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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 thguired net positive suction head (NREHIo rendera detailed

study, the variations of the mentioned angles were examined both at hub and shrouddivigme®mnal twe

phase parametric computational fluid dynamics (CFD) stualy/conducted and variations of inlet blade and
wrap angles at hub and shrowdreinvestigated separately. After validating the experimental results with the
pump model, th@ump parameterization processsaarried out, and pump geometvgs redefined with its
geometrical properties. The characteristic curves of thanpeterizedpump and pump model werie
agreement with each other. Numerical cavitation teste performed and the NPSHR values of each design
were calculated for four different operating conditions. Results sHdkat cavitation performance increase

was achievedvith 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 increadeat BEP and HRwas proposeds a new desigrburing numerical simulations, shear
stress transport (SST) turbulence model and RaylBigisset equation were used.

Keywords: Centrifugal pumpCavitation Inlet vane angleWrap angle Two-phase flow CFD.

NOMENCLATURE
H pump head U volume fraction
k turbulence kinetic energy b blade angle
Ng specific speed S wrap angle
P pressure ! molecular dynamic viscosity
Q volumetric flow rate [t turbulent viscosity
Ro bubble radius ) eddy viscosity
S invariant measure of the strain rate m  fluid density
u velocity A surface tension
y interval to the closest wall ¥ specific dissipation rate,
y* dimensionless wall distance
1. INTRODUCTION (Vujanic and Velensek 199&riedrichs and Kosyna

2002 Gaetaniet al 2012 Peiet al 2017 and wrap
Avoiding cavitation icrucialduring the operation of ~ angle (Weidonget al 2009 Bing and Cao 2013an

centrifugal pumps. The cavitation performance of a €t al. 2014a Pei et al 2017 are important
pump is highly affectedoy the impeller inlet ~Parameters that determine the performance of a

geometry (uo et al 2008 Bonauti et al. 2010. centrifugal pump.

Also, as the vane tip shape becomes rounder andere are several numerical pump simulation studies
thinner, the cavitation pemmance of the pump ligated with experiments in the literatuts.et al
increases (Yokoyama 196Q Christopher and  (5013) conducted experimentaand numerical
Kumaraswamy 201)3Furthermore, inlet vae angle  gydies to observe the cavitation in a centrifugal
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pump and showed the relatghip between the cavitation performance of the centrifugal pumps
cavitation and head dropu et al (2017)conducted  was directly related to the geometric propestiof
experimental studies to obtain pressilmetuations,  their vane and compared three different impeller
vibration characteristics, and internal flow designs of a cavitating centrifugal pump. According
instabilities at the inlet and outlet of a centrifugal to the numerical simulationsthe hydraulic
pump. The relationship between vibian and performances of the impellers were similar;
cavitation development \gaalso investigated.anet however, cavitation performances were different
al. (2014) performed experimental antumerical from each othe Luo et al. (2013) conducted
studies to examine the fluid flow characteristics of a numerical studies to figure out the cavitating flow in
centrifugal pump at partial load (0.76 Q) and high a centrifugal pump with two different approaches
flow (1.2 Q) conditionsObservations indicateithat and found out that decreasing cavitation number
the cavitationoccurrence hdimuch more effect on  resulted in a performance loss of the puMpet al.
flow pattern at partial load conditis. Liu et al. (2016) carried out a mukbbjective study on a
(2013) investigated thesheet cavitation of a centrifugal pump and compared 16 impellers derived
centrifugal pump blade both experimentally and from five different parameters. They succeedo
numerically. Accordingly, a filtebased ki U obtain a design with both a 3.09 % hydraulic and 1.45
turbulence model was used considering the m cavitation performance increase using the Taguchi
anisotropiceffect of the swirlcharacteristic Sheet method. Dénmez et al. (2019) investigated the
cavities were observed at the suction side of the cavitation performance of a centrifugal pump with
vanes. CoutierDelgoshaet al. (2003) conducted  varying inlet bladeingles. They mentioned that inlet
numerical studies on a centrifugal pump with a blade angle valuesoald be different at hub and

