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Abstract: The pressure fluctuation inside centrifugal pumps is one of the main causes of hydro-
induced vibration, especially at the blade-passing frequency and its harmonics. This paper inves-
tigates the feature of blade-passing frequency excitation in a low-specific-speed centrifugal pump
in the perspective of local Euler head distribution based on CFD analysis. Meanwhile, the relation
between local Euler head distribution and pressure fluctuation amplitude is observed and used to
explain the mechanism of intensive pressure fluctuation. The impeller blade with ordinary trailing
edge profile, which is the prototype impeller in this study, usually induces wake shedding near the
impeller outlet, making the energy distribution less uniform. Because of this, the method of reducing
pressure fluctuation by means of improving Euler head distribution uniformity by modifying the
impeller blade trailing edge profile is proposed. The impeller blade trailing edges are trimmed
in different scales, which are marked as model A, B, and C. As a result of trailing edge trimming,
the impeller outlet angles at the pressure side of the prototype of model A, B, and C are 21, 18, 15,
and 12 degrees, respectively. The differences in Euler head distribution and pressure fluctuation
between the model impellers at nominal flow rate are investigated and analyzed. Experimental
verification is also conducted to validate the CFD results. The results show that the blade trailing
edge profiling on the pressure side can help reduce pressure fluctuation. The uniformity of Euler
head circumferential distribution, which is directly related to the intensity of pressure fluctuation,
is improved because the impeller blade outlet angle on the pressure side decreases and thus the
velocity components are adjusted when the blade trailing edge profile is modified. The results of the
investigation demonstrate that blade trailing edge profiling can be used in the vibration reduction of
low specific impellers and in the engineering design of centrifugal pumps.

Keywords: centrifugal pump; energy distribution; euler head; pressure fluctuation; trailing
edge modification

1. Introduction

The centrifugal pump is a typical kind of vane pump working as rotating machinery
that makes use of the centrifugal force of the convey fluid as the impeller rotates. The fluid
obtains mechanic energy from the impeller while flowing through the passages between the
blades rotating at a high speed. Considering that there is an inseparable relation between
flow field and pump fluctuations generated by hydraulic factors, emphasis should be laid
on the improvement of flow field quality.

It is believed that hydraulic fluctuations are fundamentally generated by the non-
uniformity of energy distribution at the impeller outlet [1]. This kind of non-uniformity
comes into existence due to multiple reasons, for instance, the flow separation in the
impeller, or the interaction between the impeller and the volute tongue or guide vane [2,3].
Several studies have been carried out to improve the flow field for the purpose of reducing
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hydraulic fluctuations. Dong et al. [4] experimentally confirmed that noise and pressure
fluctuations were significantly reduced by enlarging the gap between the impeller and the
tongue by up to 20%, and by inserting short vanes between blades. Yan et al. [5] stated the
importance of the uniformity of circumferential energy distribution on pressure fluctuation
performance. They employed the local Euler head as a tool to visualize the energy growth
inside the impeller and energy distribution in the impeller as well as the volute. Gao and
Zhu [6] predicted the pressure fluctuations in a centrifugal pump with static guide vanes
numerically and compared the numerical results to the experimental data. The unsteady
RANS (URANS) method is used to capture the flow detail of a propeller’s unsteady
hydrodynamics. Majidi [7] applied the URANS model to solve unsteady three-dimensional
viscous flow inside the entire impeller and volute case of a centrifugal pump, and the
periodically unsteady results confirmed the interaction between impeller and volute tongue.
Barrio et al. [8] applied a well-validated URANS to study the flow pulsations associated
with the interaction between the impeller blades and the volute tongue under several flow
rates ranging from 20% to 160% of the nominal flow rate. Capurso et al. [9] designed a
novel impeller for a double suction pump and analyzed the flow fields by solving 3D
URANS in an openFOAM platform. Stuermer and Akkermans [10] used URANS with
high spatial and temporal resolution on aerodynamic and aeroacoustic predictions of a
contra-rotating open rotor. The noise directivities of the rotor as well as the interaction
tones showed a good correlation with the experimental data both in terms of shape and
magnitudes. Wei and Wang [11] studied the unsteady hydrodynamics of blade forces of a
submarine propeller based on the URANS method.

