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B coomeemcmeuu ¢ pesyrbmamamu  aHAIU3A  0COOEHHOCMEU  3apPYOENCHOU  MEXHONO0UU
NPOEKMUPOBAHUA U  CO30aHUA  U30EIUU  ABUAYUOHHO-KOCMUYECKOU  MEXHUKU — HPOCAeHCUBACHICS
cepmMuUpUKAYUOHHAS HANPABIEHHOCMb 8CeX 8UO08 PAOOM, HAYUHAS C HMANA ICKUZHOZO NPOEKMUPOBAHUS,
umo npeovsasisiem 0coO0 GblCoKUe mpebOBAHUs K KA4ecmsy pPACYEMmHbIX MemoOuK, ai2opummos u
NPOSPAMMHO20 — 0OecneueHus, UCNOAb3YIOWUXCA  Npu  pacyémuelx  npopabomxax npoekma. bes
onepecawezo YpogHs OMeYeCmeeHHbIX papabomox 6 061acmu MOOeIUPOBaAHUsL 2UOPOOUHAMUHECKUX
npoyeccog 6 cucmemax Jemamenvhulx annapamoe (JI4) 6 Onuicaiiwee Oecsimunemue CmaHem
HEeBO3MOJICHBIM ~ KOHKYPUPOBAMb € 3aPYOEICHbIMU — pA3PAOOMYUKAMYU — AGUAYUOHHBIX U  PAKEMHO-
KOCMUYECKUX cucmem. B coomeemcmeuu ¢ cOBPEMEHHBIMU MeOPemuiecKUMU U IKCREPUMEHMATIbHbIMU
UCCIe008AHUAMU Kapmuua meyeHust 8 NPOMOUHOT uacmu
JIONACMHOU MAWUHBL NPeOCmagisien coO0U CIONCHYIO CYREPROZUYUIO OCHOGHO20 U 6MOPUHHO20 MEYEHUS.
B cmamve paccmompena memoouka pacuema meueHUs. JHCUOKOCMU 6 MENCIONAMOYHOM KaHaie
YEeHmMpOoOedNCHO20 paboue20 Koleca ¢ KOHEUHbIM YUCIOM JIONAMOK, HOCMPOEHUE IHEP2eMUYECKUX
Xapakmepucmux paboue2o Koieca u €20 ONMuMU3ayus no yuciy nonamokx. Pacuem cocmoum uz 08yx
yacmeii: 60-nepevix, OnpedesieHue MeopemuiecKk020 Hanopd ¢ Y4emom GIUsHUsL KOHEUHO20 YUCLa JTIONAMmOoK
Ha OCHOGe AHAU3A CUNLOBO2O 63AUMOOCUCMEUs,, U, B0-6MOPbIX, OnpedeieHue 2UOPAGIUYECKUX NOmepPsb 6
pabouem Konece UHMEZPUPOBAHUEM HANPSJCEHUU MPEHUsT N0  O02PAHUYUBAIOWUM  NOBEPXHOCTISIM.
Pesynemamul obeux uacmeti ucnonb3yOmMcs 0151 ORMUMUIAYUU YUCIA TONAMOK 6 pabouem Kojece Hacocd.
Ananumuyeckum nymem ROJLYUeHbl YpasHeHue O HANopa 6 mouke U KodQ@uyuernm iusHus KOHeUHO20
yuciaa nonamox. C yuemom 3aKOHA mMpenusi NOYNUIU ebipadiceHue Olsi nomepu Hanopa. HznoocenHas
Memoouka pacuema npOCMPAHCMEEHHO20 NOSPAHUYHO20 ClOSL SGNAEmCsi 00OCMAMOYHO NPOCMol U
HA2NAOHOU U Odem NPUOIUICEHHbIE Pe3YIbMAmbl, NO360SIOUWUE NPOUZEOOUMb OYECHKY UCKOMBIX GELUYUH.
Oonaxo cywecmeyem HeoOX00UMOCMb 8 OanbHeluel npopabomke memooa Os npuedeHus e2o K 6udy,
NO380JAIOUEMY PACCHUMBIEAMb MPEXMEPHOE MeyeHue padboue2o meia 8 Kanaie npouseonvHol ghopml. Ha
OCHOBe pe3yibmamog MeopemuyecKux Ucciedo08anull Obil paspaboman areopumm u npoSpamma pacyemad,
NO36ONAIWAS.  PACCYUMbBIGAMb  JIOKAIbHble — 3Hauenus.  Pesynemamor  nposedénnoco  pacuema
Meopemuyecko20 Hanopa 6 pabouem Koiece MO2ym Oblmb UCHOAb308AHbL Ol YIMOUYHEHHO20 pacyema
YeHmMPOOENCHO20 HacOCd.