B shroud so, the effect of hub and shroud inlet blade
angles were examined separately. Pump
new model for threglimensional cavitating flows to  characteristic curves and cavitation testere
estimate the cavitation characteristics of conducted numericallyand design @mparisons
turbomachinery. The formation and growth of weremade using water vapor mass fractions.
cavities were observed as the inlet presswes )

decreased using flow visualizationShao et al Inlet vane and wrap angles may have different valugs
(2018)observed the gas and liquid flow patterns in a & the hub and shroud of the impeller due to their
centrifugal pump with higispeed photography. unique designs. This situation requires investigating
Findings indicatedhat the initial iquid volume flow  the effect of those angles both at hub ashdoud
rate ha a critical effect on the critical gas volume Surfaces. In the literature, this kind of approach is
flow rate, rather than the rotational speedlentini  limited.

et al (2017)conducted experiments to characterize Thjs study is significant because while the variation
the rotodynamic forces on an unshrouded ifépef  of injet vane and wrap angles has a limited effect on
a centrifugal pump under varying flow rates and pymp efficiency, they have a remarkable influence
cavitation conditions. A newly developed method o the cavitation perfornnge of the pump.
was used @ measure the forces with different pyrthermore, the effect of inlet vane and wrap angles
cavitation numbers at a fixedhvl ratio value.Yeet  qp the cavitation behavior of an existing centrifugal
al. (2017) proposed a serainalytical model 0 pymp was investigated both at hub and shroud,
observe the cavitation in centrifugal pumps. For this regpectively.From this point of view, this study is
purpose, experimental results at different flow rates ynjque anchovel. For this purpse,we conducted
were compared with both their sedmalytical and  nymerical study on a commercial centrifugal pump
Zwart methods, and head, cavity length water vapormodel and the resultsvere compared with the
volume fiactions of the experimental and numerical experimental data. Afterwasdthe pump impeller
studieswere compared. wasparameterized by means of inlet and outlet vane

Optimization and geometrical modifications of the @ngles, wrap angle, vane thickness, antiert
pumps were investigated forincreasing their geometrical aspects. According to the numerical
performance. Zhang et al. (2019) performed study conducted on the parameterized impeller, the
experimental and numesl studies for investigating esults were in agreement with the previous
the effect of trailing edge profile on unsteady numerical study. A twgphase 3D _numerlcal study
pressure pulsations. Accordingly, over a 20% W&S performed on the parameterized pump and the
decrease in pressure amplitude measuremeags ~ €ffect of inlet vane and wrap anglewere
achieved with the new proposed profi&himet al. investigatedrespectively. Since the aforementioned
(2018 conducted an optimization on a centrifugal @"gles he different values at hub and shroud, the
pump impeller to reduce the recirculation at the inlet €fféct of those anglewas investigated separately.
and decrease the cavitation ato#sign conditions.  variations @ the mentioned angles tiadifferent
Using a genetic algorithm, six different Pareto IMPacts on the oftlesign and owlesign conditions
designs were proposed and a significant SO the resultsvere tabulated and presented for four
improvement of specified objective functiomms  different flow rate conditions.

achieved concerning the reference design.

Mousmoulis et al. (2019) studied cavitation 2. NUMERICAL SIMULATION OF THE
formation and growth on three impellers with PUMP

different vane profilesFor this purpose, vibration

and acoustic measuremenigre conducted with  The study strted with a numerical simulation of the
flow visualization Kanget al (2017)mentioned that  existing impeller. Experimental results and CAD

specific speed of 20¢ —— and developed a
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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 consided€for the meshing
procedure. The single passage solution aimed t
minimize the computational time requirement with

rotational periodic boundary conditions. Afterward,

the outlet domain was extended to represent the
vaneless diffuser. The properties of themp at on

design conditions are illustrated Trable 1. and the

computational domain is presented in Fig. 1.

2.1 Turbulence Modeling

was used in this study, which was a widely used
model in turbomachinery CFBimulations due to its
noticeable advantages as a combinationdfkan d OB, = ma@r §———10 8

turbul ¥ model

¥ turbulence model s.
model
t he

the k0 turbulence
switches to the& mo de |l

in

which enables faster and more a@te computation.
Governing equations of the turbulence model
starting from turbulence kinetic energy (k) and

specific dissipation ralg_qan 5%%’2

(Menter 1994

Table 1 Technical properties of the pump

Specification Value
Head [m] 90.55
Discharge [r¥h] 59.9
Specific speed 13
Number of vanes 5
Impeller diameter [mm] 264
Efficiency [%] 61
NPSHs [m] 5.36
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Fig. 1. Flow volume of the impeller. a) whole impeller, b) single passage witiraneless diffuser
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In the equations above, S represents the invariant

measure of the strain ratex &nd k are blending
functions. }

kinematic viscosity and defined as/ | .
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2.2 Cavitation Modeling defined as walls. The rotational periodic boundary

