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ABSTRACT

This comprehensive study focuses on the relationship between the inlet vane and wrap angles of a centrifugal
pump impeller and its cavitation behavior. The objective is to propose a new design for cavitation performance
enhancement of the pump by reducing the required net positive suction head (NPSHRr). To render a detailed
study, the variations of the mentioned angles were examined both at hub and shroud. A three-dimensional two-
phase parametric computational fluid dynamics (CFD) study was conducted and variations of inlet blade and
wrap angles at hub and shroud were investigated separately. After validating the experimental results with the
pump model, the pump parameterization process was carried out, and pump geometry was re-defined with its
geometrical properties. The characteristic curves of the parameterized pump and pump model were in
agreement with each other. Numerical cavitation tests were performed and the NPSHR values of each design
were calculated for four different operating conditions. Results showed that cavitation performance increase
was achieved with angle variations at the best efficiency point (BEP) but, this situation led the pump to operate
exposed to cavitation at high flows (HF) for some designs. Therefore, the design with the best cavitation
performance increased at BEP and HF was proposed as a new design. During numerical simulations, shear
stress transport (SST) turbulence model and Rayleigh—Plesset equation were used.

Keywords: Centrifugal pump; Cavitation; Inlet vane angle; Wrap angle; Two-phase flow; CFD.

NOMENCLATURE
H pump head a volume fraction
k turbulence kinetic energy B blade angle
Ng specific speed 7] wrap angle
P pressure U molecular dynamic viscosity
Q volumetric flow rate L& turbulent viscosity
Ro bubble radius y eddy viscosity
S invariant measure of the strain rate o fluid density
u velocity o surface tension
y interval to the closest wall ® specific dissipation rate,
y* dimensionless wall distance

1. INTRODUCTION (Vujanic and Velensek 1994; Friedrichs and Kosyna
2002; Gaetani et al. 2012; Pei et al. 2017) and wrap
angle (Weidong et al. 2009; Bing and Cao 2013; Tan

Avoiding cavitation is crucial during the operation of A -
et al. 2014a; Pei et al. 2017) are important

centrifugal pumps. The cavitation performance of a

pump is highly affected by the impeller inlet
geometry (Luo et al. 2008; Bonaiuti et al. 2010).
Also, as the vane tip shape becomes rounder and
thinner, the cavitation performance of the pump
increases (Yokoyama 1960; Christopher and
Kumaraswamy 2013). Furthermore, inlet vane angle

parameters that determine the performance of a
centrifugal pump.

There are several numerical pump simulation studies
validated with experiments in the literature. Li et al.
(2013) conducted experimental and numerical
studies to observe the cavitation in a centrifugal
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pump and showed the relationship between
cavitation and head drop. Lu et al. (2017) conducted
experimental studies to obtain pressure fluctuations,
vibration characteristics, and internal  flow
instabilities at the inlet and outlet of a centrifugal
pump. The relationship between vibration and
cavitation development was also investigated. Tan et
al. (2014b) performed experimental and numerical
studies to examine the fluid flow characteristics of a
centrifugal pump at partial load (0.76 Q) and high
flow (1.2 Q) conditions. Observations indicated that
the cavitation occurrence had much more effect on
flow pattern at partial load conditions. Liu et al.
(2013) investigated the sheet cavitation of a
centrifugal pump blade both experimentally and
numerically. Accordingly, a filter-based k — ¢
turbulence model was used considering the
anisotropic effect of the swirl characteristic. Sheet
cavities were observed at the suction side of the
vanes. Coutier-Delgosha et al. (2003) conducted
numerical studies on a centrifugal pump with a
n/Q
H/a
new model for three-dimensional cavitating flows to
estimate  the cavitation characteristics  of
turbomachinery. The formation and growth of
cavities were observed as the inlet pressure was
decreased using flow visualizations. Shao et al.
(2018) observed the gas and liquid flow patterns in a
centrifugal pump with high-speed photography.
Findings indicated that the initial liquid volume flow
rate had a critical effect on the critical gas volume
flow rate, rather than the rotational speed. Valentini
et al. (2017) conducted experiments to characterize
the rotodynamic forces on an unshrouded impeller of
a centrifugal pump under varying flow rates and
cavitation conditions. A newly developed method
was used to measure the forces with different
cavitation numbers at a fixed whirl ratio value. Ye et
al. (2017), proposed a semi-analytical model to
observe the cavitation in centrifugal pumps. For this
purpose, experimental results at different flow rates
were compared with both their semi-analytical and
Zwart methods, and head, cavity length water vapor
volume fractions of the experimental and numerical
studies were compared.