Kmioueswie cnosa: ueHmpOﬁeDfCHblﬁ Hacoc, pa6oqee KoJneco, Hanop, onmumu3ayusl.
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Flow model in the impeller of a centrifugal pump
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In accordance with the results of the features analysis of foreign design technology and the creation of
aerospace technology products, the certification orientation of all types of work can be traced, starting
from the preliminary design stage, which imposes particularly high requirements on the quality of calcula-
tion methods, algorithms and software used in the design development of the project. Without the advanced
level of domestic developments in the field of modeling hydrodynamic processes in aircraft systems, in the
next decade it will become impossible to compete with foreign developers of aviation and rocket-space sys-
tems. In accordance with modern theoretical and experimental studies, the flow pattern in the flow path of
a vane machine is a complex superposition of the main and secondary flows. The article discusses the
method for calculating the fluid flow in the interscapular channel of a centrifugal impeller with a finite
number of vanes, the construction of the energy characteristics of the impeller and its optimization by the
number of vanes. The calculation consists of two parts: firstly, the determination of the theoretical head
taking into account the influence of the finite number of vanes based on analysis of force interaction, and,
secondly, determination of hydraulic losses in the impeller by integrating friction stresses along the limit-
ing surfaces. The results from both parts are used to optimize the number of vanes in the pump impeller.
Analytically, an equation for the pressure at a point and the coefficient of influence of a finite number of
vanes are obtained. Taking into account the law of friction, an expression was obtained for the pressure
loss. The described method for calculating the spatial boundary layer is quite simple and intuitive, and
gives approximate results that make it possible to estimate the required quantities. However, there is a
need for further elaboration of the method to bring it to a form that makes it possible to calculate the three-
dimensional flow of the working fluid in a channel of arbitrary shape. Based on the results of theoretical
studies, an algorithm and a calculation program were developed that allow calculating local values. The
results of the calculation of the theoretical head in the impeller can be used for a more accurate calcula-
tion of a centrifugal pump.

Keywords: centrifugal pump, impeller, head, optimization.

Introduction

Aircraft traditionally have high requirements in terms of operational and energy characteristics, ef-
ficiency and reliability, which is associated with ensuring operational safety and the importance of
military, scientific, applied and economic tasks being solved. To improve the performance characteris-
tics of aircraft as a whole, it is necessary to further improve the theory of the processes occurring in
the flow path of vane superchargers, which improves the design quality, accelerates the development
and commissioning of more modern systems of rocket and space aviation technology.

Further development of aerospace programs stipulates a wide range of applications of centrifugal
vane superchargers in the systems for supplying the circulation of the working fluid (correction and
docking engine, brake propulsion systems, onboard power sources, thermal control systems for the life
of spacecraft etc.).
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The problem of theoretical development of the issue of fluid flow in the channels of the flow part
of centrifugal vane superchargers is particularly acute. This task presents significant difficulties, since
most of these channels have sections variable in area and irregular in shape, as well as a curved medi-
an line. Especially difficult in terms of theoretical study is the part of the channels that falls on the im-
peller. These channels are in rotational motion, and the flow working in them, interacting with the
vane, increases its specific energy.

Knowledge of the physical flow pattern in all elements of the flow parts of centrifugal pumping
units will allow creating more advanced methods of their calculation and design [1].

At present, centrifugal pumps are one of the elements of pumping equipment, very often used in the
designs of modern aircraft engines (aircraft industry). With its help, a preliminary increase in fuel
pressure is carried out before entering the fuel system (booster pump), as well as fuel is supplied into
the afterburner. The centrifugal pump is controlled by a throttle valve located at the inlet.

Analysis-based design has become widespread in practice, and it is based on a series of verification
calculations of the flow in the flow part of the objects under study and the corresponding directional
correction of its shape and geometry of the blade rowns.

All new requirements and standards for the efficiency and reliability of pumping equipment are be-
ing introduced, and the methods of designing impellar machines developed 20-30 years ago no longer
allow achieving the required results [2].