. ) condition was defined to the sides of the
Due to the twephase modeling, the selection of a computational domain.

cavitation model is essentidlVater at 25 °C and
water vapor at 25 °@ere selected as working fluids
to observe the vaporization regions in the
computational domainAt 25 °C, the water vapor SST turbulence modelas used in this study.
pressure was specified as 3169 Pa. Therefore, neawall treatmentwas applied at the
The RayleighPlesset equation describes bubble hub, shroud, and vane surfaces to keep the
behavior in flow and assumes that cavitation aecur dimensionless wall diance (y) value unde3 and

by the formation of nuclei, bubble growth, and capture the gradients in detail. Tetrahedrons in the
collapse The cavitation bubblesvere assumed single passage flow volume and hexahedrons on the
spherical. Governing equation of the cavitation vaneless diffuserwere adopted using Ansys

2.4 Mesh Generation orimpeller Model

model is presented belofBrennen 1995). Meshing Details of the adopted grid can be seen in
Fig. 2.
P()- RO _ WR 33 R 041 dR 25
o e 2Fu SR & (R

2.5Mesh Independency Study on Impeller
(8) Model

In the equation,pand @ are bubble surface pressure Mesh independence is a crucial study to be carried
and ambient p r e sisia liqeid oueirsapyekind of OF @ dimulation pecause the results
d e n si i$ §quidskinematic viscosity, Ris the can vary with the grid size. As the grid size decrease,
radius of spherical c av iatyphysical paraimeten ib theecomputational domain, sur f ace
tensionZwart-GerberBelamri cavitation modetas e.g.,head, will converge to a constant value. On the
implemented during whole simulations. other hand, computational requirements and time
will increase. So, a grithdependent solution with

.. minimum computational cost must be achieved. To
2.3 Boundary Conditions conduct the simulations, three different mesh
In this section, the pump characteristic cuwas ~ SChemes weredapted in the computational domain.
obtained numerically to compare with the The total number of elements for mentioned schemes

experimental results. Accordingly, variation of the and calculated pump head values are presented in
pump headvas calculated for different flow rates. Fig- 3.

For this purpose, the mass flow boundary condition according to the figure, there is a 5% increase in the
was set athe o_utlet, a_md the cha_nges_ at the pump heaq as the meshing scheme changes from coarse to
headwere obtained with the varying discharge. At medium.However, even though the total number of
the inlet, the total pressure boundary condi®s  gements doubles, there is no significant change in
used. Solid surfaces like hub, shroud, and veee (e head when the mesh scheme is changed from

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. 4.y* distribution along the vane
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Fig. 3.Mesh independency study of solid model
_ ] _ _ Thereafter, CFD simulations are carried out for
medium to fine. So, the medium mesheme with different flow rates to obtain the pump characteristic
880,468elements is chosen according to the meshcyrve numerically. The pump head is calculated via

independence study. the difference between theutlet and inlet total
pressures at the stationary frame divided by specific
2 6 CED Studies weight. The formula is presented in Equation 13.

Numerical simulation is performed by iterative
simultaneous solution of NaviStokes and
continuity equations under the homogenous fluid r9
assumptiorusing Ansys CFXGoverning equations

of the models are solved with the finite volume 2.7 Experimental Study and Comparison of

_method. All  discretization operatlt_)ns are Experimental and Numerical Resuts
implemented as secomder accurate in space

based on a Taylor series expansion. The experimental setup mainly consists of pressure
tranglucerslocated at the inlet and outlet of the
pump, a flow meter, a gate valve, and suction and
discharge pipes. Firstly, the pump hatischarge

H = |:{otal_outlet_ Ptotal_ inlet (13)

The fluid consists of liquid water and wateapor,
therefore, continuity and momentum equations
contain mixture terms and are presented in the L ; - :

- . . - characteristiczurve is obtained by measuring the
equations belowThe fluid consists of liquid water

S inlet and outlet pressures of the pump for varying
and water vapor therefore, continuity and momentumﬂ he fi ) .
equations contain mixture terms and are presented in ow rates. The flow rate adjustment is done by gate
. valve and pump head values are calculated from the
the equations below.