specific speed of 20 (nq = ) and developed a

Optimization and geometrical modifications of the
pumps were investigated for increasing their
performance. Zhang et al. (2019) performed
experimental and numerical studies for investigating
the effect of trailing edge profile on unsteady
pressure pulsations. Accordingly, over a 20%
decrease in pressure amplitude measurements was
achieved with the new proposed profile. Shim et al.
(2018) conducted an optimization on a centrifugal
pump impeller to reduce the recirculation at the inlet
and decrease the cavitation at off-design conditions.
Using a genetic algorithm, six different Pareto
designs were proposed, and a significant
improvement of specified objective functions was
achieved concerning the reference design.
Mousmoulis et al. (2019) studied cavitation
formation and growth on three impellers with
different vane profiles. For this purpose, vibration
and acoustic measurements were conducted with
flow visualization. Kang et al. (2017) mentioned that

520

the cavitation performance of the centrifugal pumps
was directly related to the geometric properties of
their vane and compared three different impeller
designs of a cavitating centrifugal pump. According
to the numerical simulations the hydraulic
performances of the impellers were similar;
however, cavitation performances were different
from each other. Luo et al. (2013) conducted
numerical studies to figure out the cavitating flow in
a centrifugal pump with two different approaches
and found out that decreasing cavitation number
resulted in a performance loss of the pump. Xu et al.
(2016) carried out a multi-objective study on a
centrifugal pump and compared 16 impellers derived
from five different parameters. They succeeded to
obtain a design with both a 3.09 % hydraulic and 1.45
m cavitation performance increase using the Taguchi
method. Donmez et al. (2019) investigated the
cavitation performance of a centrifugal pump with
varying inlet blade angles. They mentioned that inlet
blade angle values could be different at hub and
shroud so, the effect of hub and shroud inlet blade
angles were examined separately. Pump
characteristic curves and cavitation tests were
conducted numerically, and design comparisons
were made using water vapor mass fractions.

Inlet vane and wrap angles may have different values
at the hub and shroud of the impeller due to their
unique designs. This situation requires investigating
the effect of those angles both at hub and shroud
surfaces. In the literature, this kind of approach is
limited.

This study is significant because while the variation
of inlet vane and wrap angles has a limited effect on
pump efficiency, they have a remarkable influence
on the cavitation performance of the pump.
Furthermore, the effect of inlet vane and wrap angles
on the cavitation behavior of an existing centrifugal
pump was investigated both at hub and shroud,
respectively. From this point of view, this study is
unique and novel. For this purpose, we conducted a
numerical study on a commercial centrifugal pump
model and the results were compared with the
experimental data. Afterwards, the pump impeller
was parameterized by means of inlet and outlet vane
angles, wrap angle, vane thickness, and other
geometrical aspects. According to the numerical
study conducted on the parameterized impeller, the
results were in agreement with the previous
numerical study. A two-phase 3D numerical study
was performed on the parameterized pump and the
effect of inlet vane and wrap angles were
investigated, respectively. Since the aforementioned
angles had different values at hub and shroud, the
effect of those angles was investigated separately.
Variations of the mentioned angles had different
impacts on the off-design and on-design conditions
so, the results were tabulated and presented for four
different flow rate conditions.

2. NUMERICAL SIMULATION OF THE

PUMP

The study started with a numerical simulation of the
existing impeller. Experimental results and CAD
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Fig. 1. Flow volume of the impeller. a) whole impeller, b) single passage with vaneless diffuser

drawings of the impeller were procured from the
manufacturer company of the pump. The impeller
had five vanes so, the flow volume was cut with the
help of the ANSYS SpaceClaim module and one-
fifth of the impeller was considered for the meshing
procedure. The single passage solution aimed to
minimize the computational time requirement with
rotational periodic boundary conditions. Afterward,
the outlet domain was extended to represent the
vaneless diffuser. The properties of the pump at on-
design conditions are illustrated in Table 1. and the
computational domain is presented in Fig. 1.

