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Abstract. The object of research is a multistage centrifugal pump for pumping water. The authors presented a method for hydrodynamic calculation 
of the flow kinematics in a centrifugal wheel, pressure characteristics of the pump. The calculations were carried out according to the passport data for the 
entire working area of the pump. In order to verify and verify the adequacy of the flow model, the results of pressure and efficiency factor were obtained 
experimentally on an automated hydraulic stand. The article presents a methodology for testing the pump and determining the measurement error. Calculation 
results are in satisfactory agreement with the passport data (within 3%). However, at low feeds, the real pressure characteristic has a «sinking» section, which 
is explained by manufacturing errors of the centrifugal wheel.

Key words: centrifugal pump, pump characteristics, three-dimensional model, numerical simulation, experiment, measuring instruments, computer modeling, 
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Компьютерное моделирование кинематики жидкости в центробежном насосе и верефикация результа-
тов расчета с эксперементальными данными

Аннотация. Объектом исследования является многоступенчатый центробежный насос для перекачки воды. Авторами приведена методика гидроди-
намического расчета кинематики потока в центробежном колесе, напорных характеритик насоса. Расчеты проводились согласно паспортным данным 
на всей рабочей зоне насоса. С целью верификации и проверки адекватности модели течений результаты напора и коэффициент полезного действия 
были получены экспериментальным путем на автоматизированном гидравлическом стенде. В статье приведена методика проведения испытаний насоса 
и определения погрешности измерений. Результаты расчетов удовлетворительно согласуются с паспортными данными (в пределах 3%). Однако, при 
малых подачах реальная напорная характеристика имеет «западающий» участок, что объясняется погрешностями изготовления центробежного колеса.

Ключевые слова: центробежный насос, характеристики насоса, трехмерная модель, численное моделирование, эксперимент, средства измерения, 
компьютерное моделирование, кинематика жидкости, гидродинамический расчет и испытание насоса.

Орталықтан тепкіш сорғыдағы сұйықтық кинематикасын компьютерлік модельдеу және эксперименттік 
деректермен есептеу нәтижелерін тексеру

Аңдатпа. Зерттеу объектісі – суды айдауға арналған көп сатылы ортадан тепкіш сорғы. Авторлар ортадан тепкіш доңғалақтағы ағынның 
кинематикасының гидродинамикалық есептеу әдісін, сораптың қысым сипаттамаларын ұсынады. Есептеулер сорғының бүкіл жұмыс аймағының 
төлқұжат деректеріне сәйкес жүргізілді. Ағын үлгісінің сәйкестігін тексеру және тексеру үшін автоматтандырылған гидравликалық стендте басы 
мен тиімділігінің нәтижелері эксперименталды түрде алынды. Мақалада сорғыны сынау және өлшеу қателігін анықтау әдістемесі берілген. Есептеу 
нәтижелері паспорт деректерімен қанағаттанарлық (3% шегінде). Дегенмен, төмен беріліс кезінде нақты қысым сипаттамасының «шөгу» бөлімі бар, ол 
центрифугалық дөңгелектің өндірістік қателерімен түсіндіріледі.

Түйін сөздер: орталықтан тепкіш сорғы, сорғы сипаттамалары, үш өлшемді модель, сандық модельдеу, эксперимент, өлшеу құралдары, 
компьютерлік модельдеу, сұйықтық кинематикасы, гидродинамикалық есептеу және сорғыны сынау.

Introduction
One of the main problems of modern mechanical 

engineering is resource and energy saving. This dictates the 
need to create more efficient machines and mechanisms, 
as well as the desire to minimize the costs of developing 
new technology. The mentioned trends in modern design 
fully apply to the industry of vane pumps. Optimization 
of the design of the pumping unit is impossible without 
a detailed knowledge of the pattern of three-dimensional 
fluid flows. The movement of fluid in the channels of these 
hydraulic machines is particularly complex due to the 
influence of the shape of the blades, rotation, turbulence, 
flow separations and other phenomena, and therefore the 
old ways of designing vane pumps use either techniques 
with approximate correction factors, or already existing, 
proven designs in as samples (similarity method) [1, 2]. 
The disadvantages of such design methods are: in the 
first case, the process is stochastic, which results in the 
ambiguity of empirical coefficients, and in the second 
case, it is impossible to obtain a complete similarity of 
a full-scale machine and model and take into account 