There are also former research works that focused on the suppression of pressure
fluctuation and vibration by modifying the geometry of pump parts. Wu and Yan [12]
presented a methodology for improving pump performance by changing the blade trailing
edge profile. They compared mixed flow impellers with different profiling, finding out
that the flow field in impeller is influenced. Gao and Zhang [13] studied a series of
centrifugal impellers with different blade trailing edge profiling. They concluded that
the impeller with modification on the pressure side of trailing edge has better pressure
pulsation performance, which is explained by the improvement of vortex intensity around
the blade trailing edge area. Zhang and Liu [14] investigated the effects of the blade trailing
edge profile on pressure pulsations and flow structures in a centrifugal pump with low
specific speed. It was found that the head and efficiency rise when the pressure side of
impeller trailing edge is trimmed. Weme and van der Schoot [15] introduced a prediction
method based on the simplified description of flow field in the impeller to assess the
influence of trimming on the hydraulic performance. Binama and Su [16] studied the
influence of blade trailing edge position on pressure field in a pump as turbine (PAT).
Ni and Yang [17] conducted a numerical study on the influence of diffuser blade trailing
edge profile on flow instability. They found that the vortex shedding can be diminished
by modifying the blade trailing edge profile and that the suction surface trailing edge
trimming can reduce pressure pulsations at diffuser outlets. In addition, a good example
of active control is Akkermans et al. [18], who applied trailing-edge blowing to actively
reduce the momentum deficit of the front rotor wake, and therefore the interaction with the
aft rotor. They found the aerodynamic performance is barely changed, and the interaction
tone noise is notably decreased.

Li and Gao [19] reduced pressure fluctuation and radial force of a centrifugal impeller
by adjusting the blade load distribution along a streamwise location. They found that an
impeller model with fore-loading had a better performance in reducing pressure fluctu-
ations and vibration. Tao and Yuan [20] modified slurry pump impeller blade thickness
and investigated the difference in transient flow character. They found that the pressure
fluctuation intensity at the impeller outlet increases when the blade thickness increases. Li
et al. [21] introduced an impeller, whose blades had variable thickness along a streamwise
location, into a low specific-speed centrifugal pump and achieved a good performance of
pressure fluctuation. Barrio et al. [22] investigated the relation between radial load and
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unsteady pressure fluctuation. Tan et al. [23] studied the influences of a radial diffuser on a
single-stage centrifugal pump and improved radial diffusers by controlling the diffusion
coefficient. Alemi et al. [24] studied radial force reduction by changing the geometry of
the volute and introducing a triple-volute to help reduce radial forces. Solis et al. [25]
studied the influence of splitter blades and radial gap on pressure fluctuation reduction
and emphasized the importance of splitter blades and volute geometry. Zeng et al. [26]
investigated the effect of the parameter of splitter blades on unsteady pressure radial force
pulsation and the vibration was reduced by moderately adding splitter blades.

Although numerous studies have investigated the cause of pressure fluctuation in
centrifugal pumps and introduced methods to reduce it, there are few works on reducing
pressure fluctuation by modifying the blade trailing edge profile and analyzing it in light
of energy redistribution.

In this study, the flow field in the centrifugal pump is investigated with Euler head
distribution analysis at a nominal flow rate, since the pressure fluctuation is induced by
the nonuniformity of energy circumferential distribution and can be reduced by improving
the energy distribution uniformity. In order to describe energy distribution uniformity,
the Euler head is introduced and used in the numerical investigations. It can be assumed
that impellers with better uniformity of circumferential Euler head distribution have lower
pressure fluctuation intensity [1]. A method to improve the circumferential distribution
uniformity of the Euler head to suppress pressure fluctuation is proposed. The blade
trailing edge profile of the prototype pump is trimmed to a different scale to improve the
circumferential distribution uniformity of the Euler head. The relevance between energy
distribution uniformity and pressure fluctuation intensity is also displayed in the results.

The paper is organized as follows: Section 2 introduces the reference pump and
validates the computational grid quality, Section 3 presents the pressure pulsation and
Euler head analysis at nominal flow rate on reference impeller and three modified impellers
and is validated through experiments, and Section 4 elaborates on the conclusions drawn
from this research.

