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1 Introduction

One of the most crucial pump cards is the head–capacity curve, which is the
dependence between the pump head and the volumetric flow. The shape of this
card depends on the pump type, its design features, and other parameters. There are
two types of the head–capacity curve: theoretical and experimental. The theoretical
one is determined by applying the fundamental equations of hydrodynamics with
the corresponding assumptions and simplifications; the experimental one is based
on experimental data. Both have the following disadvantages: for the first—it
accurately reflects only the qualitative relationship between the main parameters;
for the second—it is resource-intensive. One of the main problems of the pump
operation process is cavitation (gas bubbles formation process due to a sharp
pressure change caused by the fast increase of the fluid velocity). The above process
is characterized by the cavitation number, defined as:

Ca = p − pν

1
2ρU2

, (1)

where p—flow pressure, Óν—vapor pressure, 1
2ρU2—dynamic pressure.

The primary way for cavitation avoidance is to minimize the underpressure value
in the critical areas, which can partially be achieved by increasing the ambient
pressure. In particular, the main thing for the cavitation preventing is to ensure
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suction pressure, which provides the overcoming fluid flow without hydraulic losses
in the suction line and the suction chamber. The inducer can be used for the above
purpose.

Typically, cavitation is considered separately from the phase–temperature tran-
sition due to its processing speed, which leads to the assumption of thermal
equilibrium unacceptably. The mass transfer is determined by a purely mechanical
interaction (the pressure difference at the liquid–vapor interface) and not dependent
on thermal interaction in the simplest cavitation model. Currently, many types of
research are aimed at models that consider both effects.

2 Literature Review

The reliability of hydraulic motors is a topical engineering problem. A specific
design method was proposed to increase reliability based on the developed math-
ematical tools through simulating changes in a technical state of the rotors in a
hydraulic motor [1]. The study [2] introduces the design schemes, a mathematical
tool, and a calculation algorithm that were developed to justify the angular
arrangement of the moving distributor. In the research study [3], a design model,
a mathematical apparatus, and a calculation algorithm were developed to solve the
problem of manufacturing workability improvement. The reliability of pneumatic
and hydraulic machines is very acute. Experimental studies on a specially designed
experimental setup with a supercharger model proved that the ejection ratio for
the solid particle is twice that of the jet ejectors [4]. The experimental studies
proved the possibility of improvement of cavitation erosion characteristics in the
centrifugal inducer stage with the inducer bush [5]. Due to the rapid development
of modern computer technology, nowadays, many computer programs based on the
finite volume method are used for simulation hydrodynamics in multiple channels.
Modeling viscous flow hydrodynamics using state-of-the-art software products is
widely used by leading foreign researchers to solve pump engineering problems [6–
13]. Engineering calculations are complicated and time-consuming tasks, so they
should be automated and integrated with computer-aided systems. It can ensure the
implementation of the Industry 4.0 strategy [14–16]. The right and the correct choice
of the turbulence and cavitation models was made by the consideration of a number
of the scientific works of this direction. One of the most widely used software is
ANSYS CFX [17–19], which allows you to study the fluid flow in the pump and
obtain the head–capacity curve. It should be noted that the head–capacity curve
obtained from numerical simulation has a good correlation with experimental results
subject to a provided computational model. So, it can be used for the optimization
of the introduced geometry before pump production. The parametric method for
constructing geometry is necessary. The Design Modeler unit, in particular, Blade
Modeler [20], is used for profiling blades. ANSYS Blade Modeler is a powerful
specialized tool for working with the geometry of machine blades; it allows you
to create parametric models of the blade ring using both the available theoretical
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drawings and the CAD model. The integrated design modules allow creating the
geometry of a centrifugal machine from scratch with the subsequent construction of
a parametric three-dimensional geometry model for analysis and optimization.

The calculation of the fluid flow is carried out by numerically solving a system
of equations describing the most general case of fluid motion—the Navier–Stokes
equations and the continuity equation. The Reynolds equations are used with
the closure by the turbulence models in ANSYS CFX—the widely used SST
turbulence model. According to this model, the system of equations of fluid motion
is supplemented by two differential equations describing the transfer, respectively,
of the kinetic energy of turbulence k and the dissipation rate ε (for the main flow)
and ω (for boundary layer).

