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Abstract

To investigate the influence of blade profiles on cavitation behavior in impeller of centrifugal pump, a centrifugal
pump with five different blade profiles impellers are studied numerically. The impellers with five different blade profiles
(single arc, double arcs, triple arcs, logarithmic spiral and linear -variable angle spiral) were designed by the in-house
hydraulic design code using geometric parameters of IS 150-125-125 centrifugal pump. The experiments of the
centrifugal pump have been conducted to verify numerical simulation model. The numerical results show that the blade
profile lines has a weak effect on cavitation inception near blade inlet edge position, however it has the key effect on the
development of sheet cavitation in impeller, and also influences the distribution of sheet cavitation in impeller channels.
A slight changing of blade setting angle will induce significant difference of cavitation in impeller. The sharp changing
of impeller blade setting angle causes obvious cavitation region separation near the impeller inlet close to blade suction
surface and much more flow loss. The centrifugal pump with blade profile of setting angle gently changing (logarithmic
spiral) has the super cavitation performance, which means smaller critical cavitation number and lower vapor cavity
volume fraction at the same conditions.
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1. Introduction

Cavitation in impeller of centrifugal pump appears mainly nearby impeller inlet and blade suction surface, which lies in the
hydraulic losses nearby impeller inlet, including friction loss, incidence loss and blade profile losses. All these types of loss are
associated with impeller and blade profile geometric parameters. Especial for the later, it not only affects cavitation inception as with
impeller parameters, but also has effect on the development of cavitation and cavity gathering at the blade suction surface.

There are many studies on blade profile design and its effect on flow field in fluid machinery had been completed at home and
abroad. Currently, the common used profile lines of cylindrical blade include involute, logarithmic spiral and arc line including single
arc line, double arc line and three arc line. Herbich J B [1] has conducted experiment of circular arc blades shows that the efficiency of
log spiral blade was highest. Cooper P [2] and Hackworth M [3] proposed that an appropriate blade profile can effectively improve
cavitation performance of impeller in the patent of anti-cavitation impeller design. JP Franc [4], Katz J [5] and Franc J P [6] have
studied the relationship between cavitation and boundary layer separation of stationary airfoil surface. The result shows that a low
pressure zone has been formed behind the point of boundary layer separation which induces cavitation concomitantly. W R [7] and
Fogarty [8] have performed some studies on the separation of boundary layer and potential flow near rotating blade using
incompressibility and compressibility fluid respectively. The main impacts on rotating arc blade are profile line and the inlet angle. At
the same time, rotating blade is better than a stationary airfoil on suppressing boundary layer separation. Dumitrescu H [9] have studied
the bubble separation of the leading edge of rotating blades, and it proposed that except for Reynolds number, the blade profile and low
pressure zone also affect the separation of leading edge. Trigg M A [10] optimized arc blade profile by adopting genetic algorithm, and
the result showed that the hydraulic efficiency of modified impeller with optimized blade profile increased by 10% ~ 20%.

In summary, current research on the relationship between blades surface flow characteristics and cavitation characteristics is mainly
static cascade. For the study of rotor blades, since cavitation flow field generated by rotating blades is very complex, which leads to the
theoretical or experimental studies existing difficulties. There are few studies on relationship between different blade surface flow
characteristics and cavitation performance, which are mostly against the blade inlet conditions such as blade inlet setting angle and inlet
edge geometric parameters [14-16]. In addition to the blade inlet conditions, blade profile is an important factor affecting the cavitation
performance of rotating blades. Blade inlet conditions affected cavitation inception at the blade entrance, and blade profile affected the
development of cavitation. The degree of cavitation development directly affects fluid mechanical to run high efficiently, stably.
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In this paper, using the basic geometric parameters of 1S 150-125-125 centrifugal pump, we complete the hydraulic design of
impeller with five different blade profiles (single arc, double arcs, triple arcs, logarithmic spiral and linear -variable angle spiral)
through the in-house hydraulic design code. The cavitation flow in these five different impellers and the centrifugal pump impeller
were calculated by ANSY S-Fluent with the Zwart-Gerber-Belamri cavitation model. A test rig was set up to conduct the cavitation
performance tests of the centrifugal pump to verify the numerical simulation. The effect of different blade profiles on cavitation
performance of centrifugal pump, including head drop performance curves, critical cavitation number and cavitation flow field
was proposed. Moreover, the relationship between surface flow characteristics of the rotating blades and the development of
cavitation is also studied according to the numerical simulation results.

