepcTaTu HUTi(yBanbHOT
TpyIH; NPOTSDKHI BepCTaTH; BEpCTaTH Bifpi3HI, ¢pesepHi Ta iHm crenianbHi BepcratH. OOrpyHTOBaHHMN BHOIp HOMCHKJIATYpH HOPMalli30BaHHX
riIpocTaHIii, MOAYJILHOT Ta CTUKOBOI TiipoanapatypH i iHIIKX yHi()iKOBaHHX €JIEMEHTIB MOXE BHUPILIMTH 3a/lauy CTBOPEHHs Ha 0a3i yHi(ikoBaHUX
By3iB 210 70-75 % BHIYIEHHUX TiAPONPUBOLIB.

KuouoBi cjioBa: TizponpuBoj, BEpCTAaTHI TiPOCHCTEMH, MOJYJIBHHHA MOHTQXX, CTHKOBHHA MOHTQX, CTPYKTYPHUH KOHTYp, TiIpONaHelb,
MO/IYJIbHHH OJIOK.

Introduction. At present, a considerable part of
hydraulic equipment is produced with butt connections,
mostly with unified international connection dimensions.
Unification of connection and mounting holes of joint
planes provides unhindered replacement of devices,
simplifies the conditions of operation and repair of
equipment, as well as creates a wide range of
opportunities for export. Significant experience has been
accumulated in its application and operation [1-5]. The
use of butt equipment has the following disadvantages: the
hydropanel body on which the equipment is mounted is
complicated; metal consumption is increased,; it is difficult
to detect and eliminate the error made during the design or
manufacture of the panel body; the unsuitability of the
panel bodies for use in upgrading the cycle of the
hydroficated machine; the impossibility of unifying the
panel bodies.

The result of further development of hydraulic
equipment of butt design is modular equipment [6, 7].

Hydraulic devices of modular design regardless of their
functional purpose have two joint planes with the same
coordinates of connection holes (mounting holes and
channels of flow inlet, drain and outlet to the executive
hydromechanism). Therefore, it is possible to assemble
individual parts and elements of hydraulic schemes from
the devices of modular design by installing the devices
one on one in the form of a package, the closing elements
of which are directional valves or blanking plates. By
connecting the packages installed on the mounting plates
with each other, we get a hydropanel [2, 8-10].

Hydraulic equipment of modular design not only has
all the advantages of conventional hydraulic equipment of
butt design, but also allows you to make the hydraulic
drive light, compact, easy to install and operate without
connecting pipes.

It should be noted, that for hydraulic systems with
high and ultrahigh pressure and high flow rates of working
fluid, another direction in the construction of hydraulic

© N. Fatieieva, O. Fatyeyev, V. Ponomarov, 2022

Bulletin of the National Technical University "KhPI".
Series: Hydraulic machines and hydraulic units, no. 12022

33



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

drives with pipeless mounting method is the creation of
valve hydraulic equipment built into the holes, which is
based on a check valve operated hydraulically or
electrohydraulically [11].

Analysis of the state of the issue. It is known, that
the basis of hydraulic equipment of modern metal-cutting
machines, presses and other machines are hydraulic
systems of reciprocating motion (or rotational), which in
practice there are a large number of design variants.

However, despite the great variety of hydraulic
systems, their basic and design solutions have much in
common [2, 12]. This applies first and foremost to the
hydraulic systems of machine tools for specific
applications. For example, the hydraulic systems of
internal grinding machines operating on a semi-automatic
cycle have much in common in design. Also similar are
the hydraulic systems of external cylindrical grinding
machines, aggregate machines, semi-automatic lathes,
discrete and program-controlled machines.

Thus, careful study, analysis and classification of
hydraulic drives of machine tools, presses and other
hydroficated machines allow to identify and group
individual typical elements of schemes (structural
contours), common to drives of various machines
regardless of their intended purpose. This is the basis for
creating individual unified functional blocks that
implement typical structural contours of hydraulic
systems, based on hydraulic equipment of modular and
butt design, determining their needs for the industry and
establishing serial production of modular blocks and
unified panels based on them, which in turn allows you to
perform hydraulic machinery drive by aggregation
method [6].

Fig. 1 shows an example of a typical hydraulic
system structure for controlling the duty cycle of a
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machine's hydraulic actuator (direction and speed in both
directions, locking at the end of the cylinder stroke) [2].
The modular unit for controlling the movement and speed
of a hydraulic cylinder is shown as an example of Rexroth
hydraulic units [13].

As the analysis shows, hydraulic panels of some
groups of machines are easily performed completely on
modular hydraulic equipment (hydraulic panels of gear-
working machines, milling machines, slotting machines,
some lathe semiautomatic machines). In this case, units of
modular equipment are installed on single or multi-seat
mounting plates (depending on the complexity of the
hydraulic system).

Fig. 2-4 show examples of typical hydraulic
schemes structure contours, the implementation of which
is conveniently carried out with the help of modular
hydraulic equipment. [6, 13, 14].

The same contours can also be made on the basis of
butt equipment, but then the number of mounting plates
will be determined by the number of apparatuses included
in the structural contour of the hydromechanism of the
machine.

To build a hydraulic scheme of a machine drive
using modular elements it is necessary to have a certain
practical skill. It is recommended to first bring the already
existing conventional hydraulic scheme of the drive to a
form suitable for modular mounting.

Main part. As an example, consider the hydraulic
drive scheme of a round saw machine (Fig.5). The
machine hydraulic drive consists of hydraulic tank 1, two
executive hydraulic cylinders 6 and 7, fed from one pump
2, control and regulating 3, 5, 9 and distributing 4, 8
hydraulic equipment. The speeds of the executing
hydraulic cylinder 6 are regulated by the flow control
valves 5 as it moves in both directions.

Fig. 1. Functional modular unit to control movement and speed of hydraulic cylinder:
0.1 — pump; 1.0 — hydraulic cylinder; 1.1 — mounting plate; 1.2 — directional valve; 1.3 — twin throttle check valve; 1.4 — check valve,
pilot operated; 1.5 — pressure relief valve
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Fig. 2. Modular unit for hydraulic cylinder movement control:
0.1 — pump; 1.0 — hydraulic cylinder; 1.1 — mounting plate; 1.2 — directional valve; 1.3 — pressure relief valve
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Fig. 3. Modular unit to control movement and speed (the same in both directions) of the hydraulic cylinder:
0.1 — pump; 1.0 — hydraulic cylinder; 1.1 — mounting plate; 1.2 — directional valve; 1.3 — mounting plate; 1.3.1 — flow control valve;
1.4 — pressure relief valve

Hydraulic cylinder 7 uses working fluid at a pressure
lower than the pressure in the main line supplying
hydraulic cylinder 6, which is ensured by the installation
of the pressure reducing valve 9. Analyzing the hydraulic
scheme, we distinguish two structural contours that
implement the work cycle of the executing hydraulic
cylinders of the machine.

The first structural contour implements the operating
cycle of the executive hydraulic cylinder 6 and includes
the pressure relief valve 3, directional valve 4, flow
control valves 5.

The second contour controls the movement of the

hydraulic cylinder 7 and includes the pressure reducing
valve 9 and directional valve 8. The hydropanel is easy to
execute using a two-seat mounting plate and hydraulic
equipment in a modular design (Fig. 5).

The hydraulic scheme of the machine drive using a
two-seat mounting plate and hardware in the modular
design is shown in Fig. 6.

An example of a hydraulic drive based on modular
elements is also the drive of a turret lathe.

Fig. 7 shows the available typical hydraulic scheme
of the machine, it is built with the use of hydraulic devices
of pipe and butt design.
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Fig. 4. Modular block for control of hydraulic cylinder of loader, elevator and other mechanisms:
0.1 — pump; 1.0 - hydraulic cylinder; 1.1 — mounting plate; 1.2 — directional valve; 1.3 — check valve; 1.4 — mounting plate;
1.4.1 — pressure valve; 1.5 — pressure relief valve
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Fig. 5. Hydraulic scheme of the round saw machine drive:
1 —tank; 2 — pump; 3 — pressure relief valve; 4, 8 — directional valves; 5 — flow control valves; 6, 7 — hydraulic cylinders; 9 — pressure
reducing valve
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Fig. 6. Hydraulic scheme of round saw machine drive, made on the basis of modular equipment and two-seat mounting plate:
0.1 — pump; 1.0, 2.0 — hydraulic cylinders; 10.20.1 — mounting plate; 1.1 — pressure relief valve; 1.2 — mounting plate;
1.2.1,1.2.2 — flow control valves; 1.3, 2.2 — directional valves; 2.1 — pressure reducing valve

The hydraulic scheme of the machine provides main
and auxiliary movements of the executive elements:
clamping of blanks with the specified force; clamping of
the turret, its rotation when changing positions; working
and auxiliary movements of the cutting caliper; operation
of the device for automatic unloading of parts; pressure
control in the lines of discharge and clamping.

The hydroscheme consists of:

- discharge line including: pump P, filters F1 and F2,
pressure relief valve PVV2 and check valve CV;

- the workpiece clamping line, including: pressure
reducing valve PRV, directional valve D1, pressure
sequence valve PV1, hydraulic cylinders of clamping C1
and C2;

- cutting caliper line, which includes: directional
valve D3, flow control valve A2, hydraulic cylinder C3;
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Fig. 7. Hydraulic scheme of the turret lathe drive

- control line of the turret caliper, including:
hydraulic directional valves D2 and D5, hydraulic motor
M, hydraulic cylinders C4 and C5;

- unloading device line, which includes hydraulic
directional valve D4, hydraulic cylinder C6.

The pressure in the discharge line is set by the
pressure relief valve PV2.

Fig. 8 shows the hydraulic scheme of a turret lathe
drive, developed with the use of hydraulic units of
modular and butt design.

The hydroscheme consists of:

- discharge line including: pump 0.1, filter, pressure
relief valve 1.1 modular design;

- the workpiece clamping line, which includes: check
valve 1.2 modular design, pressure reduciong valve 1.3
modular design, pressure relief valve 1.4 modular design,
hydraulic directional valve 1.5 butt design, hydraulic
clamping cylinders 1.0.1 and 1.0.2;

- control line of the turret caliper which includes:
check valve 2.1 modular design, pressure relief valve 2.2
modular design, throttle with check valve 2.3 modular
design, check valve 2.4 modular design, hydraulic
directional valve 2.5 butt design, hydraulic motor 2.0;

- cutting caliper line, which includes: check valve 3.1
modular design, flow control valve 3.2 modular design,
hydraulic directional valve 3.3 butt design, hydraulic
cylinder 3.0;

- unloading device line, which includes: check valve
4.1 modular design, throttle with check valve 4.2 modular
design, hydraulic directional valve 4.3 butt design,
hydraulic cylinder 4.0.

The pressure in the discharge line is set by the
pressure relief valve 1.1.

Comparison shows that the hydraulic drive of a turret
lathe made on the basis of modular and butt hydraulic
equipment has two times less pipelines, end and
intermediate connections in relation to the serial one. The
weight of the hydraulic panel is 2,5 times less than that of
a serial hydraulic panel, and labor intensity of
manufacturing is 3,5 times less. The noise of the drive was
reduced by 1-2 dB.

Results of the analysis. The main advantages of
modular mounting are: reducing the number of pipelines
and their connections; increasing drive rigidity, reducing
noise; compactness, small size and weight; reducing labor
costs and time for the design and manufacture of the
drive; usability, the ability to quickly reconfiguration
drive, replace a failed unit without disassembly of the
hydraulic drive; reducing losses by reducing the path of
flow of working fluid in the system and the number of
local resistances; improving the appearance of the
hydraulic drive; unification of mounting plates and
hydropanels; increasing their seriality.

In addition, with this type of mounting, there is
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Fig. 8. Hydraulic scheme of the turret lathe drive, made with modular equipment:
0.1 — pump; 0.2 — mounting plate; 1.0.1, 1.0.2, 3.0, 4.0 — hydraulic cylinders; 1.1, 1.4, 2.2 — pressure relief valves;
1.2,2.1,24,3.1, 4.1 - check valves; 1.3 — pressure reduciong valve; 1.5, 2.5, 3.3, 4.3 — directional valves; 2.0 — hydraulic motor;
2.3, 4.2 — throttles with check valves
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always a constant distance between the individual devices
and regulating bodies of different apparatuses that make
up a typical element of a hydraulic system (its structural
contour). This makes it possible to determine in advance
the characteristics, properties and "behavior" not of
individual hydraulic apparatuses included in the hydraulic
system of the machine drive, but of groups of apparatuses
that make up typical modular units. We have an
opportunity to judge the characteristics of the hydraulic
drive of the machine as a whole already at the stage of its
design by predetermined characteristics of typical
elements (modular units) included in the hydraulic system
of the machine, which will significantly reduce the time
for designing, debugging and launching the drive in
production.

The conducted analysis of building and mounting of
hydraulic drives and hydraulic units, tendencies of
development of hydraulic schemes of hydraulic drives of
machines shows that the optimal variant of the pipeless
mounting is mounting with the use of modular and butt-
type hydraulic apparatuses. The execution of hydraulic
drives on the basis of only one type of hydraulic apparatus
(e.g., modular) is not always possible and justified.

Dimensions of the devices of modular design are
determined by the size of the butt plane of the directional
valve, which is usually the final link in the block of
modular apparatus (see Fig. 1), so the conditional passage
of the devices of modular design is limited to
D.=6-16 mm, since the modular devices of larger
conditional passages in size and weight are several times
larger than the units of butt design.

In addition, the functionality of modular apparatuses
does not cover all variants and designs of butt-type
apparatuses, which is explained by dimensional
restrictions. In units of modular apparatuses at high
pressure, butt openings and depressurization are possible.
Therefore, modular apparatuses are limited in pressure up
to 4552 psi [6, 14].

Therefore, it is rational to use in each particular
hydraulic drive those types of apparatuses or combinations
of different types, which allow for a given drive to realize
the optimal cycle of operation of a hydroficated machine
in all major technical parameters, in other words, those
apparatuses, the advantages of which would be decisive
for a given drive.

Depending on the selected hydraulic apparatuses it is
necessary to develop a hydraulic scheme of the drive in a
form suitable for the use of modular elements, to
determine the number of mounting, intermediate and
sealing plates, the sequence of their connection and the
overall dimension of the panels.

Conclusions. Thus, the currently producing
hydraulic stations with tank capacity from 10 to 1000 |
and pumps with capacity from 3 to 250 I/min at pressure
up to 4552 psi, control and distributive hydraulic
apparatuses  with international  connection  sizes,
complexes of modular hydraulic apparatuses with
conditional passages 6, 10 and 16 mm can solve the
problem of creation and modernization of hydraulic drives
on the basis of unified elements, using progressive modern
methods of their building and mounting. This will reduce

labor input in design and manufacturing of hydraulic
drives by 30-40 % with a sharp reduction in terms of
creation and implementation of new machines and
equipment, reduce costs for maintenance and repair of
hydraulic drives, increase their reliability.

The group of metalworking equipment, in which the
hydraulic drive on the basis of modular and butt hydraulic
equipment is easily performed, includes: turning group
machines; drilling and boring machines; grinding group
machines; broaching machines; cutting machines, milling
machines and other special machines.

Justified selection of the nomenclature of normalized
hydrostations, modular and butt hydraulic apparatuses and
other unified elements can solve the problem of creating
up to 70-75% of the manufactured hydraulic drives
completely based on unified units.
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I.A. ABPYHIH, I. I'. IIIMOHOB, O. B. IIIEPBAK, 1. 1. MOPO3

OCOBJIUBOCTI JIMHAMIKH OB'€EMHOTI'O I'lIPOITPUBO/IA 3AJIEKHO BIJl PEXKUMIB
3O0BHIIIIHBOT'O HABAHTAKEHHSA

MeTa — HayKOBHH MOLIYK MOMJIMBOCTI 3aMiHH MEXaHIYHOrO NPHBOAY OOEpPTAHHS POTOPHOrO METAIbHUKA 3eMJICPUITHOI MAIIMHH HA 00'€MHHI
TiIpONpHBOA i BH3HAYCHHS HOTO JMHAMIYHMX XapakTEPHCTHK Ha OCHOBI MAaTeMaTHYHOI MOJENI, IO PO3IVISAAE PEXHMH IYCKYy, pyXy pobodoro
opraHy, IJ0 BCTAaHOBHUBCS, 1 HOro panToBOi 3yNHHKH Ha HenepeOOopHil mepemkoi 3 60Ky 3emii, sika Bigcunaersbes. Meron. CTaTHUHHI pO3paxyHOK
00'€eMHOTr0 TiZPONPHBOJA HA OCHOBI JOCII/DKEHb XapaKTEePUCTUK HABAHTA)KEHb POOOYMX OpraHiB 3eMICPHHHUX MALIMH 1 AUHAMIYHHN PO3PAXyHOK 3
BUKOPHCTAHHSAM IIaKeTa 3aCTOCOBHUX IporpaM VisSim. MaremaTnuHa MoOJenb TiIpONpUBOJAa BKIIOUAE IMITAalliffHI MOXYTi peryIioBaHHA Hojadi
AKCIAJIbHOIIOPITHEBOTO HAcoCy 1 3MiHH MOMEHTY OIOpY Ha PEXHMax IIyCKy TiIpoMOoTOopa IPH XOJIOCTOMY XOJXi, HOPMaJbHOMY HaBaHTA)KCHHI
POTOPHOTO MeTaJbHHUKA 1 panToBiil 3ynuHLi. PesynsraTu. [ 06'eMHOro riiponpuBoa 00epTaHHsA METaIbHIKA 3eMIICPHITHOI MAIIMHU MOXYTb OyTH
3aCTOCOBaHi TepoTOpHi rizpoMoTopu 3 poGounm o6'emom 10 200 cM®, a TakoX MIBHIKOXiAHI aKCiaNbHOMOPIIHEBI TiPOMOTOPH 3 PENYKTOPAMH.
HeoOxinni 3a po6ounM 00'eMOM IepOTOpHI TiAPOMOTOPH CEPiiHO BUITyCKAIOTHCS PsiioM iHOGipM. Po3paxyHOK IHHAMIKK TipoNpUBOJa MOKa3aB, 0
HpHU KPUTUYHOMY PEKMMi PaNTOBOI 3yHMHMHKH POTOPHOrO METalbHUKA MpPU HOro NOMNaJaHHI Ha HernepeOOpHY IHMepemkoay 3 OOKy 3eMili BUHHUKAIOTh
3aTyXaro4i KOJIMBaHHI TUCKY. Po3po6iieHa mporpama MOZEIIOBaHHS MOKe OYTH CyTTEBO IOIIMPEHA IPU BUKOPUCTAHHI IHIIMX 3HAYCHb HABAHTAXKCHHS
Ta 4aCTOTH 0OepTaHHs TiipoMoTopa. BucHOBOK. Pe3ynbraTy npoBeaeHnX JOCIiPKeHb MOXKYTh OyTH BUKOPUCTaHI IPH pO3po0Lli 3eMIEPHITHIX MAIINH
HOBOTO TTOKOJIHHS IIPU 3aMiHi MEXaHiYHOTO IPHBOY POTOPHOrO MeTaJbHHKA Ha 00'€MHHUIT TiAPONIPUBOL.

KuiouoBi ciioBa: 3emnepuiiHa ManyHa, 00'€eMHUI TipPONIPUBOA, POTOPHUI METaJIbHUK, MaTEMaTH4HA MOJIENIb AUHAMIKH TiAPONPHBO/A, TAKET
VisSim, KoJUBaHHS THCKY.

G. AVRUNIN, I. PIMONOV, O. SHERBAK, I. MOROZ

FEATURES OF THE DYNAMICS OF HYDRAULIC FLUID POWER DEPENDING ON THE MODES
OF EXTERNAL LOADING

An aim is a scientific search of possibility of replacement of mechanical drive of rotation of rotor thrower of earthmover on hydraulic fluid power and
determination of his dynamic descriptions on the basis of mathematical model, that examines the modes of starting, set motion, and his sudden
stopping for an insuperable obstacle from the side of the poured out soil. Method. Static calculation of by hydraulic fluid power on the basis of
researches descriptions of loading of working organs of earthmovers and dynamic calculation with the use of package applied programs of VisSim.
The mathematical model of hydraulic fluid power includes the imitation modules adjusting of serve of axial piston pump and change of moment of
resistance on the modes of starting of hydromotor at idling motion, normal ladening of rotor thrower and sudden stop. Results. For by hydraulic fluid
power of rotation of thrower of earthmovers machine can be applied gerotor hydromotors with the swept volume to 200 cm?, and also high-speed axial
piston hydromotor with reducing gears. Necessary on the displacement gerotor hydromotors are mass-produced by the row of foreign firms. The
calculation of dynamics of hydraulic fluid power showed that at the critical mode of sudden stop of rotor thrower at his hit on an insuperable obstacle
from the side of soil, there are attenuation pressure fluctuations. The worked out program of design can be substantially used for the use of other values
of loading and frequency of rotation of hydromotor. Conclusion. Results undertaken studies can be drawn on at development of earthmovers of new
generation at substituting of mechanical drive of rotor thrower by hydraulic fluid power.

Keywords: earthmover, by hydraulic fluid power, rotor thrower, mathematical model of dynamics of hydraulic fluid power, package of VisSim,
pressure fluctuations.

Beryn. 3emutepuitHi MammHM Ha 0a31  KOJICHHX
tpaktopiB XT3 wmomemi T-150 Oymu crBopeni i
BHPOOIISITHCH KHIBCHKHM i IPUEMCTBOM BAT
Crpoiinopmar [1]. 3apa3 OUIBIIICT 3 HAX 3HAXOAUTHCS B
ekcrutyaranii 6ueie 30 pokiB 1 MPAaKTUYHO BHYEpIIaia
CBill pecypc. MamMHM MalOTh JIAHIFOTOBHHA PoOOYMid
opran (JIPO), poropuuii metanmpauk (PM) 1 momomixkHe
yCTaTKyBaHHS — Oynbao3epHUH BixBai i nebigky. ¥ 2013
pori B VYkpaiHi Oyna mpoBeleHa MOJEpHi3allisi OHiel
3eMJIEpUIHOI MAIlMHM Takoro THUIy, IO OTpuMala
rizpocucreMy 3 Tigpo3aMKaMH Ha TiAPOMMIIIHApPAX
OyJIb03EpHOTO BiJBajly 1 €NIEKTPOTiIPONPHUCTPOSMH, IO
MOKpPaIIyTh yMOBH poGoTH omepaTopa [2, 3].

Hactynaum eranom mMozepHi3alii cTajgo OCHAIIEHHS
3eMIICPUITHIM YCTaTKyBaHHAM aBTOMOO1IISI
KpA3-5233HE migBumenoi npoxinHocti [4,5]. IIpote
JoCIiHKeHHsT MexaHigHuX mpuBoiB JIPO i PM nmokazanu,
IO MPOTPECHBHINIO € MOJIepHi3alis, MOB's13aHa 3
nepexogoM Ha o0'emHuit rigpompuony (OITI), mo
3a0e3nevye BUCOKUM PiBeHb 3aXUCTY Bij IepeBaHTaKEHb,
Oe3cTymiHUacTe peryJlioBaHHS IMIBHOKOCTI  POOOYHMX
OpraHiB i aBTOMAaTH3alLil0 TEXHOJOTTYHOTO MPOLECY INpH
konarHi [6]. CydacHuii acopTuMeHT pobounx pinud (PP),

mo 3abesmeuyrots (yHkionyBanus OI'TI B mupoxomy
Jiarna3oHi TeMmeparyp JOBKUUIS, TaKOX € BaroMum
apryMEHTOM 3aMiHH MEXaHIYHOTO TPHUBOAIB POOOUNX
OpTaHiB Ha T'iJIpaBIiYHUI.

AHajiTHuHui orasg Jjireparypu. B poboti [7]
MI0Ka3aHO IEePCHEKTUBHICTh MepeodIalHaHHs B ICHYIOUHX
3eMJICpUIHIX MammHax Ha 0a3i TpaktopiB T-155 Ha
00'emunii rigponpusoa JIPO ta PM 3i 30epexkeHHIM THX
MEXaHIYHHUX BY3IiB, 110 100pe 3apekoMeHayBamu cebe 3
TOYKHA 30py MIIHOCTI 1 HamiiHOCTI. JlochmimKeHHIM
poboUoro mporecy KOMaHHs 3eMJIePUHHIUMHU MallMHAMH 3
MEXaHIYHUM  TPUBOJIOM IIPUCBSYEHHH psix  poOiT
BITUM3HSHHX (axiBIiB. BcraHoBIeHO, MO Ha pPoOOOTY
KOTIaHHSI JIAHI[IOTOBHX €KCKAaBaTOPIB Pi3HUX THUIIOPO3MIpiB
BuTpaydaerbesi 31-66 % MOTY)KHOCTI CHJIOBOI yCTAaHOBKH
6a30BOi MAalIMHM, a IpPU PO3poOLi BaXKUX TIJIHMH [0
70-80 %.

BaxmBi  pe3ynbTaTH  IOCHIDKCHb —JTUHAMIYHHX
HaBaHTAXeHb Ha MexXaHiuHi mpuBoau JIPO i PM mammH B
peXKUMI CTOMOPIHHS TpuBeaeHI B podorti [6]. OTpumano,
o0 TMpH CHOpalbOBYBaHHI IMEHTpalnbHOI 1  OigHOI
3ano0iKHUX My(T HaHOUIBII HABAaHTAKEHUMH € BY3IH
JIPO i PM. Myt ocHamieHi ITHPTAMH, IO 3Pi3yIOTHCA,
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1 4YacTo CHpanboOBYIOTh HABITh IPH KOPOTKOYACHUX
MepeBaHTAKEHHAX. TOMy PEKOMEHAOBaHMH Mepexis Bix
MydT 3 mTudTamu, MO 3pi3yIOThCHA, 10 (QpUKLIHHEX
Mydrt. EdexruBHimmM 3aco000M 3HWKEHHS ITHHAMIYHHX
HaBaHTaXeHb Ha JIPO MamuHu aBTOpU paxyloTh Nepexin
Ha OI'TI. Bcranomieni 3HaueHHss MOMeHTIB iHepiii JIPO i
PM, i moka3aHo, IO 3pOCTaHHS MOMEHTY OIIOpYy IIpH
cromopinai JIPO BinOyBaeTnhcs 3a wac mopsaaky 0,005 c.

I[i pmami BaxkiaMBI 10 pO3paxyHKy AMHAMIYHHX
HaBaHTaXeHb mnpu  BukopuctanHi OITI  3amicTh
MEXaHIYHOTO.

VY pobori [5] mpuBeneHa NPUHIMIIOBA CTPYKTYpHA
cXemMa 3eMJICpMIHOI MalMHM, CTBOPEHOI Ha Imaci
aBTomMo0ins KpA3-5233HE i1 ocHamieHO MeXaHIYHUM
NpUBOJOM  pobodoro  ycraTkyBaHHsA.  OTpumaHa
MaTeMaTH4Ha MOJENb KPYTHIBHHX KOJHMBaHb MEXaHIYHOI
CUCTEMHU «/IB3-TpaHcMmicis-3emiepuiiHe poboue
yCTaTKyBaHHs». Bu3HaueHi BIacHi i BUMYIIICHI KPYTHIIBHI
KOJIUBAaHHS, PE30HAHCHI YaCTOTH 1 aMILTITY I KOJIHMBaHb, i
napaMeTpu HEpe30HAHCHHX BHUMYIICHHX KPYTHIBHHX
KOJIUBaHb B PEXKHUMI PyXy MaIIWHH, 1110 BCTAHOBUBCHL.

ukn JIOCIIIDKEHD, TIPUCBIYCHUN aHaIizy
MoxmBOCcTI mepexoay Ha OITI JIPO i PM, nocuts
perenpHO TIpoaHanmizoBaHuit B poGoti [8]. 3okpema,
PO3TJIISIHYTI MOJKJIMBOCTI BUKOPHUCTAHHS
aKCIaJbHOIIOPIIHEBOTO ~ HAcocy ISl  OJHOYACHOTO
kuBJeHHs rigpomotopiB JIPO i PM 3a pomomororo
OPHT'iHANILHOTO IUIBHUKA ITOTOKY Ta BCTAHOBJICHA YacTOTA
06epTaHHs POTOPHOTo MeTanbHUKa B 280—379 xB ™.

AHai3 TpOBENEHUX IOCTIMHKeHb IOKa3aB, IO IO
TENEepilHbOro 4acy He POOMBCS CTATUYHHUH PO3PaXyHOK
napaMmerpiB 1 BuOIp  KOHKPETHMX  KOHCTPYKIIH
rigpomMoTopiB g mpuBoxy PM 1 BiacyTHI auHaMivHi

xapakrepuctukn OI'Tl 3 ypaxyBaHHSAM JaHHX 3a
pexruMaMu poOOTH.
OcHoBHa vactmHa. Ha miacraBi  aHamizy

pe3yNbTaTiB AOCIIIKEHb NMPUHMAEMO AT MOJEIIOBAHHS
semstepuitnoi mammuu 3 OI'Tl pobGoumx opraniB JIPO i
PM motyxHicte octanHiXx B 50 % mnortyxHocti B3,
T00TO ONMm3pko 65 kBT. Tomi motyxHicte PM ckiagae
6mmsbko 15 kBT mpu wactori oGepramms 380 xB™, a
notyxHicTb JIPO mae 50 kBt npu MakcumaibHiil 4acToTi
obepraHHs MpPOBixHO 3ipouku namrora B 40 xB™ (3a
JAHUMH EKCIIepUMEHTAJIBHUX crocTrepexens). Lli mani
JIO3BOJISIIOTh OTPUMATH 3HAYECHHS HEOOXITHUX KPYTHHX
MOMEHTIB 1 pobouux 00'eMiB TiIpoMOTOpiB TpH iX
BHKOPHUCTaHHI 0€3 MPOMDKHUX PEIyKTOPiB SIK OJHOTO 3
yuHHUKIB edexTuBHOCTI 3acrocyBaHHs OITI. Cuin
3a3HAYNTH, IO Y 3B'A3KY 3 HEIOCTATHHOK HAIIMHICTIO

musenie CMJI-2  noryxhictTio B 90 kBt, HuHi B
TPAaHIIEHHUX  MallMHAX  BCTAHOBIIOIOTH  JIBUTYHHU
notyxHictTio 10 130 kBT npum 4acrotri oOepraHHS
2100 x5,

VY nepuromy HaONIMKEHHI, BUXO1s14H 3 TOTO, 110 KKJ]
OI'Tl sk BimHOWIEHHS KOPHCHOI (BHUXiIHHUI) MOTY>KHOCTI
rizpomoropa Py, 10 CroxuBaHOI (BUTPauCHOi) HACOCOM
Pcrox He TiepeBmurye 80 %

KK = Piop / Penoso (1)

OTpUMAEMO 3HAYEHHS BUXIAHOI MOTYKHOCTI TiIpOMOTOpa
PM B 12 xBT.

OCKUTbKM BHUXiHa TIOTY)XHICTH TiZpoMOTOpa €
TBOPOM KPYTHOTO MOMEHTY Ha 4YacTOTy OOEpTaHHS, TO

npu Bi,HOMI/IX 3HAQUYCHHAX 4acCcTOT O6epTaHH$[ BHU3HaA4Ya€eMO
KPYTHH MOMEHT TipoMOTOpa
M -n

PKO
= M =0550-T
n

9550 @)

KOp
M

Takum uwmHOM, TigpoMoTop obepranHs PM wmae
KpyTHH MOMeHT B 382 H-Mm.

Buxonsun 3 cydacHOT HOMEHKIIATypH TiIpOMOTOPIB 1
BUMOI' MO0 KPYTHOMY MOMEHTY 1 4YacToTi oOepTaHHS
npuiiMaeMo  pimieHHss  mpo  BuOip  rixpomoropa
repotopHoro tuiy [9-12].

3HaiiieMo HeoOXimHe 3HadeHHS poboyoro o0'emy
rigpomortopa PM, o’

Voo M 3)
01 159. ApM “Mur

ne Ap, — mepenaa TUCKIB Ha TiAPOMOTOPi, KUK st
Cy4acHMX TEpOTOpHHMX TipOMOTOpPiB B poOodoMy
(excrutyaraniiiHomMy) pexxumi gopiBHioe 10-16 MIla;

Nurw — Tinpomexaniunmii KKJI rigpomoropa, sikuii
nopieaioe 90 % Ha poOOUOMY PEXHMI 1 3HUIKYETHCS JIO
80 % npu mycky (3pyILIyBaHHI 3 MicLs).

Bamarource 3azmaneriap Ap =14 Mlla i my. =0,9
OTpUMAaEMO 3Ha4YeHHs poboyoro o0'eMy TigpoMoTopa
V, =190,7 o, 3 TaKUM poboUrM 00'eMoM
BUITYCKAalOTBCSl  TiJPOMOTOPH  JAEKIIBKOX  3apyOiKHHX
¢ipm, nanpuxknan MH200 ¢ipmu M+S HYDRAULIC
(pobouwnii 00'em 3a karanorom nopisaroe 201,3 CM3). Lew
TiIPOMOTOp Ma€ HOMiHANBHY YacToTy oGepTanHs 370 XB ™
(MaxcuManbHy 445 XB™'), HOMiHANbHHUIT KPYTHHI MOMEHT
510 H-m npu mnepenaxmi tuckiB 17,5 MIla i momyckae
poboty mpu mocriiHOi TOTyx)HOCTI 16 kBT. Maca
rigpomoropa cknaaae 10,5 kr.