∂

∂t
(ρk) + ∂

∂xj

(
ρujk

) = ∂

∂xj

(
Γk

∂k

∂xj

)
+ Pk − ρε, (2)

∂

∂t
(ρε) + ∂

∂xj

(
ρuj ε

) = ∂

∂xj

(
Γε

∂ε

∂xj

)
+ ε

k
(Cε1Pk − ρCε2ε) , (3)

where Pk = −ρu′
iu

′
j

∂ui

∂xj
—energy expression term k.

The cavitation process in the flow part of the centrifugal stages is considering
using a combination of the Reilly–Plessis model implemented to the multiphase
flow and interphase mass transfer model. A uniform multiphase model is usually
used for flows with cavitation.

The Reilly–Plessis equation is the basis for the equation determining the rate of
formation of steam and condensate; it describes the growth of gas bulbs in a liquid,
defined as:

RB
a2RB

dt2
+ 3

2

(
dRB

dt

)2

+ 2σ

ρfRB
= pν − p

ρf
, (4)

where RB—bubble radius, pν—bubble pressure, Ó—fluid pressure around the
bubble, ρf—fluid density, σ—surface tension coefficient between liquid and vapor.

Given the above, the main aim of this paper is to construct the parametric
geometry of the elements centrifugal pump and determine the main operation
parameters by using the finite volume method.

3 Research Methodology

The main elements creation of the pump centrifugal stage, namely the impeller, the
booster, the inducer, and the inlet distribution part, was carried out using the Blade
Modeler software package (Fig. 1).
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Fig. 1 The geometry designing elements in the Blade Modeler software

Table 1 The geometry designing ele-
ments in the Blade Modeler software

Inlet Inlet part
Outlet Outlet part
Hub Internal streamline
Shroud Outer streamline
le Entrance edge of the blade
te Exit edge of the blade
sl Streamline

The model designing of the interlobe space using the Blade Modeler has
certain specifics. The parametric geometry designing using the Blade Modeler is
implemented using the seven elements shown in Table 1.

The interlobe space model of almost any blades configuration may be generated
using these seven elements. It should be noted that the above elements are designing
in a meridional projection.

By default, the impeller’s rotation is carried out only OZ-axis around, the positive
direction of the working fluid flow coincides with the OZ-axis direction, the positive
direction of rotation of the flowing part is clockwise, viewed from the working area
entrance side.

At the first stage of the geometry designing the primary elements sketches (inlet,
outlet, hub, shroud) was created. The dimension lines and their sizes were assigned
for each of the elements that were specified, which allows changing them if it is
necessary. Figure 2 shows the resulting interlobe space contours.

The second stage was the interlobe space generation and blades generation using
the FlowPath and Blade tool, respectively. In addition to the meridional projection
configuration, the blades are also characterized by angles, namely the wrap angles
(ϕ) and blade installation angles at the inlet and outlet edges (βb). The Blade
Modeler provides blades profiling in two modes: the wrap angles and the angle
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Fig. 2 The interlobe space contours

Fig. 3 Blade_Camberline: (a) internal streamline; (b) outer streamline

of installation, and these parameters are interconnected. The value changing of one
parameter in a certain way changes the second parameter value. Blade profiling
was performed using Blade_Camberline. It should be noted that for profiling
the blades along the internal streamline (hub) along the streamline (SL) and the
outer streamline (shroud), there are individual Blade_Camberline. Figure 3 shows
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Fig. 4 Impeller blades (a) and interlobe space (b)

Fig. 5 Booster (a) and inducer (b)

Blade_Camberline for an internal streamline and an outer streamline. As a profiling
result, the blade configurations, shown in Fig. 4, were obtained. The last stage is
to blades thickness imparts, which was also done using Blade_Camberline. The
booster geometry and inducer geometry were generated in the same way. As a
parametric geometry designing result, the three-dimensional models of the impeller,
the booster, and the inducer, shown in Figs. 4 and 5, were generated.

The rectilinear region of the 3D model with a flow distributor is shown in Fig. 6.
After creating 3D models, the mesh for all parts of the centrifugal stage was

developed using the ANSYS Meshing mesh generator (Fig. 7). The booster mesh
and the inducer mesh are presented in Figs. 8 and 9, respectively.