2.1 Turbulence Modeling

Shear Stress Transport (SST) k- turbulence model
was used in this study, which was a widely used
model in turbomachinery CFD simulations due to its
noticeable advantages as a combination of k-g and k-
o turbulence models. SST turbulence model employs
the k-¢ turbulence model in the free stream and
switches to the k-o model in the boundary layer,
which enables faster and more accurate computation.
Governing equations of the turbulence model
starting from turbulence kinetic energy (k) and
specific dissipation rate () are presented below
(Menter 1994).

Table 1. Technical properties of the pump.

Specification Value
Head [m] 90.55
Discharge [m%/h] 59.9
Specific speed 13
Number of vanes 5
Impeller diameter [mm] 264
Efficiency [%] 61
NPSHr [m] 5.36
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In the equations above, S represents the invariant
measure of the strain rate. F1 and F2 are blending
functions. p is the fluid density, vt is turbulent
kinematic viscosity and defined as p/p. p is
molecular dynamic viscosity and y is the interval to
the closest wall. The values of the constants in the
equations are presented below.

a1 =5/9, az = 0.44, B1 = 3/40, B2 = 0.0828, B~ = 0.09,
okt =0.85, ok2 =1, 601 = 0.5, 6w2 = 0.856
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2.2 Cavitation Modeling

Due to the two-phase modeling, the selection of a
cavitation model is essential. Water at 25 °C and
water vapor at 25 °C were selected as working fluids
to observe the vaporization regions in the
computational domain. At 25 °C, the water vapor
pressure was specified as 3169 Pa.

The Rayleigh-Plesset equation describes bubble
behavior in flow and assumes that cavitation occurs
by the formation of nuclei, bubble growth, and
collapse. The cavitation bubbles were assumed
spherical. Governing equation of the cavitation
model is presented below (Brennen 1995).

2 2
PP _p F}J[‘ﬂj L dR 20
P ot 20 ) R dt  pR
(8)

In the equation, ps and p« are bubble surface pressure
and ambient pressure, respectively. pi is liquid
density vi is liquid kinematic viscosity, Ry is the
radius of spherical cavitation bubble and o is surface
tension. Zwart-Gerber-Belamri cavitation model was
implemented during whole simulations.

2.3 Boundary Conditions

In this section, the pump characteristic curve was
obtained numerically to compare with the
experimental results. Accordingly, variation of the
pump head was calculated for different flow rates.
For this purpose, the mass flow boundary condition
was set at the outlet, and the changes at the pump
head were obtained with the varying discharge. At
the inlet, the total pressure boundary condition was
used. Solid surfaces like hub, shroud, and vane were

defined as walls. The rotational periodic boundary
condition was defined to the sides of the
computational domain.

2.4 Mesh Generation on Impeller Model

SST turbulence model was used in this study.
Therefore, near-wall treatment was applied at the
hub, shroud, and vane surfaces to keep the
dimensionless wall distance (y*) value under 3 and
capture the gradients in detail. Tetrahedrons in the
single passage flow volume and hexahedrons on the
vaneless diffuser were adopted using Ansys
Meshing. Details of the adopted grid can be seen in
Fig. 2.

2.5 Mesh Independency Study on Impeller
Model

Mesh independence is a crucial study to be carried
out in any kind of CFD simulation because the results
can vary with the grid size. As the grid size decrease,
any physical parameter in the computational domain,
e.g., head, will converge to a constant value. On the
other hand, computational requirements and time
will increase. So, a grid-independent solution with
minimum computational cost must be achieved. To
conduct the simulations, three different mesh
schemes were adopted in the computational domain.
The total number of elements for mentioned schemes
and calculated pump head values are presented in
Fig. 3.

According to the figure, there is a 5% increase in the
head as the meshing scheme changes from coarse to
medium. However, even though the total number of
elements doubles, there is no significant change in
the head when the mesh scheme is changed from

B
N
v,
PRSI

Fig. 2. Mesh generation on computational domain a) single passage b) tetrahedrons on impeller and
hexahedrons on vaneless diffuser ¢) boundary layer mesh on the wall.
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Fig. 3. Mesh independency study of solid model.

medium to fine. So, the medium mesh scheme with
880,468 elements is chosen according to the mesh
independence study.