2. Model and Numerical Methods
2.1. Pump Parameters

This study is based on a single suction centrifugal pump with a volute. The pump
was designed to operate at a flow rate of 18 m3/h, which is also the simulation flow rate
for all unsteady cases in this paper. The required head is 24.5 m. The impeller of the pump

— Oy

has 7 blades and 7 splitters. Its specific speed is n; = T% = 18.9, where n (rpm) is the

rotational speed of the impeller, and Q; (m3/s) and H, (m) are the flow rate and head,
respectively. The parameters of the prototype pump are shown in Table 1. The blade angle
of the inlet varies from 61.2° to 21.7° along with the spanwise location from hub to shroud.
It is worth noting that in this paper, the prototype impeller refers to the impeller with an
ordinary blade trailing edge profile.
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Table 1. Factors and their levels.

Parameters Values
n (rotating speed, rpm) 2950
Qg (design flow rate, m3/h) 18
Hyj (design head, m) 24.5
D; (impeller suction diameter, mm) 50
D, (impeller outlet diameter, mm) 132
B; (impeller outlet width, mm) 10
Z1 (number of blades) 7
Zy (number of splitter blades) 7
Bs (volute inlet width, mm) 20
Ds (volute tongue diameter, mm) 164
R (ratio of cutwater gap, B—z) 1.24
Bp2 (blade angle of outlet, °) 21

2.2. Computational Domain and Grid

The computational domain was divided into four parts, which were impeller, front
impeller side room, back impeller side room, and volute. Meanwhile, the inlet of impeller
and outlet of volute were both extended with tubes to minimize the effects of reverse flow
on the key flow field in the impeller and volute. The computational domain is shown in
Figure 1. It consists of an impeller, a volute, two impeller side gaps, and extension tubes.
The commercial software ANSYS ICEM CFD was used to generate structured grids. The
grid of the prototype impeller is displayed in Figure 2. The grids near the walls were
carefully refined and the y+ of the key surfaces in the impeller and impeller side gaps was

within 50 and 15, respectively.

Figure 1. Model view of the pump.
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Figure 2. Mesh view of the prototype impeller.

Figure 3 shows the results of the grid sensitivity test on the prototype impeller at
the designed flow rate. It is noticeable that the results converged when the number of
impeller grid cells was 1.6 million. The total quantity of grid cells of the whole model was
2.2 million and the grid quality was checked.
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Figure 3. Results of mesh sensitivity test at the designed flow rate.

2.3. CED Method and Boundary Conditions

The commercial CFD code ANSYS Fluent 14.5 was used to conduct the numerical
simulation. Two-equation models are widely used in industry applications due to relatively
low calculation costs and good accuracy. The steady realizable k-¢ model was employed to
treat the incompressible fluid with the Enhanced Wall Treatment function. The Multiple
Reference Frame approach was used in steady simulations. The boundary types of inlet
and outlet were set as “velocity inlet condition” and “pressure outlet condition”, respec-
tively. The SIMPLEC algorithm was selected to couple velocity and pressure. The second
order upwind scheme was selected for the discretization of the convection terms in the
momentum, turbulent kinetic energy, and turbulent dissipation rate equations.

The unsteady Reynolds-averaged Navier-Stokes (URANS) was applied for the un-
steady simulation of the models, whose results were prepared for pressure fluctuation
analysis. The URANS method can deal well with near-wall and far-field flows, and can
predict non-equilibrium regions in boundary layers with adverse pressure gradients accu-
rately [11]. The time-step length of the unsteady simulations was 5.65 x 10~° s, which was
the length of time for the impeller to rotate one degree. The other settings were the same as
the steady simulation.
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3. Results
3.1. Pressure Fluctuation and Euler Head Analysis
3.1.1. Introduction of Euler Head

The Euler head is the centrifugal pump theoretical equation indicating the kinetic
energy of fluid in the rotating impeller and can be used to study the internal energy
distribution in the impeller flow area. Former investigations have employed the Euler head
to study the energy distribution in impellers [5,22]. Equation (1) shows the definition of

the Euler head: uv.
Euler head = ?9 1)

U is the peripheral speed (m/s) of the control volume at the local position and Vy
is the absolute circumferential component velocity (m/s) of the control volume at the
local position.

The Euler head distribution along the circumferential location can reflect the energy
distribution uniformity. Measures can be taken to improve the uniformity of Euler head
circumferential distribution to reduce the pressure fluctuation intensity of the impeller. The
blade trailing edge profile in the traditional impeller is normally like the prototype impeller
in Figure 4. This blade trailing edge profile pattern usually induces wake shedding near
the impeller outlet, which contributes to the disorder of the circumferential Euler head
distribution, strengthening the pressure fluctuation. For the purpose of mitigating this
effect, a series of modifications to the blade trailing edge profile were put forward.

