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Abstract: In this paper, the effects of blade trailing edge (TE) profile modification of the suction
side on the internal flow and hydraulic performance in a low-specific speed centrifugal pump are
investigated through particle image velocimetry (PIV) analysis. Three impellers with different blade
trailing edge profiles named original trailing edge (OTE), arc trailing edge 1 (ATE1), and arc trailing
edge 2 (ATE2) are designed for PIV experiments. Results show that blade trailing edge modification
of the suction side can significantly change the flow pattern, affecting the hydraulic performance
of the model pumps. There is a definite counterclockwise backflow vortex near the suction side of
OTE at deep-low flow rate, resulting in a decrease in the uniformity of the flow field at the outlet
and the hydraulic performance. ATE1 with a reasonable larger blade outlet angle has the best flow
field, and the head and efficiency are increased by about 1.2% and 8%, respectively under the same
working condition. The hydraulic performance of ATE2 with the blade outlet angle of 59◦ is better
than that of OTE under low flow rate, but it is less than that of OTE under high flow rate due to the
streamline deviation generated on the pressure side. Meanwhile, the energy conversion abilities of
the modified model pumps are evaluated by slip factor and the deviation degree of the nominalized
local Euler head distribution (NLEHD). Since there is no definite counterclockwise backflow vortex
at the outlet after modification, the slip factor of ATEs increases and the energy conversion ability is
enhanced. Moreover, the jet-wake phenomenon of ATEs is weakened, and the local Euler head (LEH)
increases near the outlet, decreasing the deviation degree of the NLEHD to obtain better energy
conversion ability.

Keywords: blade trailing edge modification; particle image velocimetry; slip factor; nominalized
local Euler head distribution

1. Introduction

The centrifugal pumps are widely used in petrochemical, chemical, coal, metallurgy,
pharmaceutical, electric power, and other industrial fields, and their energy consumption
accounts for about 20% of the world’s total power generation [1]. Improving the operation
efficiency of the centrifugal pump is an urgent requirement for sustainable development.
Therefore, it is of great significance to improve the hydraulic design of centrifugal pumps to
meet the requirements of high hydraulic performance. The impeller works as an essential
hydraulic component of the centrifugal pump, and its structure has a crucial impact on the
pump head, flow rate, efficiency, and so on [2,3].

Numerous studies have been conducted to reveal the internal flow and improve the
hydraulic performance of centrifugal pumps through blade geometry modification [4,5].
Gao et al. [6] analyzed five typical blade TEs on the performance and unsteady pressure
pulsations. They found that the well-designed blade TEs can significantly improve the
pump efficiency and contribute markedly to pressure pulsation reduction. Wu et al. [7]
studied the effect of TE modification of a mixed-flow pump to widen the operating range.
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They found that a small change in the TE of the impeller can influence flow structure in most
areas of impeller channels. Additionally, TE modification significantly improves pump
efficiency in the high flow rate region by more than 10%. Das [8] evaluated the performance
of three different impeller vane geometries. The results demonstrated that the impeller vane
geometry has an effect on the efficiency of the centrifugal pump performance. Ni et al. [9]
analyzed the effect of the diffuser blade trailing edge (BTE) profile on the flow instability
in a nuclear reactor coolant pump. They found that the vortex shedding intensity from
the trailing edge would be diminished by changing the diffuser blade trailing edge profile.
An appropriate BTE profile can effectively prevent flow separation and change evolution
of separate flow. Cui et al. [10] studied the effect of blade TE cutting angle on unstable
flow and vibration in a centrifugal pump. They found that the centrifugal pumps with a
suitable blade trailing cutting angle can achieve better performance. Lin et al. [11] studied
the influence of impeller sinusoidal tubercle trailing edge (STTE) on pressure pulsation in a
centrifugal pump at nominal flow rate. They found that the bionic STTE can reduce the
intensity of the rotor–stator interaction and the pressure pulsation of the centrifugal pump.
A reasonable design of STTE can effectively eliminate the high-frequency pressure pulsation
in the rotor–stator interaction region. Gülich [12] indicated that profiling the impeller blade
TE on the suction side can increase the head and efficiency, and the efficiency increase in
the pump is attributed to the narrowing of the wake region. Barrio et al. [13] analyzed the
effect of impeller cutback on the fluid-dynamic pulsations and load at the blade-passing
frequency in a centrifugal pump. Ding et al. [14] found that both the efficiency of the pump
and the hydraulic loss in the impeller decrease with the increase in the blade outlet angle.
In conclusion, blade geometry modification, such as leading edge (LE), TE, and impeller
cutback, will affect the internal flow structure and hydraulic performance, and a suitable
blade modification will play an important role in the operation of the centrifugal pump.

