Thi-Qar University Journal for Engineering Sciences, Vol. 4, No. 1 2013

Experimental and Computational Investigation of Dynamics

Effects in a High Speed Centrifugal Pump

Khudheyer S. Mushatet Abdul Kareem A. Wahab Wissam H. Ajeel

College of Engineering College of Engineering lecturer
Thigar University Babylon University
Khudheyer2004@yahoo kareemwahab@yahoo.com wissam_ajeel@yahoo.com

Abstract: - Experimental and numerical investigation of a high speed centrifugal
pump has been carried out. In experimental work, a test rig which includes a centrifugal
pump, fast response piezoelectric pressure transducers, Rota meter flow and measurement
instrumentations is designed and constructed. Two impellers having different outlet diameters
were examined for the same volute. A data acquisition system (hardware) and its software
(Visual Basic language) have been developed to analyze the pressure transducer signal in
order to obtain the pressure fluctuations. The governing partial differential equations
(continuity, momentum) besides to turbulence model are discretized to algebraic equations by
using finite volume method. The solution of these equations was done by using FLUENT 6.3
commercial code. This code has the ability to use a grid generation technique and transform
the physical domain to a computational domain by using GAMBIT 2.2.3 software. The effect
of turbulence was simulated by using a standard k-& model. The wall function laws are used
to remedy the regions near the rotating and volute walls. The effect of angular position of
impeller and impeller's diameter on the flow behavior is studied for different values of
volume flow rate. The obtained results show that the pressure fluctuations registered in the
volute were found to be very dependent on both angular position and volume flow rate. It is
observed that the pressure fluctuations have maximum values at volume flow rate (Q=0.5Qy)
for the considered two impellers at angular position (p= 270°). These values increase as
impeller diameter increases. The results also show that the higher static pressure values are
observed upstream of the leading edge at the volute tongue (stagnation point) while the
minimum was found at impellers eye. A comparison between experimental and numerical
results is done and the agreement was acceptable.
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1. Introduction
The analysis of flow dynamics in a centrifugal pump is considered a very complex due
to presence of system rotation, separation, turbulence and secondary flows. A pump is a
machine which is called by this name due to a centrifugal force imposing on a liquid. The
liquid attains its velocity and pressure when passing through impeller and this liquid is then
decelerates at impeller. The centrifugal pump is widely separated in diverse technological
applications. Many studies were done on investigating the flow dynamics and performance
centrifugal pump. A particle Doppler velocimetry (PDV) technique was used by Dong et

al.[1] to analyze the flow inside the volute of centrifugal pump. A particles 30 zm used as

seed. The obtained results showed that the entire flux pulsating within the value reached the
maximum when the blade lines up with the tip of the tongue. Moreover, they observed that
although most of the blade effects occur near the impeller tip, they are not limited to this
region. The velocity distribution corresponding to design and off-design operation was
studied by Elholm et al. [2]. LDV method was used to obtain the velocity distribution. They
observed that the swirl has a forced vortex type velocity distribution and the location of its