Ha puc. 1 mpuBeneHa yHiBepcaibHa (Tororpadivna)
XapaKTepUCTHKa TepoTOpHOro Timpomoropa MH200 B
KOOpJMHATAaX «KPYTHHH MOMEHT-4acToTa OOepTaHHsI» 3
nirissmu 3aranpHOTO KK, BHTpatm PP i moTyxkHOCTI.
3Ha4yeHHs. KPyTHOTO MOMEHTY NPHUBEICHI MPU JEKUTBKOX
mepenagax TuckiB Bim 3,5 mo 20 MlIla. Hdns HaOyTTs
3Ha4YeHb  rigpoMexadiunoro 1 o0'emuHoro  KK]J]
TiIpOMOTOpa CITiJ] CKOPUCTATHCA NaHWMHU YHiBEpPCaJIbHOI
XapaKTepUCTUKXM B XapakTepHId TOYLl IO YacTOTi
obOepTaHHs 1 KPyTHOMY MOMEHTY, 1 Jalli 32 HACTYIMHHUMH
dbopmynamu

Ny = 4)

M .
0,159-Ap, -V,
Nwo — 00'emunit KKJI rinpomoTopa;

Nt — KIIJ] rizpomoropa (nOBHUMIT) B MO3HAa4YKax 3a
YHIBEPCAIBHOIO XapaKTEPUCTUKOIO (QipMH.

Hanpuknan, mis gactot obepTaHHs rizpomoropa
n, = 300 x8™* i mepenaxi TickiB Ap,, = 14 MITa Maemo Ha
rpagiky M,, =380 H-m i ;= 0,8, mo nae 3a popmynamu
(4) Myrw = 0,848 i 1, = 0,943.

OcratouyHe pilleHHSs 1O BUOOPY TI€pPOTOPHOTO
rigpoMoTopa ab0 aKcCiadbHOIOPITHEBOTO TiApOMOTOpa-
peayKkTopa TPHUIAMAEThCS HA OCHOBI (PYHKI[IOHAIBEHO-
BApTICHOTO  aHAIZy 3 ypaxyBaHHSIM BHUMOT IO
JIOBIOBIYHOCTi, MOHTa)Xy 1 T€XHIYHOMY OOCIyrOBYBaHHI,
y TOMY YHCJII 3 ypaxyBaHHSAM CICHH(PIYHUX KITIMAaTHYHUX
YMOB.
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Puc. 1 YHiBepcanbpHa XapakTepHCTHKA FepoOTOpHOro Trizpomoropa MH200
[Ipu nepexoni va OI'TI JIPO i PM B sikocti pkepena  perysiboBaHuMu Hacocamu H1 1 H2, 1 rizpomoropu M1 i
TripaBIigyHol MOTYXHOCTI (nacoca) jpouiibHe M2 oGepranns JIPO i1 PM, simnosiano. I'izpaBniuna
3aCTOCYBaHHSI  JIBOIIOTOKOBOTO  aKCIaJIbHOTIOPIIHEBOTO  NPHHLUIIOBA  CXE€Ma  CTEHJOBOI  YCTAaHOBKH  JUIs
TaHJEM-Hacoca  BiTuu3HAHOro  BupoOHuuTBa BAT  BumpoOyeanp OI'Tl HaBenena B [8]. [Ipu BHKOpHUCTYBaHHI

Iagpocuna [13]. Lli Hacocum 3 peryiboBaHMM POOOYUM
o0'eMoM 3a0e3neuyloTh Oe3cTyIiHYacTe pPEeryIIOBaHHS
YacTOTH OOepTaHHS TigPOMOTOPIB, IPHUIOMY MOIKIINBE
€JIeKTPOTiIpaBlliYHe AWCTAHIIHHE KepyBaHHA NoJadi
HacociB. Skmo BukopucroByBatd OITl Timpku s
METalIbHUKA, TO MOJMJIMBE 3aCTOCYBaHHS HAcocy 3
He3aMKHEHMM JiaHmorom 1mpkymsuii PP [14] aGo
iecTepeHHoro Hacocy [15-17], mio cmporiye i 3HHKYE
Bapricte OI'T] B ninomy.

Ha puc. 2 mpezncraBieHa ctpykTypHa cxema OI'TI
JIPO i PM, B skili BUKOPHUCTOBYETHCS TaHIEM-HACcCOC

mecrepeHHoro Hacocy HIII BcTaHOBNIOIOTH peBepCUBHUN
rizpopo3nonuibHUK P 3 enextpomarnitamun Y1 1 Y2,
npocens JIP ta 3anoOikaumit kmaman KII. Tlomaga PP
CTBOPIOETHCS IIECTEPEHHHM HACOCOM 3 THCKOM Py

PerymroBanHs IIBHAKOCTI OOEpPTaHHSA  3MIHCHIOETHCS
npoceniem JIP criocoboM «Ha mMapaielbHOMY MOTOL».
MosxnuBe JUCTAHIIIHE €JIEKTPOTriApaBIiyHe
peryiioBaHHs,  SKIIO  BCTAHOBUTH  JpOCellb 3

MIPOMOPLIHHUM eJeKTpoMarHiToM. PimieHHs 3a BHOOpOM
THITIB TiIPOMANIMH Ta TiIPONPHUCTPOIB 3IIHCHIOETHCS 3a
pe3yJbTaTaMi JOCIHIAHUIBKUX BHIPOOYBAaHb MaKETHOT'O

PVH71-33 3 JIBOMa akciajgpHOMOpIIHeBUME  3paszka OI'TI PM.
OGepraHHs TaHWIOTOBOTO  OepraHHs POTOPHOIO
’ pobouoro opraity JIPO ‘“7”"':“"“‘1 PM BapianT 3 nacocom HIII
< pml M1 Al / "'\ P -
oH | / T
& brok TaHjeM-Hacoca f Y1 mﬁyz
VH71-3 /_ap
| v b -
HI Al pmu‘@‘/
/
Briok ymxiionysanns OTTT _‘
Bl ! C 3aMKHEHHM JIaHKOTOM !
uupkynauii PP - HI i M1, H2 i M2: |
4 BCMOKTYBaHHA HacociB i
) - niuKHBAeHHS; GinbTpanii Ta X
I . ‘ OXOJIO/UKEHHS pu()u‘_{o‘i piantu _ J | 5
Puc. 2. Ctpykrypha cxema rigponpusozis JIPO i PM 3emnepuiiHOT ManHu
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Jlns OI'TI PM 3 rigpomoropom MH (201,3 em®) pu
jioro HOMiHaTbHI wactoTi oGepramHs B 300 xB™
3HAJOOWTbCA TEOpeTWYHa Moxada Hacoca B 60,4 1/xB,

3abe3nevyBaHa aKCIaIbHOTIOPIIHEBUM HACOCOM
PVH-33-Tinpocuna mpu wactori obepranns B 1814 xB™
(HOMiHATTBEHA 4acToTa 1500 x87%, MaKCHMallbHa

3590 XB_l). HeoOxinHa mnomada [OCATae€TbcsA 3MIHOIO
3Ha4YeHHs poOouoro 00'eMy Hacoca abo apocenem JIP B
OI'TI PM 3 mecrepennnm HacocoM HIII ta npocenem JIP.

3a1aeMocs 3HaueHHAM MOMEHTY iHeprii 180 kr-m?,
SKUH € CyMapHHUM BiZ MOMeHTIB iHepiii PM, rixpomoTopa
i cnoiydHoi MypTH MDK TiIpOMOTOPOM 1 HPUBOIHOIO
31pOYKOr0 (OCHOBHOIO CKJIAJIOBOIO € MOMEHT iHepIii PM B
1715,2 KT-M? [6], Tak sk MomeHT iHeprii rimpomoropa
CYTTEBO MCHIIIHIA).

[Ipu monmanemomy moaemoBanHi pobotu OI'TI PM
(puc. 3) BpaxoByeMO 3MIiHHHI MOMEHT OMOpY 3 OOKYy
30BHIIIHFOTO HABaHTAXEHHS (KOMAHOTO TPYHTY), 3MiHY
MoJlavi Hacoca 1 4acTOTH oOepTaHHsS TigpoMOoTOopa i3-3a
BUTOKIB B IOPIIHEBHX 1 PO3MOAUIBHUX By3Jax Hacoca i
riIpoMoTopa.

Ckopucraemocst MaTeMaTU4HOI0 MO/IEILTIO
[8,18,19], B skiii pOOIATBCS HACTYIHI AOMYyLICHHS:
MOJyJb 00'€éMHOT IPY>KHOCTI, TEMIeparypa, MIUIBHICTH i
B's3KiCTh PP € mocTiiHUME 3HaYCHHSMHU; MOMCHT iHEpIIil
JIPO mpuiimMaeTbcsi TOCTIHHMM; XBHWJIEBI IpOIECH B
TpyOONIpOBOZax HE BPaXOBYIOThCA B 3B'I3KY 3 iX
HE3HAYHOIO TPOTSIKHICTIO (HAacoc i TiApoMoTop 3'eaHaHi
KOPOTKHMH PyKaBaMH BUCOKOTO THCKY).

TakuM YHHOM BHPAa3Hu [UTS THCKY Py, [MI1a] i wactoTn
oGepranHs TigpomoTopa N, [xB '] MaroTh BHIIAA

pM = ”:Qur,e (t) _1073VM (t) : nM (t) - Crm * Py (t)]vidt ! (5)

P

£3,6-10°[ 1
n, = IJ—[Z—VMG)-(PH = Pan) Mo —Mc}dt , (6)
0 T

n

ge  Qu.=Qure — momaya Hacoca IIpU  3aJaHHOMY
BIZJHOCHOMY KYTYy IMOBOPOTY MOXHJIOTO AUCKAa e, SIKUi
BIIXWIIETRCS B 00OMABa OOKH Bil HEHTPaIHLHOTO
ITOJIOKEHHS B BIJHOCHUX BenuunHax e = 0—+1, 1/XB;

Q. = 107%V,n, TEOpEeTUYHA TMojlaya Hacoca 3
MaKCUMaIIbHIM poOouuM 00'emMoM Vi [CM3] 1 4acTOTOIO
obepTaHHs  TNPUBOJAHOTO JBUTYHA N, [XB_l] 0e3
ypaxyBaHHs BUTOKiB PP, 11/xB;

MeTansHuKa PM, CM3;

Cys — KoedimieHT miacymMkoBux 30BHIMHIX (Cy 4, 1
Cy.55) Ta BHYTpIitmHIX (Cy 5y i Cy 5y) BETOKIB PP Hacoca
(AQy. 5 Ta AQ ) i rizpomotopa (AQy s Ta AQy ),
1/(xB-MIla),

V,, — ob'em PP Bo BXimHiii (BHCOKOTO THCKY)
MTOPOKHUHI (TPyOOIPOBOII) TiApOMOTOpa 3i 3BEICHHM
miamerpom [I,, [Mm] Ta goxumom0 L [M], v’

E - womyme mpyxsocti PP, skuit BuKIHKae
nedopmauiiiny Butrpary PP (AQ, Ta AQ,,), 1o
BUKJIMKaHa il CTHCIIMBICTIO B ripoMalliHax Ta 00'eMi Vy,
Mlla;

Jui=Jdu+ Jp+ I — mizcyMKOBUH MOMEHT iHepuii,
NPUBEJCHUN JI0 Bajly TiIPOMOTOpA, B SKUN BXOIATH Jy —
MOMEHT iHepIil YaCTHH TiIpoMOTOpa, IO 00EPTAIOTHCA,
J, — MOMeHT iHepIii NpuBOAHOT yacTuHU (MypTH), JYy —
MOMEHT iHepuii rajnbMiBHOro mpucrtporo [ITI ms
BunpoGysans OT'TI PM, kr-m?;

Pu=Ppy 1 ps; — THUCK B JHIAX HAarHITaHHSA HACOC-
rizpomorop i 3muBy PP mo Hacoca, BIAMOBIAHO (TUCK ps,
npuiiMaeTbes noctiitanm), Mlla;

Nurw — TiApoMexaniuauit KK/ rizpomortopa PM;

M. — MOMEHT onopy (30BHIIIHBOTO HABAHTAKEHHS),
H-m.

[TpuBeneni piBHSIHHSA NOKa3ylOTh, IO IIPH OLIHII
quHaMig9HEX XapaktepucTuk OI'Tl ocHOBHUME 3MiHHHMH
B yaci mapamerpaMu € mojada Hacoca Q. 1 MOMEHT
OTIOpYy 30BHINIHHOTO HABAHTAXXEHHS M. Ha TiIpOMOTOpP
PM.

Jnst  3amamHs  pexxmmiB  podotm  OITl  PM
ckopucraemocst 6rokamu VisSim-map, siki 103BOJISIOTH 3a
NONEPEHb0 CKIAJEHOI IMKIOTPAaMOI0 BBEICHHS B
MOJIEeNTb aJIeKBaTHHUX 32 YaCOM BIUIMBY PEXHMIB. 3 1HIIOTO
00Ky, MpH BIANPAIIOBaHHI ONTUMAIBHUX PEXKUMIB pOOOTH
OI'Tl O6moku map J03BOJIAIOTH BHOCHTH HEOOXiTHI
KOPEKTUBH B iIHTEPAKTHBHOMY pexHuMi. BuxopucroByemo
Mmero] interpyBanHs Pynre-Kyrtra 4-ro nopsiky TouHOCTI
3 muckpetHicto 0,001 c.

Ha puc.4 npuBeneHi pnaHi, IO 3aJar0ThCs, 1
po3paxynkosi 3HaueHHs OI'Tl PM B moBHOMY LWKJIi HOTO
¢ynkuionyBanns. Crioyatky poOHMTBCS 3allycK Hacoca i
PO3TiH TiIPOMOTOpa HA XOJIOCTOMY XOAYy JO YacTOTH
obepranns 300 x8™' Bmpomomx 1,89 ¢ (3 KuHKIEpOM
miamerpom 0,76 MM B JIiHII yHOpaBIiHHSA pEryJIsATOpa
Hacoca). IloTim 3a uvac 4 c (iHTepBan 3—7 c) poOUTHCA
HABaHTA)XCHHS METaIbHHUKA TPYHTOM, IO BiJICHIIAETHCS,
no momeHty omopy 380 H'M 1 MOMEHT 3aluIlaeTbes

Vu poboumii  06'em rigpomoTopa ObepraHHs  mocTiffhum (mepenan THCKiB B Tigpocuctemi 14 MITa).
pu—>» —— >—
Qu= 0w AQun Vip(lse:L) pPwm A/_QM..’}B
AQupn -—— 4,
K e |— Q-“lilt Ad Jrn
i AQH 3B f Jp
-"".- - M
@100 aoun] MCRE()
J
I——q __M_' MM Mc
B B
P3n AP =pu-pan

<

Puc. 3. Po3paxynkoa cxema OI'TI PM 3 3amkHenuM nanirorom uupkyssidii PP (E — npuBoauuii enexrpoasuryH Hacoca H,
I'TI — raneMiBHUI IPUCTPiii TimpomoTopa M)
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Puc. 4. MonentoBanus po6otu OI'TI poTopHoro meranpHuka PM mix yac po3roHy Horo riipoMoTopa Ha X0JIOCTOMY X0y, PEKHMI
HOPMaJILHOT'O 3aBaHTaXKEHHsI 110 KpyTHOro MoMeHTy M, cynpoTtuBy 380 H-M i cronopinus rigpomoTopa mpu MomenTti 700 H-m

Jami iMITyeThCSI TIepeBaHTaXXEHHS METalbHHKA [0
700 H'm (imtepBan 10-10,5c¢), mo npu3BOAUTH 10
ctpubka TucKy mo 27 Mlla, BigkpuTTIO 3amo0i>KHOTO
KJamaHa 1 pI3KOMYy 3HIKCHHIO YacTOTH OOepTaHHS
rigpomoropa. [loTiM KONMBaHHS THCKY 3aTyXamTh 1
BCTaHOBJIIOEThCS NOCTiHHUN THCK 26 MITa.

Crmig  3a3HauMTH, 110  CTaAidHMHA  3ammycK
TIIPONIPUCTPOIB — 3OUIBIICHHS TMOJNAYi Hacoca IpU
XO0JOCTOMY XOAi TiIpoMOoTOpa 1 TIOTIM 3pOCTaHHS

MOMEHTY CYIpPOTHUBY IpU BiJCHUNAHHI TPYHTY ICTOTHO
3armo0iraroTh KOMMBaIEHUM tporiecam B OT'TL.

ChpanpoByBaHHsI 3aloODKHOIO KJIANaHa 3aXHIIAE
OI'Tl Bix miIBUIIEHUX HABAaHTAXKEHb, a 3aCTOCYBAaHHS
CHCTEMH aBTOMATHYHOTO IIEPEKNIaay TIOXHMIOTO JUCKa
Hacoca B HEWTpaJbHE IOJOKEHHS CHCTEMOIO «cut-0ff»
BUKITIOYAE TIEPErpiBaHHs BY3IiB TePTS TigpomamiH. Kpim
TOT0, MOJIUBOCT] €JIEKTPOT1APOaBTOMATHKU TO3BOJISAIOTH
ONEpaTUBHO  3pearyBaTd Ha  IIJBHINEHHS  THUCKY,
MEPEMKHYBIIU TiAponwIiHap nomanus JIPO Ha migiiom
BiJl PYHTY.

Posrisemo xapaxrep 3Minu Trcky B OI'TI PM mpu
PO3rOHI TiAPOMOTOpa B PeXHMi Xosocroro xomy. s
repotopHoro rigpomoropa MH200 B kaTano3i Bka3zaHO
3HAUEHHS Mepemnajay TUCKIB Xojoctoro xoxy B 0,8 MIla
npu dYactori obepranHs 300 XB_l, MO0 Ja€ 3HAYEHHS
MOMEHTy omopy B 25,6 H-m. PoGumo nomymienHs mpo
MOCTIHHICTD BKAa3aHOTO MOMEHTY OIOpY 1 BeIeMo
po3paxyHku guHamikun OI'TI PM mpu pi3HUX 3HAUCHHSIX
niameTpiB kukiepiB. Ha puc. 5 mpuBeneHi ocimiorpamu
3MIHM 3HAuYCHb IMOJA4i HAcoca 1 MOMEHTY OIOpy
TiIpOMOTOpa XOJOCTOTO  XOAy, IO 33JaloThes, 1
3HAMJEHNX PO3PAaXyHKOBUM MUISIXOM 3HAY€Hb YaCTOTH
obepranHs rigpomoropa, Tucky B OI'Tl i #oro BuXinHiH
MOTY>KHOCTI Ha JABOX PEXMMaxX — 3a BIICYTHOCTI XHKJIepa
B JIiHIT YIIPaBIiHHS 1 3 KHUKIEPOM MiHIMAIBHOTO IdiaMeTpy

16 MIla 3a BincyTHOCTI *wuKiepa (puc. 5, a) i no 6 Mlla
mpu #oro MiHiManeHOMY nmiametpi (puc. 5, 6). Tomy
MOJKHa 3pOOWTH BHUCHOBOK TIPO JAOIIBHICTE BBEACHHS
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0.1. TACIOK

CUCTEMA PETYJIIOBAHHS IBUAKOCTI I'TIPOTYPBIHU

HaBeneHo aHami3 iCHyIOUMX Y CBITOBIiH 1 BITYM3HSHIH MPAKTHI CHCTEM YNPABIHHSI IiAPOTypOiH. PO3MISIHYTO KOHCTPYKTHBHI 0COOIMBOCTI OOYI0BU
CXeM 3 QUCKPETHHM 1 JUCKPETHO-aHAJIOTOBUM CIIOCOOOM ymHpaBmiHHS. HaBeneHo cXeMH yIpaBiiHHS 9acTOTOIO OOEpTaHHS TiIpoTypOiHH IPOBITHUX
(ipM-BHpOOHUKIB TinpoTypOiHHOro obnamgHanui: BO «JIM3» i ALSTOM POWER HYDRO (®panuis, I'penoGis). IlpuBenena xomm'toTepHa
CHCTEMa PEeryJIlOBaHHs LIBHIKOCTI TifpaBiiuHol TypOiHu rapantye Ge3aBapiiiHy poOOTy B pa3i BIAXWICHHS HaBaHTAXKEHH 1 300iB B €IEKTPOMEPEXKI.
MO>XJIMBUIA MOBHICTIO aBTOMAaTUYHUI CHOCIO yNpaBIliHHS Tigpoarperatom, Mpu SKOMY KOMIT'IOTEpPHA CHCTEMa yNpaBisi€e TYpOiHOK CaMOCTiHHO, Ha
OCHOBI BPaxOBaHUX JaTYMKaMH IIapaMeTpiB poOOTH Trigpoarperary, BimmoBinHo 1o mporpamu kepyrodoi EOM. Cucrema ympaBiiHHS HOCTIHHO
KOHTPOJIIOE pOOOTY TiAPOTYPOiHH, peryIoe il MBUAKICTh 3TiAHO 3 HABAHTAXCHHSM, BUKOHYE aJeKBaTHI Kepyloui onepauil. Biukonano ananiz po6otu
CXeM 3 ypaxyBaHHsM crenudiku QyHKIIOHYBaHHSA CHCTEMH PETYJIOBaHHS. PO3IIMHYTO HeNiHifHY MaTeMaTHYHy MOJEIb TiPOMEXaHiqHOI YaCTUHU
perynsTopa JUisi OLIHKH MMOKAa3HUKIB SKOCTI MEPeXiHUX MPOLECiB, IO BiOYBAIOTHCS B MPOLEC] MYCKY, 3yNMUHKH 1 peBepcy riapoTypOinu. [TokazaHo,
110 Po3poOKa Teopii i METO/IIB MPOCKTYBAHHS 3 BUKOPUCTAHHSIM 000X ITiIX0/iB, MATEMAaTUYHNUX MOJEJICH 1 alrOPUTMIB YIPABIIHHI, CIPIMOBAHHX Ha
IiIBUILICHHS TOYHOCTI MO3UIIIIOBAHHS 1 HAIIHHOCTI TiIPOMTHEBMOCUCTEM 3 MOXKJIMBUM CIPOIICHHSAM CXEMHHX PillleHb, € HAHBAXKIIMBILINM 3aBJIaHHSM,
CHPSIMOBaHHM Ha OTPUMAaHHS 3HAYHOTO €KOHOMIYHOTO e()eKTy HpH BHPILICHHI 1i€l HaliBakuBimoi npobnemu. OTpuMaHi pe3yabTaT JOBOAATH, 10
3aCTOCYBAaHHS MO3ULIMHUX TiIPOIHEBMONPUBOAIB IJIsI MOOYMOBH CHCTEMHU YIPAaBIIHHS IIBHAKICTIO TiIPOTYpOiHM 3 IUCKPETHHM 1 JHUCKPETHO-
AHAJOrOBUM YIIPABIIHHAM, JO3BOJIIE CHHTE3YBAaTH TiJPOITHEBMOIPHBOAM 3 BHCOKOI TOYHICTIO MO3UIIIOHYBaHHs, 0€3 3aCTOCYBaHHS JIOPOTHX
TiIpOPO3NOAIIBHUKIB 3 NPOMOPLIHHNAM yIIPaBIiHHAM.

Korouosi ciioBa: cucreMa ymnpasiiHHS, po0Oode KoJeco, HOBOPOTHO-JIONATEBa IiapoTypOiHa, peryisTop, MaTeMaTHYHa MOJEINb, MO3HIIHHHI
TiZIPOITHEBMOIIPHBIJI, CHHTE3.

0. HASIUK
TURBINE SPEED CONTROL

Provides analysis of hydraulic turbine control systems existing in the world and domestic practice. The design features of constructing circuits with
discrete and discrete-analog control methods are considered. The schemes for controlling the speed of the turbine of the leading manufacturers of
hydraulic turbine equipment are given: PO "LMZ" and ALSTOM POWER HYDRO (France, Grenoble). The given computer system of hydraulic
turbine speed control guarantees trouble-free operation in case of load deviation and power failures. A fully automatic method of controlling the
hydraulic unit is possible, in which the computer system controls the turbine independently, based on the parameters of the hydraulic unit operation
taken into account by the sensors, in accordance with the program of the control computer. The control system constantly monitors the operation of the
hydraulic turbine, adjusts its speed according to the load, performs adequate control operations. The analysis of the operation of the circuits is carried
out, taking into account the specifics of the functioning of the regulation system. A mathematical model of the hydromechanical part of the regulator is
considered for assessing the quality indicators of transient processes occurring in the process of starting, stopping and reversing a hydraulic turbine. It
is shown that the development of theory and design methods using both approaches, mathematical models and control algorithms aimed at increasing
the positioning accuracy and reliability of hydropneumatic systems with a possible simplification of circuit solutions is an important task aimed at
obtaining a significant economic effect when solving this most important problem. The results obtained prove that the use of a positional hydraulic-
pneumatic drive for building a hydraulic turbine speed control system with discrete and discrete-analogue control makes it possible to synthesize a
hydraulic pneumatic drive with high positioning accuracy, without the use of expensive hydraulic valves with proportional control.

Keywords: control system, impeller, rotary blade hydraulic turbine, regulator, mathematical model, positional hydraulic pneumatic drive,
synthesis.

Beryn. Cucrema ympaBniHHs 4yacTotoro obepranus — [Tlpg [1, 7].
poropa Ttigpotypbinm (CYUYOP) mnpusHaueHa s Ha puc.1l 300paxkeHa ¢yHKmioHaTBbHa CHCTEMaA
BUKOHAHHS HACTYIIHAX OCHOBHUX (yHKMii: myck komm'iorepHoi CYUOP  rimportypOinu, po3poOieHa
rizpoarperaty (TigpoTypOiHu i enektporeHepatopa), npu  ¢ipmoro ALSTOM POWER HYDRO (®panmis,

SKOMY MEXaHI3MH TPHUXOISITh B [il0 B MOTPiOHIN
MOCTITOBHOCTI (pO3BOpPOT pobodoro Kojeca, arperart
PO3TOPTAETHCS, CHHXPOHIZYETHCS 1 MiTKIIOYAETHCS 0
Mepexi); poboTa Ha CHEPTOCHCTEMY BEJIHMKOI MOTYKHOCTI;
poboTa Ha i307b0BaHe (BHIIICHE) HABaHTAKEHHS, CTiiKa
poboTa Ha XOJOCTOMY XOOy; poOoTa TpH CKUAAX
HaBaHT@XEHHS 3  BIJKIIOYEHHSIM TIeHeparopa  Bij
eHeprocucremMu Ta iH. 3Hauyme wmicue B CYYOP
3aiimatoTh rigpasiiuni npusoau (I'TI), oo npeacraBisoTh
co00I0  CYKYNHICTh  TiApPaBIIYHUX MPUCTPOIB,  IIO
3a0e3neuyroTh  y3rO/PKeHEe BUKOHAHHSA — QYHKIIA 3
peryimoBanHs Hanpasisirodoro amapary (HA) i po6odoro
koneca (PK) B moBopoTHo-onaresoi Typ6inu [1-15].
Cyuachuii cman pozeumky CYYOP. Tlonanpmmii
PO3BUTOK OOYHCITFOBAILHOI TEXHIKH, 3aC00IB aBTOMATHKH,
eJeMeHTHOI  0asm rigpooOIaTHaHHsS i Teopii
ABTOMATHYHOIO YNPABIiHHA [JO3BOJIMIM TNEpedTH 10
pO3pOOKKM 1 CTBOPEHHS OUIBII JOCKOHAJIUX CHUCTEM
peryioBaHHs TiapotypOiHamu i 1i ckiagoBux [Tlys i1

I'peno6ie) [1]. IlomiGHi cuctemm po3pobieni dipmamu
Woodword (CHIA), VaTech (Asctpist), Voith Siemens

(Fepmamis).
binburicte TiIpaBIiYHAX TypOiH I'EC
eKCILTyaTy€eThCs 3 riIpoMeXaHIYHUMH i

€JIEKTPOT1IPABIIYHUMH PETYJSITOpAaMH LIBHIKOCTI THITY
PK i EIPK, ski po3poOmsuivcsi 1 BUTOTOBISUTHCS Yy
1950-1960 pokax.

L1i perynsitopu HaziliHi B poOOTi 1 00CIYroBYBaHHI,
ale Ha CHOTOAHIMIHIA JEeHb BOHM HOCTYHAIOTHCA
Cy4acHMM IM(POBUM EJICKTPOHHUM pETYJATOpaM 3a
TaKUMU TTapaMeTpaMH, SK MBUIKOMIS peakilii peryisTopa
Ha 3MiHY 30BHIITHHOTO HABAHTAXXCHHS, YAaCTOTH MEPexi,
3IaTHICTH MiaTHOCTYBaTH CTaH JIAHOK PETYTIOBAaHHSA |
3IIICHIOBATH MOLIYK HECIIPABHOCTEH, IPUHMATH PillICHHS
II0JI0 EKOHOMHOT'O BUTpayaHHs TipopecypciB.

Jlist BupilieHHs 3aBOaHHS MOJEpHI3alil iCHYH0YOi
CHCTEMH PETYJIIOBaHHS 4acTOTH O0EpTaHHS TiJpaBIIidHUX
Typbin Ha I'EC xoncopuiym «Perynsropy» (YkpaiHa,
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XapkiB) crinbHO 3 ¢ipmoro ALSTOM POWER HYDRO
(®panmis, ['perobms) po3poOMIK, BUTOTOBWIM 1
moctaBwid Tix HaBaHTaxeHHs Ha ['EC JIHImpoBCBHKOTO
Kackagy IMQPOBI PEryJSTOPH 1 CHUCTEMH 3BOPOTHOTO
3B'SI3Ky, IO JO3BOJIAIOTH 3IiHCHIOBATH PETyIIOBAHHS
Typ6in Tumy Frensis, Kaplan i Kaplan Bolb [2-13].

Perynarop 3a0esneduye sK pydHE peETyJIOBaHHI
TypOiHHM, TaKk i aBTOMaTW4He, 3 OIVISIy Ha IITAaTHI Ta
no3amratHi cutyauii. Perymstop ocHamieHuwit m'stbMa
CHCTEeMaMH 3aXHCTy TypOiHH Bijl aBapiil.

Perynstop ckinamaerbcss 3 €IEKTPOHHOI YacTUHU

(6opToBuit EOM), €JIEKTPOT1IpOTIePETBOPIOBAYIB,
TiIpaBIIYHUX BUKOHABYMX MEXaHI3MIB 1 HPHUCTPOIB
3BOPOTHHX 3B'A3KIB 32 CTPYMOM 1  ITOJIO)KEHHIO

BUKOHABYMX MeXaHi3MiB Tumy I / S.

Perynarop mBHAKOCTI MOXKE OTPHMYBATH 3aBIaHHSI
Bil YacToTH oOepTaHHSI Bady TypOiHH, TOJIOXKECHHS
HATIPaBJLTFOUOTO anapaTy abo MOTYKHOCTI TeHepaTopa:

1) wBumKWMii 3amyck Tigpoarperary (Timporypbina
+ eJIeKTpOreHeparop) i maTpuMaHHs cTadlIbHOT poOOTH B
PI3HUX eKCIUTyaTaIliifHAX PeKUMax;

2)  aBTOMATHYHY CHHXPOHI3alli0 pobotu
ripoarperary i eleKTpHYHOT MEpEexi;
3) onTuMmizarito pobotu rigpoarperary

CHpsIMOBaHy Ha IiJBHUIIECHHS €(EKTUBHOCTI YNPaBJIIHHA
3a JI0MoMOrolo 300py Ta 00poOKkH iH(pOpMaIllii, KOHTPOIIIO
BEJIMYMHH HABAaHTAKCHHS 1 XapaKTEpUCTHUK TiApoTypOiHH
B IIUPOKOMY JIialla30Hi HAIIOPiB;

4) aBTOHOMHY pO0OOTy  Tigpoarperary
3MIHHUX Ta CTIHKHX HABaHTAKCHHSIX.

Komn'totepHa cucremMa perymroBaHHS IIBHIKOCTI
rizpaBmiyHOi TypOiHM TapaHTye Oe3aBapiiiHy poOoTy B

pu

pa3i  BIOXWJICHHS  HaBaHTaXEHHI 1  3001B B
enmekrpomepeki [3].
MOXNIUBHAH  TOBHICTIO ~ aBTOMATHYHUH  CIOCi0

BuxigHuia

YIPaBIIHHS TipoarperaTtoM, IMpu SIKOMY KOMI'IOTEpHa
cucTeMa ympaBiisie TypOIHOIO CaMOCTIHHO, Ha OCHOBI
BpaxoBaHHUX JATYHKaAMH napameTpiB pobotu
rizpoarperarty, BiIIOBiHO 10 mporpamu kepytouoi EOM.
Cucrema ynpaBliHHA IIOCTIHHO KOHTPONIIOE pPOOOTY
riApoTypOiHM, perymoe 11 MBHAKICT  3TiTHO 3
HaBaHTaKEHHSIM, BUKOHYE aJIeKBaTHI Kepyrodi oneparii.

CucTeMOr0 ympaBliHHSA 3a0€3MedyeThes 3B'SI30K 3
OIIepaToOpoOM: 3a JOIIOMOTOI0 KJIaBiaTypH MEPCOHAIBHOTO
KOMIT'FOTEpa OIepaTop MOXKe 3MIHIOBATH IyHKTH Habopy
oiif  cuctemw, — TPOBOAWTH  3MIHY  IapaMeTpiB
peryIitoBaHHS, BUPOOIATH BUIPOOYBAaHHS BCi€l CHCTEMH B
iIoMy.