Prototype

Figure 4. Modifications to the blade trailing edge.

3.1.2. Modifications

Based on the prototype pump introduced above, a set of modifications to the blade
trailing edge profiles were conducted. As a result of the modifications, the outlet angle
of the blade pressure side became relatively smaller than the blade suction side outlet
angle. These modifications had different outlet angles. Figure 4 shows the details of
these modifications. The blade angle at the trailing edge (82) of prototype was 21 degrees.
The pressure side outlet angle of models A, B, and C was 18 degrees, 15 degrees, and
12 degrees, respectively.

3.1.3. Pressure Fluctuation Analysis

The pressure fluctuations performances of the modifications and prototype pump
were predicted and compared through unsteady numerical simulations for the purpose of
investigating the influence of the blade trailing modifications on the hydraulic fluctuation.
The unsteady numerical simulations were conducted at the nominal flow rate of 18 m3/h
with a rotating speed of 2950 r/min. The virtual monitor points were set near the impeller
outlet, whose specific positions are presented in Figure 5. These monitor points were
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equidistantly distributed in a circle with a diameter of 152 mm, and the angle varied from
0 = 0° to 6 = 315°. The pressure fluctuation of the prototype pump and the modifications
were predicted at the nominal flow rate and processed into pressure spectra by means
of Fast Fourier Transformation (FFT), with the spectra at four monitor points, which are
shown in Figure 6.

Figure 5. Position of the virtual monitor points.

— Prototype ______ 0.020 [ ]Prototype 0020
0 =00 [__IModel A C__IModel A
) [ IModel B [_IModel B -
[ 1Model C | 0015 [ ]Model C | o015
0.010 | oot0
' ﬁ | ooos C | oos C
‘| B 0.000
L 0.000 el 1
. ra _II\‘_H Y i JH Prototype
| Prototype /1 Il
.A,E_» 1 Il . M ,lL Model A
r L‘,\ ode Model B
\J“’JL Model B ESENA A
- Model C
Model C
200 400 600 800 1000 1200
200 400 600 800 1000 1200 Frequency (Hz)
Frequency (Hz)
(a) (b)
. Prototype |— — 0020 [ Prototype | 0.020
g=225¢ [ 1Model A | 0 =315° [ IModel A
Model B 0.015 [ IModel B
[_IModelc | [ IModelc | |— 00®
| 0.010 | 0010 c
| 0005 C | 0005
1 | | oo } ) | i
It 0.000
Jilme 10
A il A Prototype = . - Prototype
A} 4 Model A Al il
M N e oce Lo N Model A
A Model B f" Model B
Model C ==l Model C
200 400 600 800 1000 1200 200 400 600 800 1000 1200
Frenquency (Hz) Frenquency (Hz)
(0) (d)

Figure 6. Pressure fluctuations spectra of the prototype and the modifications at monitor points: (a) 8 = 0°; (b) 8 = 135°;

(c) = 225°; (d) 0 = 315°.
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Amplitudes

According to Figure 6, the blade-passing frequency fppr was 688 Hz where the ampli-
tudes were dominant among the frequency domains. The simulation result that the ampli-
tudes were dominant at fppr agrees with former research that showed that the
blade—tongue interaction is the main source contributing to pressure fluctuations [21,25].
The amplitudes of the spectra at eight monitor points were normalized and are presented
in Figure 7. Because of the employment of splitter blades, there was another peak, whose
amplitudes are shown in Figure 8, and was motivated at the frequency of 344 Hz, which is
half of the fppr. As is seen in Figure 7, the spectra amplitudes at fppr and 0.5 fppr of the
four models were distributed at the eight circumferential positions in a nearly synchronized
manner. The difference of the amplitudes of the four models can be clearly figured out, which
indicates that there was a gradient of pressure fluctuation intensity among the four models.
The prototype had the strongest pressure fluctuation intensity, followed by models A, B,
and C. Former investigations [5,13] have demonstrated that the amplitudes at the circum-
ferential position should present a tendency with 14 local peaks and valleys because of the
blade—tongue interaction. However, there were only eight monitor points, so it was unable
to be exhibited. The pressure fluctuation curves of the prototype and the modifications at
the circumferential positions against the time domain are presented in Figure 8. The figures
show the static pressure plots within the time of one circle. It is shown that the curves of
the prototype had stronger fluctuation and the fluctuation intensity was gradually mitigated
from Model A to Model C. The standard deviations of the pressure fluctuation plots around
the circumference of the impeller outlet were also extracted and normalized in Equation (2),
which can be regarded as an indicator of pressure fluctuation intensity.
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Figure 7. Comparison of spectra amplitudes at (a) fgpr; (b) 0.5 fgpr.
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Figure 8. Pressure fluctuation at the circumferential positions against the time domain.