2.6 CFD Studies

Numerical simulation is performed by iterative
simultaneous solution of Navier-Stokes and
continuity equations under the homogenous fluid
assumption using Ansys CFX. Governing equations
of the models are solved with the finite volume
method.  All  discretization  operations  are
implemented as second-order accurate in space
based on a Taylor series expansion.

The fluid consists of liquid water and water vapor;
therefore, continuity and momentum equations
contain mixture terms and are presented in the
equations below. The fluid consists of liquid water
and water vapor therefore, continuity and momentum
equations contain mixture terms and are presented in
the equations below.

% + a(pmui)
ot 6Xi (9)

3(puh) N a(lomuiuj) __0p

ot X; oX, (10)
0 ou; Ou;  20u,
+— T | e
ox, [(”” “‘)[axj o 30, 'H
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Pn=P1% +pvav (11)
Hin ::ulal +;uvav (12)

Here, u is velocity, and a is the volume fraction of
the fluids. Subscripts i, j, and k represent directions
in Cartesian coordinates, and |, v, and m stand for
liquid, vapor, and mixture phases, respectively.
Furthermore, the y* distribution along the suction
and pressure sides of the vane can be seen in Fig. 4.

Figure 4 shows the y* variation on suction and
pressure surfaces of the vane. Accordingly, the y*
distribution along the vane provides the turbulence
model requirement.

Yplus

2.09
H 1.88
1.67

1.46
‘ 1.25
1.05
0.84
0.63
0.42
0.21
0.00

@) (b)

Fig. 4. y* distribution along the vane

Thereafter, CFD simulations are carried out for
different flow rates to obtain the pump characteristic
curve numerically. The pump head is calculated via
the difference between the outlet and inlet total
pressures at the stationary frame divided by specific
weight. The formula is presented in Equation 13.

H= Ptotal_outlet - F)total_inlet (13)

£9

2.7 Experimental Study and Comparison of
Experimental and Numerical Results

The experimental setup mainly consists of pressure
transducers located at the inlet and outlet of the
pump, a flow meter, a gate valve, and suction and
discharge pipes. Firstly, the pump head-discharge
characteristics curve is obtained by measuring the
inlet and outlet pressures of the pump for varying
flow rates. The flow rate adjustment is done by gate
valve and pump head values are calculated from the
pressure data. Afterwards, pump cavitation test is
conducted by decreasing the inlet pressure step by
step at a constant flow rate. This process is repeated
at different flow rates and the pump NPSHg-
discharge curve is derived. The details of the
experimental setup can be seen in Fig. 5.

N ks emi

(@) (©)
Fig. 5. Experimental setup a) pump, gate valve,
and pipes b) flow meter c) pressure transducers.
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Fig. 6. Experimental and numerical pump
characteristic curves.
The  experimental and  numerical  pump

characteristics curves can be seen in Fig. 6.
Furthermore, pump efficiency curve is also
presented. Hereunder, experimental, and numerical
results are in good agreement with each other except
at high flows (HF). The term HF describes the flow
rate values above 125% of the flow rate at BEP.

It is obvious that there are experimental
measurement errors.  Furthermore, there are
assumptions in the cavitation models during the
numerical study. These issues may lead to a
reasonable difference between the experimental and
numerical pump characteristics curves.

3. PUMP PARAMETERIZATION

To achieve a parametric study, the pump impeller is
defined by means of its geometrical features such as
inlet and outlet vane angles, wrap angle, and vane
thickness. From 20° to 50°, the inlet vane angle at the
hub and shroud is increased by 10° at a time. A
similar approach is implemented for the wrap angle.
While the wrap angle at hub varies from 91° to 111°,
the wrap angle at shroud deviates from 71° to 91°
with 10° steps. The parameterization procedure is
conducted using Ansys 16.0 BladeGen module. This

(a)

(

Table 2. Impeller properties of the
parameterized pump.

