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Abstract: Throat ring leakage is a major factor deteriorating the performance of multistage centrifugal
pumps. This paper focuses on the optimization of multistage centrifugal pumps by incorporating the
principle of the Tesla valve and adding an auxiliary set of blades to the impeller body. By changing
the direction and magnitude of the leaking fluid’s flow, the leakage volume of the impeller throat
ring is reduced. The study results demonstrate that the experimental error in head calculation
with numerical simulation at the optimal working condition was 0.65%, verifying the accuracy
of the numerical simulation method. The leakage volume of the throat ring decreased by up to
approximately 28.99% compared to the original structure, which significantly increased the pump’s
head and overall efficiency. Near the optimal operating point, the pump’s head and overall efficiency
increased by approximately 8.1% and 8.7%, respectively. The larger the flow rate, the greater the
improvement in the pump’s head and total efficiency. Near high-flow operating conditions, the
pump’s head and overall efficiency increased by approximately 116.45% and 110.84%, respectively.
The auxiliary blade structure introduces a non-contact seal which, compared to traditional seal
structures, improves seal life and reduces seal costs. Additionally, the auxiliary blades can shift the
optimal operating point of the multistage centrifugal pump towards a higher flow rate, improving
the pump’s delivery capability.

Keywords: multistage centrifugal pump; numerical simulation; Tesla valve; non-contact seal

1. Introduction

Flow within clearances in fluid machinery has been a research hotspot among scholars
both domestically and internationally [1–3]. Throat ring leakage in pumps forms a signifi-
cant component of clearance flow. After years of study by scholars, effective calculation
methods and suppression means have been established. Zhao Cunsheng et al. [4] analyzed
the impact of throat ring clearance on the performance, velocity, and pressure distribution
of centrifugal pumps based on numerical simulations, and the analysis was validated by
comparison with experimental data. Based on numerical simulations, Zheng Xu et al. [5]
studied the effect of thermodynamic factors under different flow conditions on the external
characteristics of liquid oxygen pumps, throat ring leakage, and cavitation characteristics.
The results show that: near the rated operating point, the Ovsyanikov’ formula predicts the
characteristics of throat ring leakage relatively accurately; but the prediction accuracy of
various empirical formulas decreases under off-design flow conditions. Again based on
numerical simulations, Daquiq Shirazi et al. [6] found that when the throat ring clearance
decreases, disc losses increase and volumetric losses decrease, concluding that establishing
an accurate correlation between pump efficiency and throat ring clearance is challenging.
Through theoretical and experimental research, Zhan et al. [7] established a mathematical
model to describe the radial pressure distribution within the pump cavity, the pressure drop
across the throat ring clearance, and the leakage characteristics of the impeller balance holes.
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The model is recommended for low-specific-speed centrifugal pumps with double throat
rings. Other researchers have also studied the throat ring clearance issue in centrifugal
pumps [8,9]. The aforementioned studies primarily focus on the size and shape of the
throat ring of single-stage centrifugal pumps and do not involve altering structures outside
the throat ring in multistage centrifugal pumps to optimize the flow field in the throat ring
area.

This study used a five-stage centrifugal pump as the research object. Based on the
principle of the Tesla valve, the impeller structure was altered. As the impeller rotates, it
generates water flow impacts similar to the Tesla valve principle, increasing flow resistance
and reducing throat ring leakage, thus achieving optimization and reduction of volumetric
loss in multistage centrifugal pumps.

2. Research Model
2.1. Computational Modeling

The structure of the multistage centrifugal pump studied in this paper is shown
in Figure 1. The pump has the following properties: flow rate Q = 3.6 m3/h; head
H = 38 m; rated speed n = 2800 rpm; rated power p = 1350 W; shaft diameter at the impeller
Dz = Ø14 mm; impeller inlet diameter Dj = 33.5 mm; impeller outlet diameter D2 = 103 mm;
outlet blade width b2 = 3 mm; guide vane base circle diameter D4 = 104 mm; a throat ring
clearance on each side of 0.5 mm; and five impeller stages.

Water 2023, 15, x FOR PEER REVIEW 2 of 18 
 

 

characteristics of the impeller balance holes. The model is recommended for low-specific-
speed centrifugal pumps with double throat rings. Other researchers have also studied 
the throat ring clearance issue in centrifugal pumps [8,9]. The aforementioned studies pri-
marily focus on the size and shape of the throat ring of single-stage centrifugal pumps 
and do not involve altering structures outside the throat ring in multistage centrifugal 
pumps to optimize the flow field in the throat ring area. 

This study used a five-stage centrifugal pump as the research object. Based on the 
principle of the Tesla valve, the impeller structure was altered. As the impeller rotates, it 
generates water flow impacts similar to the Tesla valve principle, increasing flow re-
sistance and reducing throat ring leakage, thus achieving optimization and reduction of 
volumetric loss in multistage centrifugal pumps. 

2. Research Model 
2.1. Computational Modeling 

The structure of the multistage centrifugal pump studied in this paper is shown in 
Figure 1. The pump has the following properties: flow rate Q = 3.6 m3/h; head H = 38 m; 
rated speed n = 2800 rpm; rated power p = 1350 W; shaft diameter at the impeller Dz = Ø14 
mm; impeller inlet diameter Dj = 33.5 mm; impeller outlet diameter D2 = 103 mm; outlet 
blade width b2 = 3 mm; guide vane base circle diameter D4 = 104 mm; a throat ring clear-
ance on each side of 0.5 mm; and five impeller stages. 

 
Figure 1. Pump structure diagram. 