N is the time step number in a circulation and p(x, y, z) is the time-averaged static
pressure of control volume at the local position.

Figure 9 shows the circumferential distributions of the pressure fluctuation intensity
of the models. As is shown in Figure 9, the normalized standard deviations of the four
models showed a similar pressure fluctuation intensity distribution. The pressure fluctu-
ation intensity of the models can be compared. Therefore, it is concluded that with the
enhancement of blade trailing edge modification, the pressure fluctuation is suppressed.
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Figure 9. Circumferential distributions of the pressure fluctuation intensity.

3.1.4. Euler Head Distribution Analysis

Figure 10 gives the normalized Euler head distribution of the four models on the
streamwise location. The rising curves display how the fluid obtained kinetic energy in
the impeller. The Euler head was averaged on the circumference and normalized with
Equation (3). The streamwise location in the impeller was specially defined. The inlet of
impeller was set as 0 and the outlet as 1 on the streamwise location in a linear order. The
leading edge of the splitter blade was at 0.5 in the streamwise location, so it was noticeable
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that the curve slope was higher in the second half. The modifications had almost the same
tendency along the whole range, which is similar to the results of the blade trailing edge
modification on a mix-flow pump conducted by Wu et al. [12]. In addition, the curve of the
prototype rose faster than the three modifications. There was a Euler head drop near the
outlet area, where there were no impeller blades transporting energy. The Euler head drop
of the prototype was evidently larger than those of the modifications. This shows that the
trailing edge trimming made the streamwise change in energy become milder. There were
still slight differences between the modifications, which means that the scale of trimming
on the blade trailing edge also made a small difference. It can be explained that when the
impeller blade trailing edge is cut on the pressure side, the change of blade angle affects
the work capacity of the blade near the trailing edge, thus affecting the energy distribution.

_ (Euler head — Euler heady;,;)
 Euler head,,1,s — Euler head;,
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Figure 10. Normalized Euler head distribution in the streamwise location (span = 0.5).

Figure 10 displays the energy distribution in the whole streamwise range. The energy
distribution near the outlet area of the impeller on the circumference was also analyzed.
The circumferential Euler head distributions were extracted out of the impellers of the four
models from static simulation results and are displayed in Figure 11. The Euler head data
were collected at a surface of revolution whose center was located at the axis of the impeller.
The radius of the surface of revolution was 72 mm, with a gap of 6 mm to the trailing edge
of the impeller blades. The Euler head data at the same angular position were recorded. As
observed in Figure 11, the normalized Euler head curves of the prototype and Model A
were similar, with 14 peaks and 14 valleys due to the 14 impeller blades. The deep valley
among 6 = 300° and 0 = 330° area was influenced by the volute tongue. When it comes to
Model B, the normalized Euler head distribution had a different pattern than the prototype
and Model C. As for Model C, there were only seven peaks and valleys. In addition, the
peaks and valleys of the Model C curve were two times the width of the peaks and valleys
of the prototype and Model A curves. It is assumed that the sharpened blade trailing edge
of Model C had an evident influence on the circumferential distribution of the Euler head
so that the two adjacent high Euler head regions combined together. The pattern of the
Model B curve was supposed to be a transition state between Model A and Model C, whose
peaks and valleys fluctuated much more mildly than those of the prototype and Model
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A. The fluctuation intensity in Figure 11, which is also regarded as the uniformity of the
circumferential Euler head distribution, is a direct scale of energy uniformity. To assess the
fluctuation intensity quantitatively, the standard deviation of the normalized Euler head
was calculated. For the purpose of getting rid of the influence of the volute tongue, the
standard deviation calculation area was set from 6 = 0° to 8 = 270°.

