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Cavitating Flow Analysis of Multistage Centrifugal Pump
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ABSTRACT

The purpose of this study is to investigate cavitating flow of the multistage centrifugal pump. Cavitation is observed in the
impeller leading edge and trailing edge of the suction area. Head coefficients are measured under different flow operating
conditions. The Rayleigh-Plesset cavitation model is adapted to predict the occurrence of cavitation in the pump. The two-phase
gas-liquid homogeneous CFD method is used to analyze the centrifugal pump performances with two equation transport
turbulence model. The simulations are carried out with three different flow coefficients such as 0.103, 0.128 and 0.154. The
occurrence of cavitation described according to water vapor volume fraction. The head versus NPSH (Net Positive Suction
Head) also measured using different flow coefficients. Development of cavitation in the centrifugal pump impellerl is discussed.

It is showed that the simulation represents the head drop about 3%.

1. Introduction

Cavitation generally occurs if the pressure in a
certain region of liquid flow drops below the vapor
pressure and, consequently, the liquid is vaporized and
filled with Cavity(l), The cavitating flow is usually
observed in various propulsion systems and high—speed
underwater objects, such as marine propellers, impellers
of turbomachinery, hydrofoils, nozzles, torpedoes, etc.
This phenomenon usually causes severe noise, vibration

@-9) in order to reduce these

and erosion” ”, Therefore,
unfavorable effects, technology for accurate prediction
and estimation of cavitation are very important in the
development of high—speed fluid devices” . Due to the
importance of the cavitation phenomenon and the great

process in the cavitation and turbulence models,

numerical simulations have been widely used to

investigate the cavitation flow field in the pumps<5~9),
In order to clarify and understand the behavior of cavity
flow, cavity flow models and analytical methods for

been gy

numerical simulations have propose
Potential flow methods have been employed for decades
to model large cavities in a variety of liquid flow
systems including pumpS(S‘M)

The CFD plays an important role in the flow field
analysis; the advanced commercial CFD software can be
used for a wide range of flows, including the cavitating
flows > . Over the last decade, due to the advancement
of the physical modelling and the computational
capabilities for cavitating problems, the methods based
on the Navier—Stokes equations in computing cavitating

flows have received increasingly more attention, These
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methods are divided into the following three main
categories: the interface tracking method(lg), the
barotropic equation method"**?

transport method (TEM)® ™%

, and the two equations
. Among them, the two
equations TEM is most widely used strategy, where the
flow is treated as a two—phase system with mass
transfer between the vapor and liquid phases, In these

models, either the simplified Rayleigh—Plesset (R—P)
20~22)

)

or the empirical formula® are used to
The

equation(

establish the interphase mass transfer rates,

for cavitation have been

23~24)

mechanisms extensively

investigated( and noticeable efforts have been
made on the cavitaion and turbulence models for the
simulation of cavitating ﬂow(@, However, it is difficult
to predict accurately cavitation flow simulation in the
complex geometry centrifugal pumps, The present study
of this paper is focused on the cavitation performance
in the centrifugal pump impeller, the development of
the cavitation at the suction leading edge of the
impeller, In the numerical prediction, the Singhal<20)
proposed R—P cavitation model, and a two—phase
homogeneous gas—liquid CFD method are used, The
simulations are carried out with three different flow
coefficients such as 0,103, 0,128, and 0,154, The head
drop curves are calculated to predict the cavitating
performance under cavitation model, In addition, a
detailed analysis is accomplished in the vapor volume

fraction,

2. Mathematical Model and Numerical
Method

The fluid in the cavitating flow field for the pump is
considered as a homogeneous, compressible mixed
medium of vapor and liquid, The governing differential

equations are given as Eq.(1),(2);
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Where pn, and 4 are the mixture density and dynamic
viscosity, calculated by the weighted average of each
phase volume fraction, u is the velocity, p is the
pressure, and [ is the turbulent viscosity respectively
and subscripts 7, j k& denotes the axes directions,
Mixture density and turbulence viscosity are defined by

Eq.(3):

2
P G K

Pu =Py o, (10, py = ———

©)

The fluid density is a function of vapor mass fraction
£y, which is computed by solving a transport equation
coupled with the mass and momentum conservation
equations,

Here, the cavitation model proposed by

Singhal et al.(zo) . The mixture density is as
1

£tk

—= (4)
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Where £, f;, f; are the component mass fraction of

the vapor, gas, and liquid; p,, P, 0 are the component
densities, and ay, 0g, o are the volume fractions, The
vapor mass fraction f, is governed by a transport

equation

(6)