complex hydrodynamic processes occurring in the pump. 
In order to design a pump that meets the requirements 
of the customer, additional refinement of the design is 
necessary (for example, turning the impeller [3, 4]), which 
leads to material and time costs. Currently, a number of 
application packages are used to solve the problems of flow 
kinematics, such as ANSYS CFX, Fluent, STAR – CD, 
etc., reduce production costs. But this modeling process 
also causes some difficulties associated with the adequacy 
of the mathematical models used, with the application of 
the computational grid of the required quality and with the 
degree of detail of various flow properties1 [5]. A large 
number of publications devoted to solving these problems 
in turbomachines confirms the topicality of the topic.

Relevance of the issue
The article [6] highlights the problems that arise in the 

numerical simulation of flows in axial and centrifugal 
ones. The dependence of the solution on the presence of 
areas of instability on the operating characteristics and 
the initial approximation leads the authors to the idea to 
start the calculation from the supply mode to the left of 

1Badr H.M., Ahmed W.H. Pumping machinery theory and practice. – New York: John Wiley & Sons, Inc., 2015. – 392 p. (in English)
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Number of blades 6
Impeller speed rpm 2850
Outlet wheel radius R2, mm 9

Outlet Blade Width b2, mm 0.003
Blade width at the inlet b1, mm 0.006
Liquid density, kg/m3 865.4
Dynamic viscosity, Pa·s 0.00415

Table 1
The main geometric characteristics of the impeller and 

the properties of the working fluid
Кесте 1

Жұмыс дөңгелегінің негізгі геометриялық 
сипаттамалары және жұмыс сұйықтығының 

қасиеттері
Таблица 1

Основные геометрические характеристики 
рабочего колеса и свойства рабочей жидкости

the operating point of the pump, and use its result as initial 
conditions for determining the parameters of the next point 
with a lower supply, etc., until surge limit is not reached. 
The phenomenon of flow separation forces us not only to 
carefully choose a turbulent viscosity model, but also to 
apply difference schemes with a low scheme viscosity. 
In addition, numerical experiments are used to consider 
methods for improving the shape of the meridional contours 
of the turning channel to reduce energy losses in multistage 
pumps. The authors2 are developing a new difference 
method for the ANSIS program that simulates spatial 
nonstationary viscous flows in multistage pumps, taking 
into account effects such as the passage of flows through 
the rotor channel, nonlinear loads on the blades, etc. The 
authors of article [7] are modeling unsteady flows in single-
stage centrifugal compressor in the FlowVision software 
package in a volume setting. To determine the efficiency 
from the flow rate and acting forces, moments, the authors 
use the k-ε turbulent model with wall functions, the flow 
model in slotted seals, mesh thickening in boundary layers, 
and the sliding mesh model. The average flow rate at the 
outlet, the pressure and temperature at the inlet are chosen 
as boundary conditions, and the criterion for a steady flow 
is the equality of the flow rates at the inlet and outlet of the 
computational domain. In [7], the steady-state field of total 
pressures of a viscous incompressible fluid in a centrifugal 
pump MH250 is calculated using the standard k-ε turbulence 
model SFLOW and the model of moving coordinate 
systems. The purpose of this work was to determine the 
adequacy of a computer model for determining the pressure 
characteristic of a centrifugal pump.

To achieve the goal of the study, the following tasks were set:
1) build a pressure – energy characteristic Hnumb = f(Q), 

each point of which was determined using the package 
SFLOW based on finite volume method;

2) conduct experiments on a laboratory stand in the 
laboratory of KazNITU;

3) compare the obtained results of numerical simulation 
with experiment Hnumb = f(Q);

4) analyze the reasons for possible discrepancies.
The object of the study was a centrifugal multistage 

pump brand STR 15. The main geometric characteristics 
of the impeller of the pump under study and the properties 
of the working fluid (water), for which the calculation was 
performed, are shown in table 1.