center was altered with mass flow rate.
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Also it was found the circumferential curvature of the volute was responsible for a
radial gradient of the flow velocity. Leakage flows in the tongue region was found to have a
significant impact on position of the swirl center. Van Esch[2] performed an experimental
study on the effect of a mixed-flow pump and hydrodynamic forces on the impeller. The
obtained result show that the influence of the suction flow profile and blade interaction on
pump performance and forces. Chu et al. [3] considered a particle image velocimetry
complemented with noise and pressure measurements to measure the velocity distribution and
compute the unsteady pressure field in the near-tongue region of the volute of a centrifugal
pump. The concluded that the primary sources in noise generation were associated with the
interaction of the non uniform out flux from the impeller (jet-wake phenomenon) with the
tongue. Timushev and Ovsyannikov [4] performed the numerical techniques of pressure
fluctuation amplitude estimation at blade frequencies in the volute casing passage of the
centrifugal pump. Their results showed that the sources of hydrodynamic nature bring about
considerable vibrations and noise of centrifugal pumps .A finite element technique was
adopted by kaps [5] to study unsteady turbulent flow in centrifugal pumps. The conducted
results showed that the strong influence of the casing tongue on the flow conditions was near
the trailing edge and vice versa while the trailing edge was near to the tongue. Qin and
Tsukamoto [6] studied the unsteady flow induced by the interaction between impeller blades
and diffuser vanes volute casing in a diffuser pump. The unsteady flow in the diffuser vane
passage, as well as the volute casing, was assumed to be induced by the five kinds of
singularities—the bound vortices distributed on the impeller blades. They analysed the
unsteady pressure downstream of the impeller for a variety of parameters by using the
singularity method incorporated the effect of volute casing. The pressure fluctuations due to
interaction between impeller and diffuser vanes was studied numerically by Wang and
Tsukamoto [7].They found that the potential effect of the wake effect on the pressure
fluctuations can be predicted satisfactorily by the present vortex method whereas the pressure
fluctuations near the diffuser inlet were affected by the potential interaction, the pressure
fluctuations near the outlet were predominantly affected by the wake effects due to wake
transport. Shi and Tsukamoto [8] made a numerical study for the prediction of pressure
fluctuations caused by impeller—diffuser interaction in a vaned centrifugal pump and they
concluded that impeller—diffuser interaction was caused chiefly by potential interaction and
wake impingement with the diffuser vanes. Dong et al. [9] used PDV technique to visualize
the flow inside the volute of a centrifugal pump.
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They verified that the entire flux pulsating within the volute reaches a maximum when
the blade lines up with the tip of the tongue. Ozturk et al. [10] investigated the flow behavior
in a non- traditional centrifugal pump, whose diffuser was subjected to different radial gaps
using multi— purpose fluent code. They found that the Performance curve for centrifugal
pumps shows a good approximation with experimental results under fluent solver. The three
dimensional turbulent flow was investigated numerically by Silva et al. [11]. They found that
an attempt to model an industrial centrifugal pump as a bench-mark test case. Many
numerical studies such as Aarts a Jonker [12], Seldar [13], Sano et al. [14] and Sano et al. [15]
were performed to predict the velocity distribution and pressure fluctuations through the
centrifugal pump.

In the present work, an experimental and computational study was done to investigate
the dynamics effects arise due to impeller-volute interaction in a shrouded logarithmic profile
high speed centrifugal pump. The test rig was designed and constructed to get the pump
performance and the mentioned dynamic effects while the computations were done by using a
Fluent 6.2. Commercial code. Two impellers having different outlet diameters were examined
for the same volute. Modern high response pressure transducers along with a data acquisition
system were used to obtain the pressure fluctuations at multiple points on the centrifugal
pump volute. The volume flow rate values were ranged from 0.5QN to 1.5QN. To the
knowledge of the authors, there is no many studies has been cited on a high speed centrifugal
pump of logarithmic profile. So the present work extends the related research area through
documentation of experimental and numerical results to obtain a good understanding of the
flow mechanism for this type of centrifugal pumps. The description of physical problem is

shown in Fig.1. The objective of the present study is to cover the following:

1. The variation of static, dynamic pressure and unsteady flow effects inside a centrifugal
pump due to impeller—volute interaction is to be experimentally and numerically
investigated.

2. Constructing an experimental test rig by using modern measurement instrumentations.

3. Using data acquisition techniques to process the pressure fluctuating signals.

4. The Comparison between numerical and experimental results is to be conducted.
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Rotating wall

Fig.1 Schematic diagram of the considered problem.

2. Theoretical Work
2.1 Model description.

The physical model considered in this study is shown in Fig.1 which represents a
centrifugal pump having a single axial suction and vane- less volute casing, equipped with
an impeller of 132mm in outside diameter and six backwards curved blades. The liquid
particles inter into the impeller via a cylindrical surface of radius rl with an absolute
velocity V; and exit the impeller via a cylindrical surface of radius r, with an absolute
velocity of V, and inclined at angle a,to the peripheral velocityU,. The flow patterns at
inlet and exit of an impeller rotating with a constant angular velocity which is defined by
the velocity triangle as shown in Fig.2. It is assumed that the flow at impeller is irrotational
(a3 =90°).

Fig.2. velocity triangles at the impeller inlet and outlet
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2.2 Mathematical Model and Numerical simulation.
To simplify the proposed model, the following assumptions are conducted.
1- The fluid has constant properties.
2- Two dimensional flows.
3- Steady state flow.
4-  Incompressible flow.
5-  Non-slip flow is assumed.

The governing equations of fluid flow for a steadily rotating frame can be written as
follows [14]:

Conservation of mass:

ap . (3.1)
—_ V . — 0 ooooooo .
Conservation of momentum:

d o

3 (pv,) + V- (pv,V,) + pRo XV, +wXwXT)=-Vp+VT +F --eene (3.2)
= — T 2 — (3 3)
TTZM[(WT+VUT )_Ev.vrl] ....... .