The working process of centrifugal pumps is based on the continuous transfer of energy from the
impeller blades to the fluid flow. The flow movement after leaving the impeller has an unsteady turbu-
lent character. The transformation of the flow behind the impeller is carried out by structural elements
of the flow path of the pump outlet (annular diffuser, guide vane, volute and conical diffuser), which
experience high dynamic loads from pressure pulsations [3].

A variety of types and parameters of pumps requires a reduction in terms and an improvement in
the quality of design, which is possible with the use of computer-aided design systems, which are
based on mathematical models for calculating flow, losses and predicting pump performance. The use
of mathematical models makes it possible to conduct a multivariate design process with an assessment
of the qualities of the pump elements and the selection of the optimal option at the design stage.

Currently, guasi-three-dimensional methods have proven themselves to be effective in assessing
flow and losses in vane systems of pumps, which require little time to implement in comparison with
three-dimensional methods and which give satisfactory results in practice.

Taking into account the need to carry out a large number of calculations, it is difficult to assume
that when solving a problem, one can rely only on methods for calculating three-dimensional flows.

A large amount of preliminary work must be performed using two-dimensional approaches, their
role in the hierarchical structure of methods used in design is great.

Methods for calculating two-dimensional flow make it possible to take into account the geometric
parameters of the flow path and blade rows and, despite the assumptions, have sufficient accuracy and
speed for practice.

The currently existing methods for calculating centrifugal pumps are oriented towards relatively
high flow rates. This necessitates the creation of an algorithm for finding the design parameters of
such a pump [4-7].

Nowadays, a model-oriented approach to development and calculation is an integral technology for
designing taking into account tight deadlines and the volume of requirements. The design process
must be carried out taking into account integration with the model-oriented design of an aircraft
engine [8].
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Purpose

To make a method for calculating the fluid flow in the vane channel of a centrifugal impeller with a
finite number of vanes, to construct the energy characteristics of the impeller according to the calcula-
tions and to optimize it according to the number of vanes.

Method

Analyzing the results of experimental visualization of the flow in the impeller in accordance with
Fig. 1 [1], the difference between the circumferential component of the fluid velocity and the peripher-
al velocity of the driving disk at the free-flow side of the vane can be concluded as well as their equali-
ty on the pressure side.

Taking into account the fact that the force interaction in a fluid propagates only in the form of a
longitudinal elastic wave, it can be concluded that the instantaneous direction of the fluid velocity
should coincide with the rectilinear direction of wave propagation (force interaction). If we neglect the
dissipation of the energy motion and assume that the damping of the wave on the scale of the consid-
ered geometric forms does not occur, it can be assumed that the value of the instantaneous velocity
along the line of elastic ~ force interaction is the  value constant.
The initial (generating) point of the line of elastic
force interaction is located on the surface of the vasne
and sets the value of the velocity along the line, there-
fore, it is possible to set a family of characteristic
lines for the translational motion, along which the
value of the translational velocity is determined and
constant.

Based on the foregoing, it is possible to write
down an expression for the head at each point at the
outlet of the impeller for various types of vanes.

The design model for an impeller with rectilinear
tangential vanes is shown in Fig. 2.

In this case, the expression for the pressure will
take the form

A :Czuj e :U”ep oosy-Uy =U;-cosy-Uy. (1) Fig. 1. Visualization of the flow in the impeller
Since the peripheral velocity is determined by the ofa |°\{V'f|0W pump with rectilinear vanes:
expression V =50-10° m%s; D, = 0,0405;

b, = 0,003; D; = 0,0155
U=R-o = H;=R-R,-0’-0c0s7. (2

Puc. 1. Busyanusanus Teuenus B pabouem Kosece

The radius at any point of the vane is determined MH ¢ [IpAMOTHHEHHEIME JIOTATKAMI:
by the expression V =50-10° m%c; D, = 0,0405;
Ri — R2 - 00S Y. (3) b,=0,003; D, =0.0155
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Utheor—Ureal

Wreal b

Fig. 2. Design model for an impeller
with rectilinear tangential vanes

Puc. 2. PacuetHas cxema Juis Kojieca ¢ IpsIMbIMU
TaHI'€HIIMAJIbHBIMU JIOATKaMU

Finally, the expression for the pressure at point j will be written in the form
H; =R} o’ cos’y. 4)

The theoretical head with a finite number of vanes is determined step by step according to the fol-
lowing algorithm. At a step, the increment of the angle vy is specified. The pressure value at the current
point is determined by the formula (4). The theoretical head is defined as the averaging of the obtained
values

Hy =1=—. (5)
Influence coefficient of a finite number of vanes

— HT
k, = H—Tw (6)

The value of the theoretical head with an infinite number of vanes is determined by the classical
expression of the jet theory of Euler [9].