«— Prototype
- Model A
+— Model B

03 -~ Model C A

06 _‘ % ‘.:. ': .l :. .'. N / 4 t ;- ..': -.' _ W { :.. z‘.

Nondimensional Euler head (gHg,,/U,%)

0.4 —

T

T T
180 240 300 360

0()

Figure 11. Circumferential distributions of the Euler head.

Table 2 shows the standard deviations of the Euler head of the four models. The
standard deviations of the three modified models were smaller than the prototype, which
means that the modifications had better uniformity than the prototype. Meanwhile, there
was a sequence of the three modifications rating by the scale of reduction in standard
deviation, from which it can be inferred that the enhancement of the blade trailing mod-
ification led to a better uniformity of energy circumferential distribution at the impeller
outlet. The effect of the blade trailing edge modification on the pressure side was obvious,
as shown in Table 2.

Table 2. Comparison of standard deviations.

Pump Standard Deviation Reduction (%)
Prototype 0.04334 -
Model A 0.03546 18.18
Model B 0.02582 40.42
Model C 0.02210 49.01

3.1.5. Pressure and Local Velocity Analysis

Analysis in light of the Euler head distribution shows the influence of blade trailing
edge modification on fluid kinetic energy, and its influence on static pressure distribution
was recorded. Figure 12 shows the streamlines of the prototype and Model C between
blades in a midspan surface in blade-to-blade mode. The streamlines were similar in the
former part of the impeller, whereas there were differences near the outlet area. There were
small higher relative velocity areas spreading at the outlet of the prototype than at the
upstream area, which were induced by the blade trailing edge, whereas the relative velocity
was almost uniform at the Model C outlet. The comparison of static pressure distribution
between the prototype and Model C is shown in Figure 13. The static pressure distributions



Processes 2021, 9, 1408

13 of 19

Pressure
-2.861¢*
-4.967 *
-7.073¢*
-9.179¢*
-1.128 ¢°
-1.339€°
-1.550 e°
-1.760 &°
-1.971¢€°
-2.181¢°

-2.392 €°
[Pa)

of the prototype and Model C were rather similar in most parts of the impeller, as was the
state of the Euler head distribution in the streamwise location, as shown in Figure 10. The
blade trailing edge modification did not affect the static pressure distribution in most of
the impeller. Although there was an exception at the blade trailing edge, the contour lines
of Model C showed better parallelism than those of the prototype, which means the static
pressure was distributed more evenly at the same streamwise location.

\ ity L
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1.080€+001 h\

Figure 12. Velocity streamlines of (a) the prototype; (b) Model C.

A

Pressure

-4.390 *
-6.710e*
-9.030¢*
-1.135¢°
-1.367 &°
-1.599 e°
-1.831¢°
-2.063 e°
-2.295¢°
-2.527¢°
-2.759 €°
[Pa]

(a) (b)

Figure 13. Comparison of static pressure contours (span = 0.5) between (a) the prototype; (b) Model C.

In order to study the influence of blade trailing modification on the pressure side
quantitatively and make the explanation above more persuasive, a set of monitor points
was set up near end of the blades and the local velocities at the monitor positions were
extracted and averaged. The monitor points were set near the blade walls because firstly,
the main aim was to investigate the change in local velocity near the wall and secondly, the
influence of blade trailing edge modification attenuated as the distance increased. Figure 14
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shows the positions of the monitor points. Given the outlet of the impeller was near the
interface with the volute, numerical error may have accumulated due to interpolation.
The monitor points were respectively arranged on both sides of the blades 1 mm away
from the blade wall and with radii of 65 mm, 63 mm, 61 mm, and 59 mm at span = 0.5.
Moreover, there were other monitor points set around other blades with the same order of
arrangement to ensure accuracy. The interaction between impeller and volute tongue may
have influenced the local velocity of the blade nearby, so only the blades between 6 = 45°
and 0 = 270° were selected as monitor blades. Table 3 shows the averaged local velocities
of the monitor points. The letter w represents the relative velocity, B, represents the fluid
flow angle, and Vj is same as Equation (1), representing the circumferential component
of absolute velocity, which can be regarded as a feature of energy when compared to the
same radius. As seen in Table 3, the relative velocity, fluid flow angle, and circumferential
component of the absolute velocity of the two models on the suction side were basically the
same, indicating that the blade trailing modification had almost no effect on the velocity
there. Figure 15 provides images of the pressure side velocity triangle of averaged local
velocities shown in Table 3. The blue arrow represents the relative velocity of the prototype
and the red arrow represents the relative velocity of Model C. The letter u represents the
circumferential velocity in the impeller and the fluid flow angles are marked respectively.
The fluid flow angles of all points were similar to the nearby tangential blade angles, so
the area from the R = 59 mm position to the R = 65 mm position could be considered one
flow stream. The blade trailing modification of Model C starts at the radius of 59 mm
on the pressure side. The relative velocities and fluid flow angles on the pressure side
of the two models were quite similar, with a radius of 59 mm. The fluid near the blade
flowed along the blade wall without any obvious flow separation and the flow angle at
the pressure side of Model C gradually became small as it approached the pressure side
outlet angle. The relative velocity of Model C rose as the flow stream went and eventually
became bigger than the prototype on the pressure side. As a result, at a radius of 65 mm,
the circumferential component of absolute velocity on the pressure side of Model C became
smaller than the prototype. Therefore, the high Euler head area marked by a black circle in
Figure 14 was adjusted. The adjustment was beneficial to the jet-wake phenomenon, and
thus the slip factor phenomenon, which also explains why there was more curve and less
peak and valley for Model C, as seen in Figure 11.