The mesh was generated for each flow part separately, after which they were
combined in the CFX pre-processor into one in the following sequence: the
rectilinear region, then the booster, the inducer, and the impeller (Fig. 10). In the
single-phase flow simulation with non-cavitation as the boundary conditions at the
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Fig. 6 The rectilinear region
of the 3D model with a flow
distributor

Fig. 7 The impeller mesh with 2.9 × 106 cells (a) and the rectilinear region mesh (b)

computational domain inlet was set mass flow rate, at the computational domain
outlet—static pressure equals 1 MPa. The boundary condition type was configured
as “opening” since it was assumed that backflows at the computational domain exit
existed.

For all computational domain walls, the velocity which is equal to zero (the
“sticking” condition) was specified. The walls were roughness; the mean arithmetic
deviation of the profile (Ra) was 6.3 μm. The interface areas of the interaction verges
of the rotor and stator elements were determined. The interface type was specified as
a “frozen rotor”, which assumed parameter averaging at time. The input parameters
are shown in Table 2.
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Fig. 8 The booster mesh with 1.7 × 106 cells

Fig. 9 The inducer mesh with 1.6 × 106 cells

4 Results

The values of velocity and pressure in the calculated areas were obtained as a result
of a numerical simulation. Figures 11 and 12 show the pressure fields on the surfaces
of a centrifugal impeller, a booster, and an inducer.

The presence of zones with reduced pressure can be noted after consideration
of the total pressure contours (Figs. 11 and 12). These are the zones of the most
probable occurrence of cavitation cavities. Figures 13 and 14 show velocity vectors
in the entire computational domain and separately around the booster and inducer.
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Fig. 10 The centrifugal stage flow part

Table 2 Input parameter for the flow hydrody-
namics modeling in the centrifugal stage

Rotation frequency, n 2940 rpm
Density, ρ 997 ks/m3

Saturated pressure at t = 25 ◦C 3196 pa
Barometric pressure 101,325 pa

The main aim of the flow study in a centrifugal pump is the analysis of the
flow structure at the outlet from the inducer. The dimensionless values of the flow
parameters were used for the analysis. Meridian component of absolute velocity:

V m = Vm(
V mcp

)
G

. (5)

Circumferential component of velocity:

υu = υu

upc
. (6)

where upc—the circumferential velocity at the outer diameter.
Figures 15, 16 and 17 show the velocity fields distribution at the outlets of the

booster and inducer and pressure field.
The pump head and flow, as well as the power and efficiency, were determined

as a result of the calculation. The pressure of the centrifugal stage was calculated as
the ratio of the pressure difference at the outlet and the inlet of the flow density to
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Fig. 11 The distribution of the total pressure on the surface of the centrifugal impeller

Fig. 12 The distribution of the total pressure on the surface of the inducer (a) and the booster’s
surface (b)
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Fig. 13 Velocity vectors in the computational domain

Fig. 14 Velocity vectors around the inducer (a) and the booster (b)

the acceleration of gravity and amounted to H = 43.6 m. The feed of the centrifugal
stage is equal to Q = 236.5 m3/s. The pump power was determined by the torque
and amounted to N = 2.86 × 104 W at a frequency of 2940 rpm. By the following
dependence, the pump efficiency was calculated (η = 0.98):

η = ρgQH

3.6 × 103·N . (7)
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Fig. 15 Velocity distribution at the outlet of the inducer and booster

Fig. 16 Distribution graph of the meridian (w) velocity component (a) and circumferential (u)
component of velocity (b) at the outlet of the inducer
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Fig. 17 Distribution graph of the radial (v) velocity component (a) and pressure (P) at the outlet
of the booster (b)

5 Conclusions

The parametrized geometry of the centrifugal stage main elements, namely the
impeller, the booster, and the inducer, was done using the Blade Modeler module of
the ANSYS software package, for the blades profiling, and given them thickness
the Blade_Camberline tool was used. A flow hydrodynamics simulation in the
centrifugal stage using the finite volume method was carried out. Based on the
simulation results, the individual element’s local characteristics of the centrifugal
stage were determined, namely the pressure difference on the blade’s surface, the
flow speed directions of the inducer interlobe space, and the booster inducer. The
meridional, axial, and radial velocity components of the inducer are also determined.
The centrifugal stage main characteristics, namely the head (H = 43.6 m) and
the flow rate (Q = 236.5 m3/s), the power (N = 2.86 × 104 W) and efficiency
(η = 0.98), was determined. It was noted that the simultaneous use of an inducer
and booster reduces pressure drops and, as a result, cavitation.
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15. N. Horňáková, L. Jurík, H. Hrablik Chovanová, D. Cagáňová, D. Babčanová, AHP method
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