Many studies have been carried out by particle image velocimetry, a non-intrusive
measuring technique [15,16]. Keller et al. [17] investigated the unsteady flow in a cen-
trifugal pump with vaneless volute based on PIV measurements. They found that the
fluid–dynamic blade–tongue interaction is dominated by high-vorticity sheets being shed
from the impeller channels, especially from the blade TEs. Zhang et al. [18] studied the
unsteady flow structure and its evolution in a low specific speed centrifugal pump using
PIV measurements. They found that the typical jet-wake flow pattern at the blade outlet
is observed for flow rates lower than the nominal working condition and the jet-wake
flow pattern is not apparent due to the high momentum fluid concentrating on the blade
suction side at high flow rate. Westra et al. [19] used PIV to investigate the secondary
flow structures of a centrifugal pump. They found that the secondary flow occurs, and it
causes the formation of low velocity regions near the intersection. Krause et al. [20] applied
time-resolved PIV measurements to determine the velocity fields in a rotating radial pump
impeller and observe the unsteady flow phenomena appearing in the impeller at throttled
flow rates. Li et al. [21] studied the influence of internal flow patterns on hydraulic perfor-
mance and energy conversion characteristics through PIV experiments. They found that
counterclockwise vortex increases energy loss and clockwise vortex has a positive effect
on the pump head. Si et al. [22] adopted PIV method to analyze the flow characteristics
inside the vane-island diffuser. Pedersen et al. [23] observed a “two-channel” phenomenon
consisting of alternate stalled and unstalled passages by PIV technique at quarter-load.
Shi et al. [24] measured internal flow of solid–liquid two-phase flow in a centrifugal pump
using PIV methods. To sum up, PIV measurement technique is broadly used for showing
the internal flow structures and revealing a vortex evolvement rule in pumps.

Although a large number of studies have been carried out on blade trailing edge
modification through numerical simulation and experimental study, the effects of trail-
ing edge modification, especially on the suction side, internal flow characteristics, and
hydraulic performance is rarely discussed through PIV experiments. Therefore, in this
paper, PIV experiments of three different blade trailing edges are conducted to provide
some guidance for further modification of blade trailing edges. In the meantime, slip factor
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and nominalized local Euler head distribution are introduced to analyze and compare the
energy conversion ability of the modified model pump.

2. Model Pump and PIV System
2.1. Model Pump and TE Modification

In this paper, the PIV experimental study was carried out on a non-volute low-specific
speed centrifugal pump, and the model pump is shown in Figure 1a. In a PIV experiment,
instead of using the three-dimension twisted blade, the two-dimension blades were applied
for investigation. To study the effects of blade trailing edge modification of the suction side
on internal flow characteristics and hydraulic performance in the model pump, three blade
trailing edge profiles are designed, namely original trailing edge, arc trailing edge 1, and
arc trailing edge 2. One of the experimental impellers is shown in Figure 1b, and the three
impellers of blade trailing edge profiles are shown in Figure 1c.

Processes 2022, 10, x FOR PEER REVIEW 3 of 20 
 

 

paper, PIV experiments of three different blade trailing edges are conducted to provide 

some guidance for further modification of blade trailing edges. In the meantime, slip fac-

tor and nominalized local Euler head distribution are introduced to analyze and compare 

the energy conversion ability of the modified model pump. 

2. Model Pump and PIV System 

2.1. Model Pump and TE Modification 

In this paper, the PIV experimental study was carried out on a non-volute low-spe-

cific speed centrifugal pump, and the model pump is shown in Figure 1a. In a PIV exper-

iment, instead of using the three-dimension twisted blade, the two-dimension blades were 

applied for investigation. To study the effects of blade trailing edge modification of the 

suction side on internal flow characteristics and hydraulic performance in the model 

pump, three blade trailing edge profiles are designed, namely original trailing edge, arc 

trailing edge 1, and arc trailing edge 2. One of the experimental impellers is shown in 

Figure 1b, and the three impellers of blade trailing edge profiles are shown in Figure 1c. 

 

Figure 1. Experimental apparatus: (a)model pump; (b) the transparent impeller; and (c) the trailing 

edge profiles of different blades. 

The experimental impellers of this PIV experiment were made of acrylic material. 

The blade pressure side and suction side profile of OTE were the same. The trailing edges 

profile of the pressure side of ATE1 and ATE2 blades remained unchanged, and only the 

trailing edge profiles of suction side were modified. The impeller radius was 71 mm. The 

trailing edge profile of ATE1 was changed to an arc section of a circle with a radius of 210 

mm starting from R = 60 mm. The trailing edge profile of ATE2 was changed to an arc 

section of a circle with a radius of 26 mm starting from R = 64 mm, and it is obvious that 

the trailing edge profile of ATE2 was more curved than that of ATE1. The trailing edge 

Figure 1. Experimental apparatus: (a) model pump; (b) the transparent impeller; and (c) the trailing
edge profiles of different blades.

The experimental impellers of this PIV experiment were made of acrylic material. The
blade pressure side and suction side profile of OTE were the same. The trailing edges
profile of the pressure side of ATE1 and ATE2 blades remained unchanged, and only the
trailing edge profiles of suction side were modified. The impeller radius was 71 mm. The
trailing edge profile of ATE1 was changed to an arc section of a circle with a radius of
210 mm starting from R = 60 mm. The trailing edge profile of ATE2 was changed to an arc
section of a circle with a radius of 26 mm starting from R = 64 mm, and it is obvious that
the trailing edge profile of ATE2 was more curved than that of ATE1. The trailing edge
profile of the suction side of OTE was similar to “C” (C-shaped). While the trailing edge
profiles of the suction side of ATEs (ATE1, ATE2) were partially bent to the pressure side,
and the blade profiles of the suction side were similar to “S” (S-shaped). The geometric
parameters of the suction side of impellers and the model pump are shown in Table 1.
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Table 1. Geometric parameters of the suction side of impellers and the model pump.

