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Abstract—In the current work, flow visualization and numerical
simulation by ANSYS-FLUENT of a centrifugal pump with a
semi-open impeller are utilized to verify that decreasing the
speed will decrease the formation of air bubbles and hence
cavitation occurrence possibilities. The purpose of the current
work is to utilize two different test rigs, pumping systems, to
verify that each pumping system nearly has the same reduction
percentages in cavitation occurrence for the same reduction
percentages of speed. This study compares two centrifugal
pumps with different capacities, whereas the first pump is 0.5
hp and the second is 2 hp. They pump water using two different
pumping systems with two different percentages of speed
reduction for the two pumps. The results indicated that the
suction pressure, which represented an indication of the
cavitation status, increased due to the percentages of speed
reductions of 6% and 12% (related to full pump speed) for the
first pump by 8% and 21% and for the second pump by 8% and
19%, respectively.

Computational Fluid Dynamics (CFD) numerical simulation
and experimental investigations are performed on three
different speeds of two laboratory centrifugal pumps with a
Plexiglas casing. Numerical simulation findings show that there
is an acceptable agreement with the experimental work, with an
error percentage of 8.5% for the best case, and it was insured
that the speed reduction by the above percentages is an active
procedure to reduce the harmful effect of cavitation.
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Abbreviations

CFD Computational Fluid Dynamic

LE Leading Edge

MFP Modular Fluid Power

VDAS Versatile Data Acquisition System

RANS Reynolds-averaged Navier-Stokes

URANS unsteady Reynolds-averaged Navier—Stokes
hp Horsepower

I. INTRODUCTION

The undesirable hydrodynamic phenomenon that appears
in hydraulic machinery and can develop in fluid flow is
related to the circumferential speed and the parameters of the
impeller geometry and causes liquid evaporation and the
generation of vapor bubbles in the low-pressure region when
the static pressure becomes lower than the vapor pressure of
the fluid (Pv). The closest surface of the bubbles may be
affected by the cavitation erosion due to the strong cavity
implosions where the bubbles strike this surface as a water
jet, as shown in Fig. 1. Whereas cavitation is a phenomenon
related to and comes from the Latin word 'cavus', which
means hollow or cavity [1].

Such vapor cavities are common in centrifugal pumps,
towards the suction of the impeller at the leading edge (LE)
of the blades, where the flow is accelerated as it enters the
rotating impeller. These bubbles travel downstream from the
impeller, where the static pressure increases, and they are
reliquefied within a few milliseconds. This violent procedure
generates high-intensity micro-jets that might injure the
internal metal surfaces of the pump, causing rapid and
extensive wear [2], [3], [4].
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It was stated in [6] that if P is less than Pv, evaporation
occurs, and if P is greater than Pv, condensation occurs.
Cavitation causes loss and degrades the device's
performance, as well as a reduction in efficiency; produces
an abnormally high level of noise and vibration; damages
internal parts; affects structural integrity; causes erosion of
blades or casing by pitting on these surfaces; causes early
bearing failure; early mechanical seal failure; and causes
system breakdown, resulting in significant time and financial
losses. So, cavitation detection and its severity are very
essential aspects in order to improve pump maintenance and
reliability [7-9].

In Fig. 1, in the final step, a water jet strikes the surface.
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Fig. 1. Bubbles collapse due to cavitation [5]

The speed limitation [10] and [11] is a dependable strategy

for controlling the harmful effects of cavitation. The
formation of air bubbles can be visually observed by
employing a transparent suction line and a transparent
housing. When vapor bubbles move through the tube, an
audible gravelling sound is created, which is also an
indication of cavitation. Their findings revealed relations
between speed limitation and inlet pressure, where the speed
limitation was approximately proportional to the square root
of the inlet pressure. Many academics are interested in the
relationship between inlet pressure and rotating speed, as
well as the effect on pressure and velocity variations within a
pump.
Many scholars have numerically investigated cavitation in
centrifugal pumps. To handle the interaction between water
and vapor based on Reynolds-averaged Navier-Stokes
(RANS) equations, the liquid-vapor multi-phase cavitation
model was used, which considers phase change, bubble
dynamics, and turbulent pressure fluctuation [12-13].