pressure data. Afterwasdpump cavitation test is
conducted by decreasing the infgessure step by

W, u(r ;) step at a constant flow rate. This process is repeated
ut [ 9) at different flow rates and the pump NRSH
discharge curve is derivedThe details of the
experimental setup can be seen in big
H(rou)  H(rsuu) _
it K X (10
ue duy W 2 ¢
+7§(nz] +m) +L gil‘ iidE
[ e ¢ K X X
where
rm —f|a| +rvav (11)
m,=ma, +ma, (12)
Her e, u is velocity, an tcti

the fluids. Subscripts i, j, and k represent directions g
in Cartesian coordinates, and I, v, and m stand fo
liquid, vapor, and mixture phases, respectively.
Furthermore, the *ydistribution alongthe suction
and pressure sides of the vane can be seen.id.Fig

(@) (0
Fig. 5. Experimental setup a) pump, gate valve,
and pipes b) flow meter c) pressure trargucers.

Figure 4 shows the *yvariation on suction and
pressure surfaces of the vane. Accordingly, the y
distribution along the vane provides the turbulence
model requirement.
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120 100 Table 2 Impeller properties of the
— parameterized pump
1001 —M 80
F"—r"‘\\\. - Impeller property Value
EBO' 502\; Inl et vane ad@l| 39°
T 60 2 I nl et vane mangl 32°
%40_ © g Outlet vane ang 33
Wrap angl eswo@)t s 81°
20 pr— Wrap anglng® at h 101°
. | ‘ ,2 Eftncy , Vane thickness 4 mm
0 20 40 60 80
Flow Rate (m3/h)
Fig. 6. Experimental and numerical pump is vital because the BladeGenodule enables to
characteristic curves carry out a parametric study by defining the

aforementioned geometrical properties directly. This
The  experimental and numerical pump is useful to understand the effect of all parameters on
characteristics curves can be seen in Fig. the cavitation performance of the pump separately.
Furthermore, pump efficiency curve is also Dimensional properties of the mp are measured
presented. Hereunder, experimental, and numericafrom the CAD model directly and these values are set
results are in good agreement with each other excepas input for the parameterized pump. The values of
at high flows (HF). The term HF describes the flow the measured impeller properties can be seen in
rate values above 125% of the flow rate at BEP. Table 2.

It is obvious that there are experimental The values of vane and wrap angles can be different
measurement errors. Furthermore, there areat the hub and shroud swéa of the impeller,

assumptions in the cavitation models during the especially due to the twisted structure of the vane.
numerical study. These issues may lead to aThus, the values of the inlet vane and wrap angles of
reasonable difference between the experimental andhe examined pump are different at hub and shroud.

numerical pump characteristics casv Hereby, the effect of inlet vane and wrap angles are
investigated both at hudnd shroud in detailWhile
3. PUMP PARAMETERIZATION considering the wrap angle variation, a linear profile

assumption is considered along the vane in

To achieve a parametric study, the pump impeller iSstreamwise direction (from leading edge to trailing

defined by means of its geometrical features such asedg )-

inlet and outlet vane angles, wrap angle, and vane

thicknessFrom 20° to 50°, the inlet vane angle at the 3.1 Mesh Generation on Parameterized

hub and shroud is increased by 10° at a tike Pump

similar approach is implemented for the wrap angle.

While the wrap angle at hub varies from 91° to 111°, Since the impeller geometry is constituted by the
the wrap angle at shroud deviates from 71° to 91°BladeGen module, a mesh generation study is carried
with 10° stepsThe parameterization procedure is out with the Ansys TurboGrid module. TurboGrid is

conducted using Ansys 16.0 BladeGen modules Thi & useful tool to execute a boundary layer grid. Also,
it is possible to adopt a structurgdd within the

whole flow passage. The details of the mesh on the
parameterized pump are presented in Fig

5 gk i i

(a) (b) —

Fig. 7.Mesh generation on the parameterized pump a) single passad) boundary layer.
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Fig. 8. Mesh independency study of Fig.9.y*di stri bution on parameter:
parameterized pump vane a) pressure side, b) suction side

3.2 Mesh Independency  Study on 120
Parameterized Pump .

100 +
Similar to the grid independence work in the %

previous section, a new mesh independence study it 4 |
conducted in order to achieve a correct and fastg
computatbn. According to three different schemes; 3 |
coarse, medium, and fine; variatiortieé pump head &

is calculated. Results are introduced in Fig. 8. 0

As it is seen, when the meshing scheme is changet .

from coarse to medium total pump head is increasec e Pump model

by more than one meter. However, there is no L= Farametéricod pump

significant head rise when the meshing scheme 0 2 40 60 80 100

changed from medium to fine even though the total
number of elements triples. For this reason, a
mediummesh scheme with 2,506,048ements is
selected to conduct CFD stuslie Minimum
orthogonal quality of the mesh is 0.133.