2. Mathematical model of numerical simulation

2.1 Continuity equation and momentum equation

Based on the homogeneous multiphase transport equation model, all phases share the same velocity, and the governing mixture
equations for continuity and momentum and the vapor phase volume fraction of transport equation respectively are [17]:
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Where p,, and p, are the mixture density and vapor phase density, kg/m3; t is the time, s; U, and U, are the mass average
velocity and the vapor phase velocity, m/s; ¢ and 4 are the mixture dynamic viscosity and the turbulence viscosity, kg/(m-s); P is

the pressure of flow field, Pa; p,,, U, and g, arethe weighted average of liquid phase and vapor phase which as follows:

P = PO, T P (1_av) 4
U, =0, +0 (1-a,) (5)
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Where U, and U, are the velocity of vapour phase and liquid phase, m/s; g, and g are the dynamic viscosity of vapor phase

and liquid phase, Pa-s; p, is the liquid phase density, kg/m3; ¢, is the vapor phase volume fraction.
The interphase mass transfer rate R is:
R=R,-R, (7
Where the source terms R, and R_denotes vapour generation (evaporation) and condensation rates.

2.2 Cavitation bubble dynamic equation

Assuming that all the bubbles in a system have the same size, Zwart-Gerber-Belamri cavitation model [18-19] is that all bubbles in
system share the same radius, the interphase mass transfer rate R is:

R=F3avpv g|pB_p|
Re V3 »n
Where the source terms Pg and P denote the inside pressure and outside of cavity, Pa; the source term F is the empirical calibration

coefficient; Rg is the bubble radius, m.
The final form of this cavitation model is as follows:

If p<p,,
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Where «,. isthe nucleation site volume fraction, pand P, denote the flow field pressure and vapor pressure, Pa, and P, = Py ;

If p>p,,

the source terms I, and F,

’ wondg de€note evaporation coefficient and condensation coefficient.
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3. Computational domain and mesh

3.1 Impeller model

This paper use the basic geometric parameters and the design flow-lift curve from the IS 150-125-250 centrifugal pump as a known
condition, keeping the other parameters unchanged, we complete the hydraulic design of impeller with five different blade profiles
including single arc line(model 1), double arc line(model 2), three arc line(model 3), logarithmic spiral(model 4) and setting angle
varies linearly spiral (model 5) through the in-house hydraulic design code [20]. Figure 1 shows blade setting angle distribution along
the radial direction of 5 impeller blades and figure 2 shows the blade contour line. As shown in Figure 1, blade profile of model 1 only
has one arc, and from the initial point to 1/3 blade in radial direction the blade setting angle increases, then decreases. In addition, blade
profile of model 2 and 3 have two and three arc respectively, and the change rate of setting angle decreases gradually The relationship

between blade setting angle and profile of each point in model 4 and 5 is tan #=dr/ (r-dH), for logarithmic spiral (model 4)

/3 =const , for setting angle varies linearly spiral (model 5) f=a®+b, and @ is circumferential angle. To ensure that the design

impeller blades match with the pump, the specific design parameters are shown in Table 1. The three-dimensional model of the blades
is shown in Figure 3 and its impeller model is shown in Figure 4.
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Fig.1 Blade setting angle distribution of five blades Fig.2 Shape of five blades
Fig.3 Design blade model Fig.4 Design impeller model
Tab 1 Design parameters of impeller.
D, (mm) D2(mm) Bz(mm) Ai(°) 5(°) z n (rpm)

150 270 30 28 21 6 1450

3.2 Computational fluid dynamics

The numerical simulation is conducted with the framework of the ANSY S-Fluent solver. The homogeneous two-phase mixture
model is selected for cavitating computation, and the k-¢ turbulence model is mainly used. The computational domain consists of
four parts which are inlet extended section, impeller, volute, outlet extended section. Figure 5 shows the grid of 3D pump and
partial grid on impeller. Moreover, we also adopt properly refinement of mesh near blade inlet edge and blade surface as shown in
figure 5(b). The total number of 1.7 million grids has been founded to be suitable for numerical simulation after the grid
independence test being made. The boundary conditions of simulations are set as follows: The inlet of the calculation domain is
specified by using the averaged mass flow rate, and the volume fraction of vapor phase is set to zero. At the outlet boundary, an
average static pressure is set according to total pressure level at the domain inlet. All solid walls are set as the non-slip wall
condition. At the same time, impeller region coupling with other regions adopt mesh motion.
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Fig.5 Mesh applied for the calculation. (a) 3D view of pump, (b) partial view of mesh on impeller hub