Research methods
To conduct a numerical study of the kinematics of the 

flow in the flow part of the RC and determine the pressure 
characteristics, the licensed software package SFLOW 
of the university version was used. The algorithm of this 
software product is based on a numerical method for solving 
the laws of hydromechanics, the equations of motion of 
a viscous fluid together with the equation of continuity. 
When calculating numerically a system of equations is 
solved that describes the most general case of the motion 
of a liquid medium – the Navier-Stokes equations (1) 
together with continuity equation (2) [8, 9]. The 
equations are presented in abbreviated form (i, j = 1 – 3), 
 summation over the same indices is assumed:

(d/dt × ρui ) + (d/dxj × ρui uj ) =
= (–dp/dxi + d/dxj )[µ(dui /dxj + duj /dxi )] + fi ;

(dρ/dt + d/dxj) × (ρuj) = 0,                    (2)
where:
xi , xj – coordinate axes;
fi – a component expressing the action of mass forces.

The computer solution of these problems was carried 
out in the program cradle SFlow solver for time-steady 
spatial motion of a viscous incompressible fluid without 
heat transfer. The standard k-ε model was chosen as the 
turbulence model, turbulent flows were modeled using 
Reynolds equations (3) instead of equations (1), since it is 
extremely difficult to model turbulent flows using Navier-
Stokes equations:

(d/dt × ρu –
i ) + (d/dxj × ρui u —

j ) + (d/dxj × ρu'i u' —
j ) =

= (–dp/dxi + d/dxj )[µ(du –
i /dxj + du –

j /dxi )] + fi ,
where:
u –

i , u –
j – are the average values of the velocity components;

u –'i , u –'j – are the pulsation components of the speeds.
To close the Reynolds equations in Credele, a number 

of turbulence models are used. The following assumptions 
were made during the numerical study:

▪ the flow at the entrance to the computational domain is 
axisymmetric;

▪ there is no influence of leaks through the seals of the 
CV on the flow in the flow path.

Carrying out computer simulation consisted of several 
stages: preparation of a three-dimensional geometric 
model of the RC, construction of a computational grid, 
introduction of boundary conditions for calculation and 
calculation itself. Finite element meshes with 400 thousand, 
600 thousand and 1 million cells were built. An analysis 
of the values obtained from the results of numerical 
calculations showed that for grids with more than 600 
thousand cells, the results differ by no more than 2%. This 

2Ramesh S. A text book of rapid prototyping. – New Delhi (India): ANE Books, 2015. – 1st Edition. – 192 p. (in English)

(3)

(1)
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Position Name Quantity Application
1 Line 1 Dy32
2 Line 2 Dy32
B Tank 1 V = 0,05 м3

M1, M2 Manometer 2

P Flow meter 1

U Voltemeter 1

I Ammeter 1

G1,G2 Gate valve 2
H Pump 1 STR 15
M Electric motor 1 800 W

result proves grid independence. Further numerical study 
was carried out for grids with ≈ 600000 cells.

After generating the meshes, the next step in the 
calculation was the creation of a computational domain 
in CFX-Pre. The border of the entrance to the RO is the 
border of the entrance to the impeller. The mass flow 
rate Q was set as the boundary condition at the inlet. The 
calculation was carried out for six parameters of the pump 
operation at the supply Q = 0.5; 0.7; 0.9; 1; 1.1; 1.2.

For the numerical experiment, compared with the natural 
one, the location of the boundary of the entrance to the 
working area was chosen at a distance of two diameters of 
the inlet pipe from the boundary of the entrance to the wheel. 
figure 1 shows the domain created for the wheel model.

The static pressure was set as the boundary condition at 
the outlet of the CR. Based on the fact that further studies 
and comparisons were carried out for relative values, the 
absolute value of pressure did not matter, and was taken 
equal to Pout = 1 MPa. The type of the boundary condition 
was set to «open», based on the assumption that the 
presence of reverse flows at the exit from the working area. 
The wall roughness was taken as Ra3. Diagrams of pressure 
and absolute flow rate are shown in figure 2.

According to the results diagram, the maximum 
pressure occurs at the outlet of the wheel and its value is 
P = 0.0736 MPa, given the fact that the pump design is multi-
stage, consisting of five stages, and the pressure is pumped 
from stage to stage, the actual pressure in the discharge pipe 
will be equal to the product the number of steps per value 
according to the diagram. And so the pressure at the outlet 
of the pump will be equal to P = 0.368 MPa, the absolute 
speed is ω = 16.72 m/s.

Testing on a laboratory stand
Experimental studies within the framework of this 

work were carried out on a test bench of the Mechanical 
Engineering Department, the schematic diagram of which 
is shown in figure 3.