Impeller property Value
Inlet vane angle at shroud (Bishroud) 39°
Inlet vane angle at hub (Binub) 32°
Outlet vane angle (B2) 33°
Wrap angle at shroud (Bshroud) 81°
Wrap angle at hub (Ohub) 101°
Vane thickness 4 mm

is vital because the BladeGen module enables to
carry out a parametric study by defining the
aforementioned geometrical properties directly. This
is useful to understand the effect of all parameters on
the cavitation performance of the pump separately.
Dimensional properties of the pump are measured
from the CAD model directly and these values are set
as input for the parameterized pump. The values of
the measured impeller properties can be seen in
Table 2.

The values of vane and wrap angles can be different
at the hub and shroud surface of the impeller,
especially due to the twisted structure of the vane.
Thus, the values of the inlet vane and wrap angles of
the examined pump are different at hub and shroud.
Hereby, the effect of inlet vane and wrap angles are
investigated both at hub and shroud in detail. While
considering the wrap angle variation, a linear profile
assumption is considered along the vane in
streamwise direction (from leading edge to trailing
edge).

3.1 Mesh Generation on Parameterized
Pump

Since the impeller geometry is constituted by the
BladeGen module, a mesh generation study is carried
out with the Ansys TurboGrid module. TurboGrid is
a useful tool to execute a boundary layer grid. Also,
it is possible to adopt a structured grid within the
whole flow passage. The details of the mesh on the
parameterized pump are presented in Fig. 7.

b
) ’

b) -

Fig. 7. Mesh generation on the parameterized pump a) single passage, b) boundary layer.
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Fig. 8. Mesh independency study of
parameterized pump.
3.2 Mesh Independency  Study on

Parameterized Pump

Similar to the grid independence work in the
previous section, a new mesh independence study is
conducted in order to achieve a correct and fast
computation. According to three different schemes;
coarse, medium, and fine; variation of the pump head
is calculated. Results are introduced in Fig. 8.

As it is seen, when the meshing scheme is changed
from coarse to medium total pump head is increased
by more than one meter. However, there is no
significant head rise when the meshing scheme
changed from medium to fine even though the total
number of elements triples. For this reason, a
medium-mesh scheme with 2,506,048 elements is
selected to conduct CFD studies. Minimum
orthogonal quality of the mesh is 0.133.

3.3 CFD Studies and Comparison of
Parameterized Pump with Pump Model

SST k-o turbulence model was used as the
turbulence model within the whole study. y*
distribution along the vane of the parameterized
pump is presented in Fig.9.

The y* values exceeding 3 was only observed at the
tip of the impeller as a point. Additionally, the mass
flow average of y* values were 0.541 at the vane,
0.456 at the hub, and 0.477 at the shroud.

A similar study in the previous section was
performed. To obtain the pump performance results
of the parameterized pump, two-phase CFD
simulations were conducted for varying flow rates.
The same flow rate values in the previous numerical
study were applied during simulations. As a result,
the characteristic curve of the parameterized pump is
obtained by using the same calculation methodology.
The results of the two numerical characteristic curves
are presented in Fig. 10.

The numerical pump characteristics of the pump
model and parameterized pump were in good
agreement. The slope of the parameterized pump is
less than the pump model and at BEP the head values
are overlapping and two numerical curves are
intersecting. Figure 11 represents the relative error
concerning the first numerical results.

S5e+6
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Fig. 9. y* distribution on parameterized pump’s
vane a) pressure side, b) suction side.
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Fig. 10. Characteristic curves of the

parameterized pump and pump model.

According to the figure, all data are between 10%
error bands except at one flow rate value. This
situation shows that the parameterized pump
correctly represents the first pump model obtained
from the manufacturer company. From now on, a
parametric study can be conducted to investigate the
effect of inlet vane and wrap angles both at hub and
shroud to observe how the cavitation performance of
the pump is affected by angle variations.

Accordingly, a numerical cavitation test is performed
for different flow rate values. This is achieved by
decreasing the inlet pressure step by step. Head drop
occurrence is observed in all flow rates at different

115 1

10% 5%

110 4

-5%
105

100
-10%

95 4

Head - Parameterized Pump (m)

90

90 95 100 105 110 115

Head - Pump Model (m)

Fig. 11. Comparison of two numerical pump
characteristics.
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Fig. 12. Cavitation tests of parameterized pump at different flow rates a) 74.8 m3/h, b) 59.9 m3/h, c)
49.7 m3/h, d) 37.1 m3/h.

inlet pressures. The critical inlet pressure values are
obtained with the cavitation test and the results are
presented in Fig. 12. During the cavitation test
procedure, inlet pressure was set at 1 atm and
decreased step by step until a 3% head drop is
observed.

