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В соответствии с результатами анализа особенностей зарубежной технологии 

проектирования и создания изделий авиационно-космической техники прослеживается 

сертификационная направленность всех видов работ, начиная с этапа эскизного проектирования, 

что предъявляет особо высокие требования к качеству расчётных методик, алгоритмов и 

программного обеспечения, использующихся при расчётных проработках проекта. Без 

опережающего уровня отечественных разработок в области моделирования гидродинамических 

процессов в системах летательных аппаратов (ЛА) в ближайшее десятилетие станет 

невозможным конкурировать с зарубежными разработчиками авиационных и ракетно-

космических систем. В соответствии с современными теоретическими и экспериментальными 

исследованиями картина течения в проточной части  

лопастной машины представляет собой сложную суперпозицию основного и вторичного течения. 

В статье рассмотрена методика расчета течения жидкости в межлопаточном канале 

центробежного рабочего колеса с конечным числом лопаток, построение энергетических 

характеристик рабочего колеса и его оптимизация по числу лопаток. Расчет состоит из двух 

частей: во-первых, определение теоретического напора с учетом влияния конечного числа лопаток 

на основе анализа силового взаимодействия, и, во-вторых, определение гидравлических потерь в 

рабочем колесе интегрированием напряжений трения по ограничивающим поверхностям. 

Результаты обеих частей используются для оптимизации числа лопаток в рабочем колесе насоса. 

Аналитическим путем получены уравнение для напора в точке и коэффициент влияния конечного 

числа лопаток. С учетом закона трения получили выражение для потери напора. Изложенная 

методика расчета пространственного пограничного слоя является достаточно простой и 

наглядной и дает приближенные результаты, позволяющие производить оценку искомых величин. 

Однако существует необходимость в дальнейшей проработке метода для приведения его к виду, 

позволяющему рассчитывать трехмерное течение рабочего тела в канале произвольной формы. На 

основе результатов теоретических исследований был разработан алгоритм и программа расчета, 

позволяющая рассчитывать локальные значения. Результаты проведённого расчета 

теоретического напора в рабочем колесе могут быть использованы для уточненного расчета 

центробежного насоса. 
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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, quasi-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 

2 2 пер 2 2cos cos .j uj iH C U U U U U             (1) 

Since the peripheral velocity is determined by the 

expression 

2
2 cos .j iU R H R R               (2) 

The radius at any point of the vane is determined 

by the expression 

2 cos .iR R                             (3) 

 

 

 
 

Fig. 1. Visualization of the flow in the impeller  

of a low-flow pump with rectilinear vanes:  

V = 50 · 10–6 m3/s; D2 = 0,0405;  

b2 = 0,003; D1 = 0,0155 

 

Рис. 1. Визуализация течения в рабочем колесе  

МН с прямолинейными лопатками: 

V = 50 · 10–6 м3/с; D2 = 0,0405;  

b2 = 0,003; D1 = 0,0155 
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Fig. 2. Design model for an impeller  

with rectilinear tangential vanes 

 

Рис. 2. Расчетная схема для колеса с прямыми 

тангенциальными лопатками 
 

Finally, the expression for the pressure at point j will be written in the form 

2 2 2
2 cos .jH R                                                                  (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 γ 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 

  
1

.

n

j

j

T

H

H
n





 (5) 

Influence coefficient of a finite number of vanes 

  T
Z

T

H
k

H 

 . (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 

  гT TH H H H     . (7) 

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 

 

Рис. 3. Теоретический напор при конечном числе лопаток 
 

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 ε are calculated. 

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

0

2 1
0

1 1

s s

P PP
H dS d d


        

     .                                        (8) 

Expanding 0 into projections, we obtain 

2 2
0 0 0      ;                                                                (9) 

 
2 2
0 0

1

s

H d d        
 

.                                                  (10) 

Considering, that 0 0    , we get 

 
2 2 2
0 0

1

S

H d d         
   2

0

1
1

S

d d    
  . (11) 

From the law of friction [15] 

0,25

2
0 0,01256

U
U







 
    

 
 

.                                                 (12) 
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Substituting in (11) we obtain the expression for the head loss 

   
0,25

2 2 2
0

1
1 0,01256 1 .

S S

U
H d d U d d







 
               

  
 

                 (13) 

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 Н  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. 

 

 

 
Fig. 4. Hydraulic head losses along the channel length 

 

Рис. 4. Гидравлические потери напора по длине канала 
 

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

draulic efficiency г  and the optimization parameter гzk    on the number of vanes in the impeller. 
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Fig. 5. Dependences of ,zk г  and г( )zk  on the number of vanes 

 

Рис. 5. Зависимость ,zk  г  и г( )zk   от числа лопаток 

 

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 max.z гk    

 

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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