Table 2
Equipment used in stand automation

Кесте 2
Стендті автоматтандыруда қолданылатын 

аппаратура
Таблица 2

Аппаратура, применяемая в автоматизации стенда

The stand is filled from the technical water supply and 
operates on a closed system of fluid circulation. The bench 
installation consisted of an experimental pump of the STR 
15 brand with an engine, a tank with a capacity of 0.05 m3, 
measuring equipment, a piping system with shut-off and 
control valves, and a control box.

The experimental pump was driven by an adjustable 
electric motor with a power of 0.8 kW. The maximum 

Figure 1. Computational grid domains.
Сурет 1. Есептелген тор домендері.

Рис. 1. Домены расчетной сетки.



Горный журнал Казахстана №11’ 2022Горный журнал Казахстана №11’ 2022

50 Горные машины
frequency of rotation of the electric motor is 2850 rpm. 
The flow meter records the flow values.

The pressure difference at the inlet and outlet of the 
pump was controlled by digital pressure gauges. The 
flow of the experimental pump was regulated by a valve 
on the pressure pipeline. Measuring equipment (table 2) 
provided the possibility of taking energy characteristics in 
accordance with existing requirements and through wi-fi 
was transmitted to a stationary computer.

The flow of the experimental pump was regulated by a 
valve on the pressure pipeline. The measuring equipment 
provided the possibility of taking energy characteristics 
in accordance with existing requirements3. The set of 
measuring instruments included:

▪ electronic manometer of accuracy class 0.4 with 
a measurement limit of 0-1.6 MPa for measuring the 
pressure in the inlet pipe of the experimental pump;

▪ electronic manometer of accuracy class 0.4 with 
a measurement limit of 0-1.6 MPa to measure the pressure 
in the pressure line of the experimental pump;

▪ electronic flow meter with a measurement limit 
of 0-5 m3/h;

▪ frequency converter up to 3000 rpm.
Methodology for conducting experimental studies
In general, the methodology for testing the pump 

to measure their pressure and energy characteristics 
corresponded to the proven recommendations3. Further, only 
general provisions are noted in determining the quantities 
necessary to determine the experimental dependences:

H = f(Q), N= f(Q), η = f(Q).
The flow was measured by a flow meter.
The pressure of the experimental pump was calculated 

from the readings of pressure gauges that measured the 
pressure in the inlet and outlet measured sections, was 
calculated by formula 4:

H = (Pd – Ps )/γ, M                           (4)
where:
Pd, Ps – readings of pressure gauges in the suction and discharge measured 
sections, respectively;
γ – specific gravity of water.

The power on the shaft of the experimental pump was 
determined using:

Nsh = U × I × ηeng × ηn × cosφ × 10 –3,          (5)
where:
U – the voltage in the network, V;
I – current strength of the consumer from the network, A;
ηeng – engine efficiency, ηeng = 0.9;
ηn – network efficiency, ηn = 0.95;
cosφ = 0,87.

η = 9,8QH / 3,6Nsh, W.                          (6)
The measurement results are shown in table 3.
Estimation of errors in measurement results
Since the results of natural studies inevitably contain errors 

of various origins, it is obligatory to evaluate the accuracy 
of the measured values when conducting experimental 
studies. We can conclude that systematic errors are decisive 
in the experimental study of centrifugal pumps4.

3The pumps are dynamic. Test methods. / Interstate standard 6134-2007. – M.: Standartinform, 2008. – 95 p. (in Russian)
4State system for ensuring the uniformity of measurements. Measurements of liquids and gases flow rate and quantity by means of orifice instruments. 
/ Interstate standard 8.586.1-5-2005. – M.: Standartinform, 2007. – Part 5. Measurement procedure. – 143 p. (in Russian)

Determined 
value

Permissible 
limit error in 

testing,%

Relative 
marginal 
error, %

RMS 
relative 
error, %

Feed Q, m3/s 3.0 1.79 0.9 
Head N, m 3.0 0.91 0.48 
Power N, W 3.0 1.02 0.51 
Efficiency η, % 5.0 2.14 1.07

Table 5
Uncertainties of indirect measurements

Кесте 5
Жанама өлшеу қателіктері)

Таблица 5
Погрешности непрямых измерений

Measured parameter
Absolute 
marginal 
error, %

Relative 
marginal 
error,%

RMS 
relative 
error,%

Pressure drop across 
the pump Δрp, MPa 0.4 0.51 0.24

Mains voltage, V 0.3 0.41 0.16
Current strength, A 0.4 0.32 0.16
Feed Q, m3/h 0.4 0.2 0.1