Value

Parameter Name Sign OTE ATE1 ATE2

Inlet diameter(mm) D1 56 56 56
Outlet diameter(mm) D2 142 142 142
Blade inlet angle (◦) β1 18◦ 18◦ 18◦

Blade outlet angle (◦) β2 32◦ 47◦ 59◦

Blade number Z 5 5 5
Blade height (mm) b 7 7 7

Specific speed ns 23.8 23.8 23.8

2.2. Experimental Setup

As shown in Figure 2, the experiment of the model pump was carried out in a closed
test rig [18]. The experimental test rig was composed of water tank, valves, electronic
flowmeter, pressure sensors, torque and rotational speed measurer, model pump, computer,
synchronizer, PIV test system, and so on. Water was used as a working fluid and the
flow rate of water through the model pump was adjusted through valves. An electronic
flowmeter was used in the test circuit, and the measurement accuracy was less than 0.5% of
the measured value. The rotational speed of the model pump was controlled by a frequency
conversion control system to ensure the fixed speed of 900 rpm. The uncertainty of the
rotational speed was about 0.5%. The head was calculated by the pressure sensors at the
inlet and outlet of the model pump, and the measurement accuracy was 0.1%. In order to
obtain the internal flow structure of the model pump with different trailing edge profiles,
the PIV measurement system was adopted.
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2.3. PIV Setup

The 2D2C PIV equipment used in this experiment was produced by Lavision, and
Davis commercial software was used to obtain the actual velocity field of the impeller.
For the PIV test system selected in the experiment, the Nd:YLF laser with pulse energy of
22.5 MJ was used to illuminate the impeller, and the laser light sheet thickness was 1 mm.
The laser illumination plane was the middle span of the impeller by controlling the optical
guide arm. The laser wavelength was 527 nm, and the time delay between the two laser
pulses was adjusted to 130 ms to ensure the rule of 1/4 particle displacement. A CMOS
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camera with a spatial resolution of 1920 px × 1200 px was used to capture images. A
NIKON Nikkor 50 mm f/1.4 lens in front of the camera was used to accurately focus the ex-
perimental impeller and obtain better signal-to-noise ratio. A control displacement system
was used to ensure the camera was perpendicular to the laser light sheet. A synchronizer
was used to synchronize the laser trigger with the exposure time of the CMOS camera. The
shaft encoder was used to ensure the phase of the impeller was consistent during each
cycle. The interrogation window of this experiment was decreased from 64 × 64 px2 to
32 × 32 px2 with 50% overlap, and the multiple interrogation method was used to process
the images. The hollow glass spheres with the diameters of 9–13 µm and the density of
1050 kg/m3 were selected as the seeding particles in PIV experiment. Before the starting
of PIV test, the blender in the water tank was used to make the particle concentration
distribution uniform in the experimental section, for approximately 10–20 pairs per interro-
gation window. To reduce optical errors, the transparent pump cover at the outer end of
the impeller was designed as a cube for the decrease in laser refraction and scattering. The
shooting section of the pump body was blackened to reduce laser reflection from the metal
background of the pump body. Considering various measurement errors, the uncertainty
of PIV measurement in phase-averaged velocities was estimated to be lower than 1–3% of
the measured value [21].

3. Results and Discussions
3.1. Hydraulic Performances of Different Blades TE Modification

The performance curves of different blade trailing edge model pumps are shown in
Figure 3 at the rotational speed of 900 rpm. When the rotational speed is 900 rpm, the
internal flow pattern changes clearly with the variation of flow rate. From η-Q curves, it is
observed that the blade trailing edge profiles significantly affect the pump efficiency. The
flow rates of best efficiency point (QBEP) of OTE, ATE1, and ATE2 pumps are 1.52 m3/h,
1.42 m3/h, and 1.35 m3/h, respectively. The experimental results show that the flow rate of
the best efficiency point will move to the low flow rate area with the increase in the blade
outlet angle. Additionally, the corresponding best efficiency values of OTE, ATE1, and
ATE2 are 31.5%, 35.1%, and 33.5%, respectively. It can be found that increasing the blade
outlet angle of the suction side improves the optimal efficiency compared with the OTE
pump. As observed form H-Q curves, it is noted that appropriately increasing the blade
outlet angle can improve the head. When the blade outlet angle increases, the component of
the absolute velocity in the circumferential direction VU2 will increase, and the theoretical
head of the pump will be improved; see Euler Equation (1). As for ATEs, the head becomes
larger at low flow rates compared with OTE. When the flow rate is 0.5 m3/h, HATE1 and
HATE2 are 2.17 m and 2.14 m, larger than 2.12 m of HOTE. However, the head will decrease
at high flow rates. When the flow rate is 2.5 m3/h, the head of OTE, ATE1, and ATE2 are
0.47 m, 0.43 m, and 0.30 m, respectively. Due to the blade outlet angle β2 of the suction side
being too large, the suction side is seriously bent, and the profile turns into an S shape. The
flow channel of the blade suction side becomes shorter, and the diffusion angle of the flow
passage between adjacent blades becomes larger. Therefore, the backflow or even blockage
may appear at the inlet, which causes a great hydraulic loss. According to P-Q curve, the
shaft power of OTE is the smallest. With the increase in the outlet angle, the shaft powers
of ATEs are also increased, and the shaft power of ATE2 is greater than that of ATE1.