Michalis et al. [9] simulated the flow through the impeller
of a centrifugal pump using the finite-volume method along
with a structured grid system for the solution of the
discretized governing equations. The CFD technique was
applied to predict the flow patterns and pressure distribution.
The proposed approach advocated a basic understanding of
the flow at various operating points.

S. R. Shah et al. [15] performed a steady-state simulation
of a centrifugal pump with a capacity of 200 m3/hr using
RANS equations. The k- SST turbulence model provided
better results compared to the RNG k-¢ model. The
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characteristic curves provided by the numerical simulation
were compared with the testing model's results and found to
be in good agreement, providing accurate contours for the
static pressure at rated discharge in the pump.

Richard et al. [16] used the multi-phase CFD method to
analyze centrifugal pump performance in cavitating
conditions. The two-phase RANS equations were employed,
and the volume continuity and mixture momentum equations,
as well as the fraction of vapor volume, were solved.
Performance trends of blade cavitation and partial discharge,
including breakdown, were compared to experimental
measurements.

Jose Caridad et al. [17] focused on the numerical analysis
of a centrifugal pump impeller of a submersible pump acting
on an air-water mixture, which was similar to cavitating flow.
The analysis was carried out in terms of bubble diameter and
gas-void fraction. Variations in impeller head and relative
flow angle at the outlet were presented as a function of liquid
flow rate and phase distribution within the impeller. It was
clear that the bigger the bubble diameter, the larger the head
experimented with by the impeller. The numerical results and
diffuser losses are in excellent agreement with the
experimental results.

Krishnan et al. [18] simulated dense slurry flow through
centrifugal pump casing using the Eulerian multi-phase
model in FLUENT 6.1. For the discretization of momentum,
a first-order upwind scheme was considered, and a mixture
property-based k-¢ turbulence model was used for modeling
turbulence. The effects of pump flow rate, particle inlet
concentration, casing width, and tongue curvature on wall
stress distribution and velocities along the wall were
considered. The analysis concluded that solid concentration
and solid wall shear stress increased from the upstream of the
tongue to the downstream of the belly region.

Inanc et al. [19] provided a numerical simulation of
turbulent flows with sheet cavitation.

Fernandez J. et al. [20] developed a 3-D simulation using a

sliding mesh technique that accounted for the effect of blade-
tongue interactions on local flow. The comparison of
numerical and experimental data was acceptable, with a
maximum relative error of 9% for the total head.
Barrio R. et al. [21] used Fluent to perform an internal flow
analysis of a centrifugal pump and turbine modes. The
simulations were carried out by solving the full unsteady
Reynolds-averaged Navier-Stokes (URANS) equations by
using the finite volume method with flow rates ranging from
20% and more. The numerical results were compared to the
experimental measurements, which showed typical
differences in the range of 3 to 5%. Internal recirculation in
the runner was found in turbine mode at low and high flow
rates.

Sujoy Chakraborty et al. [22] conducted a centrifugal pump
numerical investigation to determine the effect of blade number
and impeller speed on pump performance. Pumps with different
impeller blade numbers from 4 to 12 at different speeds (2900,
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3300, and 3700 rpm) were simulated using the CFD code of the
commercial software ANSYS FLUENT 6.3, only to find that the
pump head increased with the increase in both blade number and
pump speed.

K. M. Pandey et al. [23] investigated the effect of blade
number variation on pump performance while maintaining
the impeller diameter and speed constant for all models. The
flow through impellers with six, eight, and nine blades at a
speed of 2500 rpm was studied using the standard k-e
turbulence model to solve the RANS equations in ANSYS
FLUENT software. Both the pump head and static pressure
increased as the number of blades increased, but the
efficiency variance was complicated by specific optimum
values for each model.

Jintao Liu et al. [24] used a model to investigate cavitation
phenomena in a pump turbine and confirmed that bubble
formation near the pump’s inlet could heavily reduce the
machine's performance.

Sandor Bernad et al. [25] demonstrated a simulation of
cavitating flows in Fluent 6.2 commercial code using the
mixture model.