Cucrema Moke OYTH OCHallleHa aBTOMAaTHUYHHUMU
NPUCTPOSIMU  JIOKAJIHOTO YIPaBIIiHHSA 1 Oe3neku, sKi
TIepEBIPSIOTH rizpoarperar, KOHTPOJIIOIOTh
TEeMIIEpaTypHUI peXnM, BiOpaii, peecTpyroTh 3001 1 T. 1.

B wminomy koMmn'roTepHa CHCTEMa peryJOBaHHS
IIBUAKOCTI TipaBiigHOl TypOiHM OULTBIN HafifHA 1
epexTuBHa HiK BcraHoBieHi panime Ha ['EC VYkpainm
€JICKTPOTIIPaBIIIYHI PEryJIATOPH IIBHIKOCTI.

AmHaJji3 peryasitopiB. Enexrporinpapnidaa cucrema
VIPaBIiHHSA YacTOTOI0 OOEpPTaHHS poTopa TiIpOTypOiHM
(CYUOP) IO «JIM3» tumy €1P-2I1 Binpi3HA€THCS Bifn
MOTIePEeHIX OUIBII IIIMPOKMM BHKOPHUCTAHHSIM 3ac00iB,
NPUCTPOIB  Ta  amapaTypd, 100  BHILYCKA€THCA
€JIEKTPOTEXHIYHOIO, €JIEKTPOHHOIO Ta NP 00YAiBHOO
TPOMHUCIIOBICTIO [4].

Ha puc.2 300pakeHa (QyHKIIOHaJIbHA CcXeMa
CHCTEMH 1 MeXaHi3MiB ()OpPMYBaHHS KEPYIOUOro CHUTHAITY
miei momudikariii. Ha BXing momaeTscst 3agaHe 3HAYCHHS
perynboBaHoi 4acToTd f3, 3a  JIOHOMOrol  SIKOToO

3IIIICHIOIOTHCSL HEOOXi/THI 3MiHM 4acTOTH 00EpTaHHS Bay
rinzpoarperaty (I'A), mo npaioe Ha XoocToMy xoay abo
Ha 130JIb0OBaHE HAaBAHTAKEHHSI.

curHan

w

Puc. 1. ®ynkuionansHa cxema komm'torepHoi CYYOP:
Ullps;, U3y, Ullcyg, Ullcpmp — BUMipIOBasibHI epeTBOPIOBaYi MOJ0KEHHS BiIIIOBIJHO TOJIOBHOTO 30J0THUKA i CEPBOMOTOPA;
MHY - macnonamnipua ycranoBka; EOM — enektponna obuuciroBansHa Mammaa; CM;, CM, — cepBoMoTopy;
EI'TIy, ET'TI;, — enextporinpasiiuni nepersoproBadi; '3, I'3; — ronosHi 30moTHNKH; HA — Hanmpaisrounii anmapat; PK — po6oue
kousteco; ['A — rimpoarperar; I'Tlpx — Tigponpusig moBopoTy jgonacteit pododoro xomueca; [Tl — rizponpuBia MOBOPOTY JIOMATOK
HaIPAaBJISYOro arnapary
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Puc. 2. ®ynkuionansHa cxema enekrporigpasiigaoi CYUOP noBoi Moandixarii:
MHY - macnonamipHa ycranoBka, Ir — roiosuuii interpatop; ITH, ITHr — BumiproBanbsHi TpanchopMaTtopu CTpyMy i Hanpyry;
YYE-1, YYE-11 — yactoTHO-4yTaHBi eneMeHTH; Y1, V2, V3 — mincuntoaui; BY — Buxiauuii mifcumopay;
ETTI - enexrporiapasniuauii neperBoproBay; I3 — i3oapom; Ct — npuctpiit 3minu cratusmy; EI" — enexrporeneparop;
BT - o6eprosuit Tpancdopmarop; I'T — rizpotypbina; C — cymarop; HA — nanpasnstounii anapat; I'Tlpx — rizponpusia moBopoty
nonareit podogoro koneca; ['Tly, — rigponpuBig MOBOPOTY JIOMATOK HANPABIIAIOYOro anapaty; ['A — rigpoarperar

et BXimHWI CUTHAN TIOPIBHIOETHCS 3 (PAKTUIHOIO
YaCTOTOK HA BUXIIHUH JAHIIOT elekTporeHeparopa fo

(mns BOTO BHKOPHUCTOBYIOTHCS BHMIipIOBAITBHI
TpaHcopmaropu  Hanpyru 1 crpymy).  CurHan
HEY3ro/DKCHOCTI  HaAXOAWTh Ha  HiICWIOBaY Y,
interparop Ir, sKi OXOIUIEHI 3BOPOTHHUM 3B'SI3KOM

CUTHAJIOM BiJ| eJIeKTpu4YHOro i3ozapomy I3. Ha Buxonmi Ir
(opMyeThCSl CHTHANl 3aBAaHHS Ha 3MiHY TOJOXECHHS
nonarok HA. Ha cymartopi C meil curHam 3aBaaHHS
MOPIBHIOETBCA 3 CHUTHAIOM (aKTHYHOTO TOJOXKCHHS
mroky CM HanpaBist04oro anapary.

Curnan HeysromkeHocti Haaxomuth Ha EITI, mo
BUKITUKA€E TMepeMilieHHs 3ooThuka [3, omke, i CM mo
TUX Tip, NOKH HE OyJe BiANPamboOBaHO BiIXHUICHHS
YaCTOTH, IO 3'SIBUIIOCSL.

OcobmmBocTsaMu  MoauGikamii €: iHmMuH cmocio
BUMipIoBaHHs (akTH4HOI yactoTu oOepranHs 'A, iHmn
npuctpoi meperBopeHHs curHamy Ha [Tl i 3MeHIeHHs
YHCIIa eJIEMEHTIB, 10 BXOJATH 10 ckiany ['TI.

HopmanbHe ¢yHKIIOHYBaHHSA CHCTEMH B 3HAYHIN

Mipi BH3HAYAEThCS JWHAMIKOW 1i TiPOMEXaHIYHOT
yacTWHU. Hampuwkian, Ui TOBOPOTY — JIOMATOK
HaIPaBJIIOYOTO amaparty HA BOHA BKJIFOYA€E
MacJOoHaIlipHy YCTaHOBKY MHY, TOJIOBHUI
rigpoposnoaiibHuk [P, IBa  cepBoMmoTopa 1
HaIpaBJIIOuUN arapar HA 3 BIAIIOBIAHUMH
BUMIpIOBAILHUMH ~ TIEPETBOPIOBAYAMH  iX  ITOJIOXKEHHS
[5, 6, 8].

MaremMaTiH4dHa MOJIEINH 11€] YACTHHU MICTUTh.
- piBHstHHS o miinuau [P [14]

Ay, =2R*(a—sina), (1)

%)
o =arccos| 1 ——|;
R

- pIBHSHHS BHUTpaT 4Yepe3 HamipHy 1 3JIUBHY
nopokHuHu I'P
QHn = HAm PI) ) ( )

e - ()
A
AK

- piBHSHHA THUCKIB B  HamipHii 1  31MBHIH

MOPOKHUHAX ~ Yy3arajlbHEHOro (EKBIBaJIEHTHOI'O JIBOM)
cepsomoTtopa CM

plz(QH“_A“XZ)E, p2=(AnXZ _QCH)E; (4)
VOH + Aan Voc _Anxz

- PIBHSIHHSL PyXY LITOKa CEPBOMOTOPA, IO 3IIHCHIOE
MOBOPOT Jiomatok HA

mX, = A, (P, - P,)

- BUpa3, 110 BU3HAYa€ MepeMilieHHs 30J0THUKA [P,
BHUKIMKaHEe KepyrounM BIumBoM Bix EOM mnpu 3MiHi
HABaHTAXXCHHA Ha TiAPOTypOiHy

X = X(1). (6)

_FTP_B).CZ_FC; (5)

Tyt R — paniyc 3omotamka I'P; p, p — BigmoBigHO
Koe(ilieHT BUTpaTH 1 IiIsHOCTI pobouoi pimuau (PP);
Pumuy — tick PP 8 MHY; Ay — mioma nepepi3y miaBigHAX
i BigBigHuX kaHamiB ['P; E — 00'eMHMIT MOIYJTb TIPY)KHOCTI
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PP; Vou, Voc — nepBuHHHMI 00'eM BiNMOBITHO B HAMIPHIHN 1
3MUBHIA MMOPOXXKHUHAX CEPBOMOTOpPA; Frp — cmima Tepts
MOPIIHS 1 ITOKa CEPBOMOTOpa 00 CTiHKH; M — cymMapHa
Maca PyXOMHX YacCTHH, NPUBEICHA JI0 OCi CEpBOMOTOPA;
B — xoeoimient B's13k0ro TEpTH; A — e(peKTUBHA IUIONIA
HOPIIHSA CEPBOMOTOPA; Xz — IHEpeMilleHHs IITOKa
CM [15-21].

IMpn nocnimkenni marematnynoi mozeni (1)—(6) i
miHiiHOMy 3akoHi 3miHuM X(f) B cepemoBHINI MaKeTy
IMITAIIfHOTO MOJIC/IIOBaHHS OyJM OTPUMAaHI MepeximHi
nporecy nepeminieHus Xz(t) npu noBopoti jomatok HA
Ha 30UThIICHHS BHUTpPAT. JOCTIIKCHHS JIATIA B OCHOBY
BHOOPY CIIBBiTHOWICHb BIAKpUTTA Kpaifok I[P i
MIBUIKOCTI  NEPEMIlIeHHs JIOMAaTOK  HAaIpaBJISIOYOTo
amapaTy Uil 3a0e3MeueHHs JUPEKTHBHOTO 4Yacy IpH
mycKy 1 3ynuHIi Tigpaemigaoi Typ6ian. ['padikn
MEepexifHUX TPOLEeCiB, 3HATI MpH  HAJAroKECHHI
perymsatopa Ha Typ6ini [1J120-80)K Kpemenuynpkoi ['EC,
MmoKa3aii, 10 IU(POBHH PETyIsITOp ICTOTHO IOKpaIlye
XapaKTEePUCTUKU TYpOIHM NPH IIUPOKIKA 3MiHI 30BHILIHIX
(hakTopiB, 110 OOYPIOIOTh, 1 MOXKE OYTH OCHOBOKO ISt
MOJAJBIIOr0 BJIOCKOHAIEHHS MPOLECIB  PETYITIOBAHHS
TypOiH.

BucnoBku. 1. Ananiz CYUOP 3a ocrtanHi poku
MOKa3y€e YITKy TEH/ACHIIO BIPOBAKEHHS B CHCTEMY
CydJacHHX 3aco0iB TNpuiIagoOyayBaHHS Ta EJICKTPOHHOI
TexHikn, Bkimoyatoun EOM. Ile 3abe3meuye: 3 0gHOTO

OOKy ICTOTHE 3MCHIICHHA JOMOMDKHHMX MEXaHIYHHX
eleMeHTIB (TAT, BaXKENiB, JAHIIOTIB), TIAPABIIYHIX
i30ApOMiB; 3 IHIIOTO — BCTAHOBICHHA CYJacHHX

BUMIPIOBAJIbHUX IE€PETBOPIOBAYIB (IATYMKIB) YaCTOTH
obepraHHI i MepeMiIIeHHs 30JIOTHHKIB
T'1IpOPO3NOJIUILHUKIB 1 IITOKIB CEPBOMOTODIB.

2. [Moganeiuii pO3BUTOK OOYHCITIOBAIBHOT TEXHIKH,
3aco0iB ABTOMATHKH, €JIEMEHTHO]T 6asu
TiIPOMHEBMOOONATHAHHSA 1  Teopil  aBTOMATHYHOTO
YIpaBIIiHHSA 1 CHHTE3Y MO3HULIIHUX TiIpOITHEBMOArperaris
JIO3BOJIUB TEPEHTH A0 pPO3POOKM 1 CTBOPEHHS OLIbII
IOCKOHAIIMX CHUCTEM pETYJIIOBaHHA TimpoTypOiH 1 IX
CKJIIQIOBUX —  TiAPONPHBOAY  MOBOPOTY  JIOMATOK
HaIpaBIISIOYOr0  amapatry 1 TCiIpONPUBOAY HOBOPOTY
jorateid pobodoro Koseca, IO MPALIOIOTH  3TiTHO
KOMOIHATOPHOI 3aJIXKHOCTI [UIs 3a0e3MeUeHHS BHCOKOTO
KK]I i crifikoi poOoTH rigpoTypOiHm.
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MODERN SOFTWARE FOR THE NUMERICAL STUDY OF FLOW IN HYDRAULIC MACHINES

In the past few decades, the field of developing computer software systems has been actively developing, which in turn leads to competition in the
software market. Qualified engineers working in the hydroturbine industry must be able to use a computer not only at the user level, but also at the
programmer level in order to program modules for their own needs based on existing software systems. Recently, numerical simulation has become
applicable to an ever wider class of flows, replacing experimental research methods. Certain numerical models are characterized by different areas of
applicability and expenditures of computational resources. The paper provides an analytical review of modern CFD software systems. The advantages
and disadvantages of these programs are analyzed in terms of building a three-dimensional model of the object of study, creating a computational grid,
setting boundary conditions and visualizing the calculation results. The analysis and comparison of existing mathematical models that used to calculate
the spatial flow in the flow path of hydraulic machines has been carried out. There are many different programs for solving hydrodynamic problems,
some of the advanced commercial software systems are Ansys, SolidWorks Flow Simulation, Autodesk CFD. There are also open source software
products. These automatic design systems make it possible not only to perform high-quality modeling of systems of various physical nature, but also to
study the response of these systems to external influences in the form of distributions of pressures, temperatures, and velocities. The calculation
algorithms in the programs are similar; the distinctive features of the programs can be evaluated according to the following criteria: grid generation,
accuracy, reliability (convergence), calculation speed, model physics, system flexibility. The use of modern software packages for studying the
hydrodynamic characteristics of the flow in hydraulic machines significantly reduces the time and material resources in comparison with physical
modeling.
Keywords: hydraulic machines, numerical research, hydrodynamic calculation, mathematical model, spatial flow, CAD systems.

€. C. KPYIIA, €. O. JEMYYK

CYYACHE ITPOT'PAMHE 3ABE3NIEYEHHS JIUIAA YUCEJIBHOI'O JOCJIIIKEHHSA IIOTOKY B
I'TAPOMAIINHAX

B ocranHi KiJlIbKa AECATUIIITh AKTHBHO PO3BUBAETHCS Chepa po3poOKH 0OYHMCIIIOBAIBHUX MPOTPAMHUX KOMIUIEKCIB, 110 Y CBOIO YEPry HPH3BOAUTH JI0
KOHKYPEHLIl Ha PUHKY IporpamHoOro 3adesneueHHs. KpamidikoBaHi iHXeHepH, II0 HPALIOTh B raiy3i rigporyp0o0ynyBaHHs MMOBHHHI BOJIOIITH
KOMIT'IOTEpOM He JIMIIE Ha PiBHI KOPUCTYBaya, a i Ha piBHI IporpamMicra, o6 Ha 6a3i iCHyI0UMX POrPaMHUX KOMIUIEKCIB IPOrpaMyBaTH MOIYJI JUIs
BiIacHUX morped. OCTaHHIM 4YacoM 4YHCENIbHE MOJEIIOBAHHS CTa€ 3aCTOCOBHHM [0 JeAali MIMPIIOrO KJIacy Tedild, 3aMiHIoI4YH co00k0
€KCIIEPUMEHTAIbHI METOAM AOCTI/pKeHHS. T1 UM iHIII YHCeNbHI MOJENI XapaKTepH3YHOThCS PI3HUMH OOJIACTSMM 3aCTOCYBaHHS Ta BHUTpaTaMu
OOYHCIIIOBAIBHUX pecypciB. Y poOOTi IMPOBENEHO aHANTHYHMHA oI cydacHHX mporpamuux komiurekciB CEFD. IlpoanamizoBaHo mepeBars Ta
HEJIOJIKM JaHUX MPOrpaM y YacTHHI MOOYJOBU TPUBUMIPHOI MOAENi 00'€KTa JOCIHIKEHHS, CTBOPEHHS PO3PAaXyHKOBOI CITKH, 3aBJAHHS IPAHUYHUX
YMOB Ta Bi3yauizamii pe3yibTaTiB po3paxyHKy. [IpoBeseHO aHail3 Ta NMOPIBHSHHS ICHYIOYMX MAaTEMAaTHYHHX MOJIEICH, IO 3aCTOCOBYIOTBCS UL
PO3paxyHKy IPOCTOPOBOI Tedil y MPOTOYHMX YacTHHAX TigpoMamiyH. JIyist BUpINIeHHs IiqpoANHAMIYHHX 3a/ad iCHy€e 6araTo pi3HHX IPOTpaM, OJXHHMH
3 MEPEOBUX KOMEPLIMHUX NporpaMHuX KomIuiekciB € Ansys, SolidWorks Flow Simulation, Autodesk CFD. Tak camo iCHYIOTbh NpOrpamHi NPOIYKTH
3 BIIKPUTUM BHXiTHHM KOZOM. JlaHi CHCTEMH aBTOMAaTHYHOTO IIPOCKTYBAHHS J03BOJISIIOTH SIK BUKOHATH SIKICHE MOJCIIOBAHHS CHCTEM Di3HOI (i3mdHOT
IPHPOJY, TaK 1 JOCHIIKYBaTH BIATYK IMX CHCTEM Ha 30BHIIIHI BIUIMBH, TaKUX SIK: PO3MOJLT TUCKIB, TEMIEparyp, MIBHIAKOCTEH. ANTOPHTMU
MIPOBEACHHS PO3pPaxXyHKY Y IporpaMax CX0xi, BiJMiHHI PHCH MPOrpaM MO>KHA OLIHUTH 332 TAKUMH KPUTEPiSMU: I'eHepallisi CITKH, TOYHICTb, HaIHHICTh
(301XHICTB), WBHAKICT, OOYMCICHb, (i3MKa MOAENi, THYYKICTh CHCTEMH. BHKOpDHCTaHHS Cy4YacHHX NakKeTiB NporpaM Ui JOCIIDKEHHS
TiIPOAMHAMIYHUX XapaKTePHCTUK IIOTOKY B TiJPOMAIIMHAX 3HAYHO 3MEHIIYE BUTPATH 4acy Ta MaTepialbHHX pecypciB, HOPIBHIHO 3 (i3HIHHM
MO/ICITIOBAHHSIM.

Ki04oBi cjioBa: rifpaBiiyHi MallMHU, YHCENbHE TOCHIIKEHHS, TIAPOAWHAMIYHMN PO3PAaxyHOK, MareMaTH4YHA MOJEJb, IPOCTOPOBA Teuis,
CHCTEMHU aBTOMAaTHYHOTO IPOSKTYBaHHS.

Introduction. At the moment, software systems for
numerical calculations are rapidly improving in the world.
By optimizing the program code, the time spent on
computational processes is reduced. The use of improved
algorithms leads to the expansion of scalability, as well as
a reduction in the time of reading and writing files, and
improves convergence.

The application interface is constantly being
improved, which makes the work easier, faster and more
convenient. The main processes of algorithms for
calculating the hydrodynamic medium in all similar
software systems consist of the following items:

« creating the geometry of the object under study;

« setting a mathematical calculation model,

» creation of a computational grid;

« setting introductory boundary conditions;

« launching the created computational model with
the specified parameters in the solver;

« viewing calculation results

in graphical and

numerical form [1-11].

Overview of CAD programs for creating flow
geometry. The largest companies such as Autodesk,
Dassault Systemes, and others, along with programs for
calculating the flow, also create CAD programs in which
you can build the geometry of the object of study.

Consider some CAD products that can be used to
build 3D models.

The most popular and demanded programs on the
market at the moment are SolidWorks, Autodesk Inventor,
Kompas 3D, etc. [1-11].

In the SolidWorks 2022 program from Dassult
Systemes, it became possible to transfer sections not only
to cylindrical surfaces, but also to figures of varying
complexity. New features of Slicing have appeared, which
allows you to create 2D sections at the intersections of the
selected element and a set of planes, which in turn
facilitates work when joining complex parts [3, 12].

In Workbench 19.1 of the ANSYS software package,
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model geometry can be built in the SpaceClaim section,
Geometry, or the Design Modeler module. It should be
noted that the set of tools in these programs is much
smaller than those of the above, but they have all the most
basic functions for creating geometry, and these programs
also lack an interface in Russian [13-16].

ModuleWorkbench is an innovative project
management scheme, where it is possible to link different
stages of calculations with different blocks of studies; the
project is presented in the form of interconnected systems
in the form of block diagrams [13-16]. In Autodesk and
SolidWorks, the project is managed in the project tree
[12, 17, 18].

Autodesk this year updated the Inventor build to
version 2022. The new version, according to the
development team, is much more productive than previous
versions. The features of the new version will be
preserved if the product is used on the recommended
system requirements. It should also be noted that
AutoCAD 2022 was recently introduced — the most
powerful two- and three-dimensional CAD system, with
new additional features [17].

Examples of the interfaces of the programs described
above are shown in Fig. 1-3.

Creation of the computational grid. In SolidWorks
Flow Simulation and Autodesk CFD, the simulation grid
is built automatically and the grid editor is very simplified
compared to ANSY'S subroutines. Also in Autodesk CFD
there is no clear sequence for setting parameters, the grid
is generated when the solver is launched [15]. In
SolidWorks Flow Simulation, the grid is generated in the
project tree along with the entry points for boundary
conditions [1, 12].

The ICEM CFD subprogram is included in the
ANSYSS software package; this is an excellent solution for
creating complex computational grids specifically for
hydrodynamic calculations, where there are complex
curvilinear elements. ICEM CFD allows building
structured (hexagonal) and unstructured (tetra) grids
[13-16]. In the program, it is possible to cut flow paths
from the general geometry of the hydraulic unit, to thicken
the calculated cells, thereby creating a boundary layer.
The creation of a computational grid is a very important
stage for the calculation, since incorrect construction of
the grid will lead to damage to the calculation area
(Fig. 4).

Fig.5-7 show the results of the generated
computational grids in various software packages.
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Fig. 1. Solid model of the spiral case of the hydroturbine, made
in SolidWorks

Fig. 2. Solid model of the draft tube of the hydroturbine, made in
SpaceClaim

Fig. 3. Solid model of the inlet part of the hydroturbine, made in
Autodesk Inventor

Fig. 5. The computational built in ICEM CFD

Fig. 6. The computational grid built in Autodesk CFD
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Fig. 7. The computational grid built in SolidWorks

Mathematical models used to calculate the spatial
flow. The calculation of the flow of a liquid or gas in
modern software products is performed by numerically
solving a system of equations that describe the most
general case of the movement of a liquid medium. This is
the Navier-Stokes equation (1) and continuity (2):

o d
a(PUi )+a—Xj(P“i“j ) =

@)
0o 0 ou, ou;
:——+—u_+_ +fi’
X OX; oX;  OX

0 0
a—Ft)-‘raT(puj):O.

i

@

Here, the abbreviated notation of equations i, j=1-3 is
used, summation over the same indices is assumed, X1, Xy,
X are coordinate axes, t is time. The term fi expresses the
action of body forces [8, 9].

In this system with four equations, the independent
required parameters are the three velocity components uj,
Uy, Uz and the pressure p. The density p of a liquid, as well
as a gas at speeds up to 0,3 Mach, is considered a constant
value.

The flows in the rotating working bodies of
hydraulic machines are considered in a relative reference
frame, while the fi term on the right side of the equations
expresses the action of centrifugal and Coriolis forces:

fi=—p(20xU+dx(dxT)), ®)
where o is the angular velocity of rotation, F is the radius
vector (the module of which is equal to the distance from
the given point to the axis of rotation).

Flows in hydraulic machines are usually turbulent.
Direct modeling of turbulent flows by numerically solving
the Navier-Stokes equations written for instantaneous
velocities is still extremely difficult, and in addition, as a
rule, not instantaneous, but time-averaged values of
velocities are of interest. Thus, to analyze turbulent flows,
instead of equations (1) and (2), the Reynolds equation (4)
is used:

o[ — 0 — 0 ( —
5<pui)+6_xj(puiuj)+6_><j(puiui):

op 0| (ou ou
=——+—| | —+— ||+ T,
ox  0X; OX; O

(4)

where u, , U, , U5 are the time-averaged velocities;

U, Uy, ug are the pulsation components of the

velocities.

Various turbulence models are used to close these
equations. In the computational study of hydraulic
machines, the following turbulence models have proven
themselves well: "k-¢", "k-@" and SST [1, 4].

The model "k-&" uses two differential equations
(5-6) to close the system of equations of motion of the
Reynolds fluid, describing the transfer of the kinetic
energy of turbulence k and the dissipation rate €.

The disadvantages of the "k-¢" model are low
accuracy when modeling flows with separation from
smooth surfaces, as well as the need to use special
techniques when calculating the flow near the walls.

0 0 [ — 0 0
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The parameters € and p are defined as follows:
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Model k-¢ constants: C, =0,09;
Cn=192;06¢=1,0;0.=13[1,4].

There is also the "k-@" turbulence model developed
by Wilcox. In this model, the differential equation for the
dissipation rate ¢ is replaced by the differential equation
for the frequency of turbulent fluctuations @. This model
has shown itself well in calculations near the walls.

The disadvantage of the "k-o" model, in contrast to
the "k-¢" model, is the excessively strong dependence of
the calculation results on the specified values of ® in the
inlet section [4].

A hybrid variant between "k-¢" and "k-o" turbulence
models was proposed by Menter — SST (Shear Stress
Transport) model of shear stress transfer.

Through the use of a special switchable function, one
or another turbulence model is activated. Switching is
carried out depending on the distance of the mesh nodes
from the wall.

Thus, the SST model combines the stability and
accuracy of the standard "k-®" model in near-wall regions
and the "k-g" model at a distance from the walls [4].

Specifying introductory boundary conditions. In
the CFX-Pre (ANSYS) module, boundary conditions in
the program tree [14].

C. = 1,44,
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The following parameters are set on the boundaries
of the computational domains:

- at the inlet — mass flow rate;

- on the wall — no-slip condition (velocity is zero);

- at the outlet — static pressure.

Next, it is necessary to save the .def file, which
contains the calculation area with all the input parameters,
which can be changed if necessary.

We pass to the next stage, namely, to the numerical
calculation itself. If we created a project in Workbench,
then we need to go to the next Solution action in the list.
Subsequently, the CFX-Solver Manager module should
open with the file already selected for the calculation.
Here you can set the number of processor cores that will
be involved in the calculations.

At the start of the calculation, in the online mode,
you can see the construction of graphs and the passage of
iterations (Fig. 8).

After the end of the calculation, we get the .res file
with the results.

Fig. 8. Interface CFX Solver Manager

Boundary conditions are set similarly in Autodesk
CFD and SolidWorks Flow Simulation. However, in these
software systems, in contrast to ANSY'S, in which there is
a clear sequence of Geometry-Mesh-Setup-Solution-
Results, the computational grid is specified along with the
boundary conditions.

Results of a numerical study of the spatial flow in
the flow part of hydraulic machines. To view the results
of hydrodynamic calculation in the ANSYS software
package, you need to download the file with the results
[16, 19-20].

In the project tree, it is possible to set additional
planes that display the necessary parameters, such as
pressures, velocities, and temperatures. On the planes, the
distribution of the given values will be displayed in
accordance with the scale.

The type and division of the scale can be changed. It
is also possible to visualize flow lines with animation
function. All graphical results can be combined [20].

To obtain numerical data, it is recommended to use a
table in which you need to register functions.

All these functions are also possessed by SolidWorks
and Autodesk software packages. In addition, these
programs contain various report templates that can be
exported to Microsoft Word [15, 17].

Fig. 9-11 show examples of graphical visualization

of the results of numerical studies performed in various
CFD software packages.
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Fig. 10. Graphical representation of results in Autodesk CFD
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Fig. 11. Graphical representation of results in SolidWorks Flow
Simulation

Conclusions. The paper presents an analytical
review of the current state of software systems for the
numerical study of flow in solid parts of hydraulic
machines, such as SolidWorks, Autodesk CFD, Ansys.

The main functionality of CFD programs is
described in terms of constructing the geometry of the
object under study, creating a grid, subsequent calculation
and visualization of the study results.

The use of modern CFD programs to study the
hydrodynamic characteristics of the flow in hydraulic
machines significantly reduces the time and material
resources compared to physical simulation.
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A. C. POrOBHH, C. I. TYK'THEILb

KIHEMATHWYHI TIAPAMETPHU TEYIi HA®TH Y BAXOPOKAMEPHOMY HACOCI

CknagHi yMOBHM eKCIUIyaTamlii HacocCiB I IepeKadyBaHHS HAaQTH BUMAraroTh BiJ TiIpaBIiYHUX MAIIMH BHCOKUX MOKA3HHMKIB HAaJIHHOCTI,
JIOBIOBIYHOCTI Ta e(eKTHBHOCTI. Po3unmHeHuid y HaTi ra3 NpUBOJAWTH A0 BHHUKHEHHS Y NPOTOYHUX YAaCTHHAX HACOCIB oOnacteil 31 3MiHHOKO
TYCTHHOIO Ta JO 3pUBY XapaKTEPHCTHK. BHKOPHCTaHHS CTPyMHHHHX HAcOCIiB OOMEXEHe BHACIIJOK HU3BKHX ITOKA3HUKIB KOe(illieHTy KOpHCHOI mii
(KKI). Tomy, ekcruryaTaiisi HOBUX THUIIB CTPyMHUHHUX HAcOCIB — BUXOPOKaMEPHUX HACOCIB JUIS BUIOOYBaHHS Ta TPAHCIOPTYBAHHS HA(TH € LIIKOM
HEPCIEKTUBHUM 3a PaxyHOK 30UIbIICHHS [OKAa3HUKIB €(pEeKTHBHOCTI MepeKadyBaHHs Yepe3 BUKOPUCTAHHS y LIMX HACOCaxX [epeBar BiALEHTPOBHX Ta
CTPyMHHHHX HarfiTadiB. 3 iHIIOI CTOPOHM, Ha CHOTOAHINIHIA NeHb, OyIb-sIKMX JOCII/PKCHb 3 IHOBOJUKCHHS BHXOPOKaMEPHHMX HACOCIB MiJ 4ac
nepekadyBaHHs HaQTH MpoBeeHO e He Oyi10. B paHiit po6OTi Ha OCHOBI YHUCIIOBOTO PO3PAaXyHKY Tedii HAQTH Y BUXOPOKAMEPHOMY HAcOCi OTPUMAHO
KiHeMaTH4HI IapaMeTpH Teuil i3 ypaxyBaHHsIM Ta 0e3 ypaxyBaHHsS PO3YMHEHOrO Tra3zy y HaTi. Po3paxyHoK 3/iiCHEHO Ha OCHOBI BUPIIICHHS PiBHSIHb
Peiinonb/ca, Hepo3pHBHOCTI Ta piBHAHB Penes-Ilneccera y mporpamuoMy kommrekci Ansys CFX. Briepme mas BHXOpOKaMepHOTO Hacoca MiJ| 4ac
nepeKauyBaHHs Ha(TH OTPHMaHi PO3MOAIIM IIBHUAKOCTI HAaTH Ta PO3YUHEHOrO rasy, PO3MOJiIM 00'€MHHX Ta MAacOBHMX KOHIIEHTpANii, rpadiku
PO3MOALTIB IIBUAKOCTEH B PI3HUX FOPH3OHTAIBHUX IUIONMHAX BUXPOBOI KaMEpH, IO J03BOJISE BPaxyBaTH KiHEMaTHYHI MapaMeTpH Tedil y BUXPOBiit
Kamepi Uil IOJAJbIIOro ONTHMAJIBHOTO HPOCKTYBaHHS BHXOPOKAMEPHHX HAcociB. Brepiie Ha OCHOBI YHCIOBHX JMOCIHIJDKEHb IIATBEPIKEHO
MOJKJIHBICTh BUKOPHCTaHHS BUXOPOKAaMEPHUX HAacociB s nepekadyBaHHs Hadru. Ilpu mpomy KKJI cknamae npubmansso 15 %, mo maibke BaBiui
nepesunrye KKJ[ npsMOTOYHMX CTPYMHHHHX HACOCIB, III0 BUKOPHCTOBYIOTBCS lsi Liel Metd. BuGip mozerni, 3a siKO0 BifOyBaeThCsi po3paxyHOK
YHCIIOBMH METOJIAMH, 3HAYHO BIUIMBAE HA TOYHICTh PO3PAaXyHKY iHTETpaTbHIX XapaKTEPUCTHK POOOTH BUXOPOKaMEPHOT0O HAcOCa.
KurouoBi ci10Ba: BuxopokamepHuit Hacoc, HadyTa, YUCIOBHIl PO3paxyHOK, KIHEMAaTHYHI HapaMeTpu, MaTeMaTHYHA MOJIEIb, PO3UYHMHEHHH ra3.