The critical inlet pressure value (inlet pressure where
a 3% head drop is observed) is important because the
required net positive suction head (NPSHR) of the
pump was calculated with the critical pressure by
using the formula below.

P.-P

NPSH , = —° (14)
g

According to the calculated NPSHRr values at four
different flow rates, the NPSHr curve of the
parameterized pump was obtained, and the results
were compared with the experimental results. This
comparison can be seen in Fig. 13.

In a similar manner observed in pump characteristic
curves, NPSHr curves were also intersecting at a
certain point. Furthermore, the slope of the
experimental curve was higher than the
parameterized pump’s numerical curve. At BEP, the
relative error is %14.7 while predicting NPSHr.

To observe the cavitation phenomenon in detail,
water vapor volume fractions on the vane surface at
four different flow rates are presented in Fig. 14.

It is clearly seen that; the more flow rate increases
the more water vapor volume fraction increase on the
vane surface. This event is consistent because

526

—e— Experimental
—=— Numerical

NPSH,, (m)

30 40 50 60 70 80
Flow rate (m%/h)

Fig. 13. Comparison of experimental and
numerical NPSHr curves.

according to the numerical cavitation test critical
inlet pressure increases with the flow rate which
indicates the required load for operating without
cavitation increases. This situation explains that the
cavitation resistance of the pump decreases with the
flow rate. According to the water vapor volume
fractions, the pump is exposed to cavitation at the
highest flow rate.

Blade loading charts show the pressure distribution
along the vane both at suction and pressure sides in a
streamwise direction and are useful to observe the
cavitation phenomenon. Figure 15 presents the blade
loadings on the parameterized pump at different flow
rates.

According to the blade loading diagrams at midspan,
it is seen that the regions with intense water vapor
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Fig. 14. Water vapor volume fractions on
parameterized pump at different flow rates a)
74.8 m3/h, b) 59.9 m3/h, c) 49.7 m3/h, d) 37.1
m3/h.

result in a pressure decrease on the vane. For
instance, Fig. 15a clearly shows that a fully
developed cavitation is present at the suction side of
the vane at 0 and 0.5 streamwise. To sum up, the
results of cavitation tests, water vapor volume
fractions, and blade loadings are in good agreement
with each other.
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4. RESULTS AND DISCUSSION

This paper demonstrates how the cavitation behavior
of the pump is affected by the variation of inlet vane
and wrap angles. For this purpose, a parametric study
was carried out and the effect of mentioned angles
were investigated both at hub and shroud, separately.
The existing pump had different inlet vane and wrap
angles at the hub and shroud. Table 3 presents the

values of those angles.

4.1 The Influence of Inlet Vane Angle

The study started with an investigation of the inlet
vane angle effect on the cavitation behavior of the
pump. During this procedure, wrap angles at hub and
shroud were set as constants, and investigation of
inlet vane angle at hub and shroud were discussed,

respectively.
4.1.1. Inlet Vane Angle at Shroud

Firstly, the effect of inlet vane angle at shroud was
considered. In addition to the wrap angles at hub and
shroud, the inlet vane angle at hub was set as
constant. Inlet vane angle at shroud was increased
10° at each step starting from 20° to 50°. Since the
inlet vane angle at the shroud was 39°, the design
with a 40° inlet vane angle at the shroud was ignored.

A similar approach mentioned in the previous section
was implemented. A two-phase 3D CFD study was
tests were
performed by decreasing the inlet pressure step by
step starting from 100,000 Pa. The inlet pressure
values where a minimum 3% head drop occurrence
was determined and NPSHR values for each design
at four different flow rates were calculated. The

carried out. Numerical cavitation

results are presented in Fig. 16.
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Fig. 16. The influence of inlet vane angle at
shroud.