The effect of turbulence was modeled by using a k-e model which describes two equations,

one for turbulence energy and the other for the dissipation of turbulence energy.

i( k)+i( ku)—i( +ﬂ>ﬂ+6 —pe e 3.4)
at P T gx, P T ox [\H TGy o | T TP
a 9 _9 B 9€ G — e 3.5
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The turbulent (or eddy) viscosity, u,, is computed by combining k and € as follows:

kZ
I'lt - pcﬂ? ....... (3.6)

The model constant Cy , C5¢ , C, , 0 and o, have the following default values [40]:

Cie = 144, Cpe = 1.92, C, = 0.09, 0 = 1.0, 0, = 1.3
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2.2.1 Boundary Conditions

The physical understanding of turbmachinery flow made assigning the design
conditions for the present research. Steady uniform axial velocity is imposed at inlet while a
constant static pressure is maintained at outlet. The flow rate was changed by modeling the
static pressure at exit to kinetic energy by monitoring closing positions of the valve. The

considered boundary conditions for the flow can be mentioned as follows:

For impeller A (D,=132 mm):

1
2
3
4
5

For flow rate (Q=0.5Qy), the static pressure at outlet (Poutiet =200000 pa).
For flow rate (Q=0.7Qy), the static pressure at outlet (Poutet =180000 pa).
For flow rate (Q=Qn), the static pressure at outlet (Poutet =140000 pa).

For flow rate (Q=1.3Qy), the static pressure at outlet (Poutiet =130000 pa).
For flow rate (Q=1.5Qy), the static pressure at outlet (Poutiet =120000 pa)

For impeller B (D,=124 mm)

1- For flow rate (Q=0.5Qy), the static pressure at outlet (Poytet =190000 pa).
2- For flow rate (Q=0.7Qn), the static pressure at outlet (Poutet =170000 pa).
3- For flow rate (Q=Qx), the static pressure at outlet (Poutet =130000 pa).

4- For flow rate (Q=1.3Qy), the static pressure at outlet (Poutiet =120000 pa).
5- For flow rate (Q=1.5Qn), the static pressure at outlet (Poutet =110000 pa).

Fluent 6.2 commercial codes were used to simulate the discretized governing equations. The
discretization of the governing equations was done by using finite volume method with
sliding mesh techniques. Creating the required computations mesh for the considered problem
was done by using GAMBIT2.3. This facility gives different types of meshes such as
hexahedral and tetrahedral and the mesh may be structured or non-structured. To ensure that
the computed flow field is not affected by changing the mesh, different numbers of cells were
used. It was found that any increase above 60940 will not affect the trend of the predicted

mass flow rate at outlet as depicted in Fig.3.
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Fig. 3. Mass flow rate versus number of element

The computational mesh created by GAMBIT is shown in Fig.4. The calculations of Fluent

were performed for convergence criteria less or equal 1x10°°.

Fig. 4. Mesh used for centrifugal pump with 132 mm impeller
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3. Experimental work

A test rig shown in Fig.2 has been designed and constructed to be suitable for the purpose
of present and future research. The test pump is a single stage centrifugal pump with shrouded
impeller and volute The test rig consisted of a constant-speed electric pump, a throttle valve, a
rotameter flow, and piping. The outlet pipe of the pump is connected to a water flow meter
through 45 cm length pipe. The throttle valve (gate valve), fitted on the discharge side of the
piping which allows an accurate and fine control of the volume flow rate. The pump is
directly driven by a motor single phase 1.5 kW, 220 V AC which has a constant rotational
speed of 2900 rpm. Two impeller (A and B) with different outlet diameters were considered.
The blades of these impellers were of backward shape having a thickness of 3mm. The
number of blades of impeller is six. The details of the impeller technical data are shown in
table 1. The measurements for the present study are carried out on the volute of the pump
(shrouded side). Four pressure transducers were located (one each 90 deg) on circumference
with R=71mm. The location of the tongue of the volute is 270° after the first transducer as.
Figure 5 shows the schematic diagram of the experimental test rig.

pipe vae
l -
=persona
computer
= [otameter
flow
POWET SUpply = = dat?;
resemvior - acqusition
uawe[_}| -
centrifugal N logging
Interface
— _/ pump
valve
pressire
transducers

Fig. 5. Schematic diagram of the Experimental test rig
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Tablel. Pump technical data

Impeller exit diameter mpeller A, D,=132mm
Impeller B, D,=124mm
Impeller inlet diameter D;=48mm
Number of impeller blades Z=6
Speed N=2900 rpm
Inlet blade angle Bl=15°
outlet blade angle B2=20°
Blade thickness t=3mm
Inlet blade width b1=15mm
Outlet blade width b,=9mm
The gap between the tongue Impeller A=2mm
and the impeller Impeller B=6mm

4. Results and Discussion.

Computational and experimental study for predicting the performance and the
hydrodynamic parameters of high speed centrifugal pump has been performed. The discussion

of the present results has been divided into two sections.