A. ROGOVYI, S. LUKIANETS
KINEMATIC PARAMETERS OF THE OIL FLOW IN A VORTEX CHAMBER PUMP

The difficult operating conditions of oil pumps require high levels of reliability, durability and efficiency from hydraulic machines. The gas dissolved
in oil leads to the appearance of regions with variable density in the pumps flow parts and to a breakdown in performance. The use of jet pumps is
limited due to low efficiency. Therefore, the operation of new vortex chamber pumps for oil production and transportation is quite promising due to
the increase in pumping efficiency indicators using the advantages of centrifugal and jet technology in these pumps. On the other hand, to date, no
studies have been carried out on the behavior of vortex chamber pumps when pumping oil. In this paper, based on the numerical calculation of the oil
flow in a vortex chamber pump, the kinematic parameters of the flow are obtained with and without the dissolved gas in the oil. The calculation was
made on the basis of solving the Reynolds equations, continuity and Rayleigh-Plesset equations in the Ansys CFX software package. For the first time
for the vortex chamber pump when pumping oil, the distributions of the oil velocity and dissolved gas, the distributions of volumetric and mass
concentrations, and the graphs of velocity distributions in various horizontal planes of the vortex chamber were obtained, which makes it possible to
take into account the kinematic flow parameters in the vortex chamber for further optimal design. For the first time, on the basis of numerical
calculations, the possibility of using vortex chamber pumps for pumping oil has been confirmed. At the same time, the efficiency is approximately
15%, which is almost twice the efficiency of direct-flow jet pumps used for this purpose. The choice of the model, according to which the calculation
is carried out by numerical methods, has a significant impact on the accuracy of calculating the integral characteristics of the vortex chamber pump
operation.
Keywords: vortex chamber pump, oil, numerical calculation, kinematic parameters, mathematical model, dissolved gas.

Beryn. Jledinur enepropecypciB, IO CKJIaBCs B
VYkpaiHi BuUMarae exciUIyatalii HHM3KH  POIOBHIL
BUCOKOB'S3KMX Ha(T i3 IIMOWHOIO 3aJsraHHs IUIACTiB
1000-3600 Mv.  Lli  pomoBWIIa  BHKOPHCTOBYIOTHCS
Hee(EKTHBHO BHACTIIOK BIICYTHOCTI Ta HEPAiOHAIEHOTO
BUKOPUCTaHHs TIMOMHHO-HAcOCHOTO oOnanHaHHsA. Tomy
npobiieMa MPUCTOCYBAHHS CBEPAJIOBHH, IO MPOIYKYIOTH
BHCOKOB'SI3KI HAQTH € JOCUTH aKTyallbHOIO, Ta MOXe OyTH
BHpilIeHa 3a PaxyHOK OLIBII IIUPOKOTO BUKOPHUCTAHHS
CTPYMHHHOI TeXHiKM Ta TexHouorii [1].

CTpyMHUHHIN TEXHIIll TPUTAMAHHI BHCOKI MOKA3HUKU
HaTIMHOCTI Ta JOBrOBIYHOCTI, aje W € BaKIUBHI
HENOJIK — HHU3bKa e(EeKTHBHICTh Iiepeiadi eHeprii Mix
notokamMu  pigud  [2]. Tlokpammté  edeKTHBHICTH
nepekayyBaHHi OyAb-SIKUX DIJUH 32  JOTOMOTIOI0
CTPYMHHHOI TEXHIKM MOXXJIMBO TIOETHAHHIM IIepeBar
pobodoro mporuecy CTpyMHHHOI TEXHIKH Ta JIONATEeBUX
HAacociB Ha OCHOBI BHXpOBOi KamepH 3mimryBaHHA [3].
TakuMHU IIPUCTPOSIMH € BHUXOpPOKaMEpHI HarHitadi, sKi
MalOTh  Kpamli, y TOpiBHIHHA 3  KIACHYHUMHU
NPSMOTOYHUMHU CTPYMUHHHMH HACOCaMH Ta €KEKTOpaMHu,
TOKa3HUKU eeKTHBHOCTI pobodoro mporecy [4, 5].
ToMmy, momambImi  JOCHKEHHS  BUXOPOKaMEPHHX

HaTHITa4iB [UIs TepeKadyBaHHA Ha(TH € aKTyaJbHOIO
3a/1a4et0, BUPIMICHHS SIKOi TO3BOJIMTH 3HAYHO 301TBIINTU
BU100yTOK Ha(TH Ha POJOBHIIAX BHCOKOB'SI3KOI HaTH,
J€  BUKOPDHCTaHHS  IHHIOTO  TJIMOMHHO-HACOCHOTO
oOnagHaHHs puBoAUTH 10 3HmkeHHA KK/ npouecy.
AHaji3 ocraHHiX gocaimkeHb. BuxopokamepHi
HarHitaui (BKH) mocmimkyroTbcsi Bke Maibke COpOK
POKiB, 1 B)Ke BU3HAUMIIHCSA MEXi iX 3actocyBaHHs [6]. Lli
HaTHITa4i MAalOTh Kpamli XapaKTepHCTHKH IIJ dac
TPAHCIIOPTYBaHHS CHITyYHX CEPENIOBHUIN, B THX BHUIIAIKax
KONM CIIBBINHOWIEHHS TYCTHHH CEpEIOBHINA, SKE
MEePEKAdyeThCs, JO TYCTHHN CEPENOBHUINA, 33 JOTIOMOTO0
SKOTO TIepPEKauyroTh, IEPEBHINY€E IeKinbka Thcsad [7].
Ane, # mig uyac TmepeKadyyBaHHS ~CepeAOBHII 13
MOPIBHSAHMMHU TYCTHHAMH 1X TIOKa3HUKH e(EeKTUBHOCTI
MOXYTh  TEpEBHIIYBaTH  IOKA3HUKU  MPSIMOTOYHUX
CTpYMUHHHUX HarHiTauiB [3, 5, 7]. B pobori [8] moka3ani
ONTHMAJbHI T€OMETPUYHI MapaMeTpyd BUXOPOKaMEPHOTO
Hacoca, aje 1Ii JOCHi/PKeHHS Oyl TpoBeAeH s
HBIOTOHIBCBKMX DIIMH 0€3 ypaxyBaHHS MOXIIBOTO
BMICTy PO3UYMHEHOTO B HHUX razy. B po0ori [9] noka3zani
MOXJIIMBI [UIIXW MiHIMi3amii BTpaT cepemoBHIIa, IO
nepekadyeTbcs B ApeHakHoMy KaHami BKH mim wac
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peaizanii BiAMOBITHOT0 poOOYOro Mpouecy, ajne B podoTi
HE PO3TISIHYTO OCOOJNMBOCTI NepeKadyBaHHA KpareabHOl
piivHM Ta PIOgUH 13 BIACTUBOCTSIMH, NPUTAMAHHUMH
Hadri. B pobGori [10] po3rmaHyTO 0OCOOGIUBOCTI
nepekauyBaHHus 3a jornoMoror0 BKH HeHbIOTOHIBCHKHX
PIAMH i3 BUCOKOIO B'SI3KICTIO, BiHramiBCBKUX piAMH, ane
BJIACTHBOCTI HA(TH MAalOTh HHU3KY BIAMIHHOCTEH BiA
iamasoHiB 3MIiHM B'I3KOCTI, ONMCAaHMX B Il CTaTTI.
Takum umHoM, BKH € Hacocamu, 1mo MoOXyTh
BUKOPHCTATUCS [UIsl MepeKayyBaHHS PIJUH i3 BUCOKUMHU
MOKa3HUKaMU B'SI3KOCTI, ajne Oy/Ab-sIKHX JOCITI/DKEHb iX
XapakTepUCTUK TiJ dYac TmepekauyyBaHHsS HadTH, Ha
CHOTO/IHIIIHIN AE€HB MTPOBECHO HE OYyII0.

Mera. Meroro poOOTH € JOCHiIKCHHA Ta
BU3HAUCHHS  KIHEMaTHMYHHUX  TapamMerpiB  Tedii y
BUXOpOKaMEpHUX Hacocax i Jac mepekadyBaHHI Ha(Th
PO3PaxXyHKOBHUM LIIIXOM [UIS IOJAIBIIOTO CTBOPSHHS
ONTUMAITFHOI KOHCTPYKIIIi Hacoca.

PesyabTtatn fgocaimkens. B ocranHi
CTpyMHHHa  TeXHIKa  Bce  Oimpime i
BUKODUCTOBYETBCS ~y  npomucioBocti.  Tak, y
HadTorazoBuo0yTKy  CTPYMHHHI  amapatd  4acro
BCTaHOBJIIOIOTh y KOMOiHalii 3 eIeKTPOBIIIEHTPOBUMHU
HacocaMM W BOHM MpAaLIOIOTh Ha Ta30BOJIOHA(TOBIH
cyMimi. € AeKijgbka NPUYMH BUKOPHCTAHHS CTPYMHUHHOI
TEXHIKH Yy Ha()TOBHX CBEp/AJOBHHAX: BCTAHOBIICHHS
CTPYMHHHOTO ©XEKTOpa BHIIC AWHAMIYHOIO PpIiBHSA
CBEPUTOBHHH JTO3BOJIAE 3a0€3MeUnTH cTabiTi3aIio nojaadi
€JIEKTPOBIAIICHTPOBOTO Hacoca; Bimdip HAPTOBOTO rasy 3
3aTpyOHOTO TIPOCTOPY CBEPUIOBHHH, IO MOJETTIYE
migifiMaHHs POAYKINii Ha moBepxHio [11].

a3, mo nmepekauyerbcss y  HaTOra3oBHX
CTPYMHHHUX  HAacoOCax/eXeKTopax  JOCHTb  Jo0pe
pO3YMHAETHCS Y HadTi, a MOBITPs, IIO IMEpeKavyeThCs,
MOTaHO PO3YHMHAETHCS Y BOAL. Y 3B'3KY 3 UM HEOOXIIHO
JIOCHIZIUTH, SIK PO3YMHHICTH Tra3y B poOodiil piauHi
BIUIMBAaE Ha poOOTYy CTPYMHUHHOI'O HAacOCa HOBOTO THITYy —
BHUXOpPOKaMEpPHOT'O Hacoca.

Tomy mo B gaHiii craTri ommcaHi mepiri
JIOCHI/DKEHHSI  BUXOPOKaMEpPHHUX  HAacociB Mg 4ac
nepekauyyBaHHs HaTH, TO JOUUIBHICTH BHKOPHUCTAaHHS
JAHOTO THUIy CTPYMHHHUX HAcOCIB BH3HAYCHA Ha OCHOBI

POKH
OlbIIIe

MTOPIBHSHHS IHTEeTpaTbHAX XapaKTePUCTHK
nepeKavyyBaHHA 3i CTPYMHUHHUMH HacocaMu
OPSIMOTOYHOTO ~ THIY, INO CEepilfHO  BHPOONIAIOTHCS

INPOMHCIIOBICTIO Ta BHUKOPHUCTOBYIOTBCS Y PpEalbHHX
yMOBax Ha(TOBUIOOYTKY.

B sxocti mporotuily 0O6paHO CTPYMHUHHHH Hacoc —
HC®B 39/45. Jlnst sIKICHOTO MOPIBHSHHS XapaKTEPUCTHK
JOCIIDKEHO Ta CIPOEKTOBAHO BUXOPOKAMEPHUM HAcocC 3a
METOJIMKOI0 PpO3paxyHKy, omnucanoro B [12]. [us
aJICKBaTHOTO TIOPIBHSIHHS JlilaMeTp TopJia aKTUBHOTO
notoky BKH BukoHyBaBcs piBHMM jgiaMeTpy ropia
AaKTHBHOTO TIIOTOKY Yy HAcoCi-TIPOTOTHII. 3arajibHUH
BUTJISIJT CITPOEKTOBAHOTO HAacOca HaBeJeHO Ha puc. 1.

OcHoBHi reomerpuuni posmipn BKH: miamerp
TaHTEHIIAIFHOTO KaHAIY BXoAy 39 MM; IiaMeTp BHXPOBOL
kamepu 240 mM. [Hmi reomeTpwdYHI  mapaMeTpu
pO3paxoBaHO Ha OCHOBI 0€3pO3MIpHHX CIIBBIJHOIICHD,
110 HaBeaeHi B MeToawmii [12].

JociikeHHsT MPOBEIEHO Ha OCHOBI YHCIOBOTO

PO3paxyHKy MareMaTH4HOI MoJIeli, M0 cKiIajanacs 3
piBHsHb Peiinonbiaca [13], piBHSAHHS HEpO3pUBHOCTI, k—&
Mojieni TypOyJneHTHOCTI Ta piBHsHHS Penes-Ilneccera.
OcraHHe pIBHAHHA BHKOPHCTaHO JUIi  PO3PaxyHKY
BUJIIJICHHSI Ta 3pOCTaHHsI MYXUPLIB Ta3y y PiJuHi:

=—— (@D

d’Ry g(dRB j2+ 20
PiRg P

_+ —_—
®dtt 20 dt
ne Rg — pamiyc OympOamikw; p, — THCK B OyipOarmii;

p — THCK HaBKOJO OympOaIIKW; pf — TYCTHHA DPiIWHMY,
0 — Koeilie€HT TOBEpXHEBOI'0 HATATY; t — yac.

0.200(m)

Puc. 1. JocnimkeHnii BUXOpOKaMepHHUIT Hacoc:
a — 3araJIbHAN BUIIIAN; O — CITKOBA MOJIENb

Jlis mopiBHsiHHSL Xapaktepuctuk podorn BKH Ta
0coONMBOCTE  PO3paxyHKYy BHUKOHAaHO JIBa  BHIH
pO3paxyHKiB: mepmMid — cymim HapTH Ta Tazy i3
razoBmictoMm 3 % 0e3 ypaxyBaHHS B MaTeMaTH4HIiH
mojeni piBHAHHA Penes-IIneccera, ToO6TO 03 Mopmemi

kaBitamii.  Jlpyrmif =~ po3paxyHOK  BHKOHaHO  3a
BHUIIIEHABEIEHOI0 MaTEMATHYHOIO MOJIEJIIIO KaBiTaril.
OcHoBHOIO ~ ocoOmuBicTio  pobotn  BKH €

BUKOPHCTaHHA TiAPOTUHAMIYHHUX MapaMeTpiB 3aKpydeHOi
Teduii: CTBOPEHHS HAUIMIIKOBOTO THCKY Ha mepudepii
BUXPOBOi KaMmepwm Ta BakyyM Oims oci. CTBOpeHHS

60

Bulletin of the National Technical University "KhPI".
Series: Hydraulic machines and hydraulic units, no. 1’2022



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

BakyyMmy OUIS OcCi NPHBOIUTH [0 3HAYHOTO 3HMKEHHS
THCKY, IO MOXE CATaTH 3HaYeHb MEHINMX 33 THUCK
HacW4eHOoi mapu. B TakoMmy Bumanky 3 Hadtu, abo 3 Oyab-
SIKOi piAWHU OyIe BUAUIATHCS ra3 Ta (OopMyBaTH BUXPOBE
ra3oBe aapo 6imst oci. [loxiOuuit edexr crocrepiraeTscs B
eKCIIePHMEHTATBHUX JOCITIPKEHHIX 0ararb0X BHXPOBHX
MPUCTPOIB:  BHUXPOBI  TpyOW, BHXpPOBI  KIJIAIIaHH,
TiIPOIUKIIOHH, BUXPOBI HACOCH, BUXOPOKAMEpHI HACOCH
Ta B TOMY 4HMCIi ¥ Yy JnomateBux Hacocax [14]. VY
JoNaTeBUX Hacocax MoJiOHMK edekT Nnpu3BoAUTH 10
3HAYHOT'O 3HWKEHHS XapaKTEePUCTHK JIONIATEBOTO HACOCA.

ExcniepumenrainbHi JIOCITIIPKSHHS edeKTiB
Ta30BU/IUICHHS Jy)Ke CKJIaJHi I KOIITOBHI TOMYy, MIO
HEeoOXiHO BHKOPHCTOBYBaTH BHCOKOIIBH/JIKICHI
BiZicoKkaMepH Ta (DiKCyBaTH 3MiHM Tedil, sIKi BiIOyBalOThCS
B JIyXe MaJCHbKHA TPOMDKOK 4dacy. Bmu3HadeHHS
MIBUIKOCTEH PI3HUMH ONITHYHHMH METOJAMH TaKOX HyKe
YCKIAOHSIETBCS ~ BHACHIOK  PO3pUBY  Tewii  Ta
HEMOYKJIMBOCTI KOHTPOJIIO, sika came (pa3a abo arperaTHHi
CTaH CepeJIoBHINA MPUCYTHIM B TOM uM iHImi# Tourt [15].
Tomy, HalOLIBII TOUITBHUM METOJIOM JIOCHI/DKEHHS CTa€e
YHCJIOBE MOJICIIIOBAHHS, SIKe NOTpeOye BUKOPHUCTAHHS
piivHM Ta Tra3y B pO3paxyHKy Ta OJHOYAaCHOIO
po3paxyHKy aBox ¢as [16].

Bigomo, mo mNOMWIKHM pPO3paxyHKY YHCIOBUMHU
METOJIaMH MOXXYTh CSATaTH 3HAYHUX 3HA4YeHb HABITH JJIS
MPOCTUX TEOMETPUYHHMX OO'€KTIB BHACTIJOK IMOMHIIOK
BHOOPY Mozelni TypOYJICHTHOCTI, CITKOBHX Mojelneil abo
BiIpWBiB TOTOKY Bin cTiHOK [17]. [ToMunku po3paxyHKY
BakyyMy Oils oci BHXpOBOI Kamepu i1 omxHo]a3HOl
pimuau MOxyTh csaratu 50 % [18]. Tomy, 3po3ymino, 1o
MOMMJIKA PO3PaxXyHKy Tedii ABO(A3HOTO TeTEepPOTEHHOTO
CepellOBUIIIa Y BHXOPOKAMEPHOMY HAcOCI MOXE CATraTH
Iy)Ke BEJIMKHMX 3HAa4YeHb, aje (¢i3uka Mporecy, Mo
BiZIOYBa€ThCsl Yy MPOTOYHINH YacTHHI Hacoca, MoXe OyTH
pO3paxoBaHa IIJIKOM aJeKBaTHO.

I'pannyHi ymMOBHM po3paxyHKy OyJiM HAcTyIHi: Y
BX1THOMY TaHTeHIIATBHOMY KaHaJ 3aaBaBCs
JUHAMIYHUH THCK, Y BXIJHHX OCHOBHX KaHajax BXOXIYy —
Binkputa rpanuisg Opening 3 trckoM 96000 ITa, o
JIO3BOJISIE PIJIMHI SIK MTOTPAILIATH y PO3PaXyHKOBUH JOMEH,
TaK 1 3aJMIIaTH Horo 0e3 yCKIaJHEHHS pO3paxyHKy. Y
BUXiTHOMY TaHTCHIIaJhbHOMY KaHaJl 3aJaHo0 HYyJIhOBHH
THCK. Y BXiIHOMYy KaHaNi 33/laHO0 JWHAMIYHUA THCK.
®Di3uyHi BIACTHUBOCTI PIIUHM JIsl pPO3paxyHKy: HadTa 3
rycruHol0  p = 850 kr/M® Ta QMHAMIYHOIO  B'S3KICTIO
p=0,004 ITa-c.

VYci HeB'sI3aHHA PIBHAHD CXOISTHCS AyXKE MOBLIBHO U
MaloTh KOJHMBAIbHUH XapakTep, II0 MOXKEe BKa3yBaTH Ha
HEOOXiTHICTD PO3pPaxyHKY Y HECTaIllOHapHil IMOCTaHOBIII.
Hecramionapricte mpomecy Moxe OyTH BHKJIMKaHA
HYTYBaHHSAM Ta IIPELECi€l0 BUXPOBOTO spa, L0 OIHCAHO
y OaraTbox JiteparypHux mkepernax [19, 20]. B takomy
BUMAAKY pAIliOHAJGHUM Ta OUIBII KOPEKTHHM €
HECTalliOHAPHUI pO3paxyHOK, 10 Oylne TEeMaTHKO
NOJaNbIINX JOCHI/KEHb 32 JONOMOTOI YHCIIOBOTO

MojenmtoBaHHS. TakoX y TOJAJIBIIOMY HEOOXiZHO
NEepeBIpUTH  A/IEKBAaTHICTh  OTPHUMAaHHUX  pe3yJIbTaTiB
pO3paxyHKy 3a  JIOIOMOTOI0  €KCHEpHUMEHTAIbHHUX

nociimpkenb. OOMEXEHHs pO3paxyHKy, SKi TOB'si3aHi 3
oOmexeHHsM BukopuctaHHs Ansys CFX, a came Te, 110

pO3paxyHKOBa CiTka He Moxe mepesurnyBatu 500 THC.
€JIEMEHTIB IpHU3BeNa JO TOro, II0 HAasBHICTH Yy
pO3paxyHKOBIH  ciTHi  TipaMiJaJbHAX  KOHTPOJBHUX
00'eMiB (mipaMiza 3 YOTHPHKYTHOIO OCHOBOIO) IPOBOKYE
3HA4YHy TOXHOKY pO3paxyHKy THCKY Ta IIBHIKOCTI B
TaKWX elleMeHTaX. TOMy CiITKOBa MOJAEIH AOpoOsIacs 10
THUX TMip, OKH CITKOBE pO30WUTTS HE Oyio mo30aBicHE
mipaMiZaTbHUX €JIEMEHTIB Ta CKIafanocs JHUIIE 3 MPU3M
Ta TeTpaeapis.

Ha pwmc.2 wHaBemeHO  pO3MOAiN  mapamerpy
IIPHKOPJOHHOTO APy MPU3MATHYHHUX LIAPIB CITKM Y, 110
UTIOCTPY€E MOJKIJIMBICTD BUKOPHUCTaHHS Tiel abo iHIIOL
Mozeni TypOymeHTHOCTI. Ko y+ <3, TO [OLUILHO
Bukopuctatn SST-momens TypOynentHocti [21,22]. B
HAIIOMY BWITAAKy Ha OUIBIOIOCTI IOBEpXHI BUXPOBOI
KaMepH IeH mapaMeTp mepeBuIrye 3HaueHHs 50, mo Moxe
NPUBOJAWTH IO 3HAYHUX IIOMHMJIOK pO3paxyHKy 3a
JIOTIOMOTOI0 BHIIE3rafaHoi Monemi TypOyJeHTHOCTI # B
JlaHii poOOTI BUKOPHCTaHO K—& MOeb.

Puc. 2. Po3monin napametpy NpUKOpAOHHOTO MIAPY
NPU3MATHYHUX ITApiB CiTKy Y

Ha puc. 3 HaBeneHO pO3MOALTH IIBHIAKOCTEH HadTH

y TpoOTOdYHIM dYacTuHI Hacoca. SIKIOIO y BHIAAKY
po3paxyHKky ©e3 ypaxyBaHHS KaBiTamii KapTHHA
BCMOKTYBaHHS ~ 3arajloM  CHUMETpHWYHa  BiJHOCHO

TOPU30HTANIBHOI IUIOIIMHHU, TO y BHUIIAJKY PO3PaxyHKy 3
MOJICJUTIO KaBiTallii MOXXHA BiI3HAYUTH CHMETPHUYHICTH
KapTHHU Tedii il BITHOCHO TOPH30HTAIBHOI IUTOLIHHH.

AHaii3 pe3ynbTaTiB PO3paxyHKy IOKa3ye HE3HAUHY
3MiHy KOHIIEHTpamii Ta3y Ul BHIMAAKY Momeni 0e3
ypaxyBaHHsI KaBiTallii Ta 3Ha4YHe BUJUICHHS ra3y 3 HadTH
i1 4ac po3paxyHKy MOJIEINI 3 KaBiTalji€lo.

OcobnuBocTi  MojentoBaHHS 1BO}a3HOi  pinuHK
JIO3BOJISIIOTH  JIOCHIJUTH KiHEMaTH4HI IIapaMeTpH pyXy
KOKHOT  (a3u Ta 3a pe3yibraraMH  pO3paxyHKY
MIBUAKOCTEH MOKHAa KOHCTAaTyBaTH, IO HEBpaxXyBaHHS
MOJIeNi KaBiTamii IPUBOIUTH IO TOTO, IO KOHIICHTPAIlis
rasy B mporounii wactmHi BKH ngyxe mama i He
nepesunrye 1 %, oo MOXHa BBaKaTH HEaJAEKBAaTHUM
pe3ympTaToM, TOMY IO  pe3yibTaTd  (pi3mgHHX
eKCIIePHMEHTIB JTOBOJSTh, IO 3HKEHHS TUCKY MOOIU3Y
oci o0epTaHHS BHXPOBOi KaMepH BCE K TaKd MPHUBOAHTH
J0 3HAYHOTO BHUIUICHHA rasy 3 pimmHd. Jis mopanmbmmx
PO3paxyHKiB HEOOXiTHO BUKOPHCTOBYBATH MOJIelb Pees-
IInecera.
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Puc. 3. Po3nozin mBuakocTeit HahTH y MepHIiOHAIBHIN
IUTOIIMHI Hacoca:
a — 6e3 ypaxyBaHHs KaBiTalil; 6 — 3 ypaXyBaHHIM

Ha puc. 4 HaBegeHO pO3MOJIUIM IIBUAKOCTEH HapTH
y Hacocl Ha PiI3HUX BUCOTAX Y BUXPOBIil Kamepi 3a pi3HUX
MOJIENEHN.

Ha puc. 5 HaBeneHO TOPIBHSHHS PO3NOALIIB THCKIB
Yy MEpHIIOHANBHIN IUIOIIKMHI BUXPOBOI KaMEpH IS IBOX
BUIIAJIKIB: PO3PaxyHOK 3 ypaxyBaHHSM MOJIEJNi KaBiTarlii
Ta 0e3 ypaxyBaHHs.

Ha puc. 6 HaBeneHO pO3MOXALT THUCKY y BHXPOBIH
KaMmepi Hacoca. Bim BimmoBimae apyromy pobodomy
nporiecy BKH, To6T0 pobounii mporec 6e3 ApeHaKHOTO
KaHaly. BiIMIHHICTIO PO3MOALTIB y BUMAJKY PO3paxyHKY
3 y paxyBaHHIM MOJIENi KaBiTallii € HaSBHICTh 3MCHIICHHS
BaKyyMETPUYHOTO THCKY B IPHUOCEBiH 30Hi, 10 TIOB'A3aHE
i3 BINTMBOM PO3YMHEHOTO Y Ha()Ti Ta3y, SIKUH BUAUISETHCS
B Wil 30HI, a, TakoX, 30LIbLICHI Yy NOpIBHSHHI 3
oIHO(hA3HOI0 PIIUHOI0 UIBHAKICTIO PyXy pILAMHH Yy
npuoceBii 30Hi. Takoxk 30UTbIICHHS MIBHIKOCTI MOXJIMBO
noBsI3aT 3 TUM (aKTOM, W0 B TIPHOCEBi 30HI, 3a
paxyHOK 30iNMbIICHHS KOHIEHTpAIlii rasy, 3MEHIIYEThCS
IyCTHHA CyMIilll, 110 TPY OJHAKOBOMY IIe€pernaji THUCKIB,
NPUBOJUTH 0 30UIBLICHHS IIBHJIKOCTI IIOTOKY, IO
BCMOKTYETBHCSI Ta 3MCHILICHHSI BEIMYMHH BaAKyyMY.

Po3paxyHOK IHTErpaJbHHX HapaMeTpiB MiATBEPIMB,
110 ITPOOIEMOI0 OTPUMAHHS KaPTHH TeUil € HeCIiBIaAiHHA
pe3ynbTaTiB po3paxyHKy 3a pisHUMH Moxemsamu. Cuig
3a3HAYMTH, IO 3HAYCHHSA KoedimieHTa KOpHCHOI [ii
HACOCY IIiJl 9ac po3paxyHKy 3a MOeIUTio KaBiTarii (3,8 %)
BUSBHBCSA 3HAYHO MEHIIMM HDK 3a PO3paxyHKOM 0e3
ypaxyBanHs Mmopeni kasitamii (14,4 %). Lle wmoxHa
MOSICHUTH BUJAUIGHHSM ra3dy 3 Ha(TH, LI0 YTBOPIOE
npoOsieMH BCMOKYTBaHHsI Ha)TH Y HAacoc.

Pluid 3. ¥slacity v [ men-1]

[

Fluld Lvalocity v [ m 351 ]

Fluid Lvalockty [ mese1]
o ®

o5

et ]
[

B

Fluid 1.Velacity [ m s

Puc. 4. Po3moin ock0Boi (@, 6) Ta HOBHOT MIBUAKOCTI (8, 2)
Ha)TH y BUXPOBil KaMepi Hacoca B3JOBX pajiiyca 3a pi3HUX
BHCOT BUMIpY JUISl BUIIAJKY PO3PaXyHKY 3 MOJCIUIIO KaBiTawii
(6, 2) Ta Ge3 uei (a, 6):

CHHSI JIiHIsl — HIDKHS TOpIieBa cTiHKa Hacoca 0 MM; 4epBOHa
JiHis — Ha BiZcTaHi 12 MM BiJ HIDKHBOI TOPIIEBOI CTIHKH; 3eJIeHa
niHist — 24 Mm; mypiypHa giHis — 36 MM; TeMHO-cHHS — 48 MM
(cepenunHa 3a BUCOTOIO BUXPOBOI KamepH); canatHa — 60 mm;
nomMapaHueBa — 72 MM; TEMHO-4epBOHA — 84 MM; MITPUXOBA —
96 MM (BepxXHs TOpIIEBa CTiHKA KaMEpH)
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Tamoro npuunHoro 3HMWKeHHsT KK Moxe Oytn Toi
tdakt, mo y ¢opmyni (2) mma BmsHaueHHs KK]|
BUKOPHCTOBY€ThCS TYCTHHA, @ Yy BHIAAKy BEJIHKOI
KOHIICHTpAIIii Ta3y T'yCTHHA CYMIIlli 3HAYHO BiPI3HAETHCS
Bi TYCTHHM Ha(TH, II0 MOXE BIUIMBATH Ha TOYHICTbH
po3paxynky KK/I.

P (2 2
pe — Pin +7(Ve _Vin ) .
= 2 2

7

Puc. 5. Po3nozis THCKIB y MepHIiOHANBHIH TTOIMHI
BHXOPOKaMEPHOT0 Hacoca!
a — Mopenb 6e3 ypaxyBaHHsI KaBiTallii; 6 — 3 ypaxyBaHHIM

B mopmanpmmx AOCHIIKEHHSIX CIiJ pO3paxoBYBAaTH

KKJI 3a oxkpemMuMH TOTOKAaMH piAMHH Ta Ta3y.
JlonatkoBoro po0IIeMoro MOXe BUCTYNATH
HEOCTATHICTh  SKOCTI ~ pO3PaxyHKOBHX  CITOK, Ta

HEOOXIIHICTh BUKOPUCTaHHSI MOJeNieil TypOyJIeHTHOCTI 3
KOpUTYBaHHSIM Ha oOepTaHHs TOTOKiB. B 0aratbox
JITEepaTypHUX JpKepeliax € MOCUIIaHHS Ha Taki MOoJenl Ta
ix xopuryBaHHs [23,24]. KopuryBaHHS Ha KPHBH3HY
JiHIA cTpyMy Ta oOepTaHHS MOTOKY MOXE IPUBECTH 10
30UIBIIEHHST BaKyyMy Ta OLIbII TapHOTO CIIBIAIIHHS 3
€KCIIEPUMEHTAIbHUMU JaHUMH PO3IOALTIB THCKY B3JIOBXK
paniycy BuxpoBoi Kamepu. HemocraTHpO NpaBHIBHO
pO3paxoBaHa BEJIMYMHA BaKyyMy MOXKE IPUBOJHUTH 10
3HIKEHHs po3paxyHkoBoro KKJI Hacocy OinmbIn HiX B Ba
pasm.

3aramom  MoxHa  cTBepmkyBatd, 1mo KK]|
BUXOpPOKaMEpHOTO Hacoca OUIbII HDK B [JBa pasd

00 8

oo

50008

Prassurs [ Pa]

800 006

Puc. 6. Po3mozin THCKy y BUXpOBIii kKamepi Hacoca B3J0BK
paziyca 3a pi3HUX BUCOT BUMIPY IJIsl BUMAAKY PO3PaxXyHKY 3
MOJIEJUTIO KaBiTaitii (6) Ta 6e3 (a):

CHUHS JIiHIS — HIDKHA TOpLIEBa CTiHKa Hacoca 0 MM; YepBOHA
JiHis — Ha BiJCTaHi 12 MM BiJl HIDKHBOT TOPIIEBOI CTIHKH; 3eJICHA
JiHis — 24 MM; mypItypHa JiHisS — 36 MM; TeMHO-CHHS — 48 MM
(cepenuHa 3a BHCOTOK BUXPOBOI KaMepH); canatHa — 60 mm;
nomMapaHueBa — 72 MM; TEMHO-4epBOHa — 84 MM; IITpUXOBa —
96 MM (BepxHs TOpIIEBa CTiHKA KaMepH)

BucHoBkn. B po0OTi  YMCIOBHM  [UIIXOM
JOCTIHKCHO Ta BH3HAYCHO KIHEMATHYHI MMapaMeTpd Tedii
y BHUXOPOKaMEPHHX Hacocax IMiJ dYac IepeKadyyBaHHI
HadTH.