Table 4
Direct measurement errors

Кесте 4
Тікелей өлшеу қателіктері

Таблица 4
Погрешности прямых измерений

Q, m3/h P, MPa H, m U, V I, A V, m/min
3.3 0.018 1.836735 228 3.2 1.01
3.1 0.1 10.20408 226.8 3.18 0.89
2.9 0.18 18.36735 226.3 3.15 0.77
2.5 0.28 28.57143 226 3.1 0.72
2 0.335 34.18367 225.5 3.05 0.54

1.5 0.385 39.28571 225 3 0.49

Table 3
The measurement results

Кесте 3
Өлшеу нәтижелері

Таблица 3
Результаты измерений

The relative marginal error in determining the feed was 
determined by the formula:

ΔQ = √
———— δQ2 + δn2, %                       (7)

where:
δQ2 – the relative limiting error of feed measurement, %;
δn2 – relative marginal error in measuring the revolutions of the motor shaft.
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Сonclusions
Analyzing the pressure and energy characteristics 

obtained on the experimental bench and comparing 
them with the results of computer simulation (figures 4), 
we can conclude that the difference in the results for 
the pressure is about 4%. In this case, the maximum 
efficiency values differ by 5%.

The adequacy of the computer model can be confirmed 
by the passport data, that is, the operating point of 
the pump (figure 6d) coincides with the supply data 
Q = 2.7 m3/h, head H = 30 m. 

Analyzing the difference in characteristics, it can be 
assumed that the most likely reason for the mismatch 
between the curves in modeling and experiment is the 
discrepancy between the geometric ideal model of the 
blade systems used in the calculations and actually 
manufactured wheels. In particular, this concerns the 
shape of the leading and trailing edges, the roughness 
of the flow path, etc. However, we can say that the 
discrepancy obtained is acceptable, and the result of the 
numerical experiment can be considered confirmed.

Figure 3. Scheme and indications
on the laboratory bench.

Сурет 3. Зертханадағы стендтің сызбасы және 
көрсеткіштері.

Рис. 3. Схема и показания на лабораторном стенде.

Figure 2. Computational test results.
Сурет 2. Есептеу сынақтарының нәтижелері.

Рис. 2. Результаты вычислительных испытаний испытаний.

σQ is the mean square relative error of feed measurement, 
%, determined by the formula:

σQ = √
—————— σa 

2 + σ2 KRc
 + 1/4(σρ 

2), %                   (8)
where:
σa – the mean square relative error of determining the flow meter, %;
σKRc

 – root-mean-square relative error in determining the flow rate per 
Reynolds number, %;
σρ – root-mean-square relative error in determining the density of water, %.

The relative limiting error in determining the pressure 
was determined by the formula:

ΔH = √
———— δH2 + 4δn2, %                       (9)

where δH is the relative limiting error of pressure measurement, calculated 
by the formula:

δH = 1/H × [0,1022/ρ2 × Δp2 p × (δΔp2 p + δΔρ2) +

+ 1,16542 × (1/d4 2 – 1/d4 2 )2 × Q4δQ2], %
where δpp – the relative limiting error in measuring the pressure difference 
at the inlet and outlet of the pump, %.

The relative limiting error of power measurement was 
determined by the formula:

ΔN = √
———— δU2 + δI 2, %                       (11)

where:
δU – relative limiting error of voltage measurement, %;
δI – relative limiting error of current measurement, %;

The relative limiting error in measuring the efficiency of 
the pump was determined by the formula: 

Δη = √
—————— ΔN2 + ΔQ2 + ΔH 2, %.                  (12)

The errors of direct and indirect measurements are 
given in tables 4 and 5.

By analyzing the data in tables 4 and 5, we can 
conclude that the errors in determining the pressure 
parameters of the experimental pump according4 did 
not exceed the permissible limits.

Results of experimental and numerical studies
As a result of the numerical study of the pump, and 

the study on the experimental stand, pressure and energy 
characteristics were built (figure 4).

(10)



Горный журнал Казахстана №11’ 2022Горный журнал Казахстана №11’ 2022

52 Горные машины

Figure 4. Pressure and energy characteris.
Сурет 4. Қысым және энергия сипаттамалары.

Рис. 4. Давление и энергетические характеристики.
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