Ht =
U2VU2 − U1VU1

g
(1)
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The PIV experiments of ATE1 and ATE2 at the flow rate conditions of 0.2 QBEP,
0.4 QBEP, 1.0 QBEP, and 1.2 QBEP are investigated based on the nominal efficiency flow rate
of OTE pump (i.e.,1.0 QBEP = 1.52 m3 /h). Subsequently, the influence of blade trailing edge
profile modification on internal flow characteristics and hydraulic performance is analyzed
by comparing the nominal flow rate (1.0 QBEP), the low flow rate conditions (deep-low
flow rate for 0.2 QBEP, low flow rate for 0.4 QBEP), and high flow rate condition (1.2 QBEP).
Table 2 shows the head and efficiency of the different blade trailing edge profiles at four
flow rate conditions.

Table 2. Performances of different model pumps at four flow rates.

Blade OTE ATE1 ATE2

Parameter Head Efficiency Head Efficiency Head Efficiency

0.2 QBEP 2.13 m 11.5% 2.18 m 12.4% 2.17 m 11.9%
0.4 QBEP 2.11 m 20.1% 2.17 m 21.6% 2.15 m 21.1%
1.0 QBEP 1.74 m 31.6% 1.78 m 34.1% 1.68 m 32.1%
1.2 QBEP 1.47 m 29.1% 1.48 m 31.4% 1.37 m 28.1%

3.2. Velocity Distributions of Different TE Profiles

The schematic diagram of the mid-span of OTE impeller is shown in Figure 4. The
rotation direction of the model pump is clockwise, where x represents the horizontal
direction and y is the vertical direction. In the meantime, U, V, and W are defined as the
tangential velocity, the absolute velocity, and the relative velocity, respectively. Considering
that the flow field variation trends in different impeller flow channels are basically the
same, the flow passage 1 was selected for further analysis according to reference [21].
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During the experimental measuring process, the synchronizer was used for phase lock-
ing to ensure that the blades were all in the same position when capturing the 300 groups
of images. The cross-correlation technology of two continuous images was used to analyze
and obtain the real flow field. The real phase-averaged absolute velocity field V(x, y) of
the impeller section was obtained by the software Davis. A program is written in MAT-
LAB to obtain the relative velocity field W(x, y), which is obtained by subtracting the
circumferential velocity U(x, y) from the average absolute velocity, shown in Equation (2).

W(x, y) = V(x, y)− U(x, y) (2)

Figure 5 represents the relative velocity distributions of three different blade trailing
edges. At the nominal flow rate, the relative velocity streamlines of OTE and ATE1 follow
the blade well, while that of ATE2 deviates from the suction side due to the large blade
outlet angle. The definite low-velocity region can be found in the middle of the pressure
side, and this situation has also been discussed in references [18,25]. At the high flow rate,
the fluid is more significantly concentrated on the suction side, which agrees well with
references [17,18]. The streamlines of OTE and ATE1 still follow the blades. However,
for ATE2, it can be clearly seen that part of the streamlines at the inlet deviate from the
suction side and deviate to the pressure side. The deviated streamlines are mainly caused
by the counterclockwise flow separation vortex on the pressure side, which results in a
large hydraulic loss, and the head and efficiency decrease by 0.9 m and 1%, respectively.

As shown in Figure 5a,b, the flow separation vortexes appear on the suction side and
pressure side under the low flow rate conditions. The clockwise flow separation vortex is
generated on the suction side, and the counterclockwise flow separation vortex is generated
on the pressure side, which was discussed in references [15,21]. It can be clearly seen that
the clockwise vortex of OTE is inside the outlet flow passage, and the clockwise vortex of
ATE1 moves outward to occupy a small portion of the outlet flow passage near the suction
side. The clockwise vortex of ATE2 occupies more than half of the main flow passage
and extends to most of the outlet area of the suction side. The main reason is that the
diffusion degree of the flow passage between adjacent blades becomes larger in ATEs;
thus, the constraint on the fluid is weakened, and the clockwise vortex is fully developed
outward compared with OTE. The ATE1 vortex structures of the pressure side and suction
side are smaller than those of OTE at deep-low flow rate. Therefore, the internal flow
field is improved, and the efficiency and head are increased significantly while the vortex
structures of ATE2 in the pressure side and suction side are the largest on both spanwise
and streamwise, leading to a serious blockage in the flow passage. Under low flow rate
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conditions, the efficiency and head do not decrease significantly compared with ATE1, but
the head and efficiency are higher than OTE in Table 2. The decrease in efficiency of OTE is
due to the counterclockwise backflow vortex A at the outlet of the suction side, as shown in
Figure 5a, resulting in a complete block near the outlet flow passage. The backflow vortex
A on the suction side is caused by the adverse pressure gradient.
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The backflow also occurs in the flow passage of ATEs, but there is no definite backflow
vortex A. To explain such phenomenon, the schematic diagram of the transient flow fields
of OTE and ATEs is shown in Figure 6. In most transient moments of deep-low flow rate,
the range and magnitude of counterclockwise backflow vortex in the dashed frame are
much larger than those of ATEs; thus, the flow instability is aggravated. The appearance of
backflow vortex A deteriorates the flow uniformity at the outlet and reduces the efficiency.
While there is no counterclockwise vortex structure with large magnitude and scale for
ATEs at most transient moments, the uniformity of relative velocity distribution of the
outlet passage and hydraulic performance are improved.
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3.3. Influence of Blade Trailing Edges near the Outlet

