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KEYWORDS Abstract. Cavitation phenomenon in centrifugal pumps is the main cause of failures in

Centrifugal pump; pump components such as impeller and volute. To evaluate this phenomenon, first of all, the
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CFED;

NPSH;

Damage.

flow field in a BB2 API multistage centrifugal pump with and without cavitation is studied.
Additionally, to improve the impeller inlet condition and reduction of cavitation possibility,
Stepannof and Dixon theory is used. This study mainly focuses on the concept of cavitation
in pump, pump performance curve, system pump curve, and Net Positive Suction Head
(NPSH). The main objective of this research is to determine the best operating pump
range. It is interesting to investigate the system pump curve prediction to identify the
inception cavitation zone. Therefore, a theoretical system pump curve was generated using
Microsoft Excel 2010; in addition, Catia V5 R21 and ANSYS CFX 14 are applied to create a
computational fluid dynamic model from simulation results; the reduction of NPSHa values
leads to the onset of cavitation. The major findings of this paper present the theoretical
and numerical results concerning the pump characteristics and performance breakdown in
different flow conditions. Therefore, the best operating pump range is identified at a flow
rate of 330 m?/hr to avoid the occurrence of cavitation in pumps.

(© 2020 Sharif University of Technology. All rights reserved.

1. Introduction was used to predict the performance of a centrifugal
pump with fluid flow under cavitation conditions. In
this model, a steam transfer equation for the steam
phase is coupled with Naviertox coupling turbulence
equations, and Riley-Polest equations are used. The
effects of turbulence fluctuations and incompressible
gases were also implemented to complete the proposed
model. In [7], the cavitation flow was analyzed in a low-
speed centrifugal pump using two Computational Fluid
Dynamics (CFD) trading codes, and the results were

. ¢ i compared with those of the performed experiments.
of centrl.fugal pumps, both experimentally an.d numert- The findings showed that the cavitation bubbles ap-
cally; this paper focuses on some of the most important

pumps [4,5]. In [6], a model called Full Cavitation

In recent years, with the advancement of the analytical
tools of fluid dynamics, it has become possible to
model and study cavitation phenomenon numerically.
In addition to providing a better understanding of
the nature of this phenomenon, it is also possible to
compare and validate the results of experimental and
numerical data based on existing theories available [1—-
3]. In recent years and decades, researchers have made
notable attempts to study cavitation in various types

peared in the middle arc of the suction surface, where
the static pressure is at its lowest level. Bubbles are
developed in the downstream and, when they reach the
Corresponding author. nose, a wedge that resembles a hole in the neck and
E-mail address: beh.ranjbar.mc@gmail.com (B. Ranjbar) a suppressive surface, the cavitation bubbles appear

under pressure at the edge of the attack. In [4], the
doi: 10.24200/sci.2019.52112.2539 numerical and experimental analysis of the cavitation
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phenomenon in a centrifugal pump was carried out.
An experimental study of the hydraulic circuit of
the centrifugal pump test with special features was
conducted for monitoring the flow between the pump
blades and numerical analysis of the phenomenon by
means of flow software as a flow analysis of the pump
under single-phase, three-dimensional, turbulent, and
slippery conditions with a blade in different working
conditions. Using a pressure distribution, we detected
areas of the cavitation region in different portions of the
pump and compared the results with the experimental
data. The results point out that the bubble appearance
method is a convenient and accurate method for study-
ing the cavitation phenomenon, and the MRF model
in the FlowNet software is also a suitable apparatus
for analyzing the flow of turbo-turbine engines with
incompressible flows. In [8], the main objective was
the numerical simulation of a Francis centrifugal pump
turbine to evaluate its performance under cavitation
conditions and, to this end, Riley-Polest’s cavitation
model and NPSHreq value from the numerical solu-
tion by Anticipated ANSYS CFX software were used
and, then, compared with the results of experimental
data. Li et al. [9] performed a numerical simulation
of cavitation phenomenon and managed to present
Net Positive Suction Head (NPSH) prediction for a
PumpLinx Propeller Centrifugal Pump. The results
showed that the pressure level at the cavitation inlet
was always produced from the rear of the blade edge
(where the bubbles form). Nevertheless, cavitation
damage occurred in a downstream area where bubbles
collapsed due to the pressure exerted on them.