(b)

Figure 14. Arrangement order of local velocity monitor points near the blades (span = 0.5): (a) prototype; (b) Model C.
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Table 3. Averaged local velocities of monitor points.

P R Pressure Side Suction Side
um
P (mm) w (m/s) B2(°) Vg(m/s) w (m/s) B2(°) Vy(m/s)
59 1.42 28.30 15.43 - - -
Prototvpe 61 1.66 28.63 15.85 1.20 34.05 16.30
Yp 63 1.83 28.00 16.30 1.19 32.52 16.91
65 241 26.30 16.31 1.10 32.36 17.60
59 1.44 27.52 15.40 - - -
Model C 61 2.10 24.87 15.40 1.20 34.02 16.30
ode 63 2.36 20.79 15.71 1.23 33.33 16.89
65 2.99 14.54 15.64 1.14 31.30 17.56

(c) (d)

Figure 15. Pressure side velocity vector triangle of averaged local velocities in Table 3: (a) R = 59 mm; (b) R = 61 mm;

(c) R = 63 mm; (d) R = 65 mm. Black: peripheral velocity; blue: relative velocity of the prototype; red: relative velocity

of Model C.

3.2. Methodology and Validation of Pressure Fluctuation Suppression
3.2.1. Hydraulic Performances

The hydraulic performances of the prototype and the modifications under five operat-
ing conditions were predicted by means of steady CFD calculations. The heads at different
flow rates were normalized and the curves were fitted by B-Spline. The comparison of
the head coefficients is shown in Figure 16. According to Figure 16a, the head of the
prototype was under the modifications in all operating conditions. The difference in the
three modifications also shows that the head rose as the blade trailing edge trimming
advanced from Model A to Model C. The experiment results of Model B also agree well
with the simulated results. Figure 16b shows the hydraulic efficiencies of the prototype and
the modifications. According to Figure 16b, the hydraulic efficiencies of the modifications
were above the prototype in all operating conditions. The high efficiency areas of the
modifications were wider than those of the prototype at a large flow rate. The hydraulic
efficiency also rose when the blade trailing edge trimming scale was enhanced. There were
BEP shifts at the modifications but the efficiencies of the modifications at the designed
flow rate were still acceptable, as they were not lower than those of the prototype. The
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numerical simulations demonstrate that the blade trailing modifications influenced the

head and hydraulic efficiency at the same time.
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Figure 16. Comparison of the external characteristics: (a) head coefficients; (b) hydraulic efficiencies.