In the present study, the commercial CFD FLUENT 16.1
software is used. The numerical results are validated against
corresponding laboratory measurements for the specific
pump type used, while the exact inlet and outlet pipes, as
well as other dimensions of the test rig, are simulated under
the same operating conditions.

Research Steps

e Experimental work on a [0.5 hp, 1.01 L/sec, 6 m]
centrifugal pump (the first pump) with a semi-open
impeller and transparent housing.

e Speed limitation as a cavitation reduction solution by
reducing running speed by two stages of speed reduction.

e Simulation by ANSYS-FLUENT 16.1 for the three cases
of different running speeds.

e Experimental work on a [2 hp, 3.73 L/sec, 27 m]
centrifugal pump (the second pump) with a semi-open
impeller in another pumping system and comparing the
results to the previous pump with the same percentages of
speed reduction.

Il. EXPERIMENTAL WORK

For the cavitation experiments, two semi-open impeller
centrifugal pumps are employed. For the cavitation studies,
the first pump is a [0.5 hp, 1.01 L/sec, 6 m] pump with three
blades (attached to test rig # 1), and the second pump is a [2
hp, 3.73 L/sec, 27 m] pump with six blades (attached to test
rig # 2). The experimental system adopted closed-loop
experimental equipment.

A. Experimental Test Rig # 1

As shown in Fig. 2, at the suction line connection, water
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enters the center of the impeller and flows radially through
the pump. The main components of test rig #1 are shown in
Table 1.

Table 1. Main components of test rig #1
Part symbol Part Name
V1 Suction line valve
V2 Pressure line valve
V4 Drain valve
P1 0.5 hp centrifugal pump
Flow meter
Flo1
[KOBOLD — DRG (10 ~ 140L/min)]
Suction line pressure gauge
PIO1 P gadg
[GUNT-EN837-1 (-1 ~ 0 bar)]
Discharge line pressure gauge
P102 g P 9340
[EN837-1 (0 ~ 1.6 bar)]
SI01 Speed meter

Cavitation is easily visible by adjusting the stroboscope
flash rate until the impeller appears to "freeze™ due to the
entire section of transparent PVC pipes and pump housing.
The test pump's parameters, which include two steps of speed
reduction via frequency converter (full speed is 3400 rpm, a
6% reduction in speed at 3200 rpm, and a 12% reduction in
speed at 3000 rpm), are as follows:

1. At a rotational speed of 3400 rpm, the flow rate is
1.01 L/sec, and the head is 6 m.

2. At 3200 rpm, the flow rate is 0.95 L/sec, and the
head is 5.5 m.

3. At 3000 rpm, the flow rate is 0.89 L/sec, and the
head is 5 m.

The impeller is a semi-open type with three blades, and the
inner diameter of the suction and discharge pipes is 17 mm.
The flow loop system is re-circulatory. The tank is made of
stainless steel, and its dimensions are 23 x 28 x 30 cm.

Fig. 2 shows the process schematic of the pump
demonstrator, including all measuring points and essential
components.

Fig. 2. Schematic diagram of the experimental test rig # 1
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Performance Curve of the Test Rig # 1 Pump

The performance curve can be drawn with the suction
valve fully open and the discharge valve throttled, as shown
in Fig. 3.
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Fig. 3. Test rig # 1: first, pump performance curve at full speed; N = 3400
rpm
Cavitation as a Function of Suction Pressure: An
Experimental Procedure

- Adjusting pump speed using a frequency converter

- Valves V1 and V2 are both open.

- Using valve V1, steadily throttle the suction
pressure for the demonstration (at constant pump
speed) and take note of the pressure and flow, as
well as an increase in pump noise.

- Recording all readings for the three speeds, which
are shown in Table 2.

Table 2. Measured values (for the three speeds at the start
of bubbles formation)

N (rpm) 3400 3200 3000
Q (L/sec) 0.63 0.61 0.56
P2 (bar) 0.26 0.24 0.21
P:1 (bar) -0.76 -0.7 -0.6
Percentage
increase in pgl (%) 8% 21%
Percentage
decreasing in 3.5% 10.5%
Q (%)

In the demonstration experiment, valve V1 is used to
reduce the pressure. Here we can see that the suction pressure
drops further and further the more the valve is throttled; this
is a clear sign that cavitation occurs as a function of pressure.