%(mei,)JrV * (p,fu;)
=V« (1Vf,)

w) TR R,

The source term I’ is the diffusion rate, A, and £,
represents evaporation and condensation respectively
and can be functions of flow parameters (pressure,
flow velocity) and fluid properties (liquid and vapor
phase densities, saturation pressure, and liquid—vapor
surface tension), The formation and collapse of a
cavity is modeled as a phase transformation, Mass
transfer is modeled as finite rate interfacial processes
as Eq.(7):
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The recommended values of the empirical factor
constants C, and C. for 0,02 and 0,01 the gas mass
fraction f£=15x10-5, the surface tension coefficient o
=0,0717 N/m, p» denote vaporization pressure, and k is
the turbulent kinetic energy. if p<{ps evaporation
occurs and if pypy condensation occurs, The k—o based
SST model accounts for the transport of the turbulent
shear stress and highly accurate predictions of the
onset and the amount of flow separation under adverse

16=17 turbulent

pressure gradients( The unknown
viscosity 4 is determined by solving two additional
transport equations for the turbulent energy k, and for
the turbulence frequency @, These two equations can be

written as Eq. (8, and 9)

k—equation:

alpk) o E) My ok ,
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w—equation:
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Where, F; is the production rate of turbulence, i is
the turbulent viscosity, a, B, B0, and o, are

constants,

3. Computational Methodology

The model pump of impeller and diffuser were
meshed using ANSYS ICEM-CFX (Ansys Inc., 2012,
USA) based on the control volume—based finite element
method (FEM), The strategy in the ANSYS—CFX is very
robust and efficient in predicting the changing flows in
the turbomachinery, The pump model impeller—diffuser
domain, inlet, and outlet casing which were performed
on the unconstructed prism tetrahedral cells generated

by ICEM—-CFD which is shown in Fig, 1. Impeller

S=RRADASE =28 M182, M5, 2015

Impeller R
Interface impeller-diffuser

Fig. 1 Impeller—diffuser domain interface

Impeller

Diffuser

Fig. 2 Meshing of impeller and diffuser of pump

Fig. 3 Front view of the impeller and name of various sections

domain was as rotating part with y—axis and the
rotational speed was 3600 rpm, and diffuser was
considered as stationary domain, A frozen rotor was
applied to couple the rotation and stationary domains,
The impeller—diffuser domain is shown in Fig, 2. A
commercial CFD code CFX with SST model was used
5N27), The boundary conditions of pump model
considered as static frame total pressure at inlet and
mass flow rate at outlet under cavitation condition,
Generally the boundary of inlet and outlet is same as
under non cavitation condition, As the wall boundary
condition, no slip condition is on the wall surface, The
volume fraction of the vapor and the water are
assumed to be O and 1 respectively, A steady state
analysis is performed in the pump simulation with the
given rotational speed at 3600 rpm and the given mass
flow rate,

Fig. 3 shows the front view of the impeller and

name of various sections, used in the analysis of the
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Table 1 Pump important design specification

Design flow, Rotation Blade Impeller Outlet
Q speed, N number. 7 diameter | width b2
3 .

[m’/hr] [rev/min] ’ [ml] [m]
24 3600 6 0.1047 0.008
140 12
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Flow rate, Q [m3/hr]
Fig. 4 Comparison of experiment and computational head,

efficiency and power versus flow rate

cavitation simulation results, Table 1 shows the
geometry specification of the centrifugal pump for

simulation,

4. Results and discussion

The single—phase experimental and computational

performances curves are shown in Fig, 4. The
computational simulation is done by SST turbulence
model, The SST model can be given the more accurate
results than the other turbulence model such as k—e
shown in Fig, 4, So, in the cavitation analysis we used
k—w® based SST The

deviation for the head is only 5 34%, The efficiency is

turbulence model, average
only 8.22%, respectively, So the numerical simulation
results follow the trend to experimental results, For
the cavitation conditions, the static pressure is
imposed upstream and flow rate downstream, The
different NPSH values are obtained by vapor pressure
Pv involved in the definition of net positive suction
head while the upstream pressure is kept constant,
NPSH is the total head of the fluid at the center line
of impeller—above the vapor pressure of the fluid, and
can be regarded as a measure for the margin against

vaporization of the fluid entering the pump (28), The
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NPSH is defined as Eq.(10)

I)in B I)L
NPSH= ———
P9

(10)

Where pi, is the static pressure at the pump inlet, p,

is the vapor pressure depends on the liquid
temperature, Pump head A is the difference in total
energies at pump inlet and outlet, and it is formulated

as Eq. (11)

(11)