Brnepme Ha  OCHOBI  4YHCIOBHX  JOCHIIKEHB
MIATBEPIKCHO MOKIJIUBICTH BUKOPHUCTAHHS
BUXOPOKaMEPHUX HACOCIB IS TepeKadyBaHHS Ha(TH.
[Mpu upomy KKJI cknamae npubmuzno 15 %, mo maibxe
BaBiui mepesunrye KKJI npsMOTOYHMX CTpyMHHHHX
HacociB HCB® 39/43, mo BUKOPHUCTOBYIOTbCS AJSl L€l
METH.

Po3paxyHOK iHTerpajbHHX IapaMeTpiB MiATBEPAMB,
0 TIpo0IEeMOI0 OTPUMAHHS KapTUH TEUil € HEeCITiBIaTiHHS
pe3yiIbTaTiB pPoO3paxyHKy 3a pisHUMH MopeiasMu. Ciin
3a3HAYUTH, WO 3HAYeHHA KoedillieHTa KOpPHCHOI mii
HAcOCy M dYac pO3paxyHKy 3a MOJICIUII0 KaBiTarlii
BUABHBCS 3HAYHO MEHIIMM HDX 3a PO3paxyHKOM 0e3
ypaxyBaHHs Mojeni kapitamii. Ile MoXHa mOSCHUTH
BUJUICHHSIM Ta3dy 3 HadTH, IO yTBOPIOE MPOOIEMHU
BCMOKYTBaHHsI Ha()TH y Hacoc.

Bubip mozeni, 3a siKO BiAOYBa€eThCS PO3PAXyHOK
YHCIIOBUMH METOJIaMHM 3HA4YHO BIUIMBAE Ha IHTErpalibHi
XapaKTEepUCTUKHM pOOOTH BUXOPOKAMEpPHOro Hacoca,
ocobumBo mix wac aBodazHoi Horo poboru. Tak,
ypaxyBaHHs moneini Penes-Ilneccera (moneni kaBiTaiii)

nepeBuniuB KKJI cepiiiHoro mnpomucioBoro Hacocy mpuseno g0 3meHmenHs KKI. Ilpudomy, ¢iznuni
npsMoTouHoro ctpymuntoro tuity HC®B 39/45. KapTUHH Tedii 3 ypaxXyBaHHAM KaBiTamii Bi3yaJbHO
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aJICKBaTHO OIHMCYIOTh IMPOIIEC, IO BiAOyBa€ThCSA B HACOC,
SIKIIIO PiWHA BKITIOYAE B ceOe NeAKY KUTbKIiCTh Tazy.
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0. M. KYXTEHKOB

EKCINEPUMEHTAJIBHI TA PO3PAXYHKOBI JJOCJIKEHHS ITYJIbCALIIA TUCKY Y
PAJIIAJIBHO-OCBHOBIM I'I/IPOTYPBUHI

CuioBa B3a€MOJisi BUXPOBHUX JKIYTIB y BiICMOKTYI04iil Tpy6i PO rifpoTyp6iH 3 eleMeHTaMy INPOTOYHOIrO TPAKTy MOXKE MPUBOAUTH IO CEPHO3HUX
aBapiil. 3MEHIIIEHHS] HU3bKOUaCTOTHHX ITyJIbCAIlill THCKY € aKTyalbHOIO 33/1auel0, TaK sSIK CIPHS€E MiJBUIICHHIO HaAIHOCTI 1 30LIBIIEHHIO OTYXXHOCTI
rigpoarperariB. [y bOro iHKOJIM BHKOPHCTOBYIOTH ClieliaibHi npucTpoi. MeToro miel poOoTH Oylo MOPIBHSAHHS Cy4acHHX METOIHK PO3PaXxyHKY
HHU3bKOYACTOTHHUX JUKTYTOBUX IMYJIBCALN THCKY Y BIACMOKTYIOUiil Tpy6i 3 excriepumenTtoM. [IpoBeneHi ekcriepuMeHTalbHi JOCITIDKEHHS MyIbCallii
THCKY y NIPOTOYHIH YacTHHI i Ha Jomati po6Godoro koieca rimporyp6inum PO11S y mmpokomy fiama3oHi pexxuMiB poOoTH. BukoHaHi dmcenbHi
eKCIIEPUMEHTH 10 BU3HAUCHHIO JDKTYTOBUX IyJbcaliil THCKY 3 BHUKOPUCTAaHHSIM IPOCTOpoBoi MareMatwdyHoi Mopeni mo Meroxuui HTY «XIII». 3
iHmoro Goky, OysiM BHKOHaHI PO3paxyHKH ITyJbcaliii THCKY Ha OCHOBI Cy4aCHOrO IaKeTa MporpaM TifAPOJMHAMIKH, SIKi BUPILIYIOTH 3aBIaHHS
MEXaHIKH CYLIIBHOTO CEpeJOBHUINA I BHKOPHCTOBYIOTh DiBHSHHS PeiiHoibxaca. IIpouec BHpilieHHS 3aBJaHb B LbOMY BHIAJKYy 3AiHCHIOETBCS 3a
JIOIIOMOTOI0 ITaKeTy HpHkIagHux nporpaM CFD, 1mo BkiIodae etany: CTBOPEHHS TPUBUMIPHOI MOZEN PO3IIITHYTOrO 00'€KTa 32 JOIOMOTOI0 CHCTEMH
CAIIP; nobyznoBa po3paxyHKOBOI CITKH; BHOIp MaTeMaTHYHOI MOJENi TYpOYyICHTHOCTI; 3aBaHHs IPAaHHYHUX YMOB. [IOpiBHSHHS €KCIIepUMEHTAIBHUX
Ta PO3PAaxyHKOBHX Pe3y/bTaTiB BKa3ylOTh Ha iX rapHe y3rofkeHHs. IIporHosyBaHHs MyJbcaliii THCKY 3a NPHBEJCHUMH METOAMKAMH IIPH
[POEKTYBaHHI TiApOTYpOiH Ja€ MOXIHUBICT B MOJAIBLUIOMY JUIsl BHOOPY KPAIOl HPOTOYHOI YaCTHHH 3 MEHIIMMH IYJbCALISIMU THCKY (3 MEHIIUMH
BTpaTaMu) i 3 OiJbII BHCOKMMHU €HEProKaBiTal[iHHUMH ITOKa3HMKaMH. Y MEpIIOMY BHIAJKy IJIsi BUKOHAHHS 3ajadi NMOTPiOHI He3HAuHi pecypcH
MAIIMHHOTO Yacy, a HOXHOKa MPH PO3PaXyHKY aMIUTITY[ MyJbcalliif THCKY CTaHOBUTH 10 15-20 % B MOpIBHSAHHI 3 €KCHEPHMEHTAIbHUME TaHUMH, Y
npyromy — 10 % npu 3HauHO OULTBIIOMY 4aci po3paxyHKiB. Hamami pe3ynbraTé po3paxyHKIiB JOKIYTOBHX IyJIbCALiif THCKY BHKOPHCTOBYIOTHCS B
po3paxyHKax Ha MIIHICTh €IEMEHTIB NPOTOYHOI YaCTHHM TiAPOTYpOIHM 3 BEIMKMMH 3amacaMi 1o Koe(ilieHTaM MIIHOCTi, TOMY MOXJIHBE
BUKOPHMCTAHHS MaTEMAaTUYHUX MOJIeJIel Pi3HOT CKIaIHOCTI y MPOrHO3HUX PO3paxyHKax JPKIYTOBHX IMyJIbCALiil THCKY Y BIICMOKTYIOUiit TpyOi.
KurouoBi cioBa: rinporyp6ina, pobode koseco, BiICMOKTyI0Ua Tpyba, MaTeMaTHYHA MOJIEJIb, BUXPOBHUH JUKTYT, IyJIbCaLil THCKY.

Y. KUKHTENKOV

EXPERIMENTAL AND CALCULATION STUDY OF PRESSURE PULSATIONS IN THE RADIAL-
AXIAL HYDROTURBINE

The force interaction of the vortex swirls in the draft tube of the hydraulic turbine RO with the elements of the flow path can lead to serious accidents.
Reducing low-frequency pressure pulsations is an urgent task, as it helps to increase the reliability and increase the power of hydraulic units. For this,
special devices are sometimes used. The aim this of the work was to compare modern methods for calculating low-frequency bundle pressure
pulsations in a draft tube with experiment. Experimental studies of pressure pulsations in the flow part and the impeller blade of the RO115 hydraulic
turbine were carried out in a wide range of operating modes. Numerous experiments were carried out to determine the bundle pressure fluctuations
using a spatial mathematical model according to the method of NTU "KhPI". In addition, calculations of pressure fluctuations were performed based
on a modern hydrodynamic software package that solves problems of continuum mechanics and uses the Reynolds equation. The process of solving
problems in this case is carried out by means of the CFD application package, which includes the following steps: creating a three-dimensional model
of the object under consideration using the CAD system; construction of the computational grid; choice of mathematical model of turbulence;
problems of limiting conditions. A comparison of the experimental and calculated results indicates their good agreement. Prediction of pressure
fluctuations using the above methods when designing hydraulic turbines makes it possible in the future to choose the best flow path with lower
pressure fluctuations (with lower losses) and with higher energy-cavitation performance. In the first case, the task requires insignificant resources of
computer time, and the error in calculating the amplitudes of pressure fluctuations is up to 15 % compared with the experimental data, in the second
case it is 10 % with a much longer calculation time. In the future, the results of calculations of bundled pressure pulsations are used in strength
calculations of elements of the flow path of a hydraulic turbine with large margins in terms of strength factors, so it is possible to use mathematical
models of varying complexity in predictive calculations of bundled pressure fluctuations in a draft tube.
Keywords: hydraulic turbine, impeller, draft tube, mathematical model, vortex swirls, low-frequency pressure pulsations.

Beryn.  PiBenp  HecraumioHapHocti B PO maremarmunmx — moxeneil.  [IporHozysamns IIT 3a

rigpoTypOiHax 3HAYHOIO MIpPOIO 3aJIEKHUTH Bij MyJbCarliii
tuckiB (IIT), siki 0OyMOBIIEHI PyXOM BHXPOBHUX JIKTYTIB
(BO) 3a pobounm konecom (PK) y BizcMokTyrouii TpyoOi
(BT). Li B/ maroTh CKIagHy MpOCTOPOBY (GopMy, TOMY
Uil IX  PO3paxyHKy  3acTOCOBYIOTb  HPOCTOPOBI
MatematnuHi wmozeni [1-5]. Ipormosyeamms IIT 3i
JOKTYTOBHMH YaCTOTaMH HEOOXiTHO U pO3paxyHKIiB Ha
MIITHICTD TPOTOYHOI YacTHHH TiapoTypOin — PK Ta crinku
BT.

MeTto10 po6oTn Oyii0 BU3HAUYEHHS PIBHIB aMILIITY.l
mxryroBux [IT y mpomeci mymbcamiiHUX TOCHTIIKEHB
MPOTOYHOT YaCTUHM MOJENBHOI TiAPOTYpOIHM Ha Harip
115 metpiB. BunpoOyBaHHS TPOBOAMINCS B LIMPOKOMY
Jiarna3oHi  peXHMiB  poOOTH  TigpOTypOiHHM, IOTIM
MOPIBHIOBAIH €KCIIEPUMEHTAJbHI 1aHi 3 pO3paXyHKOBHMU
JAHUMH, OTPUMAaHMMHU 13 3aCTOCYBaHHSIM HPOCTOPOBHX

meroaukamu [2-5] ta [6-12] npu mpoekTyBaHHI HacTh
MOXJIMBICT, BHOOPY HaiKpamioi NMpOTOYHOI YacTHHHU 3
HaiimernmmMu [1T Ta BTpaTamu i, sIK HACTIIOK, 3 KpaIlluMHA
€HeprokaBiTaliiHUMU [TOKa3HUKaMH TiAPOTYpOiHH.

JocaigkeHHs nyabcalii THCKY y MoOJeabHii
rinporyp6ini PO115. ¥V mozensHii rigporyp6ini PO115
3 PK D;=05156™ Bumipu IIT mnpoomgmmocs 5
naryukamu: 3 3 vux ([1, A3, [14) Oyau BcTaHOBIEHI Ha
matounHi PK; JI2 — y 3a30pi Hanpasisrouanii amapar — PK
ta /IS — B BT 3a PK. Jlaruuku Oyiio BCTaHOBJICHO 3TiTHO
puc. . Curman Bim matumkis M1, 3, 14 depes
CTPYMO3HIMA4 HAJXOJWB Ha MiJACWIIOBAY, a IMOTIM
3amicyBaBcs 332 JONOMOIOI0  INJCWIIOBaYa  Ta
ocruiorpada 3riiHo cxemi puc. 2.

BumpoOyBaHHs ~ TpOBOMIINCS  TpU  Jiama3oHi

pexxumiB pobotn N/ =60-85xB™ Bin MyckoBOro 1o

© 10. M. Kyxrenkos, 2022
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MaKCHMAIIbHOTO  BIJIKDUTTSI ~ HANpPSMHOIO  amapary.
I'padikn ammmityy IIT 31 OKTYyTOBUMH —4YacTOTamu
HaBeJIeH! Y BiICOTKaxX BiJ Hamopy Ha puc. 3, 4, 5, a-8, a.

T

Puc. 1. Cxema BCTaHOBJICHHS IaTYHKIB THCKY B MOJEJIBHIN
rigporyp6ini PO115
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Puc. 3. Po3paxynkosi amrutityau I1T, 2A/H, % y BT mnst 15 3a
MeToamKoI0 [2-5], a Toukn F T1-T8 3a MeTommkoro [6-9]
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Puc. 4. Excnepumentanshi ammrityau 1T, 2A/H, % y BT, A5

Sk MepBUHHI MepeTBOPIOBaYi IIT
BUKOPHCTOBYBAJIHCS TEH30METPHUYHI JaTYUKA
memOpannoro tumy J{1-/15. Sk BTOpMHHY amaparypy
3aCTOCOBYBAJIMCSL  CBITJIONPOMEHEBHH  ocipuiorpad i
mijcumioBad, puc. 2. TapyBaHHS JaT4MKIB IPOBOJHIIOCS
JI0 Ta Icis BUIPOOyBaHb 3a JIONOMOIOI0 3Pa3KOBOTO
MaHOMETpa Ta 3pa3koBOro BakyyMmMy. TapyBaibHi
KOe(QIIIEHTH AAaTYUKIB THCKY BHKOPHUCTOBYBAIUCS IS
nepepaxyHKy, OTpuMaHuXx BenwmuuH amiuttyn [T y
3HAYCHHS MMOJBIHHIX aMILTITY]l V BiIICOTKaX Bill HAloOpy —
2A/H, %. Haiibinpime 3HAYEHHS HABEIAEHOI IOXUOKH,
OTpUMaHe BHACTIJOK L€l TApUPOBKH, HE IEPEBHILYBAIIO
10-15 %. YactoTu CBOiX KOJHBaHb MEMOpaH IaTYHKIB
TUCKY cTaHOBWIM 5—7 k['L, 110 J03BOJMIO BBaXKaTH, LIO
JMHaMIYHa NOXUOKa JaT4YMKIB IIPH BUMIPI TUCKY MaJa.

Ha puc. 4,5 MPECTaBIICHI MyJIbCaIinHi

xapakTepucTukn aatyukie — /12 ta [I5, moOymoBani 3a
pe3yimpTaTaMd  MOJCIBFHUX BHIpoOyBaHe. Ha pmc. 3
pesynbratn  po3paxyHky ammiityn IIT, 2A/H,% 3a
MeToanKow [2-5] ta pospaxyHkosi Touku + T1-T8, (y
T1-8%, T2 - 6,2 %, T3 - 3,3 %, T4 -2 %, TS — 5,8 %,
T6 — 2,7 %, T7 — 1 %, T8 — 3,4 %) 3a meromukowo [6-9].
Ha puc. 5 mis matauka JI2 — eKCleprUMEHTaIbHI 130/iHIT
amityn IIT, 2A/H,% ta po3paxyHkoBi Toukud =+
2A/H, %, (y T1 = 35%, T2 — 45 %, T3 — 3,5%, T4 -
1%, TS5 —3,5%, T6 — 2%, T7 - 1,5%, T8 — 0,5 %) 3a
MeToAuKO [2-5]. 3 mopiBHAHHSA puc. 3, 4 Clifl, MO IpU
Hanopax BimmosimHux N =70-80 XB™, PI3HHUI MiX
SKCIICPUMEHTOM 1 pO3paXyHKOM cTaHOBUTH 1-3% B
abcommoTHUX BenuuuHax (y BIMHOCHUX BEIHUYMHAX —
15-20 % nna metomuku [2-5] Tta 10 % nns METOIUKH
[6-9]. TIpuduoMy po3paxyHOK ma€ Oimblli 3HAUCHHS
ammutityq [1T mopiBHSHO ekcriepuMeHTOM. TakuM 9uHOM,
SKIIO PO3PaXyHOK Ha MILHICTh E€JIEMEHTIB HpPOTOYHOT
YaCTHHU TiApoTypOiHM OyAe TpOBEICHO 3a BHIIE
HaBeJCHUMH MeToauKamu [2-9], To OyJie TiNbKK JAeKijbka
301JIBIIEHO 3ar1ac Mil[HOCTI.
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Puc. 5. Excniepumenransai ammtityqu I1T ta po3paxyHKoBi
touxn F T1-T8 (a) ta yacrortu I1T (6) y MonenbHii
rigporyp6ini PO115 nus 12 y 3a30pi HanpsimMHMi anapat — PK

3 ommany Ha rpadixm IIT Ha puc. 3,4 cmig, mo
00JIacTh 3 MaKCHMaJbHUMH HHU3bKOYaCTOTHHUMH [IT
posramoBana mpu Q, =(0,5-0,65)Q,. Tyr pieui IIT
cranoBmn 8-10 % Bix Hamopy mig PK y BT Tta B 30HI
BuximHoi kpomku Jnomati PK. YV wacrorHomy niama3oHi
nepeBaxarote IIT i3 mkryroBumm dwactotamu (IO
85-90 % Bix piBHA cymapHOi amrutiTyau), mpote 10-15 %
[T ckmamaroTh mynecamii 3 000POTHUMH Ta KPATHUMH iM
gactoramMu. YacTtoTHmii  miamasoH B obmacti 3
MaKCHMallbHUMHU piBHsIMH JUKryTOBUX [IT cTaHOBUTH
3-4Tu, WO CBIMYUTH MPO HASIBHICTh HA LUX PEXKHUMAX y
BT rinpotyp6inu B/I.

Hyabcamii THCKy Ha Jomati MoaeJbHOTo
poGouoro koaeca PO115. Ha puc. 6, a—8, a HaBeneHi
excriepumenTanshi amrmtityau [T, 2A/H, % BumipsHi Ha
o0tiuanky PK — JI1 i Ha MaTO4YMHI Ha BXIJHIA KPOMII
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nomati PK — /I3, 14 mim gac poGotu monemsHoro PK
rigporypbinu PO115, pospaxyukosi touku + TI1-TS,
2A/H, %, mo oTpuMaHi 3a METOIMKOIO [2-5] Ta "acToTH
IIT - f, T'w, puc. 6, 6-8, 6.

PiBens IIT na moBepxHi somari PK 3amexuts Bix
CTyIeHs 3aKpyTKH mOoToKy 3a PK Ta kyra HaTikaHHA
noTtoky. YuM OUIbIIMII KyT HaTiKaHHS Ta CTYIIHb
3aKpyTKH, THM Oinbme ammiityna I1T. Pexumu podorn
TypOiHHM 3 «—» KyTaMH HaTIKaHHS MarOTh BHIIMH PiBEHb
[T uum npu ogHAKOBIH 3aKkpyTHi 3 «+» KyTamu. [Tix «—»
KyTOM HaTiKaHHs TyT PO3yMI€ThCS KYT AP, y IKOMY ITOTiK
3yCcTpidaeTbcsli 31 CIHMHKOIO (CTOPOHOIO PO3PIIKEHHS)
nonati. [Ipn «+» KyTax i MajgMX MO3UTHBHUX 3HAYCHHSIX
3aKpyTKH BIUIMB KyTa IO3HAYA€THCS MEHIIOK Mipolo.
Yacroru IIT na PK i y BT 3amexno Bix pexxumy podotn
TypOiHHM HaBeJeHO Ha puc. 6, 68, 6.
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Puc. 6. Exciepumenranshi ammutityau [T Ha o6Tivanky PK
PO115 narunk Ne 1, pospaxynkosi Touku * T1-T8:
a-T1-8%,T2-7%,T3-3,3%,T4-0,5%, T5-5,5%,
T6-3,5%, T7 -2 %, T8 — 0,5 %; 6 — ekcriepuMeHTAIBHI
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Puc. 7. Excniepumenranbii ammnityqu [T Ha BXigHii kpomi

PK PO115 ans natumka 3 Ta pospaxynkosi Toukn + T1-T8:

a-T1-43%,T2-52%,T3-4%,T4-25%,T5-4%,
T6 - 3,2 %, T7 — 3 %, T8 — 2,5 %; 6 — yactoru IIT
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Puc. 8. Excriepumenranbai ammnityqu I1T, po3paxyHKOBiI TOUKH
+ T1-T8:
a-yT1-43%,T2-5%,T3-3%,T4-2%,T5-4,2%,
T6 -3,3%, T7-2,5%, T8 — 2 %; 6 — ekcliepuMEHTAIIbHI
yactotu [IT Ha Bxianiit kpomui PK PO115 qs natunka 14

O6oporna  wactora f,s  oOumcmioBamacs  3a
dopmynoro f,s=n/60, me n — gactora obepranHs. 3a
HasiBHOCTI B/ 3a PK icHye wiTke cHiBBiIHOIICHHS MiX
yactotamu myibcaniit fy, fos, f,r — BimmosimHo gacrorn Ha
PK, o6opotni ta y BT: fy =mf,s —f,, me m — ximbkicts
BA.

Mertoauku ISl PO3PaxyHKy  JUKTYTOBHX
nyJbcaliifi THCKY Y MPOTOKOBil YacTuHi ritporypoinm.
Ilpocmoposa  mamemamuyna modens HTY — «XII»
pospaxynky IIT y BT rigporypOiHM Bix JOBLIBHOTO
yrcna ¢(isnuaux B/l piBHOI IHTEHCHBHOCTI 3 pPIBHUM
KpOKOM CTaBWiIacsd Ta Oyna BHpIlIeHa Ha OCHOBI
y3arajJbHEHHS ICHYIOUMX TIAXOMIB 1 TpPOBEIEHUX
eKCIIepUMEHTANBHUX nochimkenp [2-5]. Crinka BT B
[bOMY BHIIaJIKy MOJICIIOETHCSI BUXPOBOKO IMOBEPXHEIO, SIKa
CKJIaJIA€ThCS 3 HECKIHUCHHO BEJIMKOTO 4Hncjia TOHKHX BJI
IIHYPIiB 3MIHHOT IHTEHCHBHOCTI 3 KPOKOM DPIBHUM KPOKY
¢iznunnx B/, ski maoTh QopMy T'BHHTOBOI Cripali.
3aB/aHHA PpO3TIsIIaEThCA y KBazicTalioHapHii
MOCTAHOBIII, PiMHA BBAXAE€ThCS HEB's3Kor0. [loTiK mo3a
BUXOpEM IIPH BHM3HAYEHHI IHIYI[bOBAaHMX ILIBUIKOCTEH
NpUIMAaETbCS  TOTCHIIAJbHUM.  YPaxOBaHWH  TaKoX
JOJATKOBHH OCECHMETPUYHHN TOTIK, IO OOYMOBICHHM
npoxomkeHHsM pinnau depe3 PK. 3aBmaHHS 3BOAMTHCS
IO TIONTYKY IIBUAKOCTEeH y OyIb-sakii Toumi BT.

BaxmBum MomentoMm mns pospaxyHky IIT Oyma
MIATOTOBKAa TreoMeTpuuHux mapamerpiB  BJl. Bona
3IiHCHIOBAJIACsS HA OCHOBI alpOKCUMAIIIT JaHUX, 110 OyIu
oJleprKaHi 3 Bi3yaJIbHUX EKCIICPUMCHTIB 3
tdotorpadysannsiM BJ] 1 3 BHUKOPUCTAHHSAM JaT4HKA-
30HJa THCKYy Ha  EKCIIEPUMEHTAIbHUX  CTEHIax
«Typboatoma»  mns  BHOpoOyBaHHSI  MOJEIBHUX
rizpoTyp0OiH.

Jns B/I rizpoTyp0OiH Ha OCHOBI €KCIIEPUMEHTIB OyIiH
oIep)KaHi  TONIHOMHI  3aJIE)KHOCTI ~ T€OMETPHYHHX
napameTpiB BJI: BIZHOCHOTO eKCIICHTpHUCHUTETY — €,

BiZIHOCHOTO miameTpa — 0, a TAaKOXK KyTa HaXWUICHHS

K 0

BUXPOBOI JiHIT — B, y MOJI yHIBepcaibHOI IMyJbcaiifHol
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XapaKTePUCTHKU Y BUIJISII:
e, Q) =A +AQ +AQ”
d (n,Q))=B,+BQ +B,Q?
B, (n,0) =90°(1-C,0/ + C,0;* + C,0;°)

e Ao, Al, Ag, Bo, Bl, Bz, Cl, Cg, C3 — 3MIHHI KOG(biHiCHTI/I,
110 € MOJIHOMaMH Bix N .

Pospaxynku Odoceymosux IIT y eiopomypbini Ha
ocnosi naxemie npoecpam CFD. Ilpu onmci Tediii B
TiApoTypOiH MOBOAMTBHCS CTHKATHCS 3 HpoOiieMaMu: 3
HEOOXiTHICTIO MOJENIOBaHHS TYypOYJIEHTHOCTI B KaHajax
CKIagHOl TeoMeTpryHOi (OpMH 1 CHIBHOI 3aKpPYyTKH
moToky. /i nporo moTpiGHI Mozaeni TypOyIeHTHOCTI, 10
OIMCYIOTH BelMKoMacTadHi mysbcanii notoky. [lupoxe
TIOIIUPEHHS, B IHKEHEPHHUX po3paxyHkax K-g i k-0 momeri
TypOyJIEHTHOCTI TIOTaHO ONMCYlTh Taki Tedii. {06
HOJINIIMTA MOJETIOBAHHS TYpOYJIEHTHHX 3aKpY4eHHX
Tedid Hamararoteest MoaudikyBarm URANS  mopneni
TypOYJIEHTHOCTI 1 BHKOPHCTOBYBATH METOIH, B SIKUX
BUPIIIYIOTECS BEJIMKOMACINTAOHI TYypOYJICHTHI BUXOpHU
(LES, DES). Iis MomenoBaHHs LbOr0O SBUINA HEOOXiITHO
3aCTOCOBYBaTH HECTal[lOHapHi, BUXPOBI METOIU — METOJ
MoOJeNOBaHHsS ~ Benukux  BuxopiB  (Large  Eddy
Simulation — LES), npu npoMy HeoOXijHa JeTajdbHa CiTKa
mobmm3y crinok. RANS mopeni exkoHomiuHi i 100pe
ONUCYIOTh NPUKOPIOHHI miapu. B pobori [8] Oys
3aIPOTIOHOBAaHMI MeTOA Bimokpemienux Buxopis (DES).
[Tpu MopnentoBaHHI TigpoTypOiH HEOOXITHO BPaxOBYBaTH
obepranns PK i B3aemonii poropa-cratopa. [lommpernm i
NPOCTUM criocoboM MopentoBaHHs obepranus PK e
BHKOPHCTAHHS 00epTOBOi cucTeMu koopauHat. [lepexin y
0o0epTOBY CHUCTEMY [03BOJISIE MOJENIOBATH Tedii B
HaOmKkeHHi, pu skomy PK Hepyxomo, a piguHa HaTikae
Ha HBOTO — «3arajbMOBaHe Kojieco». [IpoBeaeHi yncieHHi
po3paxyHku [7-9], 1m0 BKa3ylOTh Ha TIiAHICTH TAKOTO
MiAXO0Iy.

Hwxue HaBeneHi piBHSIHHA MaTEMaTHYHOI MOJEII,
10 BUPAXKAIOTh 3aKOHH 30€pekeHHsI Y 00epPTOBiil cucTeMi
KOOpJMHAT. PIBHSHHA HEPO3PUBHOCTI (3aKOH 30epeKeHHS

MacH): %+ V(pV)=0. PiBHsHHS KiIBKOCTI pyXy (3aKOH

30epeKeHHS IMITYJIbCY) JUISl BIIHOCHUX LIBHIKOCTEH:

%+V(pVV)=—VP+V(t’“ +1')+

+(P—py)g +p(2Q, xV +Qx(QxT)),

ne V — BEeKTOp IIBUAKOCTI PIJMHHU; T — TEH30p B'SI3KHX
HampyXeHb; () — BEKTOp KyTOBOi IIBHIKOCTI O0OEpTaHHS
PK; P — cratmunwmii Tuck; p — minbHicTh. [Ipu mepexoni B
00epTOBY cHCTEMy KOOpAHMHAT B MpaBiil YaCTHHI PiBHAHHSA
30epekeHHsl IMIYJIbCY 3amucyloThess cuiia Kopiomica i
BiauenTposa cuna. CKIaJ0Bi TEH30pa B'S3KMX HAIPYT T
BU3HAYAIOTHCS

KOMIIOHEHTH BEKTOpa INBHAKOCTi; O — CHMBOI
Kponexkepa.
Bucnoskmu: 1. Bymn IpoaHallizoBaHi

excriepuMmernTanbHi fgani [IT y rigporyp6ini PO115 Ta
MPOBEICHO iX TOPIBHSIHHA 3 pe3yJbTaTaMH PO3PaxyHKiB
[0 MaTeMaTHYHHMX Mouelsx [2-5] ta [6-9], mo cBiquuThH
PO OMMyCTUMHUH PiBEHb PO3paxyHKOBUX KryToBUX 1T,
Ta € OJIHIEI0 3 YMOB HaAiHOI poOOTH TipoTypOiHu.

2. Ha pexumax i3 manoto 3akpyTkoro yacrora [1T Ha
sonatsx ta 3a PK Onm3pka no oboporHoi yactoTn. Ha
peKMMax 3 BEJIMKOKI 3aKPYTKOIO, Jie CHOCTEPIraloThCs
B/, gactora IIT y BT cranoButh 6musbko 20-50 % Bifx
00opoTHOI Ta BiAmoBinae yactoti obeprannsa BJl. Yactora
obepranus B/l 3anexxuts Bix pexuMy podbotu TypOinu. 3a
JAHWUM{  JIOCHI/DKCHb  BUSABJICHO  TEHICHINID 1O
30impmeHHss yactotn BJl Ha pexmnmax, mo Onm3bKi 10
ONTUMAITEHUX.

3. Bruus yJIbCYIOUOIO notoky Ha  PK
crpuiiMaeTbess 3 4actoramu npubmmsHo 0,5-0,8 Ta
1,3-1,9 Bix 00OpOTHOI 3alekKHO BIA pPEeXUMY pPOOOTH
rigporyp0inn. Ha nomarsx PK wmaroTe Micie Takox
Y4acTOTH, KpaTHi oOoporHiii. HusbkouacroTHa ckiamoBa
IIT moB's3ana Tinbku 3 BJI, 1110 BUHUKAE 3a HAsBHOCTI
MUpKyJsnii mBuakocti ' = 27V I o KOHTypy KOHyca
BT - y Brynku 3a PK. Bucokouacrorna ckmamosa IIT
00yMOBJICHA TOJIOBHHM YHHOM DEXHMOM OOTiKaHHS
JomaTi 3 BENWKUMH KyTaMH HATiKaHHS 1 BHUXPOBHMH
YTBOPEHHSMH, IO TIOB'SI3aHO 3 OOTIKaHHSAM BHXIiTHHX
kpomok Jstonareit PK (mopixxku Kapmena).