The sign of cavitation beginning can be seen at the
impeller's inlet as well as after the throttle valve.

The variations in suction pressure levels can be attributable
to the various throttle settings, that is, to the values that are
plotted in Fig. 4.
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Fig. 4. Speed (rpm) Vs. inlet pressure (bar) at the start of bubbles formation
for the first pump (P1)

Gas bubbles that continue on their path along the pump
can be clearly visualized through the transparent casing, PVC
clear pipe, and PVC connecting components.

When the flow is completely throttled, the center of the
centrifugal pump clearly exhibits a gas bubble that has
accumulated there. Also, the suction tube has been entirely
filled with gas. Due to the centrifugal force, the remaining
water is thrown outward.

The inlet pressure is presented as gauge pressure because it
will be compared with the results from the numerical
simulation by ANSYS software, which produce results in
gauge pressure.

The air bubbles in the flow field are presented in Fig. 5 (at
the same suction valve opening percentage and similar
contraction). Vapor is created in the pump entry and then
moves and collapses in the path of the outlet, where the
pressure is rising.

The lowest amount of air bubbles inside the transparent
housing is in the case of the second step of speed reduction at
3000 rpm. To further clarify the difference between the two
images, black arrows have been added to the places where air
bubbles collect as an indication of what happens inside the
pump when the speed is reduced to reduce the harmful effect
of cavitation.

Visualization setup items, including the first pump with
transparent housing and the use of the stroboscope flashlight
related to the running speed, are shown in Fig. 6.

A stroboscope (FLUKE® 820-2) is used to visualize flow
in the 0.5 hp pump mentioned, and images are shot with a
Canon® (EOS Rebel T7-SLR) digital camera as well as
images of air bubbles inside the transparent casing as seen
via the semi-open impeller.

To capture comparable photographs for all analyzed cases,
the camera is placed towards the impeller.
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At 3000 rpm

Fig. 5. Visualization photos for the two reduction percentages of the speed

Control
panel

First pump with
transparent housing

Fig. 6. Visualization setup items

B. Experimental Test Rig # 2

The centrifugal pump (which is attached to and operates an
optional water turbine) is a Modular Fluid Power (MFP) test
rig, complete with its pipework and a water reservoir, as well
as a universal dynamometer, which measures speed, torque,
and power. The dynamometer and centrifugal pump
instruments are linked to VDAS (Versatile Data Acquisition
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System), which displays, stores, and draws charts of all-
important readings.

The system is depicted in Fig. 7. Water flows from the
reservoir through a strainer (filter) and one-way valve up to a
pump inlet valve, then through the pump, which pushes water
through an outlet valve, and then through a venturi for the
flow rate measurements. And if we fit the optional turbine,
then water flows from the venturi through the turbine and
back down to the reservoir.

The test pump's parameters, which include two steps of
speed reduction via a frequency converter, are as follows:

1. At a rotational speed of 2900 rpm, the flow rate is
3.73 L/sec, and the head is 27 m.
2. At 2725 rpm (a 6% speed reduction), the flow rate is
3.56 L/sec, and the head is 24.4 m.
3. At 2550 rpm (a 12% speed reduction), the flow rate
is 3.28 L/sec, and the head is 23.3 m.
The purpose of using two test rigs is to compare two different
pumps in two different pumping systems with the same
reduction percentages of speed and study the effect of these
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reduction percentages on the decrease in cavitation
occurrence.

The impeller is a semi-open type with six blades, and the
inner diameter of the suction and discharge pipes is 33 mm.
The flow loop system is re-circulatory. The tank is made of

plastic, and its dimensions are 55 x 105 x 50 cm.
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Fig. 7. Schematic diagram of the test rig # 2

e Performance Curve of the Test Rig # 2 Pump

The performance curve can be drawn with the suction valve
fully open and the discharge valve throttled, as shown in Fig.
8.