4 Results and Discussion

Three dimensionless parameters are defined to describe the cavitation flow in centrifugal pump as follows: Cavitation number
o=(p,- PV)/0-5P| 2, Head coefficient ,, = H /(Uf/Zg), Flow coefficient ¢=Q/~zD,b,U,. Where p_ is inlet static pressure,

Pa; pis fluid density, kg/m?:; P, is vaporization pressure of liquid phase, Pa; H is the head of centrifugal pump, m; U, is the
peripheral speed of impeller outlet, m/s.

4.1 The reliability verification of numerical simulation

Figure 6 shows the head-drop curves of experiment and simulation at flow coefficient ¢=0.103 and ¢=0.112. In non-cavitation
conditions, numerical simulation has a slight overestimation of head coefficient. Compared to experiment result, the deviations are
respectively 0.64% and 2.2% at ¢=0.103 and ¢=0.112, which mainly due to the leakage loss in pump is not considered in
numerical simulation. With decreasing cavitation number, the deviation of head coefficient has a tiny increasing (smaller than 5%).
It is because that the interaction of cavitation bubbles and hydraulic loop of cavitation cloud are not considered in simulation.
However, the numerical simulation predicts the variation trend of head well.
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Fig.6 Head-drop curves of experiment and simulation at ¢=0.103 and ¢=0.112

4.2 Analysis of head drop performance curves

Figure 7 shows the head drop curves of pump in cavitating condition for different models at flow coefficient ¢=0.103
conditions. As can be seen from the figure, the changing trend of head drop curves of five models in cavitating condition is
consistent, which means the head coefficient firstly keep in constant with the cavitation number decreasing, when the cavitation
number decreases to a certain value, the external characteristic curve turns out to have a turning point, and the head coefficient
decreased rapidly after the turning point. However, the position of turning points is different, and so does the declined slop of head
coefficient. Note that the cavitation number corresponding to the turning point of model 4 is obviously smaller than other models.
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Fig.7 Head drop curves in cavitating condition for different impeller models
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Qualitative explanation is not sufficient to characterize the cavitation performance of a centrifugal pump, so it requires
quantitative analysis. Currently the critical cavitation number as the head declining by 3% has been used to measure the cavitation
performance of pump in industry or academic aspect. Table 2 shows the critical cavitation number of five different impeller blades
through numerical simulation. Obviously we can see that critical cavitation number of model 4 is the smallest and model 1 is the
biggest. It illustrates that logarithmic spiral as blade profile line has better cavitation performance. Note that the critical cavitation
number of Model 1, Model 2, model 3 and model 5 is decreasing in turn, which suggests the more gently blade setting angle
varies, the smaller critical cavitation number.

Tab.2 Critical cavitation number of centrifugal pump for different models
Model 1 Model 2 Model 3 Model 4 Model 5

Critical cavitation

number Gy, 0.162 0.154 0.149 0.108 0.139

4.3 Analysis of cavitation flow field in impeller

The sheet cavitation in impeller channels and cavity length on blade suction surface can represent the amount of developed
cavitation and are appropriate representation of the cavitation bubble growth and cavitation intensity. Figure 8 shows the impeller
axial cross section contours of sheet cavitation blocking the impeller channels at flow coefficient ¢= 0.103 and cavitation number
6=0.11. From figure 8, the distribution of sheet cavitation in impeller for different model shows that the cavitation area of model 1
is biggest which induces blocking impeller channels seriously, and model 4 is smallest. Note that the cavitation area of other three
models has no obvious difference. However, the sheet cavitation near blade suction surface of these three models appears
separating form the surface with different extent, which directly causes the sheet cavitation diffusing from suction surfaces to
impeller channel, and then leads to serious influence on liquid phase flowing. The analysis of above indicates that the blade profile
line has an essential effect on the area of sheet cavitation in impeller, and also influences the distribution of sheet cavitation in
impeller channels. For example, the blade profile line adopting logarithmic spiral is conducive to inhibiting the development of
cavitation in impeller channels.
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Fig.8 The vapor cavity distribution in impeller mid-span