For low-specific speed centrifugal pumps, the velocity distributions at the outlet
usually show a jet-wake phenomenon and the backflow. In order to further analyze the jet-
wake phenomenon and the backflow inside the model pump impeller, the phase-average
relative velocity distribution of passage 1 is quantitatively analyzed. As shown in Figure 7,
the arcs from the blade suction side to the blade pressure side are defined as R/R0 = 0.9 and
R/R0 = 1.0. The blade suction side is SS, and the blade pressure side is PS. L is defined as
the dimensionless length from the suction side to the pressure side, where L = 0 is the blade
suction side, L = 1 is the blade pressure side, and W is the phase-average relative velocity.
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As shown in Figure 8, the relative velocity distributions from the suction side to the
pressure side basically show a stable growth trend under nominal and high flow rate
conditions. The jet-wake phenomenon is generated [26,27]. Under low flow rate conditions,
the clockwise vortex near the suction side causes the stall phenomenon, and the velocity
decreases significantly, which aggravates the jet-wake phenomenon. The reason for the
sudden drop in relative velocity around L = 0.2 is that the arc passes through the vortex
center of the backflow vortex A in OTE. The sudden drop causes a large hydraulic loss. The
increase in the relative velocity of ATE2 at L = 0.15–0.5 in Figure 8c,d is mainly caused by
the deviation of the relative velocity streamlines in Figure 5c,d. The trend of the relative
velocity distribution of ATE1 is similar to that of OTE at the high flow rate and that of ATE2
at the low flow rate. Therefore, ATE1 with better flow field has prominent advantages
under different flow rates. Since the jet-wake phenomenon is weakened at low flow rates,
and the friction loss caused by the relative velocity is small at nominal and high flow rates.
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As shown in Figure 9, the flow uniformity of OTE at R/R0 = 1.0 decreases significantly
due to the backflow vortex A at low flow rate, and the relative velocity near the suction side
increases markedly, much greater than that of ATEs. The inflection point of relative velocity
distribution is also near L = 0.22, which corresponds to the vortex center of the backflow
vortex A in Figure 8a. For the magnitude of the relative velocity near the pressure side,
OTE is the largest, ATE1 is the second largest, and ATE2 is the smallest. At nominal flow
rate and high flow rate, the relative velocity near the suction side is OTE > ATE2 > ATE1.
Due to the good streamline distribution of ATE1 and OTE, which is shown in Figure 5c,d,
the distribution trends of the relative velocity from the suction side to the pressure side
are consistent. As shown in Figure 10, with the increase in the diffusion degree of the
flow passage between adjacent blades, Vm decreases near the suction side at the same flow
rate; thus, W2ATE1 < W2OTE. While there is no modification near the pressure side, and
the reduction in relative velocity is small. The relative velocity near the pressure side of
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ATE2 is smaller than that of ATE1. Due to the deviation of relative velocity streamlines
(Figure 5c,d), the blade outlet angle β near the suction side of ATE2 decreases compared
with ATE1, leading to the increase in the relative velocity near the suction side. Combined
with Figure 5, it can be concluded that an appropriate increase in outlet blade angle of the
suction side can optimize the internal flow pattern, promote the flow uniformity of the
outlet, and reduce the vortex scale structure.

Processes 2022, 10, x FOR PEER REVIEW 12 of 20 
 

 

 

Figure 9. Blade-to-blade distributions of the relative velocities at R/R0 = 1.0: (a) 0.2 QBEP; (b) 0.4 QBEP; 

(c) 1.0 QBEP; and (d) 1.2 QBEP. 

 

Figure 10. Outlet velocity triangle near the suction side of OTE and ATE1. 

3.4. Effects of Different TE Profiles on Slip Factor 

In the hydraulic design of centrifugal pumps, the finite blade slip factor is a very 

important design parameter. The velocity slip will affect the internal flow field and hy-

draulic performance of centrifugal pumps. The relationship between slip factor, internal 

flow field, and hydraulic performance for different blade trailing edges are analyzed in 

this section, and slip factor is used to evaluate the difference in energy conversion ability 

of different blade trailing edge pumps. 

The flow passage is divided to obtain the slip factor at the outlet. To be specific, along 

the streamline, the inlet and outlet arcs of the flow channel are divided into 21 equal parts, 

and the corresponding points of the inlet and outlet are connected to form 21 blade pro-

files. The inlet radius is 28 mm, and the outlet radius is 71 mm. The suction side and the 

pressure side are divided into 44 equal parts to obtain the appropriate grid partition dia-

gram of the overall flow channel. The grid partition diagram of ATE1 profile is shown in 

Figure 11 as an example. 

Figure 9. Blade-to-blade distributions of the relative velocities at R/R0 = 1.0: (a) 0.2 QBEP; (b) 0.4 QBEP;
(c) 1.0 QBEP; and (d) 1.2 QBEP.