8 & 8 8
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0 0.5 1 15 2 2.5 3 3.5 4
Q (Lfsec)

Fig. 8. Test rig #2; second pump performance curve at full speed N = 2900
rpm

e  Experimental Procedure

- Fully open the inlet and delivery valves.
- Start the pump and gradually increase the speed to
2900, 2725 (a 6% reduction), and 2550 (a 12%
reduction) rpm. [The percentages of speed reductions
are the same as in test rig #1]. Readings for the three
speeds are shown in Table 3.
- Measure the values. Data are automatically recorded
through VDAS software and an interface module.
- Slowly close the inlet valve to decrease the inlet
pressure (notice an increase in pump noise) until the
flow stops (the valve is closed).
The variations in suction pressure levels can be attributable
to the various throttle settings, that is, to the values that are
plotted in Fig. 9.
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C. Comparison Curve

As P1 percent increases, there is a convergence of results
between the first and second pumps, as shown in Fig. 10. It is
difficult to mention that, as a general trend, reducing the
speed by certain percentages may lead to an increase in the
suction pressure in equal proportions for pumps of different
capacities. However, to confirm this, it is necessary to carry
out more experiments for the number of pumps (more than
two) of different capacities, which is not available in this
research due to a lack of capabilities.

Table 3. Measured values with partial closing of the suction valve (results
for the three speeds)

N (rpm) 2900 2725 2550
Q (L/sec) 3.53 3.34 3.11
P, (bar) 24 2.1 1.9
P, (bar) -0.69 -0.64 -0.56
Percentage increase in Py (%0) | - 7.5% 19%
Percentage decreasinginQ (%) | ----- 5.5% 12%
2950
2800 T®-0.69,2900
2850 :
2800
758 . 0.64,2725 |
& 3700 2 .
& 2650
2600 +
2550 -0.56,2550
2500
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 a
Inlet pressure
Fig. 9. Speed (rpm) vs. inlet pressure (bar) for the second pump
25
23
2 3000; 21
219 2550;19
v 17
® 15
213
@ 11
o 3 2725;8 3200; 8
T s
3
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N (rpm)

—l—increasing % of p1in second pump —d—increasing % of plin first pump

Fig. 10. Increasing percentages of p; for the first and second pumps

I1l.  SIMULATION METHODOLOGY BY ANSYS-FLUENT

One of the goals of this research is to use computational
approaches to understand the effects of cavitation at different
rotational speeds of a centrifugal pump. The cavitation model
is employed in the computational fluid dynamics (CFD)
prediction, and the CFD code is used to simulate the two-
phase flow (water-liquid and water-vapor). With the changes
in rotational speed, the effect of cavitation on the impeller
blade and inside the casing is described. Steps in numerical
methodology are shown in Fig. 11.
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For the performance of the centrifugal pump in this work,
3-D Reynolds-Averaged Navier-Stokes (RANS) equations
are solved using CFD code to investigate the turbulent flow
within the pump. The rotor (impeller) and stator (casing) are
altered for transient simulation based on the angular position

of the impeller [4].
" x " 1"

Geometry of Solve Post
the Mesh Compute Processing
centrifugal solution Examine
pump results
[ 13 " ur

Fig. 11. Numerical methodology for the 0.5 hp centrifugal pump Fig. 13. Casing inlet geometry and inlet zone
using CFD code
A. Geometry Drawing

The first pump's geometry (Fig. 12) is drawn using the
SolidWorks 16 software.

"y

Fig. 14. Casing geometry and casing zone

Fig. 12. First pump geometry

B. Numerical Grid and Computational Details

The flow domain is required to be discretized to convert
the partial differential equations into a series of algebraic
equations. This is known as grid generation.

The mesh quality directly determines the accuracy and
reliability of the numerical simulation results. Structured
grids are employed in this work for three computational
domains: the casing inlet zone (Fig. 13), the casing zone (Fig.
14), the impeller zone (Fig. 15), and all computational
domains shown in Fig. 16.
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008 [}

Fig. 15. Impeller and impeller zone around impeller
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Fig. 16. All computational domains (zones)

C. Mesh Independence

In this study, a mesh independence test is done to ensure
that the final mesh produces a mesh-independent solution.
The grid convergence study is performed by developing four
different meshes with different numbers of elements for the
geometry of the pump. The number of elements for four
meshes and error percentages when compared to
experimental results at 3000 rpm (the best case) are
summarized in Table 4, and the third mesh statistics are
mentioned in Table 5.