Flow rate (m®h)
Fig. 10.Characteristic curves of the
parameterized pump and pump model

According to the figure, all data are between 10%

3.3 CFD Studies and Comparison of error bands except at one flow rate value. This

Parameterized Pump with Pump Model situation shows that the parameterized pump
correctly represents the first pump model oledin

SST ky tur bul e waseusednasd ¥1¢ from the manufacturer company. From now on, a

turbulence model within the whole study.” y parametric study can be conducted to investigate the

distribution along the vane of the parameterized effect of inlet vane and wrap angles both at hub and

pump is presented in F§ shroud to observe how the cavitation performance of

The y* values exceeding 3 was only observed at theth® PUmPp is affected by angle variations.

tip of the impeller as a point. Additionally, the mass Accordingly, a numerical cavitation test is performed
flow average of ¥ values were 0.541 at the vane, for different flow rate values. This is achieved by
0.456 at the hub, ar@l477 at the shroud. decreasing the inlet pressure step by step. Head drop

A similar study in the previous section was occurrence is observed in all flow rates at different

performed. To obtain the pump performance results
of the parameterized pump, twphase CFD
simulations were conducted for varying flow rates.
The same flow rate values in the previous nucaéri
study were applied during simulations. As a result,
the characteristicurve 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.

115 1 -
10% 5%

110 4

-5%
105

100
. . . -10%

Head - Parameterized Pump (m)

The numericalpump characteristics of the pump o |
model and parameterized pump were in good *
agreement. The slope of the parameterized pump it
less than the pump model and at BEP the head value 9 95 100 105 110 115
are overlapping and two numerical curves are Head - Pump Model (m)

intersecting. Figre 11 represestthe relative error
concerning the first numerical results.

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 1
obtained with the cavitation test and the resatts B kil
presented inFig. 12. During the cavitation test 8
procedure, inlet pressure was set at 1 atm anc
decreased step by step until a 3% head drop is .
observed.

NPSH,, (m

The critical inlet pressunealue (inlet pressure where

a 3% head drop is observed) is important because th:
required net positive suction head (NR$Hdf the o
pump was calculated with the critical pressure by
using the formula below.

30 4‘0 5‘0 éo 7‘0 80
P-PR (14) Flow rate (m%/h)

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

NPSH, =

According to the calculated NP&Halues at four
different flow rates, the NPSHcurve of the
parameterized pump waobtainedand the results
were compared withthe experimental results. This
comparison can be seen in FI§.

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
In a similar manner observed in pump characteristic cavitation resistance of the pump decreases tih
curves, NPSH curves were also intersecting at a flow rate. According to the water vapor volume
certain point. Furthermore, the slope of the fractions, the pump is exposed to cavitation at the
experimental curve was higher than the highest flow rate.

parameterized pumpés numeri cal cur ve. At BEP, the
relative error is %14.7 while predicting NPSH Blade loading charts show the pressure distribution

along the vane both at suction and pressure sides in a

To observe the cavitation phenomenendetail,  streamwise direction andeuseful to observe the
water vapor volume fractions on the vane surface atcavitationphenomenon. Fige 15 presents the blade
four different flow rates arpresented in Fig. 14. loadings on the parameterized pump at diffeflemt

. . rates.
It is clearly seen that; the more flow rate increases

the more water vapor vqu_me fra(_:tion increase on theAccording to the blade loading diagrams at midspan,
vane surface. This event is consigtbecause it is seen that the regions with intense water vapor
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Water Vapor.Volume Fraction Walgrg\;apor.Volume Fraction 4 RESU LTS AND D|SCUSS|ON
0.97 i