Processes 2022, 10, x FOR PEER REVIEW 12 of 20 
 

 

 

Figure 9. Blade-to-blade distributions of the relative velocities at R/R0 = 1.0: (a) 0.2 QBEP; (b) 0.4 QBEP; 

(c) 1.0 QBEP; and (d) 1.2 QBEP. 

 

Figure 10. Outlet velocity triangle near the suction side of OTE and ATE1. 

3.4. Effects of Different TE Profiles on Slip Factor 

In the hydraulic design of centrifugal pumps, the finite blade slip factor is a very 

important design parameter. The velocity slip will affect the internal flow field and hy-

draulic performance of centrifugal pumps. The relationship between slip factor, internal 

flow field, and hydraulic performance for different blade trailing edges are analyzed in 

this section, and slip factor is used to evaluate the difference in energy conversion ability 

of different blade trailing edge pumps. 

The flow passage is divided to obtain the slip factor at the outlet. To be specific, along 

the streamline, the inlet and outlet arcs of the flow channel are divided into 21 equal parts, 

and the corresponding points of the inlet and outlet are connected to form 21 blade pro-

files. The inlet radius is 28 mm, and the outlet radius is 71 mm. The suction side and the 

pressure side are divided into 44 equal parts to obtain the appropriate grid partition dia-

gram of the overall flow channel. The grid partition diagram of ATE1 profile is shown in 

Figure 11 as an example. 

Figure 10. Outlet velocity triangle near the suction side of OTE and ATE1.

3.4. Effects of Different TE Profiles on Slip Factor

In the hydraulic design of centrifugal pumps, the finite blade slip factor is a very im-
portant design parameter. The velocity slip will affect the internal flow field and hydraulic
performance of centrifugal pumps. The relationship between slip factor, internal flow field,
and hydraulic performance for different blade trailing edges are analyzed in this section,
and slip factor is used to evaluate the difference in energy conversion ability of different
blade trailing edge pumps.

The flow passage is divided to obtain the slip factor at the outlet. To be specific, along
the streamline, the inlet and outlet arcs of the flow channel are divided into 21 equal parts,
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and the corresponding points of the inlet and outlet are connected to form 21 blade profiles.
The inlet radius is 28 mm, and the outlet radius is 71 mm. The suction side and the pressure
side are divided into 44 equal parts to obtain the appropriate grid partition diagram of the
overall flow channel. The grid partition diagram of ATE1 profile is shown in Figure 11 as
an example.
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In general, when the impeller has a finite blade number, due to the slip of the relative
velocity, the liquid rotation at the outlet is insufficient, and the energy conversion ability
of the impeller to the fluid decreases. As shown in Figure 12, the red line is the velocity
triangle with infinite blade number at outlet, and the black one is the velocity triangle with
actual flow at outlet. Since β2 in the actual working condition is smaller than β2∞ in the
non-slip condition, the decrease in the circumferential component of the absolute velocity is
defined as the velocity slip ∆VU2, as shown in Equation (3). Stodola [28] mainly considers
the influence of blade outlet angle. In this section, Equation (4) of Stodola slip factor is
applied, and σ is defined as the slip factor. The slip factor is used to reflect the deviation
degree of the relative velocity at the outlet: the smaller the velocity slip is, the larger the
slip factor will be. Additionally, the energy conversion ability will be stronger.

∆VU2 = VU2∞ − VU2 (3)

σ =
U2 − ∆VU2

U2
= 1 − π

z
sin β2 (4)
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Figure 13 presents the blade-to-blade slip factor distributions at R/R0 = 1.0. At most
working conditions, the blade-to-blade slip factor distributions decrease first and then
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increase. The velocity slip near the suction side is smaller than that near the pressure side,
the low slip factor region is mainly concentrated near the jet-region in the middle of the
outlet. Under the condition of low flow rate, the blade-to-blade slip factor curve of OTE
rapidly decreases and gradually rises near the suction side at L = 0.05–0.4, which is caused
by the backflow vortex A. The counterclockwise vortex generated by the backflow vortex
A strengthens the velocity slip at the outlet; in that case, the slip factor of OTE is smaller
than that of ATEs. In the wake region, the overall slip factor of ATE1 is larger than that of
ATE2. Since the blade profile of the suction side of ATE2 and ATE1 are S-shaped, β2∞ of
ATE2 will become larger compared to ATE1, resulting in the increase in slip velocity, and
the slip factor decreases near the suction side.
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The average slip factor at R/R0 = 1.0 is defined as σ, where σ is shown in Equation (5).
The average slip factor σ at R/R0 = 1.0 at different flow rate conditions is shown in Figure 14.
It can be found that the slip factor at the outlet increases with the increase in the flow rate,
except for ATE2 at the flow rate of 1.2 QBEP. At low flow rate conditions, the smaller the
flow rate is, the larger the vortex scale structure in the flow passage becomes. In that case,
the slip factor becomes smaller with the increase in the velocity slip, and σ0.2 is less than
σ0.4. At 1.0 QBEP and 1.2 QBEP, the internal flow fields become significantly better, and the
slip factors of OTE and ATE1 are much larger than that of 0.4 QBEP. The slip factor of ATE2
at 1.0 QBEP does not increase significantly compared with the slip factor at 0.4 QBEP, but
at 1.2 QBEP, the slip factor decreases markedly with the deviation of the relative velocity
streamlines. Under different flow rate conditions, OTE has the smallest slip factor, ATE1
has the largest slip factor, and ATE2 is in between. According to Table 2, the trends of
efficiency, head, and slip factor of different impeller model pumps are consistent. The head
and efficiency of ATE1 are higher than those of OTE. The head and efficiency of ATE2 are
greater than those of OTE at low flow rate conditions. However, the flow field of ATE2
deteriorates at high flow rate, and the head and efficiency are lower than those of OTE.