Table 4. Elements' numbers and error percentages for each mesh

Mesh no. 1 2 3 4
No. of nodes 68427 96458 169228 252834
No. of elements 86792 122345 214644 320688
Calculated P, (bar) -0.47 -0.51 -0.55 -0.564
Error % 22 15 85 6
Table 5. Statistics (mesh sensitivity analysis)
Total Nodes 169228
Total Elements 214644
Mesh metric skewness
Average skewness 0.47
Approx. computational time 7 Hrs.

The smallest value of error percentage is obtained when
using mesh 4, but it takes a long time to calculate (more than
16 hours), and convergence faults happen many times and
interrupt it, which overloads the computer, so mesh 3 is
chosen with an error percentage of 8.5% when compared to
the experimental results.

On an Intel® Core TM i7-4600U CPU @ 2.7 GHz
processor with 8 GB of RAM, a single run of the simulation
by ANSYS 16.1 takes about 7 hours to complete the
calculation process using mesh 3.

Under cavitation conditions, the impeller domain rotates
on a z-axis at three speeds with varying flow operating
conditions while the casing is stationary. All boundary walls

30

are assumed to be smooth with non-slip conditions, and two
contact regions are shown in Figs. 17 and 18.
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Fig. 18. Contact region 2: between impeller zone and casing

D. Boundary Conditions

The outlet boundary condition is determined using a fixed
pressure gauge, and the inlet flow condition is obtained using
a rotary flow meter. The readings shown in Table 6 and the
inlet pressure will be obtained from ANSYS results as an
indication of cavitation occurrence.

Now, the static suction pressure needs to be computed by

the simulation program's solver.
Phase change, bubble dynamics, and turbulent pressure
fluctuations are all described by the cavitation model [8]. The
internal flow field information is obtained by solving the
incompressible fluid's continuity equation and momentum
equation [26].

The rotor (impeller) and stator (casing) are altered for
transient simulation based on the angular position of the
impeller.
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Table 6. Boundary conditions

N (rpm) 3400 3200 3000
P, (bar) 0.26 0.24 0.21
v (m/sec) 0.31 0.3 0.28

As a result, the transition k-kl omega was designed to
produce highly accurate predictions of the flow cavitation
phenomenon.

All the numerically obtained results show the solutions of
the iterative numerical procedure. The second order of spatial
discretization is selected for pressure and momentum, and the
first order is for turbulence.

A summary of the solver setting (compute solution) is shown
in Table 7.

Table 7. Solver setting summary

Settings Details
S.OIVE" gen_eral Pressure based, transient
information
Mixture model
Multiphase model Water liquid, primary phase
Phases water vapor, secondary phase
Turbulence model Transition k-kl omega
Rotational zone Impeller zone
Pressure-\_/elocity Simole
coupling P
Momentum Second order upwind
I - Pressure Second order
Spatial discretization Turbulent kinetic First order upwind
energy
Trans'e!“ First order implicit
formulation
Pressure 0.3
Under relaxation Momentum 0.7
factors Turbulent kinetic 0.8
energy
Residuals 10° Absolute
0.0003 (No divergence fault happens during
Time step calculation until the solution is completed
through the time step mentioned)
Max Iteration / time
step 1000

E. Simulation Results and Discussion

e Pressure Variations in the Centrifugal Pump Under
Various Flow Rates

In order to investigate the velocity and pressure variations
inside a pump's flow field, numerical simulations using CFD
are carried out at various flow rates.

For accurate comparison purposes, all of the static pressure
contours given in the discussion and results parts are drawn
on the same scale.

It is interesting to observe the pressure variations in the
impeller and casing as they pass through the contour area.

Along the radial direction of the impeller, pressure
gradually increases from the inlet area to the outlet area.
As expected from computational results, cavitation appears at
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the suction region close to the leading edge (LE) of the
blades.

e The Effect of the Pump Rotational Speed on the
Pressure Variations

The effects of the pump's rotational impeller speeds are
investigated, and the flow field analyses of the static pressure
and velocity variations in the pump are presented in this
section.