Where p; and p2 are the pressure of suction and
discharge of the pump; v; and vz are the velocities of
the inlet and outlet of the pump; and z; and z» are the
elevation of the pump system, In what follows, three

dimensionless parameters are used to define the pump

operating points and performance of the curve,
namely, flow coefficient ¢, head coefficient w, and
cavitation number o, @) Jefined as Eq. (12)
H Pip 7Py
b= DbQU Sp=—— o= . (12)
TLA0y Uiy Uiy 0.50,U;;,
29
Where p;,, is the static pressure at the pump

upstream, H is the pump head, Ui, is the impeller

peripheral speed,

4.1, Effect of NPSH

Fig. 5 shows a qualitative comparison of the NPSH
value under different NPSH values (5.23m, 4. 27m,
4.21m, and 3,71m), The simulated ones are predicted
using SST turbulence model in combination with
cavitation model and depicted as different net positive
suction head, When the NPSH decreases means that
head also becomes drop in that region as a result
cavitation bubble grows on the impeller blade, At first
the cavitation begins the impeller suction leading edge
and then the vapor bubble increases gradually; their
length increasing with the decreasing NPSH values,
The cavitation increases on the impeller blade from

leading edge to trailing edge.

S=ERADIASE =28 M18d, M1, 2015



NPSH= 5.23m NPSH= 4.72m
NPSH=4.21m NPSH=3.71m

Fig. 5 Cavity volume fraction in pump impeller for NPSH
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Fig. 6 Head drop predicted by numerical simulation (a) Head vs.
NPSH (b) Head coefficient vs. Cavitation number

411 Cavitation performance

Water and vapor are in equilibrium at the
equilibrium vapor pressure p,. When the pressure is
lowered the tension will increase and at some pressure
vaporization will start, The pressure at which this
presents is the inception pressure, Actually, the
inception pressure depends on the size of the largest
nuclei in the fluid, But it is difficult to predict the

inception pressure, So, 3% head drop is accounts for

S=ERADIASE ==28: M18Z, Hl1S, 2015
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Fig. 7 Volume fraction on the plane

cavitation, Fig, 6 shows the computed results under
different operating conditions, Fig, 6 (a) represents
the head vs, NPSH and Fig, 6 (b) shows the head
coefficient vs, cavitation number inception lines, The
cavitation is occurred due to gradually decreasing the
NPSH or cavitation number, The cavitating behavior
obtained at design flow rate &), shows the cavitaties on
the suction side of the impeller blades, Head begins to
approximately drop when the cavitation reaches on the
suction impeller by two adjacent blades and rapidly
decreases by more than 10% of its non—cavitating
conditions, Three flow rates considered 0.8Q, 1.2Q.
and @), for NPSH values,

18.581m, 15.,67m, and 17,24 m,

Fig, 6 (a) and (b) shows the same tendency at given

respectively, of about

different flow rates, In this figure head drop curve
initially decreases of the cavitation number has no
effect on the energy characteristics of the pump, and
the head coefficient remains unchanged, When the
value of NPSH as well as the cavitation value continues
to decrease, the cavitation is gradually increases
resulting the head as well as head coefficient is
decreased, Also changing the flow rate of 1,2, the
head coefficient is lower than the design flow rate, The
different critical cavitation numbers are used in the
pump simulations; cavitation number is corresponding to

the reduction of 3% of the head coefficient,

4.1.2 Water vapor volume fraction

To influence cavitation development on the pump
performance, the contours of the water vapor volume fraction
distribution is on the plane, The cavitation vapor volume

fractions are shown in Fig, 7 which the contours define
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from O to 1, Fig, 7 presents the four cavitation number
water volume vapor fraction, The cavitation in the
developed model pump is clearly observed by numerical
simulations, The cavity bubble at first occurs on the
suction side near the blade leading edge, in this case
the pressure in that region near the shroud is smaller
than of the hub due to the impeller rotational force, so
the cavitation bubbles grows becomes larger from hub
to shroud as shown in Fig, 7. For the 0 = 0,2638, the
cavitation can be is clearly on the suction side, at the
leading edge of the impeller blades, when the value
decreases, the length of cavities grows a significant
extent on the impeller blades, Here the pump head
0.1891 the cavity almost

begins to drop, For o

interacts with the blades at the trailing edge of the
neighboring blade, at this stage the flow channel is
almost remarkably obstructed by the cavities, which is
formed a large blockage in the internal flow and
thereafter the pump head completely dropped. The
distribution of the cavitation on the blade is asymmetrical

because of the presence of the pump volute,

5. Conclusion

The improved computation model of shear stress
transport (SST) turbulence is used to calculate the
cavitating performance flow in the centrifugal pump at
a design flow coefficient from 0,077 to 0,154, The
effects of the compressibility of mixture fluid were
applied of two—phase homogeneous method with Rayleigh—
Plesset cavitation model under developed cavitating
conditions, The development of the cavitating condition
on the impeller blade was observed, In the suction side,
the leading edge of the impeller blades, cavitation
occurs at first and when the value of cavitation number
decreases, the length of cavities grows a significant
extent, The development of cavitation also causes the

head drop of the pump performance,
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