The present paper examines the cavitation phe-
nomenon in centrifugal pumps, which is mostly the
most common fault in these types of pumps and can
generate noise and vibrations at high levels, result-
ing in serious damage to the pump components and
catastrophic failures. The objective of this study is
to make a precise prediction of the starting point of
cavitation and figure out how to distribute the pressure
field and the volume of steam in the butterfly passages
of a centrifuge pump and its setting criteria in order to
prevent the development of cavitation, increase the life
of the pump, and prevent system shutdown.

2. Research method

2.1. Mathematical model of turmoil

Since the cavitation phenomenon occurs at high
Reynolds numbers, most of the circuits containing this
flow phenomenon can become confusing to differentiate
and, thus, turbulence modeling is required [10-13].
According to the studies, the k£ — ¢ disturbance model
for cavity flows has the highest compatibility with
experimental results. Hence, this model is used to
model disturbances. In this model, k& is the kinetic

energy and defined as the variance of velocity, which
has the dimension [L?7T2]. Herein, ¢ is the turbulent
eddy distribution rate (the rate at which velocity
fluctuations are propagated) with dimensions & in each
time unit [L?73]. The k — ¢ model introduces two
new variables to the system of equations. As shown
in previous estimates, the conjugation and momentum
equations are given in Eqgs. (1) and (2) [10,14]:
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The k£ — ¢ model is based on the concept of edible
viscosity. Therefore, Eq. (3) is given for the equivalent
viscosity:

Hepf = [0+ fit, (3)

where p; is the turbulence viscosity. This model
assumes that the turbulence viscosity with turbulent
kinetic energy and its distribution rate are linked
through Eq. (4):
k2
Mt = C}Lp?7 (4)
where C, is a value. The values of k& and ¢ are

determined directly through the transport equations
(Egs. (5) and (6)):
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where Cs,, Cs,, 0., and oy, are constant coefficients,
and Py, and p. represent the effect of floating forces.
Py is also the turbulence generated by the viscosity
forces, modeled using Eq. (7):

oU, oU;\ oU; U AUy
PkZ,ut< + ]) —k<3utk>+p(k).
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For an incompressible flow, ‘ZL’ is small. The second
-

term on the right-hand side of the equation has no sig-

nificant contribution to production. For compressible
flows, g% is high only in areas with instant dying such

as shocks.
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The most commonly used method for the dis-
cretization of governing equations, included into CFDs
such as CFX [15,16], is the finite volume method. In
this method, the computational domain is divided into
a number of volume controls to which survival rules are
applied separately, thus ensuring the survival of propor-
tional quantities such as mass, momentum, and energy
in the elements and the entire computing range; yet,
the volume method is entitled to few advantages. The
FVM allows the application of unstructured networks,
which greatly reduces the computational time.

2.2. CAD model

The numerical model, shown in Figure 1, was built
using the Blast Generation ANSYS-CEFX Software
Packet Center Impeller Modeling Tool. In this tool, the
profile of the blade is performed based on input design
parameters such as head, discharge, and rotational
speed, which usually varies. Therefore, a reverse
engineering technique was used to solve the problem.
To this end, a 3D scanner device and the profile of
one propeller blade were used (Figure 2). Further

to that, following the production of cloud points by
the device, they were converted to surface in design
of catia software. Then, parts design is started and
the model is generated as shown in Figure 3. In

Figure 1. Modeling impeller in the blade generation
environment.