4.1 Analysis of Numerical Results

The obtained numerical results covered the distribution of static pressure, dynamic
pressure, velocities, and turbulent kinetic energy. The results of dynamic pressure are not
included here because of the limited available space.

Figs.6-7 show the contours of static pressure distribution for impeller A and impeller B at
Q=0.5Qn. It is observed that the static pressure has a minimum value at impeller eye and
increases as angular position increases. The maximum values of pressure are recorded down
stream the leading edge of volute tongue (stagnation point). The same trend of pressure was in
the channels of the two impellers (A &B). At exit of the two impellers, there is obvious
increase in the values of pressure distribution. As the figure show, when the impeller diameter

increases, the values of pressure decreases.
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Fig.7 Contours of static pressure distribution (Pascal) for
impeller B at Q=0.5Q\,

The design operating condition (Q=Qy) is demonstrated through Figs.8-9. For the two
impellers (A&B). It can be observed that the pressure values increase gradually along the
blade passage. It is expected that the pressure trend in the impeller is equal that in the volute.
The pressure trend seems to be uniform for this design condition (Q=Qy) but this behavior is
changed as flow rates increase or decrease. The pressure trend is changed significantly when
the flow rate increases to Q= 1.5 Qu as shown in Figs10-11. The large or minimum values of
pressure distribution are shifted about the previous positions. A high pressure values were
recorded in the tongue zone and these are larger in impeller A compared with impeller B.
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The contours of absolute velocity for the considered two impellers and for different
flow rates are shown in Figs. 12-13. It is observed that there is a recirculation region for all
the studied volume flow rates. However the position of these regions is changed as volume
flow rate changes. At Q=0.5Qx, low values of velocity distribution is observed at discharge
pipe and this increases as impeller diameter increases.

At Q=Qn, the change in velocity becomes less and the velocity increases in the
discharge pipe and the distribution of the recirculation regions and the maximum and
minimum values of velocity seems to be matching in the impeller and volute. However this
trend is reflected at high volume flow rates (Q= 1.5 Qn) where the large amount of the flow is
pushed towards the outlet duct. As a result, the stagnation point on the tongue is moved to

impeller side and there is a wake on exit of the tongue.
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Figs.14-15 shows the distribution of turbulent kinetic energy for the two considered
impellers (A&B) and for different values of volume flow rates. It can be observed that the
maximum values of turbulent Kinetic energy are found at trailing edge of impeller blades for
the mentioned cases. The values of turbulent kinetic energy are decreased as impeller
diameter decreases. At nominal volume flow rates, the maximum values of this energy at
trailing edge become little while it increases as the volume flow rate increase.

a. Q=0.5Qy
o
4.30er01

4.0Be¢D3
3.aze+0!
3.588+01
3.a4e+01
3.108+01
2.888+01
2.63erl!

1.9te+01
La7es]
L4derl!
1.19a¢03

9.55c+00
LSLLT
4.77e+0l
2.3Ber 0l
9.18s-0¢

c. Q=1.5Qn

Fig.14 Contours of turbulent kinetic energy distribution (m/s) for impeller A,

FEThET

c. Q=1.5Qn
Fig.15 Contours of turbulent kinetic energy distribution (m/s) for impeller B,
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4.2 Analysis of experimental results

Figures 16-17 show the distribution of the static pressure fluctuation around the impeller
for two different values of diameters (impeller A &impeller B) at volume flow rates Q=0.5Qy
& Q=0.7Qy. It can be seen that the pressure fluctuations have a maximum value at position
¢=270° and they have small values at other positions. This phenomenon occurs because of the
switching in the flow trace between the recirculation duct and the discharge duct. It can be
indicated that the pressure fluctuations have maximum values at volume flow rate (Q=0.5Qn)
for the two impellers (A &B). As the figures show, for a given flow rate, the maximum
amplitudes of the pressure fluctuations increase as the impeller diameter increases i.e when
reducing the blade to tongue gap. This is an expectable result since a smaller rotor-stator
distance implies less space for the flow to adapt to the geometry changes, i.e., greater velocity

gradients, greater stresses and, in summary, a greater fluid-dynamic interaction.