Table 3 Inlet vane and wrap angles of the pump

Inlet Vane Wrap Angle
Angle (°) ©)
Shroud 39 81
Hub 32 101

According to the table, the variation of inlet vane
angle at shroud had a positive influence on BEP (59.9
m3/h). For instance, NPSHr was decreased to 5.90 at
20°, 5.59 at 30°, and 5.54 at 50° shroud inlet vane
angles. However, the increase of inlet vane angle at
shroud had resulted in worsening cavitation
performance of the pump.

4.1.2. Inlet Vane Angle at Hub

Similarly, a new parametric study was conducted for
inlet vane angle at the hub. In this instance, the inlet
vane angle at the shroud was constant with wrap
angles. Likewise, the inlet vane angle at the hub was
increased by 10° at each step. Since the
parameterized pump had a 32° inlet vane angle at the
hub, it was found unnecessary to carry out
simulations for a 30° inlet vane angle at the hub. The
NPSHr values obtained from numerical cavitation
tests are demonstrated in Fig. 17.

Results show that NPSHr decreased with increasing
inlet vane angle at the hub. It reached its minimum
value at 40° (5.49 m) and increased to 5.79 m at 50°
at BEP. Additionally, the decrease in inlet blade
angle at the hub resulted in an NPSHr increase. On
the other hand, the increase in inlet vane angle at the
hub made the pump operate expose to cavitation. For
this reason, NPSHr values at HF condition were not
presented in Fig. 17. At 40° and 50° inlet vane angles
at the hub, the head of the pump was 67.81m and
54.50m, respectively, when inlet pressure was
100.000 Pa. This situation shows that the pump
operates in cavitating conditions at HF.

4.2 The Influence of Wrap Angle

The next step is to obtain the relationship between
wrap angle and cavitation. Similarly, the wrap angle
at hub and shroud was examined separately and
during this procedure inlet, vane angles at hub and
shroud were set as constants.
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4.2.1. Wrap Vane Angle at Shroud

In this section, the influence of wrap angle at shroud
was examined, and wrap angle at the hub was
constant with inlet vane angles. In addition to the 81°
wrap angle at the shroud, two more designs were
considered with 71° and 91° wrap angles at the
shroud. Similarly, numerical cavitation tests were
performed with a 3D two-phase study, and the
NPSHr values of each design were calculated for
four different operating conditions. The results are
shown in Fig. 18.

It is clearly seen that; the cavitation performance of
the pump increased with the increasing wrap angle at
shroud at BEP because NPSHr decreased at each
step. However, the cavitation behavior of the pump
is adversely affected by the wrap angle at shroud
increase at HF. Such that, the pump operates under
cavitation conditions at a 91° wrap angle at the
shroud.

4.2.2. Wrap Angle at Hub

The influence of wrap angle at the hub is discussed
for the cavitation behavior of the centrifugal pump.
In a similar way, the wrap angle at the shroud was
constant with inlet vane angles during this study.
After conducting cavitation tests, NPSHr values of
each design were calculated at each operation point
and the results are shown in Fig. 19.

As a consequence, it is obvious that both the increase
and decrease of wrap angle at the hub had a positive
effect on the cavitation performance of the pump.
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Even though the cavitation performance increase
was higher when the wrap angle at the hub increased
to 91° at BEP, the pump was exposed to cavitation at
HF. The head of the pump was 54.11 m when the
wrap angle at the hub was 91° at HF.

4.3 Design Comparison

According to the numerical cavitation tests
performed, the design with a 40° inlet vane angle at
the hub resulted in a minimum NPSHr value (5.49
m) at BEP (Design A). However, this design caused
pumps to operate exposed to cavitation at HF.
However, the design with a 30° inlet vane angle at
shroud (Design B) resulted in cavitation performance
improvement both at BEP (5.59 m) and HF (8.95 m).
Although the second design does not provide
cavitation performance enhancement as much as the
first design, a significant performance improvement
both at BEP and HF was achieved.

Figures 20 and 21 demonstrated the detailed
comparison of the parameterized pump, Design A,
and Design B both at BEP and HF. This comparison
was presented by means of water vapor volume
fractions and blade loadings.

Figure 20 represents the comparison of the three
pump models at BEP, respectively. It was seen that
water vapor at the suction side of the leading edge is
stretching out from hub to shroud. Furthermore,
water vapor formation was more annular for Design
A.