σ =
∑ σ

21
(5)
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For ATEs, the blade suction sides are all S-shaped. According to Equation (4), the
qualitative analysis shows that at the same flow rate, the slip factor decreases as β increases.
Therefore, the slip factor of ATE2 is smaller than that of ATE1. While the slip factor of
C-shaped OTE is smaller than that of ATEs under the same flow rate. For the blade suction
side modification, appropriately increasing the blade outlet angle, such as ATE1, will
increase the hydraulic performance. When the outlet angle is too large, such as ATE2, the
flow field deteriorates seriously in high flow rate condition, and the head and efficiency
decrease markedly. Therefore, it can be seen that the modification of the suction side can
affect the energy conversion ability of the centrifugal pump. The suitable S-shaped blade
suction side profile can promote the improvement of efficiency and head.

3.5. Effects of Different TE Profiles on Nominalized Local Euler Head Distribution

Generally, slip factor is used to describe the degree of velocity slip caused by axial
vortex at the outlet of impeller passage. For the inlet part, the axial vortex direction is the
same as the liquid flow direction, and the liquid no longer receives the torque through the
axial vortex, which has no effect on the theoretical head of the centrifugal pump. Therefore,
it is limited to describe the overall energy change in impeller from LE to TE only by using
slip factor. It is necessary to introduce local Euler head to analyze the energy increase from
inlet to outlet along the meridian direction. According to Wu et al. [7], the local Euler head
is defined as the product of the local peripheral speed and the circumferential component
of absolute velocity divided by the gravity acceleration, as shown in Equation (6).

LEH =
UVU

g
(6)

The magnitude of the local Euler head is closely related to VU , and the slip factor
also depends on VU in Equation (4). When VU increases, the velocity slip decreases.
Subsequently, the slip factor increases, and the LEH also increases. Therefore, the region of
high slip factor corresponds to the region of high LEH.

Figure 15 shows the contour of LEH of three trailing edge profiles at different flow
rate conditions. The LEH of the three different impellers increases from the inlet to the
outlet along the meridian direction, and the LEH gradually increases with the decrease in
the flow rate. It is worth noting that under low flow rate conditions, the magnitude and
scale of the vortex increase as the flow rate decreases, but the LEH at the outlet near the
suction side does not increase significantly with the decrease in the flow rate [29]. The LEH
region H close to the suction side is larger than the LEH region L close to the pressure side.
The LEH region H shows a similar magnitude trend at different flow rates: ATE1 > ATE2
> OTE. Taking deep-low flow rate as an example, the maximum LEH contour of OTE is
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4.2 m in the LEH region H, while those of ATEs are 4.4 m. For ATEs, the LEH distribution
contour of ATE1 in 4.4 m is slightly larger than that of ATE2. In the meantime, the LEH
distribution contour of ATEs in 3.4 m appear on the LEH region L due to weakening of the
jet-wake phenomenon compared with OTE.

Processes 2022, 10, x FOR PEER REVIEW 16 of 20 
 

 

suction side does not increase significantly with the decrease in the flow rate [29]. The 

LEH region H close to the suction side is larger than the LEH region L close to the pressure 

side. The LEH region H shows a similar magnitude trend at different flow rates: ATE1 > 

ATE2 > OTE. Taking deep-low flow rate as an example, the maximum LEH contour of 

OTE is 4.2 m in the LEH region H, while those of ATEs are 4.4 m. For ATEs, the LEH 

distribution contour of ATE1 in 4.4 m is slightly larger than that of ATE2. In the meantime, 

the LEH distribution contour of ATEs in 3.4 m appear on the LEH region L due to weak-

ening of the jet-wake phenomenon compared with OTE. 

 

Figure 15. The contour of local Euler head at different flow rate conditions: (a) 0.2 QBEP; (b) 0.4 QBEP; 

(c) 1.0 QBEP; and (d) 1.2 QBEP. 
Figure 15. The contour of local Euler head at different flow rate conditions: (a) 0.2 QBEP; (b) 0.4 QBEP;
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The local Euler head distribution (LEHD) on the meridian can reflect the energy
growth from LE to TE in the flow passage. The R/R0 at the inlet of the blade leading edge is
defined as 0.4 (the inlet radius of the blade is 28 mm, and the outlet radius of the blade is
71 mm), and the R/R0 at the outlet of the blade trailing edge is defined as 1.0. The LEHD on
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the meridian is the average value of the LEH value (i,11) from the suction side (i,1) to the
pressure side (i,21) on the arc, as shown in Figure 16.
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In order to clearly compare the energy conversion characteristics of blade trailing edge
modification at different flow rates, the dimensionless local Euler head is processed to
obtain the nominalized local Euler head along the meridian, as shown in Equation (7).