PA 1 *
{1

*D3=132 mm
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Fig. 16 Distribution of the pressure fluctuation around the angular position of the
impeller at Q=0.5Qu.
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@ (deg)

Fig. 17 Distribution of the pressure fluctuation around the angular position of the
impeller at Q=0.7Q\,
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The variation of normalized static pressure distribution around the angular position of the
two considered impellers (A & B) for nominal flow rate is shown in figure 18. It can be seen
that the pressure fluctuations are not high in both impeller diameters at the tongue of the
volute and there is a difference in the values of these fluctuations between impeller A and B.
It can be noted that the pressure fluctuations have a maximum value at position ¢=100° for

impeller A and ¢=185° for impeller B. Also the impeller A indicated the larger expected

pressure fluctuations. PA_ T

ﬂ.ﬁpl'::

+12=132 mm

0.9 =
L ®D2=124 mm

0.8 =

0.7 p=
‘/"kﬂ\k—‘;
.64 J

L1} (1] 120 150 240 k1l] 360
o (deg)

Fig. 18 Distribution of the pressure fluctuation around the angular position of the

impeller at Q=Q.

Figures 19-20 show the distribution of the normalized pressure fluctuation around the
angular position of the two considered impellers (A & B) for volume flow rate greater than
nominal one. It can be noted that the trend of the pressure distribution is changed compared
with the case of Q<Qy. It is evident that the pressure fluctuation values are low and have the
same value for the both impellers (A & B) at volute tongue. That means that the flow is
accumulating at the tongue and because this accumulation, the pressure decrease at volute

tongue. However, impeller A indicated the larger pressure distribution as expected.
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Fig. 19 Distribution of the pressure fluctuation around the angular position of the
impeller A at Q=1.3Q\,
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Fig.20 Distribution of the pressure fluctuation around the angular position of the
impeller B at Q=1.5Q\.

4.1 Validation

The results of experimental work is compared with the numerical results that obtained
by using a commercial CFD Fluent 6.3 code as shown in figure 21-22. The numerical
simulation were performed for the same geometry and locations considered in the
experiments. It can be observed that an acceptable agreement is achieved between
experimental and numerical result. However some discrepancies have arisen in the
comparison between the numerical and experimental pressure fluctuation in the volute of the
tested centrifugal pump, especially near tongue region. A part of these differences can be
attributed to the leakage flow between the volute and the impeller inlet, which was not

considered in the numerical model.

FA 1
0.5p03

@ LExperimental curve
+Numerical curve

09

[LE.]

=
P
T L4
+
r +
4

06 Pl EPEEPE AP AP | |
] 60 120 180 240 300 360
¢ (deg)

Fig. 21 Comparison between the present experimental and numerical results for
impeller A at Q=Q\,

42



Thi-Qar University Journal for Engineering Sciences, Vol. 4, No. 1 2013

PA 1
0.5pU3

09 - ®Experimental curve
r 4 Numerical curve

08 |~
0.7

064

os bl by b e by 1
0 60 120 180 240 300 360

¢ (deg)

Fig.22 Comparison between the present experimental and numerical results for
impeller B at Q=Qx;

5. Conclusions

The following conclusions can be drawn from this study. The pressure fluctuations
registered in the volute were found to be very dependent on both angular position and volume
flow-rate, with maximum values corresponding to the tongue region for (Q=0.5Qy) at angular
position (9=270°). Changing the impeller diameter from 124mm to 132mm results in an
increase in maximum pressure fluctuation by a value approximated to 15%.The static pressure
increases as the angular position (around the volute) increases and the higher pressure values
can be observed upstream of the leading edge of the volute tongue (stagnation point).The
static pressure has a minimum value at the impeller eye and around the impeller especially at
angular position about(p=185°) for impeller A and (¢=100°) for impeller B. Decreasing radial
gap has a significant effect on the distribution of turbulent kinetic energy, where the level of

the turbulence intensity is increased as the impeller diameter increases
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Nomenclature

bq

b

D,

D,

Hy

U,

Inlet blade width

Outlet blade width

Impeller inlet diameter

Impeller exit diameter

Gravity acceleration

Theoretical head

Speed

Static pressure

Pressure Amplitude

Input power

Volumetric flow rate

Volumetric flow rate at nominal point

Radial position

Blade thickness

Velocity in x-direction

Tangential velocity of impeller

Peripheral velocity at impeller outlet
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Vv Velocity in y-direction m/s
V Absolute velocity m/s
Va Axial velocity m/s
Vm Meridional velocity m/s
V, Radial velocity m/s
w Relative velocity m/s
X Horizontal coordinate m
y Vertical coordinate m
Z Number of impeller blades -
\% Gradient -
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