The pressure contours reflect the variations in static
pressure corresponding to operating conditions.

For a precise comparison, the pressure variation contours
under the various pump rotating speeds are presented on the
same scale.

Fig. 19 shows that the pressure gradually increases from
the inlet of the impeller to the outlet (through the inlet, outlet,
and pressure contour plan) and reaches its maximum value at
the outlet of the impeller blades, with the lower pressure
region being at the impeller's eye.

This flow behavior within a pump was noticed in all of the
above cases under investigation. In addition, it is obvious

that the pressure values increase as the rotational impeller
speed increases, with the highest pressure achieved at N =
3400 rpm.

Based on the above results, it is clear that the pump's
rotational speed has a high effect on pressure variations.

[3 0050
= 0075

At 3400 rpm

09 (=)

At 3200 rpm
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At 3000 rpm
Fig. 19. Pressure contours for the three speeds

e Velocity Variations in Centrifugal
Various Flow Rates

Pump Under

For accurate comparison purposes, all of the velocity
magnitude contours at various flow rates displayed in the
discussion and results parts are drawn on the same scale.

An interesting point to note is that there are various flow
velocities across the impeller blades and inside the casing.

Also, by decreasing rotational speed, circulation, vortex,
and rabid mixing are decreased (from streamlines, which are
shown in Fig. 20).

2100 (my
0075

At 3400 rpm

At 3200 rpm
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Q100 (m)

At 3000 rpm
Fig. 20. Streamlines for the three speeds

e The Effect of Pump Rotational Speed on Velocity
Variations

The effects of the rotational impeller speeds of the pump
are investigated. The flow field analyses of the velocity
variations in the pump are presented on a similar scale in the
velocity vectors under the different pump rotational speeds
(3000, 3200, and N = 3400 rpm).

It can be observed that for different pump rotational
speeds, the velocity magnitude inside a pump is gradually
increased from the impeller's inlet to the outlet.

In all cases under investigation, the velocity magnitude in
the impeller is greater than that in the casing. Furthermore, it
is obvious that the magnitude of the velocity increases as the
rotational speed of the pump increases, and a higher velocity
is observed at N = 3400 rpm.

In Fig. 21, the velocity shows that the pump's rotational
speed has a high effect on the velocity of the centrifugal

pump.
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At 3400 rpm
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Fig. 21. Velocity vectors of the three speeds
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It may be noted from Fig. 21 that, in the second step of speed
reduction (at 3000 rpm), velocity at suction is reduced when
compared with the other speeds, which will decrease
cavitation occurrence at suction.

IV. COMPARISON OF THE CFD MODEL AND
EXPERIMENTAL RESULTS

When performing numerical investigations, one of the
most significant steps is the validation of the outcomes. In
other words, the numerical simulation results are compared
with experimental data to verify accurately that the numerical
model represents the physical model of the actual system. As
a result, in validation investigations, the entire set of
geometric, flow, and solver-related parameters and variables
becomes vital [4].

The computed static suction pressure for cavitating flow is
the result that we need to obtain from simulation and
compare to the experimental results.

The accuracy of the numerical simulation method in this
work is verified by comparing experimental data with
numerical results, as shown in Fig. 22.
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The numerical method is verified to guarantee the
accuracy and dependability of the results and the internal
flow field [10].

In the best case, there is an acceptable agreement between
the numerical and experimental results, with an error
percentage of 8.5% for the suction pressure value as shown in
Table 8.

0.9 T T T T

3000 3100 3200 3300 3400

N (rpm)
—8~-pl inbar(Ansys) —&—pl inbar(EXP.)

Fig. 22. Suction pressure (bar) in ANSYS and experimental results in the
first pump

Table 8. Results from ANSYS and error percentages

N (rpm) 3400 3200 3000
Suction pressure(bar) -0.612 -0.574 -0.55
Error % 19% 18% 8.5%

The relation between suction pressure and flow rate in the
first pump at the three speeds is related to readings, which are
mentioned in Table 2, and boundary conditions, which are
mentioned in Table 6 and plotted in Fig. 23.