NLEHD =
LEHD − LEHD0.4

LEHD1.0 − LEHD0.4
(7)

It can be seen from Figure 17 that under different flow rate conditions, the NLEHD
of different blade trailing edges have similar growth patterns. NLEHD first gradually
increases along the meridian direction, reaching the maximum value, and finally has a
small downward trend (in order to meet Kutta condition [30]), which is consistent with
reference [29]. Therefore, the NLEHD distribution curve from LE to TE is a convex curve.
The black dashed line between the points (0.4,0) and (1.0,1.0) in Figure 17 represents the
NLEHD distribution curve increasing at a constant growth rate. The distribution pattern of
NLEHD is closely related to the efficiency of the centrifugal pump. According to ref. [7], the
smaller the growth rate change in the NLEHD distribution curve is, the higher the efficiency
and the stronger the energy conversion ability will be. Therefore, the deviation degree of
the NLEHD distribution and the black dashed line can be used to judge the strength of the
energy conversion ability of the model pumps with different blade trailing edges.

For different trailing edges, ATE1 has the smallest deviation, OTE has the largest
deviation, and ATE2 is in between. According to Table 2, it can be seen that the NLEHD
deviation degree law and efficiency of the different blade trailing edge model pumps
remain consistent, except for the nominal flow rate and high flow rate conditions of ATE2.
For ATE2, as shown in Figure 5c,d, the deviation of relative velocity streamlines caused by
counterclockwise separation vortex on the pressure side leads to the increase in hydraulic
loss and the decrease in efficiency. Therefore, it can be found that the flow pattern also has
a great impact on the efficiency. Generally, the energy conversion ability is the strongest
with the smallest deviation degree at the nominal flow rate. While the deviation degree
will increase as the energy conversion performance decreases at the high flow rate and low
flow rate conditions. Taking OTE as an example, the deviation degree under nominal flow
rate is slightly higher than that under high flow rate condition. At low flow rate conditions,
the efficiency decreases significantly, the deviation degree becomes larger, and the energy
conversion ability decreases markedly. The jet-wake phenomenon of ATEs is weakened
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compared to OTE, and the LEH increases near the outlet, decreasing the deviation degree
of the NLEHD to obtain better energy conversion ability.
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To sum up, the energy conversion ability comparison quantified by the slip factor and the
deviation degree of the NLEHD curve shows an apparent agreement. The main reason is that
the slip factor and the deviation degree of the NLEHD curve reflect the hydraulic performance
changes in centrifugal pumps from outlet (partial) and inlet to outlet (overall), respectively.

4. Conclusions

In this paper, PIV experiments were carried out on the centrifugal pump with three
different blade trailing edge profiles, and the effects of blade trailing edge modification
of the suction side on the internal flow characteristics and hydraulic performance was
analyzed. The main conclusions are as follows.

1. An appropriate increase in the blade outlet angle in the suction side is beneficial
to improve the optimal efficiency and head. When the blade outlet angle increases
reasonably, the head and efficiency of ATE1 are greater than those of OTE and ATE2.
When the blade outlet angle is too large, the head and efficiency of ATE2 are higher
than those of OTE under low flow rate conditions. While under the condition of the
high flow rate, the deviation of relative velocity streamlines in ATE2 is caused by the
excessive flow passage diffusion, and the hydraulic performance is decreased.

2. The TE modification of the blade suction side has a great influence on the internal
flow field. There is a backflow vortex A near the suction side at outlet in OTE, which
reduces the flow stability of the outlet and causes a decrease in hydraulic performance.
The reason is that there is a large-scale backflow vortex structure of OTE at the outlet
for most transient moments under deep-low flow rate, and the scale and magnitude
are much larger than those of ATEs. Such backflow vortex A does not exist in ATEs
since there are only very small backflows at the outlet.
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3. The TE modification will have an impact on the slip factor. For the same flow rate, OTE
has the smallest slip factor, ATE1 has the largest slip factor, and ATE2 is in between.
The counterclockwise vortex generated by the backflow vortex A strengthens the
velocity slip at the outlet; in that case, the slip factor of OTE is smaller than that of
ATEs. In the wake region, the overall slip factor of ATE1 is larger than that of ATE2.
Since the blade profile of the suction side of ATE2 and ATE1 are S-shaped, β2∞ of
ATE2 will become larger compared to ATE1, resulting in the increase in slip velocity,
and slip factor decreases near the suction side.

4. After TE modification, the LEHs of ATEs are significantly higher than that of OTE,
and those become larger as the flow rate decreases. The NLEHD reflects the energy
growth from LE to TE for different blade trailing edges, and the deviation degree from
the constant growth rate dashed line can well reflect the energy conversion ability
of different model pumps. ATE1 has the smallest deviation, OTE has the largest
deviation, and ATE2 is in between. It can be concluded that ATE1 has the strongest
energy conversion ability and OTE has the weakest energy conversion ability, which
is consistent with the hydraulic performance.

5. The slip factor and the NLEHD are used to judge the energy conversion strength of
different model pumps from two aspects: outlet (partial) and inlet to outlet (overall).
It can be concluded that the response of the slip factor and the deviation degree of
NLEHD to the energy conversion characteristic are highly consistent. The larger
the slip factor and the smaller the deviation degree of the NLEHD are, the stronger
the energy conversion ability will be. Additionally, the corresponding hydraulic
performance and flow field are also better.
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