3.2.2. Experimental Analysis

The Model B impeller in this study was manufactured and tested for hydraulic perfor-
mance and vibration characteristics. In consideration of structural strength of the blade
trailing edge, the Model B impeller rather than Model C was selected as an actual prod-
uct. Figure 17a displays the schematic of the pump test rig. Two pressure sensors were
deployed to measure the suction and discharge pressure and an electromagnetic flowmeter
was set to monitor the flow rate. The accuracy and calculated errors of the instruments
applied in the test are list in Table 4. The stars in Figure 16 are the heads and efficiencies
of the Model B impeller at different flow rates. The experimental normalized head of the
Model B impeller was close to the numerical result at the designed flow rate and partial
flow rate, and the efficiency deviation exceeded no more than 5% at partial load, which
shows good agreement with the CFD experimental results. The vibration acceleration of
the pump with the Model B impeller at the designed flowrate was also collected. The
reference sensitivity of the vibration sensor was 513.0 mV /g (52.31 mV/ms~?2) at 159.2 Hz,
20 ms-2 RMS, and at 23.9 °C. The frequency range of the vibration sensor was between
0.3 Hz and 12.8 kHz (amplitude &+ 10%) and 2 Hz to 1.5 kHz (phase & 5°). The sampling
frequency was 20,480 Hz. According to the parameters of the vibration sensor, it is con-
sidered adequate for the requirements of this study. The collecting position was set on
the basal board between motor and pump, which is shown in Figure 17b. The real-time
signal could be obtained to extract the frequency spectrum through FFT. The vibration
acceleration spectrum against the frequency domain is displayed in Figure 18. It is clear
that the vibration component mainly sat at the 694 Hz in the low-frequency band. This
frequency corresponds to the total number of impeller blades together with the splitter
blades. The experimental results show that the vibration acceleration of the pump at the
nominal flow rate was well controlled with the modified impeller, which proves that the
effect of the blade trailing edge profile modification had a good effect on the pressure
fluctuation reduction. This blade trailing edge profiling pattern can also be applied to

impellers with similar specific speeds for similar purposes.
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Figure 17. Schematic of (a) the pump test rig; (b) the vibration acceleration sensor.

Table 4. Accuracy and calculated errors of other instruments.

Pressure Torque Rotational Speed .
Sensor Meter Meter Magnetic Flow Meter
Accuracy +0.1% +1.5% +0.1% +0.1%
Error +0.3% £1.6% +0.4% +2.3%
0.3 . | . i ' T . T .
_ 694Hz
E
‘g’
k5 0.2 - -
2
S
S §
=
=
2
i 0.1 -
346Hz
0.0 ; I Mw J . : ‘
0 200 400 600 800 1000

Frequency(Hz)

Figure 18. Vibration acceleration spectrum against frequency domain.

4. Conclusions

The relation between energy distribution uniformity and pressure fluctuation intensity
was seriously considered. The Euler head as introduced as a feature of fluid energy to
assess the uniformity of energy distribution. The circumferential distribution of the Euler
head was employed to describe the uniformity flow field near the impeller outlet. The
circumferential Euler head distribution around impeller outlet was used as an index
to evaluate the pressure fluctuation intensity. Therefore, the goal of reducing pressure
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fluctuation became improving the uniformity of the circumferential distribution of the
Euler head.

For the purpose of improving the circumferential Euler head distribution uniformity,
impeller blade trailing profile modifications were put forward and investigated for its
influence on pressure fluctuation performance.

The blade trailing edge profile of the prototype induced wake shedding that brought
nonuniform distribution of the Euler head. The blade trailing edge profile should be modi-
fied to adjust the Euler head distribution pattern. A series of modifications with different
scales of blade trailing modifications were generated. By means of CFD simulation, the
pressure fluctuation performances of the prototype and the modifications were compared.
Although the prototype pump already employed splitter blades and the pressure fluctua-
tion was well minimized, the blade trailing modification still made an obvious difference
in suppressing pressure fluctuation further. The three modifications were set with different
blade outlet angles of 18 degrees, 15 degrees, and 12 degrees on the pressure side. The CFD
results show that Model C with a blade pressure side outlet angle of 12 degrees had the best
pressure fluctuation performance, with hydraulic performance as good as the prototype.

Model C, with the best pressure fluctuation performance, had the most uniform
circumferential distribution of the Euler head. The local velocities near the impeller
blade trailing edge of the prototype and Model C were collected and compared. The
relative velocity and the fluid flow angle changed as the pressure side blade angle changed.
Consequently, the Euler head distribution of the impeller outlet became more uniform and
the pressure fluctuation performance was improved.

In consideration of the structural strength of the blade trailing edge, Model B was
selected as a test impeller. Experiments on its hydraulic and vibration performance were
conducted. The vibration acceleration component had a high amplitude at a blade-passing
frequency of 694 Hz, which matched well with the blade-passing frequency in the numerical
results. The methodology of the blade trailing edge profile modification can also be applied
to impellers with similar specific speeds.
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