Figure 9 shows and the extent of vapor cavity development for the impeller mid-span location at 6=0.11 and 6=0.21. Because
the cavitation region near blade suction surface appears separating from the surface at 6=0.11, it cannot be used to quantitatively
assess the extent of cavitation on the blade suction surface. Thus, taking the =0.21 condition for instance, we conduct
quantitative analysis of vapor cavity development on blade suction surface, which has no appearing of cavitation region separating
from the surface as shown in figure 8. As can be seen from figure 9, the cavity lengths on the blade suction surface of the five
models are different. The length of vapor cavity on the blade suction surface of model 1 is longest, and model 4 is shortest.
Compared to model 1, the cavitation length of model 4 approximately decreases by 35%. Moreover, there is also an interesting
phenomenon that the vapor cavity volume fraction on blade suction surface reach the maximum near the one-tenth length of blade
for five models at 6=0.11 and ¢=0.21, and the value of volume fraction at the same position of blade exist tiny differences within
one-tenth length of blade. This also illustrates that different blade profiles have a weak effect on cavitation inception near blade
leading edge, however, it essentially influences on cavitation development in impeller channels.
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With carefully analyzing figure 9(b), we can see that the cavitation length on blade suction surface decreases in turn as the
order of model 4, model 5, model 3, model 2 and model 1, which illustrates the gently changing of blade setting angle is
conducive to weaken the cavitation intensity in impeller at the same condition. This result is consistent with the analysis result of
critical cavitation number for different blade profiles.
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Figure 10 shows the streamline distribution of the impeller mid-span location at the flow coefficient ¢=0.103 and pump inlet
cavitation number =0.11 condition. The black lines with arrow in the figure indicate the streamline in figure 10. As we can see
from figure 10, the cavitation flow field in impeller of five models exist vortices, which are formed at the trail of cavitation areas.
By carefully observing the vortices and streamline of every graph, we can find that all models have several flow vortices in field
of cavitation flow. Note that model 4 has fewer and feebler vortices, however, there are some very obvious vortices in other four
models, especially model 1. Therefore, it concludes that the development of cavitation has closed relationship with those vortices.
The sharp changing of blade setting angle causes cavitation region separating form blade suction surface, and then results in some
obvious vortices in impeller channels, which induces the further cavitation developing and much flow losses. In a word, the blade
profile line adopting logarithmic spiral is conducive to inhibiting flow separation of blade surface, and then weakening the
development of cavitation in impeller.

5 Conclusions

This paper studies the effect of five different blade profiles on cavitation performance of centrifugal pump, including critical
cavitation number, head-drop curves and cavitation flow field. According to the research, the following conclusion can be drawn.

The numerical simulation of cavitation in the certain centrifugal pump indicates that the vapor cavity volume fraction on blade
suction surface reach the maximum near the one-tenth length of blade for different blade profiles and different cavitation numbers,
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and the value of volume fraction at the same position of blade exist tiny differences within one-tenth length of blade. This
illustrates that different blade profiles have a weak effect on cavitation inception near blade inlet edge position.

However, the blade profile line has the key effect on the sheet cavitation development in impeller channels. A slight change of
blade setting angle will induce significant difference of cavitation in impeller. The sharp changing of impeller blade setting angle
causes obvious cavitation region separation near the impeller inlet close to blade suction surface and much more flow loss. The
centrifugal pump with blade profile of blade setting angle gently changing (logarithmic spiral) has the super cavitation
performance, which means smaller critical cavitation number and lower vapor cavity volume fraction at the same conditions. In
addition, the cavitation length on suction surface also approximately decreases by 35%.
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Nomenclature

n hydraulic efficiency D, impeller diameter at inlet

B inlet blade angle of impeller D, impeller diameter at outlet

oA outlet blade angle of impeller H head of pump

'4 head coefficient z blade number

o flow coefficient Q flow rate

B2 impeller width at outlet M impeller torque

n rotate speed U, peripheral velocity at impeller outlet
o cavitation number p.. inlet static pressure

p, vaporization pressure £ fluid density
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