Figure 3 shows the change in the theoretical head with a finite number of vanes depending on the
number of vanes.

Given the complexity of viscous flows in the impeller grids, the actual characteristics differ from

the theoretical ones by the amount of hydraulic losses

Hydraulic losses depend on the magnitude and direction of relative velocities in the flow part of the
grid and are determined by the integral of friction stresses on the cooling surfaces: the cylindrical sur-
faces of the vanes and the end surfaces of the covering discs.

At present, the estimation of the actual head values depending on the basic geometric and operating
parameters of the grid in most practical applications is based on semi-empirical expressions obtained
on the basis of generalization and analysis of experimental data [10-13].
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Fig. 3. Theoretical head at a finite number of vanes

Puc. 3. Teopernyeckuii HaoOp MPU KOHEYHOM YHUCIIE JIOTIATOK

A method for determining hydraulic losses, which is the integration of friction stresses along the
limiting surface of a curved channel, is presented in work [1]. Here, when integrating the finite-
difference analogs of the equations of momentum of the spatial boundary layer at each step, the thick-
ness of the momentum loss &, and the slope angle of the bottom streamline ¢ are calculated.

The total head drop is written as an integral [14]

AP _R-R
PP

AH = L d5 =2 [rodody . ®)
P P

Expanding 1o into projections, we obtain

Tp = \IT(2)¢ + T(2)\,; ; ©)
1
AH =5j«/r§¢+rgw dody . (10)

S

Considering, that Toy = ETgq s WE get

AH =§£,Ir§¢ +82’Cé¢d(pd\|1 = %I(l+ sz)iro(pd(pd\y . (112)

From the law of friction [15]

s \~0,25
to¢=0,01256pU2{T¢] . (12)
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Substituting in (11) we obtain the expression for the head loss

e \—0,25
AH:%-‘/(1+82)_[10(Pd(pdw20,01256-,/(1+82)IU2-{%J dedy. (13)
S S

Substituting the found values € and &,”, we get the value of the head loss.

The presented method for calculating the spatial boundary layer is quite simple and intuitive. How-
ever, there is a need for further development of the method to bring it to a form that allows calculating
the three-dimensional flow of the working fluid in a channel of arbitrary shape.

It should be noted that the results of comparing the numerical and experimental visualization show
a similar flow pattern, which indirectly confirms the validity of assumptions and the correctness of
conclusions when constructing a method for determining the transfer velocity field in the interscapular
channel of the impeller.

Based on the results of theoretical studies, an algorithm and a calculation program were developed
that allow calculating local values A along the length of the interscapular channel step, known geo-
metric parameters of the impeller, angular velocity and flow rate. The calculation of the theoretical
head in the impeller with straight vanes is carried out.

Sample calculation results are shown in Fig. 4, 5. Fig. 4 shows the hydraulic head losses along the
length of the channel.
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Fig. 4. Hydraulic head losses along the channel length

Puc. 4. T'unpaBnnyeckne noTepu HaMopa 1o JITUHE KaHala

Fig. 5 shows the dependence of the influence coefficient of the finite number of vanes k,, of hy-

draulic efficiency m, and the optimization parameter k, -n, on the number of vanes in the impeller.
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Fig. 5. Dependences of k,, n, and (k, -n.) on the number of vanes

Puc. 5. 3aBucumocts K,, m, u (K, 1,) or uncna gomnarox

After performing a series of calculations for a different number of vanes, it is possible to choose the
most optimal option according to the criterion k, -n, — max.

Conclusion. The article presents a method for calculating the fluid flow in the interscapular chan-
nel of a centrifugal impeller with a finite number of vanes, the construction of the energy characteris-
tics of the impeller and its optimization by the number of blades. The proposed method was used to
calculate the flow, which consists of two parts:

1) the theoretical head is determined taking into account the influence of a finite number of vanes
based on the analysis of force interaction;

2) hydraulic losses in the impeller are determined by integrating friction stresses along the limiting
surfaces. The materials presented in this article allow using the results of both parts to optimize the
number of vanes in the pump impeller.
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