Pump Casing of

(BB2)

order to ensure greater compatibility between modeling
permits in the blade generation environment with
those used in laboratory work, the coordinates of the
meridian of the blade were extracted from the modeling
map and replaced by the blades generated by blade
generation. The proposed model is characterized by
a basic geometry so as to create a limited volume
mesh.

Concerning the propagation of the impeller geom-
etry, only one passage from the propeller, including a
major model, is modeled. Figures 4 and 5 are shown
the normal and improved meshed in sensitive points
respectively.

3. Results

Table 1 shows the data sheet for the results of the pump
test that consists of three major parts. The first part
includes the measured data in which the corresponding
parameters are recorded by the measurement tools, as
described in the previous chapter. The second part
contains information about the values that have been
calculated using the relevant relationships. The third
part includes the corrected data. As noted earlier,
the speed of the test run, [N*], should be about
3% of the speed provided on the data sheet pump,
[N]. Therefore, the results of the test must undergo a
revision for the head, power, and flow in the tolerance
range provided by ISO 9906A through Eq. (8) as the
similarity rules:

N* N* 2
97 < < 1.03; H*=H. ;
0.97 < 7 < 1.03; [N}
@ =a. || 5)

By using the data sheet for pumps for non-cavitation
flow, the pump characteristic curves can be plotted
as in Figures 6-8. As expected, with an increase
in discharge, the pump head is reduced and the
pump efficiency becomes equal to that of the design
point.

Figure 2. Sample of pumps in top-top configuration.
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Figure 3. Schematic of a pump circle.

Table 1. Test results for non-cavitation flow.

Pump specification

Speed (rpm): 1480

Type: WKL 150
Diameter (mm): 360 Imp

Power (kW): 200

Motor specification

Type: ABB Speed (rpm): 1483 Current (kW): 200
Test condition
Gravity (m/s?): 8.9 Dedisity (kg/m®): 1000 Suction Pipe (mm): 200
Discharge pipe (mm): 150 S.uction gauge Di.scharge gauge
height (m): 1.85 height (m): 1.85
Measured value
Test point 1 2 3 4 5 6 7 8
Speed (rpm) 1495 1493 1493 1493 1493 1493 1493 1493
Capacity (m?®/h) 97 150 199 240 280 330 385 452
Suction head (bar) 0.21 021 020 020 020 019 0.17 0.11
Head discharge (bar) 15.45 149 14.28 13.88 13.18 12.15 10.93 9.13
Abs current (A) 257 265 280 293 305 322 338 355
Voltage (V) 380 380 380 380 380 380 380 380
Abs power (kW) 97 106 118 129 139 1515 162 175
Calculated data
Suction (v?/g) 0.04 009 016 023 031 043  0.59 0.82
Discharge (v?/g) 0.12 0.28 0.53 0.73  0.99 1.37 1.87 2.60
Total head (m) 103.6 100 96 93.33 8.7 819 74 62.53
Power hydraulic (kW) 41.1 61.3 78.1 91.6 101.5 110.5 116.5 116
Total efficiency (%) 42.2 57.8 66.2 71 73 73.2 71.9 66.3
Corrected test
Speed (rpm) 1450 1450 1450 1450 1450 1450 1450 1450
Capacity (m®/h) 94.1 1457 1933 233.1 2719 320.5 373.9 440.9
Total head (m) 97.53 94.3 90.53 88.06 83.06 77.33 69.08 59
Aba. power (kW) 88.5 97.1 108.1 118.2 127.3 138.3 1484 160.3
Power hydraulic (kW)  37.2 56.2 71.5 83.9 93 101.3  106.7 106.3
Motor efficiency (% 85 90 93 94 94 94 94 94

(%)
(%)

Pump efficiency 49.9 64.3 71.1 75.5 7.7 77.9 76.9 70.5
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Figure 8. Experimental efficiency curve-flow.
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Figure 6. Experimental curve of head-flow. 3.1. Comparison of experimental and

numerical results
Figures 9 and 10 show that the general head behavior

200 with respect to the values of NPSH and othoma is
~ s the same, which is why the determination of ic value
E is always important. On the other hand, the graphs
}5 100 represent the measured and simulated NPSHreq values
g in head loss of 3% and their good fit.