The situation for operating at HF conditions is
presented in Fig. 21 and water vapor occurrence for
Design A is extremely high with respect to both
parameterized pump and Design B. This situation
resulted in low-pressure regions at the suction side of

Water Vapor.Volume Fraction

Water Vapor.Volume Fraction

the vane and a pressure increase occurred after 0.6
streamwise.

5. CONCLUSION

This study presents how the cavitation behavior of a
centrifugal pump is affected by inlet vane and wrap
angle variations. For this purpose, the variation of the
inlet vane and wrap angles were investigated both at
the hub and shroud. The results of experimental data,
numerical simulations, and parameterized pumps
were in good agreement with each other. A 3D two-
phase CFD study is carried out and the main findings
are presented:

Variation of inlet vane angle at shroud resulted in
NPSHRr decrease at BEP but the performance
increase is only achieved by decreasing the angle at
HF. Besides, the decrease in inlet vane angle at the
hub helped the pump increase its cavitation
performance at BEP. However, these designs are
exposed to cavitation at HF. So, decreasing the inlet
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Fig. 19. The influence of wrap angle at hub.

Water Vapor.Volume Fraction

0.92 0.92 0.92
HO,SS ! 0.83 ! 0.83
0.74 0.74 0.74
0.64 - 0.64 - 0.64
0.55 0.55 0.55
0.46 0.46 0.46
0.37 0.37 0.37
0.28 0.28 0.28
0.18 0.18 0.18
0.09 0.09 & 0.09 _
0.00 0.00 0.00
(@) (b) (c)
le+f 1et8 1e+6
© 85 © Bets © Ge*s
o § o i
~— Be+5 ~— Be+5 ~— Be+5
o ©
‘5 445 ‘5 de+5 ‘5 de+5
[2] [2]) [2])
) 2e+5 ) 2e+5 ) 2e+5
o o o
oo oo oo
2e+5 -2e+§ -Ze+§
0.0 0.2 0.4 0.6 08 1.0 0.0 0.2 04 0.6 0.8 1,0 0.0 02 04 0.8 0.8 1,0
Steamwise Streamwise Streamwise
(d) (e) ()

Fig. 20. Water vapor volume fractions for a) parameterized pump, b) Design A, c) Design B, and blade
loadings for d) parameterized pump, €) Design A, f) Design B at BEP.

529



A. H. Dénmez et al. / JAFM, Vol. 16, No. 3, pp. 519-531, 2023.

Water Vapor.Volume Fraction

Water Vapor.Volume Fraction

Water Vapor.Volume Fraction

F 0.99

0.89
0.79
0.69
0.59
0.50
0.40
0.30
0.20
0.10
0.00

0.99 0.99
F 0.89 F 0.89
0.79 0.79
0.69 0.69
0.59 0.59
0.50 0.49
0.40 0.40
0.30 0.30
0.20 0.20
0.10 0.10
0.00 0.00
(@) (b)
1e+6 Be+5
m %S W 65
o s o
= 6e+s H =
0] @ e
5 dess 5
(2] U Ze+s
) 2e+5 1]
0] 0]
- j = 0
oo o
g5 -2e+5
00 0z 04 06 08 10 00 02
Streamwise
(d) (®)

04

Streamwise

0.6 0.8

Streamwise

Fig. 21. Water vapor volume fractions for a) parameterized pump, b) Design A, c¢) Design B and blade
loadings for d) parameterized pump, €) Design A, f) Design B at HF.

vane angle at the shroud while keeping the same inlet
vane angle at the hub can be suggested for new
designs.

The increase in wrap angle at shroud led to cavitation
performance enhancement of the pump at BEP but,
to operate with cavitation at HF. Both the increase
and decrease of the wrap angle at the hub increased
the cavitation performance of the pump at BEP. On
the other hand, the decrease in NPSHRr is only
achieved by increasing the angle at HF. The pump
operated under cavitating conditions at HF when the
wrap angle at the hub decreased.

Accordingly, increasing the hub wrap angle with a
constant shroud wrap angle can be proposed to
increase the cavitation performance of the pump.

Design A shows the best cavitation behavior at BEP.
Besides, Design B provides a significant
improvement of NPSHr for both BEP and HF so, can
be recommended for the existing pump.
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