4. IIpoBeneHO TOPIBHSIHHSA METOIUKH PO3PAXYHKY
ammtityn mpkryroBux [IT B BT 3a meronmukoro kadenpu
rizpomamma HTY «XIII» [2-5] Ta Ha OCHOBI pilieHHS
piBHsiHb PeliHonpaca 3a JOMOMOIOK — MPOTPAMHOIO
kommiekcy CFD [6-12]. V mepuiomy BuUmaaky s
BUKOHAHHSA  3a7adi  NOTPiOHI  HE3HA4YHi  pecypcu
MAIIMHHOTO 4Yacy, aJi¢ IOXWOKa TP PO3PaxyHKY
ammutityn [IT cranopute mo 15-20 % B mopiBHSHHI 3
CKCIICPUMCHTATBPHUMYU JAHHUMH Y IMUPOKOMY Jiama3oHi
pexxuMiB TypOinu, y apyromy — 10 %. IIporHosyBaHHS
IIT 3a nuMU METOAWKAMU TIPU MPOEKTYBAHHI TiIPOTYpOiH
JacTb MOXKJIMBICTH BHOOpPY HaHKpamoi MPOTOYHOI
yacTuHn 3 HaiMmenmnmu IIT, TOOTO 3 MEHIIMMH
BTpaTaMH, 1, SIK HACIIIOK, 3 BHUIIIUMH
€HeprokaBiTaliiHUMU [TOKa3HUKaMH TiAPOTYpOiHH.
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H. I IEBYEHKO, B. I0. IBAIIIEHKO, €. 0. PYF/IEBCbKHH, 0. 0. 34KOPA

INPOEKTYBAHHSA BIZHEHTPOBOI'O HACOCA 3A J1OIIOMOI'OIO ITPOI'PAMHOT' O
3ABE3IIEYEHHSA AXSTREAM®

VY po6oTi BUKOPHCTOBYEThCs Tporpamue 3abe3nedeHnss AXSTREAM® kommawii SoftinWay (CLLA) mst npoextyBanHs TypooManins. HauioHansHUi
texHiuHuil yHiBepcureT "XIII" (M. XapkiB) oTpHMaB IpaBO HA BUKOPHCTAHHS JIIEH3IHHOTO IPOrpaMHOro 3a0e3MeueHHs Ta JOKYMEHTAIil TOproBoi
Mmapku AXSTREAM® B ocBiTHROMY Iporieci. Pe3ynpTaTn KOMII'FOTEPHOTO MOJIEIIOBaHHS Ta YHCEIBHHUX HOCHIIKEHb OTPUMAHO y IPOIEC MiArOTOBKU
MaricTpis 3a mporpamoro «l'amy3eBe MammHOOYyAyBaHHs». Y poOOTI BUKOPHCTOBYETBCS CYYacHHMIl MiIXiA IO NMPOEKTYBAaHHS MPOTOYHHMX YACTHH
rigpaBiiyHuX MamuH. el miaxin 3acHOBaHMit Ha CIIUILHOMY BHPILLIEHHI PSIMOi Ta 3BOPOTHOT 3a/a4 ripoauHamiku. [IpoBeneHo TecTyBaHHS pOOOTH
inrepdeiicy cepenosuma AXSTREAM® Juist BupileHHs 3aa4 IPOSKTYBaHHsI, PO3paxyHKy Ta ONTHMI3allii IPOTOYHNX YaCTHH IipaBIidHUX MAIIUH.
PosrisHyTo Moaynbs nomepenHboro npoekryBaHHs B cuctema AXSTREAM®. Haseneno indopmario npo 0coOIMBOCTI HPOSKTYBAHHS Ta YUCEIBHE
JIOCIIKEHHsI TiepeOiry B's3K01 CTHCIMBOI PIAMHY B IIPOTOYHII YaCTHHI BiILEHTPOBOro Hacoca. Y poOOTi OTPUMaHO MPOEKT BiLIEHTPOBOI'O HAcOCa HA
3a/1aHi TeXHIUHI yMOBH. IIpoBeileHO pO3paxyHKH €HEepreTUYHUX HapaMeTpiB BiUEHTPOBOro Hacoca. [IpoBeeHO MOCimKeHHs BIUIMBY 00TOYyBaHHS
pobouoro Kojeca Ha eHEPreTUYHI XapaKTEePUCTHKK Hacoca. BHKOHAHO po3paxyHOK IPOCTOPOBOI Tedil y MpOTOYHil YacTHHI pobodoro kKojeca Hacoca
HK 65/35-70. Ilomano mopiBHSAHHS pe3yNIbTaTiB PO3PaxyHKIB 3a 000Ma METOJaMH 3 eKCHEPUMEHTOM. [linTBEpMKEHO TOUINBHICTD BUKOPHCTAHHS
HaIiBEMITIPHYHUX MoOJeNeil Ul OTpUMaHHs IIONEepeaHiX HaONIKeHb W00 ONTHUMI3alil IPOTOYHOI YacTHHH. IIpoBefeHo Oy CydacHHX ITaKeTiB
004HMCITIOBANIBHOT T1POAMHAMIKH.

KurouoBi ciioBa: BifueHTpoBHH Hacoc, KOedillieHT KOPUCHOI Jii, HATUCK, [ojaya, NpsiME€ Ta 3BOPOTHE 3aBJAHHS, NPOCKTYBaHHS,
00uHCITIOBaNIbHA T IpOANHAMIKa, TporpaMue 3a0e3neueHHs AXSTREAM®.

N. SHEVCHENKGO, V. IVASHCHENKO, E. RUBLEVSKYI, A. ZAKORA
CENTRIFUGAL PUMP DESIGN USING AXSTREAM® SOFTWARE

The work uses AXSTREAM® software and documentation from SoftinWay (USA) for the design of turbomachines. National Technical University
"KhPI" (Kharkov) received the right to use licensed software and documentation of the AXSTREAM® trademark in the educational process. The
results of computer modeling and numerical studies were obtained in the process of preparing masters under the program "Industrial Mechanical
Engineering". The work uses a modern approach to the design of flow parts of hydraulic machines. It is based on the joint solution of direct and
inverse problems of hydrodynamics. The operation of the interface of the AXSTREAM® environment was tested to solve the problems of designing,
calculating and optimizing the flow parts of hydraulic machines. The preliminary design module in the AXSTREAM® system is considered. The
features of designing and numerical simulation of the flow of a viscous incompressible fluid of a centrifugal pump are considered. In the work, a
design of a centrifugal pump for the given technical conditions was obtained. The energy parameters of the centrifugal pump have been calculated. A
study was made of the influence of impeller turning on the energy characteristics of the pump. The calculation of the spatial flow in the flow part of the
impeller of the pump NK 65/35-70 was performed. Comparison of the results of calculations by both methods with experiment is presented. The
expediency of using semi-empirical models to obtain preliminary approximations on the optimization of the flow path has been confirmed. A review
of modern packages of computational fluid dynamics is carried out.

Keywords: centrifugal pump, efficiency, head, flow, direct and inverse problems, design, computational fluid dynamics, package
AXSTREAM®.

BCTyH. AKTyaJ'IBHI/IM HaIlpsAMKOM €KOHOMIYHOT'O MOACIIOBAHHA Ta YHCCIIBHUX I[OCJ'Ii,H)KeHL Y HaB4YaJIbHOMY

PO3BHUTKY KpaiHH € BIPOBAKEHHS EHepro3odepirarwdoi
MOJITUKK Yy BCIX Taly3siX HapoIHOTO TIOCHOAapCTBa,
BBE/ICHHS HOBHMX CYYacCHHMX HOTY)XHOCTEH 1 MOJIEpHI3allifo
ICHyIOUMX 3  BHUpIIMICHHAM NHTaHb EKOJIOTil Ta
e(eKTUBHOCTI POOOTH CHepreTHYHOro oOnamHaHHs [1].

OnHUM 3  TEpCHEeKTHBHUX  HAyKOBHX  HAalPSIMKiB
MOJICpHI3allii  TEeXHIYHUX  OO0'€KTIB €  YHCENbHE
MOJICIIOBaHHSA pOOOYMX TPOIECiB Ta TEXHOJOTIH.

3acrocyBaHHA O00pe OOIPYHTOBaHHMX MaTEMaTHYHHUX
Mojenel, MOosSBa TOTYXHHX OOYHCIIOBAIFHUX 3ac00iB,
PO3BUTOK MPOTrPaMHOTO 3a0e3neueHHsl, HOBHUX
iH(pOpMAIIfHUX TEXHOJIOTIH Ja€ MOXKIUBICTD 3ACHICBUTH
Ta CKOPOTHUTH OOCST MPOCKTHHUX Ta CKCIIEPHMEHTAIbHUX
pOOIT, IPUCKOPUTH MPOIEC BIPOBAHKECHHS JOCKOHAIHX
KOHCTPYKIIIH.

OpHak, JUIs BUPINICHHA CydYaCHHMX 3agad [0
YIOCKOHAJICHHIO CHEPreTHYHOTO 00JaHAHHS Tpeba MaTh
BHUCOKOMPOdeciifHuX (haxiBIIiB, 10 BOJIOIIIOTh Cy4aCHUMHU
IHHOBallifHUMHU TEXHOJIOTISIMH TPOEKTYBaHHS, PO3POOKH
Ta HAYKOBUX JIOCII/KCHb, PO3YMIHHSIMH IPOIECIB, IO

MpoIieci MAroTOBKH (PaxiBIiB 32 OCBITHIMH MPOTpaMaMu

«IIpuknagna MeXaHiKa Ta «l"anmy3eBe
MaIIMHOOYTyBaHHSA», € AKTYaJILHOIO0.
3  METOK  MiJBUINEHHS  SIKOCTI  3aCBOEHHS

HABYAJIBHOTO MaTepiany 3100yBayamMH BHUINOI OCBITH Mif
4yac OCBITHbOrO mpouecy HarioHanbHuil TexHIYHUIA
yHIBEpCUTET «XapKiBCbKUH MOJITEXHIYHUH I1HCTHTYT»
(HTY «XIIl») Ta xommanis SoftinWay Inc. [2, 3]
MiAMUCATH  JILUEH31HHY Yrogy TIpo BIPOBA/KEHHS Yy
HaBYAIPHMHA  IUIAaH  OCBITHBOI  Bepcii  cucremu
AXSTREAM® 3 MeTOr0 MiBUIICHHS MPAKTHYHOTO PiBHS
3HaHb OCHOBHHX MIPUHINIIIB MIPOEKTYBaHHS
€HEPreTUIHOT0 OONagHAHHS Ta MPOoQeciifHOl MiATOTOBKH
BUITyCKHHKIB Ka)eApH TiapaBIiYHUX MAaIIWHW. 3TiTHO 3
YMOBaMH  JIOTOBOPY  IOCTYyIl IO  JILIEH30BaHOTO
MIPOrpaMHOTO 3a0e3edeHHs] MOBHHEH OyTH OOMEXeHHH
crygeHtamu 1 Bukigamagamu  HTY  «XII»  mua
HEKOMEPIIITHOTO BUKOPUCTAHHS, TOOTO TiJIKM B OCBITHIX
1 JTOCHIAHULIBKUX LIJIAX.

OO0'eKTOM JIOCIIJKEHHS € TiIpOMeXaHiuHl MpolLecH,

BiIOyBalOTbcsl y TexHIYHMX oO0'extax. OTxke, 3agaya 1m0  BiOYBarOTbCS B BIJIUEHTPOBUX  HarHiTayax.
BUKOPHCTaHHS  Cy4YacHHX METOIIB  KOMITIOTepHOTO  [IpenmeroM  JOCHDKEHHS €  3aKOHOMIpHOCTI, IO
© H.T. IlleBuenko, B. IO. IBamenko, €. }O. Pydnescokuid, O. O. 3akopa, 2022
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3B'A3YIOTH TiJJPOJMHAMIYHI Ta TEOMETPHUYHI ITapaMeTpH i3
pOOOYNMH XapaKTepUCTUKAaMH BiIIIEHTPOBOTO HACOCA.

CydacHuif WiAXig OO TPOCKTYBAaHHS MPOTOYHHUX
YacTWH TiJPOMAIINH TIPYHTYETbCA HAa  CIUIBHOMY
BHpIIIEHH] MPSIMHUX 1 3BOPOTHUX 3ajad Teopii pobGodoro
nporecy. Y MoHorpadii [4] BHKIIaZeHO OCHOBHI METOAU
JOCTIKEHHST poO0YOro MPOLECy JIOMATEBUX TiAPOMAIIHH
Ha OCHOBI PI3HUX MIIXOMIB A0 MOJCITIOBAHHS TEXHIUHHX
00'eKTiB. PosrnsayTo MUTAHHA MIPOEKTYBaHHS
riIpOMalivH, a TaKoX LUIIXW IX BHUDILICHHS 3a
JIOTIOMOTOI0  Cy4YacHHX MaKeTiB MPHUKIAJHUX IPOTpaM.
3nifiCHEHO aHaIi3 HAYKOBHUX IIJXOJIIB Ta MOJOXKCHb.

Orasiga  cy4acHHX MakeTiB  00YHMCIIOBAJIbLHOI
rigpoaAnHaMiki. 3 pPO3BUTKOM METOJIB MaTEMaTHYHOTO
MOJICITFOBAHHS 1 BIPOBA/KCHHS B IHXKCHEPHY MPAKTUKY
00YHCITIOBAIEHUX MAIIMH 3'IBUIACS MOXIIMBICTh 3aMiHU
(GI3MYHOTO EeKCIIEPUMEHTY YHCEIbHHM. 3acTOCYBaHHSI
YUCETPHOTO MOJEIOBAHHSA HAA3BHYAHHO PO3IIUPIOE
MOXITUBOCTI aHali3y BIUIMBY I€OMETPUYHHUX IapaMeTpiB
Ha KiHEMaTHYHI Ta EHEpPreTUYHI XapaKTePUCTHKH.
UncenpHUH EKCHEPUMEHT JIO3BOJISIE OI[IHWTH  BIUIMB
OKpEMHX TE€OMETPHYHHMX [apaMeTpiB Ha EHEepreTH4Hi
XapaKTEPUCTUKU TiJPOMAIVHU, IO J03BOJIMIO CYTTEBO
CKOPOTHTH TEPMIH 1 BAPTICTh JOCII[KCHb.

Y poborax [5,6] HamaHO OIS TPOrpaMHUX
MPOAYKTIB I 33a7ad OOYHCIIOBAIBHOI TIAPOJMHAMIKH.
Haiigimomimni komepuiiini makern — Ansys CFX [7, 8] Ta
BitbHHI nakeT OpenFOAM [9]. Ha Binminy Bing moporux
TIAKeTIiB MIPOMECIIOBOTO TIpU3HAYCHHS, TTeH31s
OpenFOAM € Oe3komToBHOIO. [IporpaMHmii maker
OpeanFOAM € O0CTaTHRO BIiZOMOIO Ta MOUIMPEHOIO
OibmioTexkoro B akameMmidHii cmimpHOTI. Y poboTax
[10, 11] Hamaro TpHKIaM PO3PAXYHKIB TiAPOTUHAMITHUX
MapaMeTpiB y MPOTOYHKUX YaCTHHAX TiAPABIIYHUX MAIIHH
3a gonomoror OpenFOAM.

iM. A. M. ITiaropHOro € OAHMM 3 MPOBIAHHUX 3aKIA/IB

BITUM3HSHUX  NPOEKTYBAIBHHUKIB  TiAPOMAlIMH  Ta
JIOCJIITHUKIB TIPOCTOPOBOI Tedii PiMHU B iX MPOTOYHHX
YacTHHAX. po3poOuB  PesympTaTu  JOCHiIKEHb 3a

JIOTIOMOTOI0  PO3POOJIEHOTO IPOTPAMHOTO  KOMILIEKCY
mozemoBanHs [IPMFlow HaBeneHo y podotax [12, 13].

Omnuc cepemoBuma AxSTREAM®. Kowmmnanis
SoftinWay Inc. (CHIA, mrar Macauycerc) po3po0isie
MPOAYKTH Ui TIPOSKTYBaHHSA TypOO Ta TiApaBIigHUX
MaIlliH, HaJa€ TEeXHIYHI IMKEHEpHI TOCIyrH Ta
BUKOPHCTOBYE pPO3pOOJIeHI BcepenuHi KoMmaHii Ta
npomuciosi crangaptHi CFD ta FEA iHcTpymenTn mns
Toro, o0 3IifiCHIOBaTH MPOEKTYBajbHI 3aBJaHHS Ha
paHHBOMY eTami, 100 MaKCUMI3yBaTh iH)XXEHEpHY
NPONYKTUBHICTH Ta  30UIBIINTH  €(EeKTHBHICTH Ta
HaJiHICTh 00JIaIHAHHSI.

I'onoBumit nponykr AXSTREAM® € inTerpoBanum
pilIEHHSM, 3aCHOBaHMM Ha KOJEKTUBHOMY JOCBIii
imKkeHepHoi komaHnu kommadii SoftinWay. IIpomyxt
po3pobieHO 3 METOI  HaJaHHA  MPOMHCIIOBOCTI
npodeciifHOro mporpaMHOro iIHCTPYMEHTY JUIS IIBHJIKOTO
MPOEKTYBaHHSI Ta ONTHMI3allii TNPOTOYHUX YACTHH.
IMnarpopma nporpamu AXSTREAM®, nobynoBana 3a
MIPUHIUTIOM  OJOYHO-i€EpapXidYHOTO TIIOJaHHS TPOLECY
npoektyBanHs. Cucrema AXSTREAM® nanae 3pydHHii

inTepdeiic U1 BUpIIEHHS 3aJad  [POEKTYBaHH:,
pO3paxyHKy Ta ONTUMi3alii NPOTOYHHMX  YaCTUH
ripoManivH.

Ha puc.1 Hamana cxemMa OCHOBHUX MOJYJIIB.
ApXITEeKTypa HpOrpaMH Ma€ MOXIIMBICTh PO3IIMPEHHS
OUIIXOM  MIAKIIOYEHHS  HOBUX  3aBAaHb.  Meronu
BUpILIEHHS  3a0e3nedyroTh  HEOOXigHy  TOYHICTb
pe3yNbTaTiB 32 MiHIMAJbHHX BHUTPAT PO3PAaXyHKOBOTO
qacy Ta pecypciB EOM.

Y po0oTi BUKOpHCTaHI MpOrpaMHi iHCTPyMEHTH Ta

[ncTuTyT pobeM MamuHoOyayBanus — gokymentn AXSTREAM® [2].
[Mpouenypa ousaixy s
I AxSTREAM
|
Mogynb MNpodintoBaHHA Ta 30| '

nonepeaHbLoro Mogynk niHii TORy [OM3aliH NonaTok 3D awanis (3D
Au3aiiny (Preliminary (1D/2D Calculation) (Profiling &3D Blade Analysis)
Design Module) | Design)
|
FereETIE AHanis no cepeHii MpodinoBaHHa No
niHiT (Meanline ceKuiam (Section 3D CFD (AxCFD)

| (Solution Generator) | Calculation)
alculation

Profiling)

AHaniz no niHiax ToRy
(Streamline
Calculation)

JocnigHuk npoctopy
awvzarny (Design
Space Explorer)

| Kackag, CFD (Cascade

CFD) 3D FEA (AxSTRESS)

MNo3anpoeKTHUIA

aHani3 Ta onTumisauia

| (OFF Design Analysis
& Optimization)

3D npoeKTyBaHHA
nonatok (3D blade
design) |

Puc. 1. Cxema OCHOBHHUX

moxyiiB AXSTREAM®
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IlocaigoBHICTL TPOEKTYBAHHSI B cepelOBHILI
AXSTREAM®. Ilporiec NpOEKTYBaHHS MOYHUHAETHCST 3
MOAYJISl TONEPeIHbOr0 IH3aiiHy, MOTIM IEPEXOIHUTh JO
CIPOLICHOTO aHaNidy, Jam [0 [podiloBaHHA Ta
NPOEKTYBAaHHA JIOMATOK, 1 3aBEpLIYEThCS TPUBUMIPHUM
aHajisoMm, srigxo [14-17].

CTBOpIOEMO  HOBHH  IIPOGKT B  CEPEIOBHILI
AXSTREAM®. V¥ nianoroBoMy BikHI moTpiOHO 00patu
THUII MallIMHU Ta KOHQIryparito Hacoca — puc. 2.

3aa€eM0O OCHOBHI reOMeTpUyHi Ta poboyi napamerpu
Hacoca /Il HOro IOJQIBIIOTO aHamizy. Y LbOMY
npukinagl  Oyne  CIPOEKTOBaHWMHM — OJHOCTYIIHYACTHH
BIIIICHTPOBHII HAcOC 3 TaKUMH TEXHIYHHMH Ta
IrPaHUYHUMH YMOBaMHU:

e Tuck Ha Bxoai — 310 kI1a;

* O6'emHa BuTpara — 65 M3/F0,Z[;

* Hamip — 70 m;

* Yacrora 06epTiB Baiy — 2950 06/xB;

* Kinbkictb cryneHis — 1;

* Tuck Ha Buxozi — (1000-1200) xI1a;

* Cepenniii giameTp Ha Bxofi — (100-115) mm;

* Buxinuwuii Kyt nonareit — (30—-60) rpaz.

#.

Axial Turbine

Puc. 2. Bubip Tuny rigpomaminau AXSTREAM®

Jnst 0OpaHOTO THIY MPOTOYHOrO Tpakty (puc. 3)
00MparOTBCS MOJIENI BTPAT, TAKUX AK TEPBUHHI BTPATH,
BTOPHHHI BTpATH, IEpeXiHI BTPATH, PO3PaxyHOK KyTa
BIIXWJIEHHS Ta 1HIIII.

Single-siage |

i -

Puc. 3. Bubip xoudirypaii Hacoca y cepenoBuiii
AXSTREAM®

Hns o6niky npodinbHUX BTpaT y pobodoMy KoJjeci
ciig BuOpaTH Mojenb BTpar «AXS Pump Prof Aungier».
Monens Btpar «AxS Defaulty kpama s o0miky
NEepBUHHUX BTpaT y Oe3nomatkoBoMy audysopi Ta
paBiuKy. [yt po3paxyHKy KyTa BiIXWJICHHS CJIiJ BUOpaTH
mojenb «AxS RC dev by Wiesner» asst po6odoro koseca

Ta «(hikcoBaHMH KoeillieHT BTpar» Uil 0e3JI0maTeBoro
nudysopa Ta paBiuKa.

Monyns TIOTIEPETHHOTO TIPOEKTYBAHHS B
AXSTREAM® ckmamaeTrscst 3 TeHeparopa pillleHs,
JIOCTITHUKA TpOCTOpy mpoekTyBaHHS Ta PDMap. Lle mae
KOPHCTYBa4YeBi IIUPOKUI CIEKTP MOXJIHMBOCTCH VIS
IIBUIKOTO BHOOPY ONTHMAaJIbHUX IapaMeTpiB OCHOBHOTO
LUISIXY TTOTOKY, TaKMX SIK T€OMETPHYHI PO3MIpH Ta KyTH i
1. 1. Ilpouenypa momepeqHbOro NMPOEKTYBAHHS BUKOHYE
PO3paxyHOK 3BOPOTHOTO 3aBIaHHS.

[Micns  3aBepiIeHHST  PO3PaxyHKIB  pe3yJbTaTh
mpencTaBieHi B obnacti mpoektyBanHs Design Space, sk
MOKa3aHo Ha puc. 4.

]

N 21 598126 KW
eff_tt 0 542365-

eff_ts 0.530456 - 1
GOut 65000.000000 kg/hr §5

Wt

100
T T I

i

60
i b

40

/

—_—

|||u|n|\|n|||||l||n|||]nn| .m|..n|<m|u.. ||||||u|‘||||I\|||I||<||||u||||||||

60 -40  -20 0 20 40 60 80 100

Puc. 4. Obnacts 3naiinenux pimens (Design Space)

B o0xacti mpoekTyBaHHS KOXHA 3 TOYOK BiJIIOBiTae
KOHKpETHIN KOHCTpyKLii Hacoca. Haiikpamie pimeHHs 3
obnacti mpoekra mo3HadeHo Bimmitkoro «Applied». ¥V
SIKOCTI TOJIOBHOTO KpHTEpisi 00paHO KoedilieHT KOPUCHOT
oii — eff_tt.

Konctpykuii Hacoca MaTUMyTh HIMPOKHHA [iama3oH
(Bix MiHIMAIBHOTO OO MAaKCHMAIBFHOTO) MapaMeTpiB,
TaKdX SK JiaMeTpH  BXOIY/BHXOMY, TaHICHINHHA
MIBUAKICT, BITHOCHHHM  JiaMeTpiB  Tomio.  SIKiio
KOpUCTYBady MOTPiOHO (iAbTpyBaTH MPOEKTHI pillIeHHS,
00OMEXKyIOUH JTiarma3oH MapaMeTpiB Ha OCHOBI OCOOJIMBHX
BuMor, Tpeba BukopucroByBaTH «Design  Space
Explorer».

IIpodinoBannsa nonarteii podouyoro xoiaeca (PK).
[Ipodimosanns PK BinOyBaeTbcs Mo TphOX JIHIAX TOKY
JIONaTed Ta CKIIANAEThCS 3 TPABUIIBHOTO PO3MOALTY KYTiB
B (a6o 0) Ta ToBImMHK somarei, 3rixHo [15, 16]. Kytu B i
0  BiOMOBimAIOTP 32  TEOMETPiI0  JIOMATOK  Ta
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B3a€MONOB'I3aHl oguH 3 oxHMM. Burisig nomarein PK
TICIIS 3TIIAKyBaHHS TPEACTABICHO Ha pHC. 5.

1
|
|
¥

Puc.5. Jlo npodimroBanns nonareir PK

ligpoamnamiunmii  po3paxyHOK  mapameTpiB
Hacoca. Y AXSTREAM® 3aBnanHs BHpILICHHS NPSMOT
3aJa4l MOXKHa BUKOHYBaTH y JIBOX OCHOBHHUX pPEXHMaXx:
Meanline mode (anani3 mo cepeaniit ninii) Ta Streamline
mode (aHami3z mo JiHisAX TOoKy). Meanline mode o3Hauvae,
10 BHpINIyBad aHamizy Oepe reoMeTpiro KacKaliB TUIbKH
Ha JUIAHIN cepenHboi JiHii. Takuil pekuM BBaKAETHCS
HaWOLTBII ONTHMAaJIBHUM Ta IIHPOKO BUKOPHUCTOBYETHCS B
NOAIOHMX pO3paxyHKaX, TOMY JaHHH pO3paxyHOK
MpOBEACHUI caMe y LbOMY pexuMi. MoIynb BHKOHYE
BHpIIIEHHS TPsAMOi 3a1adi, TOMy € MOXXIIUBICTh BHOpaTn
MMOCTAHOBKY 3aBJaHHS: 3HAWTH THUCK 1O 3aJaHiil BUTpaTi
abo 3HaliTW BUTpaTy MO 3aJaHOMYy THCKY. Y JaHOMY
npoekTi oOpaHo nepmmii Bumagok. Ha puc. 6 HajgaHo
PO3MOALT THCKY HAa MEPUAIOHAIBHIN MPOEKIIii MPOTOYHOT
YaCTHHHU.

TpuBuMipHe Moe/JIIOBAHHS Ta TiIpoxMHAMiYHMIA
po3paxyHok Hacoca. Cepenosuie AXSTREAM® Hamae
MOXIIUBICTh (pOpMyBaHHS HPO(DLIIO JIOMATI Ta €KCHOPTYy
3D reomerpii y 3oBHimHI CFD Ta FEA — comBepu. Y
paMKax  JOCHimHWIBKOI  poboTHm 32  poOOYMMHU
KpeCIIeHHKaMH BianenTpoBoro Hacoca HK 65/35-70 Gyiu
CTBOpPCHI  TPUBHMIpHa TBEpAOTiIFHA  MOJENb  Ta
po3paxyHKOBa ciTka HPOTOYHOT YaCTHHH.
lppomunamiunuii  po3paxyHOk Oyno BHKOHaHO 3a
noromororo iHcTpymenta AXSTREAM® — AXCFD. Ha
puc. 7 HaJlaHO pe3yJbTaTH PO3NOJLUTY THCKY y MPOTOYHOT

yactuau Hacoca HK 65/35-70.

Ptabs kPa

1500.

1291
1082
8737
6480
4661
247 3
3862,

-170 3.

=379

Puc. 7. Po3monin THCKy y IpOTO4HOI YacTHHI Hacoca y 3D
IUIOIIUHI

IModynoBa eHepreTHYHMX XapaKTepHCTHK.
UncenbHi po3paxyHKH IO Cepe/iHi JIiHIT TOKY NpOBeIeHO
y JianasoHi BUTpaTW PiIMHM BIJIEHTPOBOrO Hacoca
Q=(20-70) »®* ma romumy. YMcenbHi pPO3PAXYHKH
TPUBHMIPHOI MOJETI Hacoca BHKOHAaHO Yy pobodomy
mianazoni Butparn Q = (38-70) M* Ha roaumHy.

Ha puc. 8 HagaHo eHepreTH4Hi XapaKTEPUCTHUKU
BIIIIEHTPOBOTO Hacoca — Hamopy H Ta KoedimieHTa
kopucuoi il (KKJI) Bix Butparn pimmau Q. YwucenbHi
pO3paxyHKH BHKOHaHO y pexumi Meanline mode Ta
AXCFD® cepenoBuiia AXSTREAM®. Takox Ha puc. 8
HalaeTbCs Uil TOPIBHAHHS XapaKTEpPUCTHKA Hacoca
HK 65-70, mo orpuMaHa eKcriepuMeHTaIbHO.
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Puc. 8. 3anexnocti mHanopy ta KK/I Bix BuTpaTn Hacoca

Bulletin of the National Technical University "KhPI".

Series: Hydraulic machines and hydraulic units, no. 1’2022

75



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

JocaigxeHHs BIVIMBY 00TOYKH Po0o4oro KoJieca
HA eHepreTH4YHi XapaKTepUCTHKH Hacoca. Y paMKax
JOCTITHUIBKOI poOOTH PO3TISIHYTO BiAIEHTPOBUN HACOC
HK 65/35-70 y nBox mommbikamisx. Ha puc. 9 mokasano
MepHIiaHaJ bHI BUIJIIIA HACOCIB Y ABOX BUKOHAHHSIX «A»
Ta «B». BOHM BiIpi3HAIOTECA 30BHIMIHIM JliaMETPOM
pobouoro kosreca D, Ta mmpuHOIO JOmaTel Ha BHXOII 13
koseca. Ilicis po3paxyHKy mapameTpiB Hacocy B 000X
BUKOHAHHSX Y HOMIHAJBHOMY PEXHUMI, PE3yJIbTaTH OyJIo
3BeIeH0 y TaOy. | ;s MOJanbIIoro MOpPIBHSHHA Ta
aHaizy.

BinmeHTpoBuii HacoC y BUKOHAHHI «A» Ma€ 3HAYHO
BUIII CHEPTreTHYHI MmapaMeTpH, HDK TOW JXe€ Hacoc y
BHUKOHAHHI «B».

-
4 -4

Puc. 9. MepuaioHanbHi BUTTISIM HACOCA Y BUKOHAHHAX «A»
(311iBa) Ta «By (3mpasa)

Tabnuug 1 — Pobota Hacocy y BUKOHAaHHSX «A» Ta «B» Ha
HOMIHAJIEHOMY PEXUMI

[lapamerpu BukonanHs «4» Bukonanus «5»
Q. m*/roxn 65 65
H,™m 68 36
N, kBt 22,8 16,2
n 0,54 0,47
BucnoBku: Y CepeI0BHIII MIPOrPaMHOI0

3abe3neucHHss AXSTREAM® B paMkax JOCIHiTHHIBEKOT
poboTn OynM BHKOHAHI YHCENBHI 3BOpOTHAa Ta IpsMa
3aga4di. A came, NpPOEKTYBaHHS IIPOTOYHOI YACTHHH
BIJILICHTPOBOTO Hacoca Ta NpoQUTOBaHHSA Jomarteid Ha
3aJaHi YMOBH;, OOYUCIICHHS TiAPOINHAMIYHIX MapaMeTpiB
CIPOCKTOBAaHOTO Hacoca y pexkuMmi Meanline mode Ta
SHePreTHYHUX XapaKTePHCTHK Hacoca.

3a pobounmu kpecnennkamu Hacoca HK 65/35-70
CTBOPEHO TPHBHUMIpDHE MOJCIIOBAHHA Ta PO3PaXyHOK
TiPOIUHAMIYHUX XapaKTEPUCTHK MOTOKY B'SI3KO1 piAMHM
y cepenopuii AXSTREAM®.

AHaJTI3yI0YM OTPUMaHI Pe3yIbTaTH, MOYKHA 3POOHUTH
BUCHOBOK, IO MOJYJi TIPOEKTYBaHHS BIJIIIEHTPOBOTO
Hacoca (3BOpOTHA 3a/1a4a) Ta MOJYJI PO3B'SI3aHHS MPSIMOT
3aja4l rigpoauHaMmiku y pexumax Meanline mode Ta
AXCFD cepenoBumia AxSTREAM® € pmoctaTtHbO
ToYyHMMH. YwWcenbHI MoOzeNi HAJAIOTh OJM3BKI 3a
3HAUEHHSM pE3yJbTaTH y IOPIBHSHHI i3 MAcIOPTHUMHU
SHEPreTHYHUMH XapaKTePUCTUKAMH Hacoca.

Jlani wmaTtemaTWyHi MoOJETi JIO3BOJISIOTH Hamami
MPOBOJIUTH YHCENbHI TNapaMeTpUuHi JOCHiKCHHA Ta
BIOCKOHAQJICHHS ~ NIPOTOYHOI YacTUHM  BIIIEHTPOBHX

HACOCIB. 3/1aTHICTh 3aCTOCOBYBATH Cy4acHi iH(opmaiiiui
TEXHOJIOTIi  NpH  TPOEKTYBaHHI Ta  YHCEIHHOTO
MOJICIIIOBaHHSI PO0OYMX TIPOLECIB HAJalOTh IIHPOKY
MOJJIUBICTh JJIsI TiJABHIICHHS e(eKTHBHOCTI poOOTH
SHEPreTHYHOTO 00JIaTHAHHSI.

Cnucoxk Jiteparypu

1. Enepcemuuna cmpameeis Yxpainu na nepioo 0o 2035 poky.
URL: http://mpe.kmu.gov.ua/minugol/control/uk/publish/article?art_
i0=245239564&cat_id=245239555 (nara 3BeprenHs: 26.07.2022).

2. AxSTREAM® Software Platform. URL: https://www.softinway.
com/ru/software (nara 3Bepuenus: 26.07.2022).

3. HUuowcenepnas  komnawusi  «Axkmyanenas — Mexanukay. URL:
http://www.actualmechanics.com/default.asp  (mara  3BepHeHHs:
26.07.2022).