[99)
q 90 3.2. Numerical simulation results
3.2.1. Flow simulation without cavitation results
00 . 200 300 200 500 Distribution of flow in the propellant

@ (m®/h) As shown in Figure 11, the pressure inside the butterfly
m

. o passage increases gradually along the flow line. How-
Figure 7. Power expeditionary curve-flow. ever, the development of pressure inside the license is
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Figure 12. Distribution of speed on the butterfly.

not so uniform. Moreover, the pressure lines are not
perpendicular to the surface of the blade pressure inside
the passage, which can represent an emphasis on the
probability of separating the flow due to the pressure
factors. The flow velocity inside the propellant passes
along the flow lines gradually, as shown in Figure 12.
Moreover, the flow separation is visible at the edge of
the blade attack, because the fluid flow at the inlet is
not on the blade and is not uniform throughout it. As
shown in the figure, the separation of flow occurs on
both sides of suction and pressure.

The pressure and speed between the butterfly blades
The distribution of the pressure between butterfly
blades is shown in Figure 13. The minimum total
pressure appears at the inlet on the butterfly suction
surface, and this is the area where cavitation usually
occurs. The maximum total pressure value also appears
on the impeller output, where the kinetic energy
reaches its maximum value.

According to Figure 14, the static pressure dis-

z
Yy
1_.‘

Figure 13. Distribution of total pressure between blades.

Figure 14. Distribution of static pressure between the
blades.

tribution is asymmetric in the impeller blades, and the
region with the lowest static pressure is seen behind the
blade and suction surface at the entrance. Figure 15
also shows the relative velocity distribution between
the propeller blades. Increasing the flow rate from
the input to the output reaches its maximum in the
blade output. In order to add energy to the fluid
(pressurizing it) at the edge of the pressure attack,
more pressure is needed on the suction surface. The
apparent impact of such pressure distribution is that
relative velocities near the suction surface are higher
than those at near-surface pressure levels.

Stream pattern at the edge of the attack and escape
The effects of the flow of fluid at the edge of the attack
and escape in the underlined shapes are given. At
least, the pressure is observed at the suction edge of the
attack (see Figure 16). Similarly, the variation in the
relative velocity of the edge of the attack is observed in
Figure 16, which is also due to the separation of the flow
that occurs at the edge of the attack, coinciding with
the suction side. Similarly, Figure 17 shows variations
at the edge of the escape. Figure 18 also depicts the
flow lines at the edge of the attack, illustrating how the
propeller blades are driven by the fluid.



B. Ranjbar et al./Scientia Iranica, Transactions B: Mechanical Engineering 27 (2020) 1339-1348 1345

Figure 16. Distribution of total pressure and relative velocity at the edge of the attack.

z

Figure 17. Distribution of total pressure and relative velocity at the edge of the escape.

8.2.2. Results of cavitation flow simulation
In order to better illustrate the occurrence of the
cavitation phenomenon, the results of this section con-
cerning the two faces for the impeller and the blade-to-
blade view are expressed in terms of the total pressure
parameters and the volume fraction rate. Further to
this, for a detailed understanding of the process and
the quantification of the point at the beginning of the
cavitation, the curve H-NPSH is plotted.

Vapor fraction contour is compared at different
pressures, as shown in Figure 19. It can be seen that
when the inlet and local pressures of the fluid reduce

to less than the vapor pressure, the vapor bubbles are
formed along the waiting side at the edge of the inlet
of the blade on the suction side, and filling the passage
causes the pump to drop and its flow to fluctuate. It
is observed that by decreasing the NPSH, the volume
fraction of the vapor increases and, in some cases,
similar to the fourth state, it completely obstructs the
butterfly passage, which is developed in this state of
cavitation and is called failure mode.