‘ 0.87 0.87
077 [078 This paper demonstrates how the cavitation behavior

068 . of the pump is affected by the variation of inlet vane
0.58 [ 0.58 . .
0.8 336 and wrap angles. Forighpurpose, a parametric study
‘ 039 M oz was carried out anche effect of mentioned angles
0.20 020 wereinvestigated both at hub and shroweharatly.
0.19 I g:z The existing pump hadifferent inlet vane and wrap
0.10 66 angles at the hub and shroud. Table 3 presents the
000 values of those angles.
(a) (b)
4.1 The Influence of Inlet Vane Angle
Water Vapor.Volume Fraction Water Vapor.\VVolume Fraction . . . . .
0.97 0.97 The study started with an investigation of the inlet
H 0.87 FU-W vane angle effect on theavitation behavior of the
o8 078 pump. During this procedure, wrap angles at hub and
0.68 0.68
058 058 shroud were set as constants, and investigation of
0.49 0.48 inlet vane angle at hub and shroud were discussed,
0.39 [ 0.39 respectively.
0.29 [ 0.29
0.19 019 4.1.1.Inlet Vane Angle at Shroud
g;g g;g Firstly, the effect of inlevane angle at shroud was
‘ considered. In addition to the wrap angles at hub and
(c) (d) shroud, the inlet vane angle at hub was set as
constant. Inlet vane angle at shroud was increased
Fig. 14.Water vapor volume fractions on 10° at each step starting from 20° to 50°. Since the
parameterized pump at different flow rates a) inlet vane angle at thehroud was 39°, the design
74.8 m3/h, b) 59.9 m3/h, c) 49.7 m3/h, d) 37.1 with a 40° inlet vane angle at the shroud was ignored.
m3/h.

A similar approach mentioned in the previous section
) was implemented. A twphase 3D CFD study was
result in a pressure decrease on the vane. FOgarried out. Numerical cavitation tests were
instance Fig. 15a clearly shows that a fully performed by decreasing thelét pressure step by
developed cavitation is present at suetion side of  step starting from 100,000 Pa. The inlet pressure
the vane at 0 and 0.5 streamwise. To sum up, th&aues where a minimum 3% head drop occurrence
results of cavitation tests, water vapor volume yas determined and NPShtalues for each design
fractions, and blade loadings are in good agreemenkt four differentflow rates were calculated. The

with each other. results are presented in Fig. 16.
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Fig. 15.Blade loadings 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
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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.¢
m3/h). For instancéy\PSH: wasdecreased to 5.90 at
20°, 5.59 at 30°, and 5.54 at 50° shroud inlet vane
angles. However, the increaskimet vane angle at
shroud had resulted in worsening cavitation
performance of the pump.

4.1.2.Inlet Vane Angle at Hub

Similarly, a new parametri¢ugdy wasconducted for
inlet vane angle at the hub. In this instance, the inlet
vane angle at the shroud was constant with wrap
angles. Likewise He inlet vane angle at the hubsva
increased by 10° at each ste®ince the
parameterized pump had32° nlet vane angle at the
hub, it wa found unnecessary to carry out
simulations for a 3Vinlet vane angle at the hub. The
NPSH: values obtained from numerical cavitation
tests are demonstrated in Fig'.

Results show that NPSHiecreased 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 NRSRcrease. On
the other hand, the ingase in inlet vane angle at the
hub made the pump operate expose to cavitation. Fo
this reason, NPStivalues at HF condition were not
presented in Fig. 17. At 40° and 50° infahe angles
at the hub, the head of the pump was 67.81m an
54.50m, respectely, 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 an

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 aewlat the
shroud. Similarly, numerical cavitation tests were
performed with a 3D twghase study, and the
NPSHs values of each design were calculated for
four different operating conditions. The results are
shown in Fig. 18.

It is clearly seen that; theavitation grformance of
the pump increasedlith the increasing wrap angle at

shroud at BEP becaus¢PSH: decreasedt each

step. However, the cavitation behavior of the pump
is adversely affected by the wrap angle at shroud
increase at HF. Such that, themp operates under
cavitation conditions at a 91° wrap angle at the
Shroud.

4.2.2.Wrap Angle at Hub

dThe 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 shrovas
constant with inlet vane angles during this study.
After conducting cavitation tests, NP&Malues of
each design we calculated at each operation point
and the results ahownin Fig. 19.

A\s a consequence, it is obvious that bothtbecase

and decrease of wrap angle at the hub had a positive
effect on the cavitation performance of the pump.