4. Jpankoscekuii B. E., MupoHnos K. A., TunssHoBa L. 1., Pe3sa K. C.,
Kpyna €. C., KyxrtenkoB 0. M.  Mamemamuune mooenosanns
pobouoeo npoyecy iopomawun: monoepagis. Xapkis: HTY «XI1l»,
2022. 406 c. URL: http://repository.kpi.kharkov.ua/
bitstream/KhPI-Press/56895/1/Monograph_2022_Drankovskyi_
Matematychne_modeliuvannia.pdf (nara 3sepHenns: 26.07.2022).

5. Rezvaya K., KrupaE., Shudryk A., Drankovskiy V., Makarov V.
Solving the hydrodynamical tasks using CFD programs. 2018 |IEEE
3rd International Conference on Intelligent Energy and Power
Systems (IEPS) (2018, Kharkiv). Kharkiv: IEEE, 2018. P. 205-209.
doi: 10.1109/IEPS.2018.8559548

6. Tomy6es C. O., JIe6ins O. I'., Yepnnii JI. I. 3aco6u xomm'toTepHOro
MOJENIOBaHHA B  Trajy3i  OOYMCIIOBaIbHOI  TiAPOIMHAMIKH.
Mamemamuune mooenosanns 6 exonomiyi. 2019. Ne 2. C. 21-39.
doi: 10.35350/2409-8876-2019-15-2-21-39

7. ANSYS. URL: https://www.ansys.com/
20.07.2022).

8. Brijkishore, Khare R., Prasad V. Performance Evaluation of Kaplan
Turbine with Different Runner Solidity Using CFD. Advances in
Intelligent Systems and Computing. Singapore: Springer, 2020.
P. 757-767. doi: 10.1007/978-981-13-8196-6_67

9. OpenFOAM. Open source CFD. Documentation. URL:
https://www.openfoam.com/documentation/guides/v2206/doc/index.
html (gara 3Beprenns: 26.07.2022).

10. Krupa Y. Calculation of the Spatial Flow in the Fransis High-Head
Turbine Using the CFD Software Package. Bulletin of the National
Technical University "KhPI". Series: Hydraulic machines and
hydraulic units. Kharkiv: NTU "KhPI". 2021. No.2. P.87-93.
doi: 10.20998/2411-3441.2021.2.13

11. Ieuenko H. I'., yapux A. JI., bonnapenko E. 0. Hccnenosanue
TCUYCHUA 1"3,30)KI/II[KOCTHOI‘/II CMECHU B HpOTO‘{HOI‘/II YacTu CTYIICHU
orpyxHOro Hacoca st 1oosrau Hedpru. Bulletin of the National
Technical University "KhPI". Series: Hydraulic machines and
hydraulic units. Kharkiv: NTU "KhPI". 2017. No. 22 (1244).
p. 31-37.

12. PycanoB A. B.,, T'mecinB.1., Xopes O.M., Kauaxoscki P.,
Konomsoxua JI. B., Kocesirosa A. 1., Kocesiros [1. 1O., IMamenko H.
B., PycanoBP. A., Cyxope6puii Il. M., Uyrait M. O. Hayxoso-
MeXHIUHI  OCHO8U MOOEN6AHHS. | NPOEKMYBAHHA NPOMOUYHUX
YaCmMuH eHepeemuyHux mypooycmanoeox. XapkiB: IH-T mpobiem
MamuHOOyA. iM. A. M. ITinropaoro, 2019. 383 c.

13. PycanoB A.B., Xopes O.M., bukos10. A, Kocesanos JI. 1O.
YucenbHe MOJEIIOBaHHS POOOYOro MpoIecy B NMPOTOUHIM YacTHHI
pazianeHO-0ch0BOI rigporypbinun PO45. Bulletin of the National
Technical University "KhPI". Series: Hydraulic machines and
hydraulic units. Kharkiv: NTU "KhPI*. 2019. No.2. P.22-29.
doi: 10.20998/2411-3441.2019.2.03

14. Toopyuenko 1O. H. Kpamxkoe onucanue aneopummos,
Peanu308aHHbIX 8 cucmeme AXSTREAM®. URL:
https://docplayer.com/49669176-Kratkoe-opisanie-algoritmov-
realizovannyh-v-sisteme-axstream.html/ (nara 3BEPHEHHS:
26.07.2022).

15. AXSTREAM®. Turbomachinery Design Suite. Tutorial CP1 -
Centrifugal Pump Design and Map Generation. 2018. 50 p. URL:
http://www.actualmechanics.com/default.asp?Page=downloadrus.asp
(mata 3BepHeHHs: 26.07.2022).

16. AXSTREAM®. Turbomachinery Design Suite. Tutorial CP2 —
Centrifugal Pump Analysis Generation. 2020. 50p. URL:
http://www.actualmechanics.com/default.asp?Page=downloadrus.asp

(mata  3BEpHEHHS:

76

Bulletin of the National Technical University "KhPI".
Series: Hydraulic machines and hydraulic units, no. 1’2022



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

17.

10.

TEeXHIYHUHA YHIBEpCHUTET

(mara 3BepHeHHS: 26.07.2022).

Centrifugal Pump Design Software — AxSTREAM® Platform
Overview. URL:  https://www.softinway.com/de/machine-type/
centrifugal-pump-design/ (nara 3Bepuenus: 26.07.2022).

References (transliterated)

Enerhetychna stratehiya Ukrayiny na period do 2035 roku [Energy
strategy of Ukraine for the period up to 2035]. Available at:
http://mpe.kmu.gov.ua/minugol/control/uk/publish/article?art_id=24
5239564 &cat_id=245239555 (accessed 26.07.2022).

AXSTREAM® Software Platform. Auvailable at:
https://www.softinway.com/ru/software (accessed 26.07.2022).
Inzhenernaya kompaniya "Aktual'naya Mekhanika" [Engineering
company "Actual Mechanics"]. Available at:
http://www.actualmechanics.com/default.asp (accessed 26.07.2022).
Drankovs'kyy V. E., Myronov K. A., Tyn'yanova l. |., Ryezva K. S.,
Krupa Ye. S., Kukhtenkov Yu. M. Matematychne modelyuvannya
robochoho protsesu hidromashyn [Mathematical modeling of the
working process of hydraulic machines]. Kharkiv, NTU "KhPI"
Publ., 2022. 406 p. Available at: http://repository.kpi.kharkov.ua/
bitstream/KhPI-Press/56895/1/Monograph_2022_Drankovskyi_
Matematychne_modeliuvannia.pdf (accessed 26.07.2022).

Rezvaya K., KrupaE., Shudryk A., Drankovskiy V., Makarov V.
Solving the hydrodynamical tasks using CFD programs. 2018 IEEE
3rd International Conference on Intelligent Energy and Power
Systems (IEPS) (2018, Kharkiv). Kharkiv, IEEE Publ., 2018,
pp. 205-209. doi: 10.1109/1EPS.2018.8559548

Holubyev S. O., Lebid' O. H., Chernyy D. 1. Zasoby
komp"yuternoho modelyuvannya v haluzi obchyslyuval'noyi
hidrodynamiky [Computer modeling tools in the field of
computational hydrodynamics]. Matematychne modelyuvannya v
ekonomitsi. 2019, no. 2, pp. 21-39. doi: 10.35350/2409-8876-2019-
15-2-21-39

ANSYS.  Available  at:
20.07.2022).

Brijkishore, Khare R., Prasad V. Performance Evaluation of Kaplan
Turbine with Different Runner Solidity Using CFD. Advances in
Intelligent Systems and Computing. Singapore, Springer Publ., 2020,
pp. 757-767. doi: 10.1007/978-981-13-8196-6_67

OpenFOAM. Open source CFD. Documentation. Available at:
https://www.openfoam.com/documentation/guides/v2206/doc/index.
html (accessed 26.07.2022).

Krupa Y. Calculation of the Spatial Flow in the Fransis High-Head
Turbine Using the CFD Software Package. Bulletin of the National

https://lwww.ansys.com/  (accessed

11.

12.

13.

14.

15.

16.

17.

Technical University "KhPI". Series: Hydraulic machines and
hydraulic units. Kharkiv, NTU "KhPI" Publ., 2021, no. 2, pp. 87-93.
doi: 10.20998/2411-3441.2021.2.13

Shevchenko N. G., Shudrik A. L., Bondarenko E. Yu. Issledovanie
techeniya gazozhidkostnoy smesi v protochnoy chasti stupeni
pogruzhnogo nasosa dlya dobychi nefti [Study of the flow of a gas-
liquid mixture in the flow path of the impeller of a submersible
pump for oil production]. Bulletin of the National Technical
University "KhPI". Series: Hydraulic machines and hydraulic units.
Kharkiv, NTU "KhPI" Publ., 2017, no. 22 (1244), pp. 31-37.
Rusanov A. V., Hnesin V.1, KhoryevO. M., Zhandkovski R.,
Kolodyazhna L. V., Kos'yanova A. I, Kos'yanov D. Yu.,
Pashchenko N. V., Rusanov R. A., Sukhorebryy P. M.,
Chuhay M. O.  Naukovo-tekhnichni osnovy modelyuvannya i
proektuvannya protochnykh chastyn enerhetychnykh turboustanovok
[Scientific and technical bases of modeling and design of flow parts
of power turbines]. Kharkiv, In-t problem mashynobud.
im. A. M. Pidhornoho Publ., 2019. 383 p.

Rusanov A. V., Khoryev O. M., Bykov Yu. A, Kos'yanov D. Yu.
Chysel'ne modelyuvannya robochoho protsesu v protochniy chastyni
radial'no-os'ovoyi hidroturbiny RO45 [Numerical modeling of the
work process in the flow part of the ROA45 radial-axial
hydroturbine]. Bulletin of the National Technical University "KhPI".
Series: Hydraulic machines and hydraulic units. Kharkiv, NTU

"KhPI" Publ., 2019, no.2, pp.22-29. doi:10.20998/2411-
3441.2019.2.03
Govorushchenko Yu. N. Kratkoe opisanie algoritmoyv,

realizovannykh v cisteme AXSTREAM® [A brief description of the
algorithms implemented in the AXSTREAM® system]. Available at:
https://docplayer.com/49669176-Kratkoe-opisanie-algoritmov-
realizovannyh-v-sisteme-axstream.html/ (accessed 26.07.2022).
AXSTREAM®. Turbomachinery Design Suite. Tutorial CP1 -
Centrifugal Pump Design and Map Generation. 2018. 50 p.
Available at: http://www.actualmechanics.com/default.asp?Page=
downloadrus.asp (accessed 26.07.2022).

AXSTREAM®. Turbomachinery Design Suite. Tutorial CP2 -
Centrifugal Pump Analysis Generation. 2020. 50 p. Available at:
http://www.actualmechanics.com/default.asp?Page=downloadrus.asp
(accessed 26.07.2022).

Centrifugal Pump Design Software — AXSTREAM® Platform
Overview. Available at: https://www.softinway.com/de/machine-
type/centrifugal-pump-design/ (accessed 26.07.2022).

Haoitiwna (received) 09.08.2022

Bioomocmi npo asmopis / About the Authors

Illesuenko Hamanin I'puzopisena (Shevchenko Nataliya) — kanmumat TexHiUHHX HayK, JOUEHT, HarioHaIbHUN

«XapKiBCBKUH TOMITeXHITHHUHA

IHCTUTYT»,

moueHT kKadenpu «[igpaBmidHi MamuHHA

im. T. @. TIpockypu»; M. Xapkis, Ykpaina,; ORCID: https://orcid.org/0000-0002-6877-7428; e-mail: shevng@ukr.net
Isawenko Bnaoucnasa IOpiiena (lvashchenko Vladyslava) — HarioHaneauii TeXHIUHMN yHIBEpCHTET
«XapKiBCbKHI TONITEXHIYHUI IHCTUTYT», Marictp; M. XapkiB, Ykpaina, ORCID: https://orcid.org/0000-0003-2931-
7506; e-mail: vlada.ivashchenko99@gmail.com
Pyobnescokuii €szen IOpitiosuu (Rublevskyi Evgen) — SoftInWay Inc., kepiBauk rpymu kommpecopis; M. Xapkis,
Vkpaina; ORCID: https://orcid.org/0000-0003-2869-9012; e-mail: evgen.rublevskiy@outlook.com

3axopa Onexcandp Onexcanoposuu (Zakora Oleksandr) — HamionanbHuU# TeXHIYHHI yHIBEpCUTET «XapKiBChKHUil

MOJIITEXHIYHUN

IHCTUTYT», MaricTp; M. XapKis,

e-mail: azimuth42.17@ukr.net

VYkpaiHa;

ORCID: https://orcid.org/  0000-0002-5944-8323;

Bulletin of the National Technical University "KhPI".
Series: Hydraulic machines and hydraulic units, no. 1’2022

77



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

VIK 614.844: 538.4 doi: 10.20998/2411-3441.2022.1.12

C. B. CTACH, A. O. BUYEHKO, M. O. I1YCTOBIT, O. I. MUTAJIEHKO, /I. B. KOJIECHIKOB

EKCIIEPUMEHTAJIBHE JOC/IAKEHHA 3MIHU 'TEOMETPUYHUX [TAPAMETPIB ITIOKE KHUX
PYKABIB I[TPU 3ACTOCYBAHHI NOKEKHOI'O CTBOJIA PROTEK 366

3 METOI0 TPAHCIOPTYBAaHHS BOJM Ta POOOYHX PO3YMHIB IMIHOYTBOPIOBAYIB [0 OCEPEAKY IMOXKEXI NMPH TaciHHI BEIHKUX MOXKEK, abo MOKEX 3
Bi/ITATIEHUMI BOJIOJUKEPENAMH 3a3BHYAil MPOKITANAIOTECS MATiCTpaNbHi PyKaBHi JiHii. [X CKTaJOBIME € OKpeMi HANipHi TMOXEXHi PyKaBH, BOHH
OyBaloTh pi3HOTO miameTpy. Y pe3yibTarti iX eKcIulyartanii Ipy TPaHCHOPTYBaHHI BOIHETACHHX PEYOBHH IHOXKEXKHI PYKaBH MOXXYThb 3MIiHIOBATH CBOI
TeOMETPHYHI MapaMeTpy, mepex yciM goBxuHy. Jis pi3sHUX THMIB pyKaBiB Ta iX PI3HUX AiaMEeTPIB BCTAHOBJIEHO, LIO IiJ JAI€I0 TiAPOJUMHAMIYHOIO
THCKY BiIOyBae€ThCs X IOJOBKCHHA. Y MAEIKHUX BHUNAJKaX IPH 3aCTOCYBAaHHI 3ariylIKH Ha KiHI[ MOXKEKHOTO pyKaBa Koe(illieHT BiJHOCHOTO
TIO/IOBKEHHSI IIOXKEKHHUX pyKaBiB ckianas 1,04. st nociimkeHHs OyJi BUKOPHUCTaHI 3 THITH PyKaBiB: PyKaBH HaIipHI [OXKEXKHI JIATEKCHI AiaMeTpaMu
51 MM ta 77 MM THny T Ta pykaBH MOXKE)KHI HamipHi i3 ABOCTOPOHHIM MOJIIMEPHHUM MOKPHUTTAM Iiamerpamu 51 mm tumy T, BCi pykaBa pawirie
BHKOPHCTOBYBAJIUCS MiJ] Yac peaabHOl pOOOTH MOXKEXHUX PO3paxyHKiB. Pesynbraty, npeacrasieHi y poOoTi, € yCepeJHeHHSIM KOXKHOTO 3 TPhOX THIIB
pykaBiB. EKCIIeprMEHTH IIPOBOMINCS 32 HOPMAaJIbHHX YMOB Ha BiIKPUTOMY HOBITPI i3 BUKOPHCTaHHSIM IIOXKEXHOro crBoia Protek 366 3a ymosu
CTaJIOCTi BUTPATH PIAMHM ¥ DI3HUX 3HaueHb TUCKY Ha ioro Bxoai. IToxexHi pykaBa pO3MIlllyBaJlMCs Ha TOPHU3OHTANIBbHIH MoBepxHi. Bennunna
MOJIOBKCHHS TIOXKE)KHUX PYKABIB NMPH TPAHCHOPTYBAHHS HUMH BOJAM 3alexayia BiJl (i3MKO-MEXaHIYHMX BIIACTUBOCTEH MatepiaiiB, 3 SKUX BOHHU
BUTOTOBJIEHI, TUCKY PiUHH Ha iX BXOAi U BHTpaTH. MakcHManbHe HOJOBXEHHsS (62 cM IpH JOBXKHHI pykaBa 1960 cM, BiZHOCHE MOTOBKEHHS
cranoBuiio 0,032) Oyno 3adikcoBaHe NMPH TPAHCIOPTYBAHHI BOJH MOXKEKHHM PYKaBOM JiaMeTpoM 77 MM NpH THCKY Ha #oro Bxoai 1,0 MIla ta
BuTparti 1,9 1/c, MUTaHHA 3MIHU BTPAT HAIIOPY 3a JOBKHHOIO HE posrisaanuca. CyTTEBHUX 3MiH JiaMeTpiB MOKEKHUX PyKaBiB 3adikcoBaHO HE OyI0.

Ko1i04oBi ci10Ba: MoxeXHUH pyKaB, pyKaBHA JiHisI, TPAHCHOPTYBaHHS BOJIY, BOTHETaCHA PiJMHA, IIOB3JOBXKHS Ae(opMarisi, IiJpoAnHAMITHHI
THCK.

S. STAS, A. BYCHENKO, M. PUSTOVIT, O. MYHALENKO, D. KOLESNIKOV

EXPERIMENTAL RESEARCH OF GEOMETRIC PARAMETERS CHANGE OF THE OF FIRE HOSES
WHEN USING THE PROTEK 366 NOZZLE

Main hose lines are usually laid to transport water and working solutions of foaming agents to the centre of the fire when extinguishing large fires or
fires with hydrants for remote control. Their components are separate pressure fire hoses and they come in different diameters. As a result of their
operation during the fire extinguishing substances transportation, fire hoses change their geometric parameters primarily their length. For different
types of hoses and their different diameters, it has been established that their elongation occurs under hydrodynamic pressure. In some cases, when
using a plug at the end of a fire hose, the relative elongation coefficient of fire hoses was 1,04. 3 types of hoses were used for the research: latex fire
hoses with diameters of 51 mm and 77 mm type T and fire hoses with double-sided polymer coating with diameters of 51 mm type T. All hoses were
previously used during the real work of fire calculations. The results presented in the paper are an averaging of each of the three hose types. The
experiments were carried out under typical conditions in the open air using a Protek 366 fire barrel under constant fluid flow and different pressure
values at its inlet. Fire hoses were placed on a horizontal surface. The elongation of fire hoses when they transport water depends on the physical and
mechanical properties of the materials from which they are made, the pressure of the liquid at their inlet and consumption. The maximum elongation
(62 cm with a hose length of 1960 cm, the relative elongation was 0,032) was recorded when transporting water with a fire hose in diameter of 77 mm
at a pressure at its inlet of 1,0 MPa and a flow rate of 1,9 I/s. The questions of the change in head loss along the length were not considered. There
were no significant changes in the diameters of fire hoses.
Keywords: fire hose, hose line, water transportation, fire extinguishing liquid, longitudinal deformation, hydrodynamic pressure.

Beryn Ta anHagi3 ocHOBHMX Aocidimkens. [lpu
BUKOPHUCTaHHI MOXXE)XHUX PYKaBiB CIIOCTEPIraroTbCs Ti
cami sBHWINA, IO BJIACTUBI 3BUYaWHUM TpPyOOIpPOBOAAM,
Taki sIK BTPaTH HAMOpPY IO AOBXKHHI, T1IpOyaapu Tomo. Y
MOXEXHIH crpaBi 0ocoOMBa yBara MpUAULIETbCS BTpaTam
Haropy Mo AOBXWHI PYKaBHHX JIiHIH i, BIacHe, JOBXKHUHA
PYKaBHHX JIiHIH OOMEXYEThCS 5K  MOMIIUBOCTSAMH
MOXEXHUX HACOCIB, TAaK i BTpaTaMH HAIlOPYy B PYKaBHHUX
niHigx. JlocipkeHHs TapaMeTpiB MOXKEKHUX PyKaBiB IPU
TPaHCIIOPTYBaHHI HUMH BOTHETACHHX PIiIWH yCKJaJHEHE
CYTTEBHM PO3LIMPEHHSIM HOMEHKIIATYPH 3aCTOCOBYBaHHX
THUTIB PyKaBiB.

VY YepkachbKoMy IHCTHTYTI TOXKEKHOI Oe3MeKn iMeHi
I'epoie YopHoOmns  HamioHadpbHOTO — YHIBEPCHTETY
MUBUTBHOTO  3aXUCTy  YKpaiHm  Oymo  3miiCHEHO
IOCHIDKEHHS  OCOOJIMBOCTENM TOBEMIHKA  ITOXKEKHUX
PyKaBiB MiJ yac moaadyi HUIMH BOTHETaCHUX pedoBHH [1].
Ilepenq yciMm Oynu BHBYEHI NHTAaHHA 3MIHH  IX
reOMETPUYHKX MapaMeTpiB, a came JOBXHH il JiaMeTpiB.
B pobGori [1] npencrasieHi pe3yibTaTd BHMipIOBaHHS
OCHOBHHUX T'€OMETPUYHHUX IapaMeTpiB JEKUIbKOX BHJIB

MOXKEKHUX PYKaBiB TpPH TpaHCIOPTyBaHHI Boau (ix
30BHINIHBOTO JiaMeTpa i JoBXuHHU). bymu BukopucTaHi 3
THIU PYKaBiB, 3pa3kd BiiOpaHO BUMAJKOBHM YHHOM, BCi
pyKaBa paHimie BHKOPHCTOBYBAJIWCS IIiJ Yac pearbHOL
pOOOTH TMOKESKHUX pO3paxyHKiB. KokHOro 3 THIIIB
pykaBiB Oyio B3sITO 1O 6 oauMHHUIG. Pe3ynbrary,
npeacTasiieHi B po6ori [1], € ycepeaHeHHIM It KOXKHOTO
3 TppOX THMIB pykaBiB. HaiOijblie 3Ha4YeHHS 3MiHH

JOBXKMHM 3 BUKOPDHCTaHHSIM 3arJIyllKM Ha  KiHII
HMOXKEXHOro pykaBa (0e3 3acTOCYBaHHS IOXEXKHOIO
ctBona PROTEK 366) ©Oyno  3adikcoBaHo  mpu

TeHEpyBaHHI TOTOKY BOTHETacHOI DIMHHU JJIsl PyKaBiB
niamerpoM 77 MM mipu THCKy Ha Bxoxi 0,8 MIla. 3mina
JIOBKUHH CKJIajga B cepengHpoMy 790 MM, a BimHOCHE
nofoBxeHHs craHoBmio 0,04 mpu cepeaHbOMY 3HAYECHHI
ITOYaTKOBOT TOBXUHU pykaBiB 2011 cm [1].

3a3HaueHi BHILIE pe3ynIpTaTu OCITIIKEHHS
MMOBEIIHKA MOXXEXHUX PYKaBiB I dYac Momadyi HUMH
BOTHETacHMX  pedoBHH [1]  3milicHioBammcs — 0e3

BUKOPHCTaHHS CTPYMHHO(OPMYBAIBHOTO IPUCTPOID —
HOXKE)KHOTO CTBOJIA, IO AESKOI0 MIPOI0 CIIOTBOPIOBAIIO

© C. B. Cracs, A. O. buuenko, M. O. ITycrosiTt, O. I. Muranenxko, [I. B. Konecnikos, 2022
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3HAYCHHS peajbHUX 3MIH TE€OMETPHYHUX MapaMeTpiB
PYKaBiB IIPH iX 3aCTOCYBaHHI ITijl 9ac JiKBiAAI] TOXKEX.

Jnst BuIIpaBiieHHA cUTYalii OyJI0 MPUHHATO pilleHHS
BUKODUCTaTH  MOXEXKHI  CTBOJNM, IO  IIMPOKO
3aCTOCOBYIOThCS MPaKTHYHUMH miApo3aiamMu
onepatuBHO-psTyBasipHOI cmyx6u JJCHC Vkpaimm -
crBosm PROTEK 366 (puc. 1).

BinmoBimHo 10 maHWx OQilmiHHOIO MpeaCcTaBHUKA
kommanii Ilporek B VYkpaimi [2] mHOXKeXHUH CTBOMI
PROTEK 366 mae 4 (ikcoBaHi 3HA4YeHHS BHTpPATH,
JIO3BOJISIIOYN PALliOHANIBHO PEryJIIOBaTH BUTPATy DiJHHU
(Bomm) Big 1,9 mo 7,9 n/c (115-230-360-475 n/xB) i
(opMy CTpyMeHsI B 3aJeKHOCTI Bif ymoB pobotu. Ilpm
ObOMY JOCATAEThCA (DAKTHYHE YHHKAHHS HagMipHOI
BUTpaTH BOJM, CYMIIICHHS NAapaMETpPiB CTBOJIB THIIB A
Ta b i3 3axmcrom crBOma, TOOTO (YHKIIOHYBAaHHS Y
peXHMi TIOBHOTO PpO3MIJICHHA Y SKOCTI «3aXHCHOTO
expany» [2].

Xo04 SBHUIE «PO3TATYBAHHS» MOXKEKHHX PYKaBiB
NpU  TPAHCIOPTYBaHHI HHMH BOTHETaCHUX DIJUH €
BIIOMUM, BpaxyBaHHS BEJIMYMHH IOZOBKEHHS I
MOXKEKHUX MOXe OyTH KOPHCHHUM TIPH CTBOPCHHI HOBHX
3aco0iB  MOXKEKOTaCiHHS [3, 4], y  cHuCTeMax
aBTOMAaTUYHOTO BOJSHOIO TIOXKeXoraciHHs [5, 6], Tak i
IpU  BUKOPUCTAaHHI MOXEXHHUX pykaBiB [7] abo
crHeliaibHUX TIOKEKHUX CTBOMIB Ta Hacajgok [8, 9], abo,
HAMPUKIAN, y BHIAAKAaX MOJCIIOBAHHS TPHBUMIPHOL
MOBEMIHKM TiJPaBIIYHUX pYyKaBiB MiJl THUCKOM IIpH
TpaHCOPTYBaHHi Aeskux pimud [10].

OcobauBocTi BUMipIOBaHb reoMeTpuYHUX
napaMeTpiB MOMKeKHHUX PYKaBiB NpH 3acTOCYyBaHHI
noxe:xxHoro creosna Protek 366 Ta orpumani npm
IbOMY pe3yJbTaTH. MexaHi3MH PO3paxyHKy HacOCHO-
PYKaBHHX CHCTEM, IO 0a3ylThCs Ha TiAPaBIIuHUX
METOJIMKaX pO3paxyHKiB, TOBHHHI BpaxOBYBaTh TakKi
0COOJIMBOCTI HaMipHUX PYKaBiB, SK 3MiHa X JiaMeTpiB Ta
JIOBKMH TPU TPAHCHOPTYBaHHI BOTHETaCHUX PEYOBHH JI0
MPUCTPOIO (DOPMYBaAHHSI CTPYMEHS — IMOXKEKHOTO CTBOJIA
gy Hacaaku [1]. BaxmuBo, mo y pobori [1] #outocs mpo
Jiesike, X04 1 HEeCYTTeBE, IOTOBIIEHHS PYKaBiB, MPOTE Ha
mpakTuii Oyno 3adikcoBaHe SK JesKe 30UThIICHHS iX
nIiameTpa, Tak i 3ByKeHHs. Pa3oM i3 TUM, BeTHIUHH 3MiH
JTiaMeTpiB 3alMIIanucs B MeXax IOXHOKH 00paHOoro
croco0y BUMipIOBaHb.

Jns po3paxyHKy BTpaT Hamopy B HOXEXKHHX
pykaBax  BHMKOPHCTOBYIOTb  3HA4€HHA  IHTOMOTIO
TiJpaBIiYHOrO OIOPY OJHOTO METpa MOXKEKHOTO pyKaBa
MEBHOIO JiaMeTpa 1 3HAYEHHS TCiAPaBIIYHOTO OIOpPY
CTaHJIAPTHOTO IOXKEXKHOTO pyKaBa JOBXHHOIO 20 MeTpiB
BU3HAYEHOro AiameTpa. [l MpakTHYHHX pPO3pPaxyHKIB
HaiyacTille BHKOPUCTOBYIOTh 3HAY€HHS TIiIPaBIiYHOTO
OIOPY OJJHOTO MOXKEKHOTO pyKasa [1].

Jdns mpoBeneHHs eKcrepuMeHTiB Oynu BuOpaHi
BHUITJIKOBUM YHHOM IIOKEKHI PyKaBH: pyKaBa HamipHi
MOXEXHI JIaTeKCHI JaiameTrpoM 51 MM; pykaBa HamipHi
JaTEeKCHI TOXEeXH1 aiamerpom 77 MM tun T; pykaBa
MOXEXHI  HamipHI 13  JBOCTOPOHHIM  IOJIMEPHUM
nokputTsiM 51 MM tun T. KoxHoro i3 Tprox oOpaHHX
THUTIB pyKaBiB OyII0 B35ATO 10 6 oquHMIG. Jlani mogaroThes
pe3yIbTaTH EKCIIEPUMEHTIB Ul yCepeIHEHHX 3HAa4eHb
TEOMETPUYHUAX TapaMeTpiB KOKHOTO i3 THIIIB PYKaBiB.

JocripKkeHHsT TPOBOJWIINCS 32 HOPMAIBHHX YMOB TIPH
temrepatypi  Omm3pko 20°C, Ha TOPH3OHTAIBHIN
TTOBEPXHI.

Sk 1 y mnomepemmix mocmimkenusx [1] mum He
BKa3yeMO BUPOOHHKIB MOXKEKHUX PYKaBiB, a JIMIIE X THIL.
OCHOBHOIW ~ BIIMIHHICTIO Yy  MPOBEIEHHI  JAHUX
eKCIIepUMEHTIB 10  BigHomieHHioo 10 [1]  cramo
BUKopHcTaHHs noxexHoro crBoi PROTEK 366 y pi3aux
pexuMax — Horo 3acrocyBaHHS —Ipu  (OpMyBaHHI
CYUUIBHOTO  BOJSIHOTO  CTpyMeHs. BimnosigHo 1o
YOTHPHOX (DIKCOBAaHMX 3HAYEHb BHUTPATH PIIUHM IS
moxxexxHoro crBoia PROTEK 366 O0ynm obpani 1,9-3,8-
6,0-79/c (mpu HomiHambHOMY THCKY 0,7 MIla).
HocnimxyBani pykaBu PO3TalIOBYBAIIUCS Ha
TOPHU30HTAJIBHINA MMOBEPXHI MiCHA pyKaBa AOBXUHOIO 20 M,
o OyB MiJ'eTHAHUH 10 MOKEKHOT aBTOLMCTEPHH.

[Ipu mpoBeneHHI eKCIIEPUMEHTIB i3 BUKOPUCTAHHAM
moxxexxaoro creoma PROTEK 366 3abesmeuyBanacek
CTaJIICTh BUTPATHU PiTUHM, & PSKUMHA «3aXUCHOTO EKPAHY»
# TpOMMBaHHA HE 3aCTOCOBYBAIHCSA, TOOTO CTBOI
«mpaioBaBy y  pexumi  (GOPMYBaHHS  CYLLJIBHOTO
CTPYMEHS CTajol Yy MeXKaxXx KOXXHOTO EKCIEPHMEHTY
BUTPATH.

Puc. 1. lociipkeHHs 3MiHN TeOMETPHYHUX TTapaMeTpiB
MOXKEXXHHUX PYKaBiB IIPH 4ac 3aCTOCYBAHHS ITOXKEKHOTO CTBOJIA
Protek 366
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3aMipy TOBIIMH Ta JOBXKUH HAMIPHUX MOMXCKHUX
IIEHTUYHO 10

PYKaBiB  TIPOBOIMIIHCS
nociikens (puc. 2) [1].

4

TOTIepETHIX

Puc. 2. Bu3zHaueHHs TeOMETPUYHUX MAPaMETPiB AOCIIKYBaHUX
MOXKE)XHUX PyKaBiB (3MiHa JiamMeTpa):

1 — pykaB HamipHUI TOXKEKHUH NaTeKCHUH qiameTpoM 51 MM
tun T; 2 — pykaB NOKeXHUI HAMIPHUIA i3 TBOCTOPOHHIM
noiMepHAM MOKpUTTsiM 51 mm Tun T; 3 — pykaB Hamipauit
JIATEeKCHUI TOKeKHUH niamerpom 77 mm tun T [1]

y pe3yabTaTi MIPOBEICHNX JOCITIKEHb
BCTaHOBJICHO, 10 MOTOBILIEHHS pyKaBa 0yJI0 HECYTTEBHM.
Binbm Toro, y meskux Bumankax 3aikCOBaHO 3BYXKECHHS
pykaBa. OpnHak, BIANOBIAHO OO CHOCOOIB 3/iMCHEHHS
3aMipiB Ta 3aCTOCOBAaHUX 3ac00iB, MOXHa BBaXKaTH, II0
BCTaHOBJICHI 3HAYCHHS 3MiH JiaMeTpiB HE MEPEBUIIYBAIN
moxuOku BuMipiB. TOMy MOXXHA BBa)KaTH, IO IiaMeTpH
o0paHHMX Ui TPOBENEHHS JOCTIDKEHb TOXKEKHHIX
PYKaBiB 3aJMIIAIOTHECS HE3MIHHUMH Yy BCHOMY Jiama3oHi
3aCTOCOBAaHMX THUCKIB Ta BUTpPAT BOTHETaCHOI PEUYOBHHHU —
BOJIH.