The contour of the pressure distribution in the
blade-to-blade view is shown in Figure 20. In general,
Figure 20 shows the following:
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e The pressure level on the blade pressure side is
higher than the suction pressure level;

e Pressure at the edge of the pressure side is greater
than that at the edge of the suction side;

Figure 18. Distribution of speed flow lines at the edge of
the escape.

o With reduced inlet pressure and NPSH, low-pressure
and cavitation-prone areas move from the edge of
the suction side to the edge of the attack on the
pressure side.

4. Conclusions

A numerical model of the propeller was successfully
produced, and the complex flow was analyzed using
ANSYS CFX software in single-phase and cavitation
flow conditions using the model. The simulation
results of flow in single-phase mode demonstrated that
the internal flow at the suction and blade pressure
levels was not uniform due to the tensile flow. The
reason for this tangible tension was the separation
of the flow at the edge of the attack. The pressure
along the lines of the flow gradually increased, and
the areas with the maximum amount of pressure on
the butterfly’s exits were shown. The results of the
experiment in non-cavitation flow indicated that the
point of greatest efficiency was close to the design
point, where @ = 320 m3/h and H = 77.33 m. The

P;, = 57000 (Pa), NPSH = 5.45

P;, = 42000 (Pa), NPSH = 3.92

Pi,, = 100000 (Pa), NPSH = 9.83

P;, = 45000 (Pa), NPSH = 4.22

Figure 19. Volume production rate at the entrance and passage of the butterfly.
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Figure 20. Total pressure distribution field in the passage.

result of the numerical analysis of the cavitation flow
was 43.06 m, which was well in agreement with the
measured value of 41. The reason for the difference
in head values was that the numerical simulation of
the walls was considered to be smooth. However, in
reality, there was a friction loss due to the roughness
of surfaces. In order to verify the cavitation profile
of the pump, different conditions were calculated from
the variable inlet pressure from 103,000 Pa to 42,000
Pa, and it was observed that the volume fraction of
the steam increased with decreasing inlet pressure.
Irrespective of the pressure level, it always produces
cavitation at the back of the edge of the attack. A
fraction of the vapor can describe the formation of
the flow and the transformation of the bubbles. The
cavitation occurred at the back of the edge of the
butterfly’s attack where the bubbles were formed, while
the induced injuries were at the downstream when the
bubbles steam occurred due to high pressure around it.
Further, for the cavitation flow, the H-NPSHav curve
was plotted at 330 m®/h and in 1450 rpm, as compared
to the experimental curve measured. The result showed
that, by decreasing the suction energy (NPSHav), the
head remained constant until when it reached a value

that would allow the determination of vapor bubbles
in the NPSHav. The value of NPSHav was equal
to the NPSHreq value, which dropped by 3%. The
estimated NPSHreq was 3.94 m, while the measured
value was 3.76 m, which is a good match. According
to the numerical analysis, the most important areas
for the occurrence of cavitation for the impeller were
the location between the surface of the blade suction
and the upper cover plate. The other area was exactly
behind the edge of the attack on the pressure side. The
result of numerical simulation is 4.7% of the measured
value deviation, which is acceptable accuracy. The
origin of this deviation is as follows:

1. The location of the software input may not be the
same as the monitoring point in the test equipment.

2. Heat transfer in the numerical analysis is neglected,
while the heat generated results from friction and
peripheral environment.

4.1. Suggestions
Based on the research findings, the following are
suggested for future works:

e Numerical flow simulation of the pump inside a
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complete geometry including screw flap and inlet
pipe;

e The application of a pump with a transparent body
to observe the process of bubble formation in the
butterfly passages;

e Investigation of other cavitation visualization meth-
ods such as noise and vibration measurement;

e Calculation of the flow field for the two-fold mode;

e Calculation of the flow field for slurry fluid such as
hydrocarbons;

e Investigation of the effect of increasing or decreasing
the number of blades on the cavitation specification.
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