0.1
0.2
-0.3

04
-0.5
0.6
-0.7
0.8
-0.9 T T T T T T T T

(at 3000 rpm: |
-0.6,0.56) e e
5 07,061 (at3400 rpm:

_-0.76,0.63)

Suction pressure ,bar

0.55 0.56 0.57 0.58 0.59 0.6 0.61 0.62
Q(L/sec)

Fig. 23. Suction pressure (bar) vs. flow rate (L/sec) in the first pump

e  Validation of numerical and experimental results

The difference between numerical and experimental results
might be caused by several reasons. First, there are
mechanical losses in the pump, which are caused by contact
between the shaft and the bearings and between the shaft and
the seal. The second reason is the gap between the casing and
impeller. Third, hydraulic losses are caused by friction losses,
vortexes, and separation due to flow direction change that

0.63 0.
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happens at the passages of the impeller. In addition, the
pump's geometry and flow field are complicated and
turbulent, with impeller blade curvature having a significant
effect on the flow field developed either within the blade
passages or inside the casing.

V. CONCLUSION

The cavitation phenomenon is globally understood as the
formation of vapor bubbles in a fluid flow due to a pressure
drop below its vapor pressure. Cavitation detection requires
advanced methods because of its rapid and complicated
nature; otherwise, it can only be detected by its effects on the
equipment, such as unusual noise, vibrations, and material
damage, based on the physical and operational conditions of
the system in fluid machinery [27].

A comprehensive investigation was carried out to monitor
cavitation within a centrifugal pump under a wide range of
operating conditions. The following conclusions are obtained
from this study's analysis, results, and discussion:

A.  Experimental Work

This study investigates the cavitation phenomenon in a
centrifugal pump with a semi-open impeller that has three
blades. In order to study the cavitation behavior, the
machine's casing is made from Plexiglas in order to visualize
the flow through the passage where cavitation dominates the
flow and creates a very turbulent and noisy environment,
which is depicted in photos taken from the impeller.

1. The level of cavitation within a centrifugal pump has
been directly related to the pump flow rate and pump
rotational speed; when full speed is 3400 rpm, speed
reduction percentages are 6% at 3200 rpm and 12% at
3000 rpm, with increasing percentages in suction
pressure of 8% and 21%, respectively.

2. Under the cavitation process, the vapor bubbles are
formed due to a decrease in fluid pressure, which is lower
than the vapor pressure. Moreover, they have a significant
effect on the flow within a pump.

3. The inception of the -cavitation process mostly
occurred near the impeller's eye, around or close to the
impeller blades' leading edges.

4. Percentage increase of suction pressure; Pi for the
second pump (6% speed reduction at 2725 rpm) to
decrease the harmful effect of cavitation = 7.5%.

5. Percentage increase of suction pressure; P, for the
second pump (12% speed reduction at 2550 rpm) to
decrease the harmful effect of cavitation = 19%.

B. Numerical Simulation

The results also reveal that cavitation can be detected
experimentally and numerically.
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Flow analysis of centrifugal pumps is often a challenging
task because it requires the study of highly complicated flow
that is turbulent, three-dimensional, and has a rapidly
changing curvature of the flow passage.

The CFD approach has been widely used in centrifugal
pumps as a numerical simulation tool for performance
prediction, analysis of interaction effects in different
components to obtain a reasonable estimation of the
centrifugal pump's overall performance, and comparing the
results with experimental data with typical errors of
acceptable percentages.

An experimental test rig was designed to test a centrifugal
pump (with a radial semi-open impeller) under cavitating
conditions at various speeds and flow rates, and it is
compared to an ANSYS 16.1 (FLUENT solver) multiphase
3D model. In order to study the pump's performance, the
computational domain includes the suction tube, impeller,
and casing. The analysis revealed good consistency, as the
CFD model trends are in acceptable agreement with the
experiments, with an error percentage of 8.5% for the best
case.

The static pressure distributions through the impeller and
casing are predicted by the cavitation model. Also, in the
low-pressure area near the blade suction side at the inlet,
pressure contours can be obtained, as can velocity
distributions obtained from velocity vectors and streamline
plots.

e  Statement on Equipment and Test Benches

This study was completed (with equipment and test benches)
in the Hydraulics Training Center of the Hydropower Station
Generation company in Egypt.
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