BinnosigHo o
MOXEXKHOTO  CTBOJIA

TEXHIYHUX
PROTEK 366

XapaKTCPUCTHUK
BUTparTa BOJIH

obupanace jauckperno 1,9-3,8-6,0-7,9 n/c (115-230-
360-475 n/xB), a Tuck mepen craosiom 0,2-0,4-0,6-0,8—
1,0 MITa.

Pe3ynbraTi  eKCIEPUMEHTIB IS
MOXKESKHUX PYKaBIB MMOJIAHO HA pHC. 3.

TPbOX  THUIIB

AL, em

P-10F, Ma

Puc. 3. KapTrHa 3MiH JOBXHH JOCIIIKYBaHHX HOXKEKHHX
pyKaBiB npu 3actocyBaHHi noxxexnoro crona PROTEK 366:
1 — pykaB HamipHUH OKEKHUI TaTeKCHUH TiamMeTpoM 51 MM
tun T; 2 — pykaB HamipHUIA JIATEKCHUIT OXKEXKHUN iaMeTpoM
77 mm tun T; 3 — pykaB MOXKEeKHUI HAIIPHUH 13 TBOCTOPOHHIM

MOJIMEPHUM TOKPUTTAM 51 MM tunm T

MakcumaiibHe TIOAOBXKEHHsI OyJio 3adikcoBaHE INpH
TeHEepYBaHHI TTOTOKY BOTHEracHOT piauHA 3
BHKOPHCTaHHSAM PyKaBa JliaMeTpoM 77 MM IIpU THCKY Ha
tioro Bxoxai 1,0 MIla Ta Butpati 6mm3pko 1,9 n/c. 3miHa
noBxkuHH ckinana 620 MM (puc. 3, 4). Takum guHOM, A
JAHOTO pyKaBa BIIHOCHE MOJOBXKeHHA cTaHoBWiIO 0,032
(moBxmHa  JocnmiKkyBaHoro pykaBa — 1960 cm).
3a3HauriMo, MmO BigmoBimHO g0 umHHOro JICTY
9069:2021 «IlpoTumokekHa TexHika. PykaBu moxexHi
IJIOCKOCKIIAAaH1 ISt MTOKEKHO-PSITYBATbHUX
aBTOMOO1IIB. 3aranbHi BHUMOTH Ta METOIHU
BUNPOOYBaHHS» HaBiTh HaWOLIbLIE cepell BUSHAUYCHHUX Yy
JOCIIIJKEHH] 3Ha4YeHb BigHOCHOTO monosxeHHs (0,032)

BIJNOBia€ YMHHMM  BHUMOraM [0  3aCTOCYBaHHS
TIOXKEKHHX PYKaBiB.
Y  nomanpmioMy — 3aIlJITaHOBAaHO  TIEPEBIPUTH

JOCHI/KYBaHI THUIHM PYKaBiB Ha MaKCHMaIbHHUH pO3TAT

0e3 TpaHCIOPTYBaHHI HHMH BOJH, MOXIJIHBO i3
3aCTOCYBaHHAM pPO3PHBHOI BHUIPOOYBAaJIbHOI MALIMHA 3
€JIEKTPOT1IPABIIIHIM abo €JIeKTPOMEeXaHI THUM

MIPUCTPOSIMH HABAHTAXKEHHSL.

Taki [mOCHiPKEHHS MAalOThb Ha MeETi CHpUSITH
BU3HAYEHHIO JISSIKMX ONTHMAJIBHUX PeXUMIB
eKCILTyaTalii MoKe>KHUX PYKaBiB, OCKUIBKH iX pO3TAT MO
JOBXHMHI Ta pO3TAT/3BY)KEHHS TI0 TOBIIMHI  TIpH
TPaHCIOPTYBaHHI  PiAUH  pa3oM 13  MEXaHIYHUMHU
MOLIKO/DKEHHSIMA Tl Yac eKcIuTyaramii BpemITi-peruT
MIPU3BOIAITH A0 TX BUXOJY 3 JIafy.

Kapruna 3MiHM JOBXMHM pyKaBa HaIlipHOTO
JIATEKCHOTO TOXEKHOTO miaMeTpoM 77 MM Tumy T mpu
3acrocyBaHHi moxkexHoro creora PROTEK 366 momana
Ha pHuc. 5.

BinmoBinHo 10 pekoMeHAamid MO0 3aCTOCYBaHHS
JOCTIKYBaHUX THITIB PYKaBiB 3HAUYEHHS MaKCHMAllbHOTO
THCKYy Ha Bxoji moxexHoro ctBoida PROTEK 366 ne
nepesurryBaio 1,0 MIla. [Tomanbie 3pocTanHs 3HaYEHHS
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TUCKY (DAKTHYHO HE BIUIMBA€ Ha 30UIBIICHHS TAITBHOCTI
TCHEPYBAaHHS BOJASHOIO CTPYMEHS, TOMY HE Ma€

MPAKTHYHOTO CEHCY ISl IAHOTO THITY MOXKEKHOTO CTBOJIA
H OimpIm 3a Bce Oyne MPHU3BOAWTH IO MONANBIIOTO
MTOJTOBYKEHHSI PYKaBiB.

Puc. 4. BumiproBaHHsI reOMETPUYHUX ITapaMeTPiB PyKaBiB
HAMIPHHUX JATEKCHUX MOXEXKHHUX AiameTrpoM 77 MM tumy T
(3MiHH TOBXWHH) TIPH 3aCTOCYBaHHI TIOXKEKHOTO CTBOJIA
PROTEK 366:

1 — dixcamis TOYaTKOBOTO CTaHy; 2 — MOPIBHSUIIBHE 301IBIICHHS
JOBXUHU pyKaBa npu BUTpati 475 n/xB i Tucky 1,0 MIla;

3 — nopiBHsIbHE 301BIICHHS JOBXKHHH PyKaBa IPU BUTPATi
115 n/xB i Tucky 0,4 MIla

Al, cm

50 | —

8 9 10 1
——115 —-230 ——360 PA, M
Puc. 5. KapTuna 3MiHH JOBXHHH pyKaBa HAIIPHOTO JIATEKCHOTO
MOXEXKHOTo JiameTpoM 77 MM Tumy T mpu 3acTocyBaHHI
noxkexxHoro creona PROTEK 366

BucnoBku. IIpoBeneHi  eKCIIEpUMEHTH  Jaiu
MOXJIMBICTD ~ CTBEpIPKYBaTH TIPO  HE3HAYHI  3MiHU
IiaMeTpiB MOCHIKYBaHUX TOXEKHUX pYyKaBiB, IO HE
YHHITH CYTTEBOTO BIUIMBY Ha MPOLEC TPAaHCHOPTYBAaHHS
BOTHETaCHUX PIIMHHU [0 TOXKEKHUX CTBOJIB YH HACAIOK.
OxpiM TOrO, BCTAHOBJIICHI 3HAYECHHS 3MiH IiaMeTpiB HE
TIePEBUIIYBAIA 3HAYECHb IIOXUOKH BIMIpiB.

BcraHoBneHi (akTH TMOJOBXKEHHS JOCIIHKYBaHUX
MOXKSKHUX pyKaBiB. MakcuManabHa 3MiHAa JTOBKHHHU
criocrepirajacsi Ipyd BHKOPUCTAHHI 3ariyllIKH Ha KiHI
PYKaBHOI JIiHIT Ta MOTPOXy 3MEHLIyBajiacs MpH 3pPOCTaHHI
BUTpPaTH TMOKEKHOTO CTBOJIAa 33 YMOBHM IIOCTIHHOTO
3HAUYEHHA TUCKY. TakuM YMHOM, MOXKHA CTBEPIUKYBaTH,
mo y 3BS3KYy 31 3MiHOIO BHUTpaTh BigOYBaeThCs
TIOB3JIOBXKHS J1eopMallis IMOKEKHOTO pyKaBa, MOB'A3aHa
i3 (i3MKO-MEXaHIYHUMH BIIACTHBOCTSIMH MaTepiany, 3
SIKOTO BiH BHUTOTOBIICHHUH, TepeayciM HOTo MpYy>KHICTIO.
[HIIOFO TIPUYMHOIO TTOJOBKEHHS IIOKEKHOTO pyKaBa €
[POSB TiAPOAWHAMIYHOTO THCKY, SK BENIUYUHH, IO
XapaKTEePU3Y€EThCS CePeAHBOAPH(IMETHYHUM 3HAYECHHAM
CYMH HOPMaJIbHUX HAlPYXKEeHb Y PiAUHI.

MakcumanbHe MoIoBXKeHHs! Oyio 3adikcoBaHe Npu
reHepyBaHHI MOTOKY  BOTHEracHoOl  piAMHH 3
BUKOPHCTaHHSIM pyKaBa JiaMeTpoM 77 MM JIOBXXHHOIO
1960 cm npu THcKy Ha Horo Bxoai 1,0 MIla Ta BuTparti
1,9 n/c, mo BigmOBifa€ BMMOraM YMHHUX HOPMAaTHBHUX
JOKYMEHTIB i3  eKCIUTyaralii MOXeXHHUX pYyKaBiB
(BimHOCHE TIooBKeHHs ckiano 0,032).

BenmyunHa TOMOBXKEHHA IOXKESKHUX PYKaBiB IpH
TPAaHCIIOPTYBaHHA HUMH  BOTHETacCHMX pimuH (Y
MPOBEACHUX MOCTI/HKEHHAX — BOJAM) 3aJI€XKHUTH Bif
(i3UKO-MEXaHIYHUX BIACTHBOCTEH MaTepiamiB, 3 SKHX
BOHHU BHUTOTOBJICHI, TUCKY PIZJMHU Ha iX BXOJi il BUTpaTH.
3aNeKHICTh 3MIHM TEOMETPHYHHUX MapaMeTPiB MOKEKHUX
PYKaBiB IpH 3aCTOCYBaHHI MoXexHoro creonia Protek 366
BiJ] TEMIIEpaTypH HE JIOCIIPKyBaIacs.

Cnucok jgitepatypu

1. Cracs C. B., buuenko A. O., Konecuikos /[. B., Muraneuko O. I.,
ITycrosit M. O. ExcnepumenTanbhe JIOCII JKSHHS 3MiHI
TEOMETPUYHUX IapaMeTpiB MOXKEeKHUX PyKaBiB I dac momadi
Borderacuux pedosuH. Bulletin of the National Technical University
"KhPI". Series: Hydraulic machines and hydraulic units. Kharkiv:
NTU "KhPI". 2021. No.2. P.39-42. doi: 10.20998/2411-
3441.2021.2.06

2. Pyunuii kombinosanuti cmeon 366. Oghiyitinuii npedcmasnux Protek
6 Vkpaini. URL: http://protekfire.com.ua/products/ruchnyie-stvolyi/

ruchnoy-kombinirovannyiy-stvol-366.html (nata  3BepHEHHS:
04.07.2022).
3. AndoH. AmbeY., YamaguchiT., YamauchiY., KonyoM.,

Tadakuma K., Maruyama S., Tadokoro S. Fire extinguishment using
a 4 m long flying-hose-type robot with multiple water-jet nozzles.

Advanced Robotics. 2020. Vol. 34, issuell. P.700-714.
doi: 10.1080/01691864.2020.1769723
4. Cautiok B. €., Tumuenko A. A., Cracs C. B. EBoumromniiina

napajnurmMa MpoeKTyBaHHs TEXHIYHUX CHCTeM. Bicnux Yepracvbkozo
inoicenepHo-mexnonoeiunozo incmumymy. Yepkacu: UYITL. 2001.
Ne 4. C. 104-108.

5. Stas S., Maglyovana T., Nyzhnyk T., Kolesnikov D., Strikalenko T.
Improving the efficiency of water fire extinguishing systems
operation by using guanidine polymers. Eastern-European Journal
of Enterprise Technologies. 2020. Vol. 1, no. 10 (103). P.20-25.
doi: 10.15587/1729-4061.2020.196881

6. Cracp C. B. AHanu3 rufpoJMHAMHYECKUX XapaKTEePHCTUK IMOTOKa
JKUOKOCTH B CHOCHUAIBHBIX IMIOXKAPHBIX CTBOJAX W HacaJkax
meneBoro tvna. Bicnuk Hay. mexu. ynu-my Vkpainu «KII». Cep.:
Mawurnobyodysanns. Kuis: HTYY «KIII». 2009. Ne 57. C. 139-142.

Bulletin of the National Technical University "KhPI".
Series: Hydraulic machines and hydraulic units, no. 1’2022

81



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

7. Yakhno O., StasS., GnativR. Taking into account the fluid paradyhma proektuvannya tekhnichnykh system [Evolutionary
compressibility at its unsteady flow in pressure pipelines of fire paradigm of technical systems design]. Visnyk Cherkas'koho
extinguishing systems. Eastern-European Journal of Enterprise inzhenerno-tekhnolohichnoho instytutu [Bulletin of Cherkasy
Technologies. 2015. Vol. 3, no. 7 (75). P. 38-42. Engineering and Technology Institute]. Cherkasy, ChITI Publ.,
doi: 10.15587/1729-4061.2015.42447 2001, no. 4, pp. 104-108.

8. JSIxmo O.M., Cewmunckas H. B., Konecnuxos /. B., Cracs C. B. 5. StasS., Maglyovana T., Nyzhnyk T., Kolesnikov D., Strikalenko T.
Jlecrabuinm3anyst NOTOKa B KaHaJle ¢ HM3MEHSIOIMMCS IO JUIMHE Improving the efficiency of water fire extinguishing systems
pacxoaoMm. Bocmouno-Eeponetickuii JHCYpHANL nepeooswix operation by using guanidine polymers. Eastern-European Journal
mexnonozuti. 2014, T.3, Ne 7 (69). C. 45-49. doi: 10.15587/1729- of Enterprise Technologies. 2020, vol. 1, no. 10 (103), pp. 20-25.
4061.2014.24658 doi: 10.15587/1729-4061.2020.196881

9. Cracs C.B., fxuoO.M.,, JlaBpyxun E. B. Oco6ennoctn 6. Stas'S. V. Analiz gidrodinamicheskikh kharakteristik potoka
pacrpezieNieHHs] CKOPOCTH U IaBJICHHS BOJSHON CTPYH Ha BBIXOJC U3 zhidkosti v spetsial'nykh pozharnykh stvolakh i nasadkakh
nokapHoro crosia wim Hacajaku. Bulletin of the National Technical shchelevogo tipa [Analysis of the hydrodynamic characteristics of
University "KhPI1". Series: Hydraulic machines and hydraulic units. fluid flow in special fire nozzles and slot-type nozzles]. Visnyk Nats.
Kharkiv: NTU "KhPI". 2020. No. 1. P. 31-35. doi: 10.20998/2411- tekhn. un-tu Ukrayiny "KPI". Seriya: Mashynobuduvannya [Bulletin
3441.2020.1.05 of the National Technical University of Ukraine "KPI". Series:

10. Paidoussis M. The canonical problem of the fluid-conveying pipe Engineering]. Kiev, NTUU "KPI" Publ., 2009, no. 57, pp. 139-142.
and radiation of the knowledge gained to other dynamics problems 7. Yakhno O., StasS., GnativR. Taking into account the fluid
across applied mechanics. Journal of Sound and Vibration. 2008. compressibility at its unsteady flow in pressure pipelines of fire
Vol. 310. P. 462-492. extinguishing systems. Eastern-European Journal of Enterprise

11. Minas S., Paidoussis M., Daneshmand F. Experimental and Technologies. 2015, vol. 3, no. 7 (75), pp. 38-42.
analytical investigation of hanging tubular cantilevers with doi: 10.15587/1729-4061.2015.42447
discharging axial and radial flow. ASME 2017 International 8. Yakhno O. M., Seminskaya N. V., Kolesnikov D. V., Stas'S. V.
Mechanical Engineering Congress and Exposition. Vol. 4A: Destabilizatsiya potoka v kanale s izmenyayushchimsya po dline
Dynamics, Vibration, and Control (3-9 November 2017, Tampa). raskhodom [Destabilization of flow in the channel with variable
Tampa, 2017. P. IMECE2017-70466, VO4ATO5A037. flow length]. Vostochno-Evropeyskiy zhurnal peredovyih tehnologiy.
doi: 10.1115/IMECE2017-70466 2014, vol.3, no.7(69), pp.45-49. doi: 10.15587/1729-

4061.2014.24658
References (transliterated) 9. Stas'S.V,, Yakhno O. M., Lavrukhin E. V. Osobennosti
, . raspredeleniya skorosti i davleniya vodyanoy strui na vykhode iz

1. Stas’S.V., BychenkoA.O., Kolesnikov D. V., Myhalenko O.1., pozharnogo stvola ili nasadki [Features of speed distribution and
PustovitM. O.  Eksperymentalne  doslidzhennya  zminy pressure of a water jet in the area of outflow from branch pipe or
heometrychnykh parametriv pozhezhnykh rukaviv pid chas podachi nozzle]. Bulletin of the National Technical University "KhPI".
vohnehasnykh rechovyn [Experimental study of changes in the Series: Hydraulic machines and hydraulic units. Kharkiv, NTU
geometric parameters of fire hoses during the supply of "KhPI" Publ, 2020, no.1, pp.31-35. doi: 10.20998/2411-
extinguishing agents]. Bulletin of the National Technical University 3441.2020.1.05
"KhPI”. Series: Hydraulic machines and hydraulic units. Kharkiv, 10 pajdoussis M. The canonical problem of the fluid-conveying pipe
NTU "KhPI" Publ., 2021, no.2, pp. 39-42. doi: 10.20998/2411- and radiation of the knowledge gained to other dynamics problems
3441-2021-2-06_ . across applied mechanics. Journal of Sound and Vibration. 2008,

2. Ruchnyy kombinovanyy stvol 366. Ofitsiynyy predstavnyk Protek v vol. 310, pp. 462-492.

Ukrayin_i [Mam_JaI combi_ned barrel 366. Offici_al representative of 11. Minas S Paidoussis M., Daneshmand F.  Experimental  and
Protek'ln Ukra_lne]. Avallable_a_t: http://protekflre.com.ua/products/ analytical investigation of hanging tubular cantilevers with
ruchnyie-stvolyi/ruchnoy-kombinirovannyiy-stvol-366.html (accessed discharging axial and radial flow. ASME 2017 International
04.07.2022). . . Mechanical Engineering Congress and Exposition. Vol. 4A:

3. AndoH. AmbeY. YamaguchiT, YamauchiY., KonyoM, Dynamics, Vibration, and Control (3-9 November 2017, Tampa).
Tadakuma K., Maruyama S., Tadokoro S. Fire extlngmshment using Tampa, 2017, p. IMECE2017-70466, VO4ATO5A037.
a 4 m long flying-hose-type robot with multiple water-jet nozzles. doi: 10.1115/IMECE2017-70466
Advanced Robotics. 2020, vol.34, issuell, pp.700-714.
doi: 10.1080/01691864.2020.1769723 Haoiiuna (received) 10.07.2022

4. Snytyuk V.Ye., Tymchenko A. A, Stas'S.V. Evolyutsiyna

Bioomocmi npo asmopis | About the Authors

Cmaco Cepzi Bacunvosuu (Stas Serhiy) — kanauaat TeXHiYHUX HAyK, JOUEHT, YepKachbKUU iHCTUTYT MOKEKHOT
Oe3nexu iMeHi ['epois YopHoOmiss HamioHanmbHOTO YHIBEpCHTETY IMBLIBHOTO 3aXHUCTy YKpainw, mpodecop kadempu
«Texuika Ta 3aco0M HUBLILHOTO 3axucTy»; M. Yepkacu, Yikpaina; ORCID: https://orcid.org/0000-0002-6139-6278;
e-mail: stas_serhiy@yahoo.com

Buuenxo Apmem Onexciiiosuu (Bychenko Artem) — kaHaumaT TeXHIYHHX HAyK, JOLEHT, YepKachbKHi iHCTUTYT
noxkexkHoi Oe3nexn imeHi ['epoiB HopHoOmns HamioHaapHOTO YHIBEPCHTETY IUBIIFHOTO 3aXHUCTY YKpaiHU, HAYaIbHUK
Kagenpu «TexHika Ta 3aCO0M HUBLILHOTO 3axXHMCTy»; M. Hepkacu, Ykpaina, ORCID: https://orcid.org/0000-0003-3788-
3268; e-mail: artem_b2003@ukr.net

Ilycmosim Muxaiino Onexcandposuu (Pustovit Mykhailo) — Yepkacbkuii iHCTUTYT MOXEXHOT Oe3MmeKku iMeHi
I'epoiB YopHoOmnst HamioHansHOTO yHIBEPCHTETY NIMBUIBHOTO 3aXHCTy YKpaiHu, BukKiamad kadeapm «Texmika Ta
3aco0M IMBUIBHOTO 3axHCTy»; M. Uepkacu, VYkpaina, ORCID: https://orcid.org/0000-0001-5313-1459; e-mail:
m.pustovit@gmail.com

Muczanenxko Onexciii Isanosuu (Myhalenko Oleksii) — kanmumar ekoHOMiuHMX Hayk, UepKachbKuil iHCTUTYT
noxexnoi Oesnexu imeHi I'epoiB YoproOuns HamioHanbHOTO yHIBEPCHTETY LUMBIIBHOTO 3aXMCTy YKpaiHHM, CTapLIni
Bukimanay kadenapu «TexHika Ta 3aco0M IUBIIBLHOTO 3axMCTy»; M. Uepkacu, Ykpaina; ORCID: https://orcid.org/0000-
0002-2750-1556; e-mail: muhalenko@rambler.ru

Konecnixoe Jlenuc Banepitiosuu (Kolesnikov Denys) — kanauaaT TeEXHIYHUX HAYK, TOLEHT, UepKachKuil iHCTUTYT
noxexHoi Oesneku iMeni ['epoiB YopHoOwmnst HanioHansHOro yHiBepCHTETYy LMBLIBHOTO 3aXWCTy YKpaiHH, TOLEHT
kadenpu «ABTOMAaTHYHI CHCTEMHU 6e3mnexn Ta €JIEKTPOYCTaHOBKI; M. Yepkacy, VYkpaina;
ORCID: https://orcid.org/0000-0002-4068-3454; e-mail: dekol@bigmir.net

Bulletin of the National Technical University "KhPI".
82 Series: Hydraulic machines and hydraulic units, no. 1’2022



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

DYHAAMEHTATBHI TOCTIIIKEHHST ......e..veiueiiueiateeteesteestessresteesteesteesseassasseaseeaseaaseesseas b e asseaE e e nE e e nEeeneeeneeameeaaeeabeenneenneennensnenreea 3

Cherkashenko M. On the theory of synthesis of minimal schemes of systems control of hydraulic and pneumatic

AFIVES <.t 4
Muzywienxo P. I1., Kponauex O. 0., Kopyxcos I. M., bapantox T. O. OtpumMaHHI MaTEeMaTHUYHAX MOJETCH
0araTo30HHUX TEXHOJIOTIYHHUX arperariB IUITXOM MPAKTUYHOT IMEHTHPIKALIT. ....ve.vervirririeeeieieieie s sie s 8
Hlyobenxo O. JI., Ceneyvkuii O. B., Badax M. 0. binapHa ejekTporeHepyroda yCTaHOBKA JUIsl YTUNI3ALi]l TEIIOTH
TIAMOBHX TA3IB KOTIIIB..uvvevteeesisiussseeeeesssssisssssesssssssasssessssessssasssssssessssssssssssssssssssasssssssssssssssssssssssssssesssssessessssssssrssssesssssissseses 15
Pozosuit A. C., Kocmiok M. O., A3zapoe A. C. YIIOCKOHAIIOBaHHS CHEPreTHYHHX IHapaMeTpiB  Ha(TOBHX
CTPYMIHHIX HACOCIB .1 .1t1vttttteestetesrttesteetesseessesseas et abe et e e seesse e e s e b e e b e b e e b e e b e e e b e AR AR £ e R e AR £ e b s e e e b e b eR e e R e e b e eb e s e e s e nn e er e r e b e en s 25
Fatieieva N., Fatyeyev O., Ponomarov V. Advantages of using hydraulic equipment of modular mounting in the
modernization of MAaChiNe NYAIOSYSIEIMS ........oouiiiiieiiiie ettt e bbbttt sb e bbbt st e et ene e e nas 33

Asepynin I'. A., Ilimonos 1. I'., Illepoak O. B., Mopo3 I. I. OcobmuBocTi IUHAMIKM 00'€MHOTO TiIpoNpHBOIA
3aJIKHO BiJl PEXKAMIB 30BHIITHBOTO HABAHTAMKEHHM - ... esveenreeuressresseesseesseassesssessesssessseaseasneasssanessneessesssessnessnsssessnesssesnsesnns
Tacrok 0. I. CucteMa perynroBaHHS IBAIKOCTI TIAPOTYpOiHH

Krupa Y., Demchuk Y. Modern software for the numerical study of flow in hydraulic machines..........c.ccoceecevivniviinnnnns 54
Pozosuit A. C., JIyk'aneys C. I. KinematiuHi napameTpy Tedii HAQTH Y BUXOPOKAMEPHOMY HACOC ..v.vvvveurenrerrinriniennias 59
Kyxmenkoe FO. M. ExcriepuMeHTalbHI Ta PO3PaXyHKOBI JOCTIKCHHS MyJbCalii THCKY y paiaibHO-OChOBIM

01 yo 1o 5 010) 7158 TSP P RO PP PP 66
TTPMKIIAIHE JIOCTIIIIKEHHSL ......co.tiiiiei ettt ettt ettt ettt etttk e ettt e ke e e b et e be e e b b e ek e e e ab e e e ke e e b e e e ke e e b e e e be e e be e e ke e e be e e nbeeebeeenbeeenneen 71

Hleguenxo H. I'., Iséawienko B. IO., Pybneecovkuii €. IO., 3akopa O. O. IlpoexkTyBaHHS BiJIIEHTPOBOTO Hacoca 3a
JOTIOMOTO10 TIPOrpaMHOT0 320€3MEUCHHT AXSTREAMM®.......c..oiiiiiiii e 72
Cmaco C. B., buuenko A. 0., IIycmosim M. O., Mucaneunxo O. I, Konecnixos /l. B. ExcnepuMeHTanbHe

JNOCTIKCHHS 3MIHH TEOMETPHYHHX MapaMeTpiB TOXKEKHUX pPYKaBiB IPH 3aCTOCYBaHHI ITOKEKHOTO CTBOJIA
PIOTEK 366 ...t 78

Bulletin of the National Technical University "KhPI".
Series: Hydraulic machines and hydraulic units, no. 12022 83



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

CONTENTS
(UL aTe EoT g LT ) = | E SRR 3

Cherkashenko M. On the theory of synthesis of minimal schemes of systems control of hydraulic and pneumatic

(0L OSSOSO PRSPPI 4
Mygushchenko R., Kropachek O., Korzhov I., Baraniuk T. Obtaining mathematical models of multi-zone

technological units through practical IdentifiCAtION ............ccoiiiiiiii e 8
Shubenko O., Senestkyi O., Babak M. Binary electrical generating installation for utilization heat of boiler flue

85 TSP 15
Rogowyi A., Kostiuk M., Azarov A. Improving energy parameters of Oil Jet PUMPS ..o 25
Fatieieva N., Fatyeyev O., Ponomarov V. Advantages of using hydraulic equipment of modular mounting in the

modernization of MAaChiNe NYAIOSYSIEIMS ........oouiiiiiiiiie bbb e bbbttt e e bt e bt st e e e e nae e e 33
Avrunin G., Pimonov 1., Sherbak O., Moroz I. Features of the dynamics of hydraulic fluid power depending on the

MOAES OF EXLEINAL TOAUING ......e ettt bbbt bbb et b e e b e s bt b e st e n e et e sa e bt sbeebeebe e e et nae e 42
Hasiuk O. TUrbINg SPEEA CONIOL.......c..iiiiiiiiie ettt e st et e s beereeseese e e et e besteateaseeneeseeeeneennens 49
Krupa Y., Demchuk Y. Modern software for the numerical study of flow in hydraulic machines..........c..cccceeevviiciennne 54
Rogovyi A., Luklanets S. Kinematic parameters of the oil flow in a vortex chamber pump ..........c.ccoceevveiiieieiiencieinnas 59
Kukhtenkov Y. Experimental and calculation study of pressure pulsations in the radial-axial hydroturbine.................... 66
APPIIEA FESEAITN ...t bbbt bbb b bbb bt bbbttt b bbb s bbbt 71

Shevchenko N., lvashchenko V., Rublevskyi E., Zakora O. Centrifugal pump design using AXSTREAM® software .. 72
Stas S., Bychenko A., Pustovit M., Myhalenko O., Kolesnikov D. Experimental research of geometric parameters
change of the of fire hoses when using the Protek 366 NOZZIE.............coiiiiiiiiiiiii s 78

Bulletin of the National Technical University "KhPI".
84 Series: Hydraulic machines and hydraulic units, no. 12022



HAVYKOBE BUJIAHHA

BICHUK HAINIOHAJIBHOI'O TEXHIYHOTI'O YHIBEPCHUTETY «XIII»
CEPIA: I'TAPABJITYHI MAIIIUHU TA I'TITPOAT'PEI'ATH

30ipHUK HAayKOBHX Npanb

Ne 12022

INonmoBuuit penaktop: Yepkamenko M. B., n-p Texu. Hayk, npodecop, HTY «XIII», Ykpaina
Binnosinanenuii cexpetap: Kpyma €. C., kanz. Texs. Hayk, nomnent, HTY «XIIl», Ykpaina
Texniuni pegakropu: dareeBa H. M., kanna. TexH. Hayk, goueHt, HTY «XIl», Ykpaina

Pespa K. C., kanz. TexH. Hayk, noueHT, HTY «XIIl», Ykpaina

AJIPECA PEJIKOJIET'TI TA BUJABIIS: 61002, Xapkis, Bys1. Kupmiuosa, 2, HTY «XIII»
Kadenpa «['iapaBniuni mamuau im. I'. @. [Ipockypu»
Ten.: (057) 707-66-46. Ten./dakc: (057) 707-63-49; e-mail: gmntukhpi@gmail.com

MMign. no apyky 23.09.2022 p. dopmar 60x84/8. O6knaguHka — mein 250 /M,
4+0, + maToBuit maminat. biok — 85 c1p., odcer 80 r/m, 1+1.
[Manitypka kieii. Haxnaz 40. Llina gorosipHa.






	Обложка_1
	0 стр-1
	0 стр-2
	0_FUNDAMENTALS
	1_Черкашенко1
	2_Мигущенко
	3_Шубенко
	БІНАРНА ЕЛЕКТРОГЕНЕРУЮЧА УСТАНОВКА ДЛЯ УТИЛІЗАЦІЇ ТЕПЛОТИ ДИМОВИХ ГАЗІВ КОТЛІВ
	BINARY ELECTRICAL GENERATING INSTALLATION FOR UTILIZATION HEAT OF BOILER FLUE GASES

	4_Роговий_Костюк_Азаров
	удосконалювання енергетичних параметрів нафтових струминних насосів
	IMPROVING ENERGY PARAMETERS OF OIL JET PUMPS

	5_Фатеева1
	8. Экснер Х., Фрейтаг Р., Гайс Х., Ланг Р., Оппольцер Й., Шваб П., Зумпф Е., Остендорфф У., Райк М. Гидропривод. Основы и компоненты. Том 1. Эрбах: Бош Рексрот АГ Сервис Автоматизация Дидактика, 2003. 323 с.
	12. Металлорежущие станки. URL: https://www.metalstanki.com.ua (дата обращения: 02.08.2022).
	8. Eksner Kh., Freytag R., Gays Kh., Lang R., Oppol'tser Y., Shvab P., Zumpf E., Ostendorff U., Rayk M. Gidroprivod. Osnovy i komponenty. Tom 1 [Hydraulic Drive. Fundamentals and Components. Volume 1]. Erbach, Bosch Rexroth AG Servis Avtomatizatsiya D...


	6_Авруниин
	4. Гладкий Д. КрАЗ-5233НЕ. Бронированный копатель траншей. Конструктивные особенности. URL: https://mpark.pro/ specialization/194-kraz-5233he-armored-trench-digger.html (дата обращения: 05.08.2022).
	12. Ksc direct. Product Group: Hydraulics. URL: https://kscdirect.com/ product_groups.php?pg=1500&a[Manufacturer]=Danfoss%2520%252F%2520White%2520Drive%2520Products (дата звернення: 09.08.2022).

	7_Гасюк
	УДК 621.224                         doi: 10.20998/2411-3441.2022.1.07
	Вступ. Система управління частотою обертання ротора гідротурбіни (СУЧОР) призначена для виконання наступних основних функцій: пуск гідроагрегату (гідротурбіни і електрогенератора), при якому механізми приходять в дію в потрібній послідовності (розворо...
	Сучасний стан розвитку СУЧОР. Подальший розвиток обчислювальної техніки, засобів автоматики, елементної бази гідрообладнання і теорії автоматичного управління дозволили перейти до розробки і створення більш досконалих систем регулювання гідротурбінами...
	Ці регулятори надійні в роботі і обслуговуванні, але на сьогоднішній день вони поступаються сучасним цифровим електронним регуляторам за такими параметрами, як швидкодія реакції регулятора на зміну зовнішнього навантаження, частоти мережі, здатність д...
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