Given that the pump in question is a multistage centrifugal pump: PPO-GF30 mate-
rial was used for the impeller and guide vanes to facilitate production efficiency and light-
weight design; and it was manufactured using high-temperature injection molding. Com-
pared with machining processes, injection molding results in larger tolerances, leading to 
a significant tolerance band between the guide vanes and the impeller. The pump rotor 
system is a cantilever structure with a considerable length. Due to uneven circumferential 
mass distribution and inherent structural properties, the cantilever structure experiences 
a degree of vibration deformation during impeller rotation. Given the tolerances and mo-
tion characteristics of the rotor system, a larger throat ring clearance is necessary to avoid 
interference or collision between the rotor system and the stator system during rotation. 
Based on calculation and assembly verification, the minimum single-sided throat ring 
clearance is 0.5 mm. Because the throat ring clearance is relatively large, it has a significant 
impact on head and efficiency. After pressurization by the impeller, the water body con-
nects the impeller’s outer diameter with the throat ring. The connection area between the 
throat ring and the impeller’s outer diameter is a high-pressure zone, while the throat ring 
closer to the inlet end is a low-pressure zone. There is a degree of head difference at both 
ends of the throat ring, resulting in some leakage. 

CATIA P3 V56R2018 software was used to create the geometric model of the water 
body within the flow components and assemble them. The water body model of the pump 

Figure 1. Pump structure diagram.

Given that the pump in question is a multistage centrifugal pump: PPO-GF30 material
was used for the impeller and guide vanes to facilitate production efficiency and lightweight
design; and it was manufactured using high-temperature injection molding. Compared
with machining processes, injection molding results in larger tolerances, leading to a
significant tolerance band between the guide vanes and the impeller. The pump rotor
system is a cantilever structure with a considerable length. Due to uneven circumferential
mass distribution and inherent structural properties, the cantilever structure experiences
a degree of vibration deformation during impeller rotation. Given the tolerances and
motion characteristics of the rotor system, a larger throat ring clearance is necessary to
avoid interference or collision between the rotor system and the stator system during
rotation. Based on calculation and assembly verification, the minimum single-sided throat
ring clearance is 0.5 mm. Because the throat ring clearance is relatively large, it has a
significant impact on head and efficiency. After pressurization by the impeller, the water
body connects the impeller’s outer diameter with the throat ring. The connection area
between the throat ring and the impeller’s outer diameter is a high-pressure zone, while
the throat ring closer to the inlet end is a low-pressure zone. There is a degree of head
difference at both ends of the throat ring, resulting in some leakage.

CATIA P3 V56R2018 software was used to create the geometric model of the water
body within the flow components and assemble them. The water body model of the pump
is shown in Figure 2. To ensure the stability of water flow at the inlet and outlet ends and
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prevent backflow, an extension segment was added to the water body at both the inlet and
outlet sections [10].
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2.2. Mesh Generation

The completed water body model was saved in the *.stp format and then imported
into ICEM for mesh generation. To obtain better mesh results, the small faces and sharp
corners were subjected to densification processing. After mesh generation, mesh quality
checking and mesh independence verification were performed [11–21]. The total number
of meshes in the computational model of this study was 802,1591. The primary water body
mesh is shown in Figure 3.

Water 2023, 15, x FOR PEER REVIEW 3 of 18 
 

 

is shown in Figure 2. To ensure the stability of water flow at the inlet and outlet ends and 
prevent backflow, an extension segment was added to the water body at both the inlet and 
outlet sections [10]. 

 
Figure 2. Water body model. 

2.2. Mesh Generation 
The completed water body model was saved in the *.stp format and then imported 

into ICEM for mesh generation. To obtain better mesh results, the small faces and sharp 
corners were subjected to densification processing. After mesh generation, mesh quality 
checking and mesh independence verification were performed [11–21]. The total number 
of meshes in the computational model of this study was 802,1591. The primary water body 
mesh is shown in Figure 3. 

 
Figure 3. Water body mesh. 

2.3. Setting Boundary Conditions and Selecting a Model 
The medium used was 25 °C water. The medium inside the multistage centrifugal 

pump was incompressible, so the continuity equation and Reynolds time-averaged N-S 
equation were used as numerical calculation equations [22], as shown in Equations (1) and 
(2). Numerical simulation calculations were carried out on the fluid region using the 
standard k-ε turbulence model, and the SIMPLEC algorithm was used to realize the cou-
pled solution of pressure and velocity. Total pressure inlet, velocity outlet, adiabatic 

Figure 3. Water body mesh.

2.3. Setting Boundary Conditions and Selecting a Model

The medium used was 25 ◦C water. The medium inside the multistage centrifugal
pump was incompressible, so the continuity equation and Reynolds time-averaged N-S
equation were used as numerical calculation equations [22], as shown in Equations (1)
and (2). Numerical simulation calculations were carried out on the fluid region using
the standard k-ε turbulence model, and the SIMPLEC algorithm was used to realize the
coupled solution of pressure and velocity. Total pressure inlet, velocity outlet, adiabatic
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boundary, and standard wall function methods were used. The convergence precision set
during calculation was 1 × 10−4:

∂(ui)

∂xi
= 0 (1)

ρ
∂(ui)

∂t
+ ρuj

∂(ui)

∂xj
= ρFi −

∂p
∂xi

+ µ
∂2ui

∂xi∂xj
(2)

where ui is the instantaneous value of velocity in the i direction, xi is the coordinates, ρ is
fluid density, p is fluid pressure, Fi is mass force, and µ is dynamic viscosity.

3. Numerical Calculation Verification and Analysis
3.1. Numerical Calculation Verification

Using CFX software, a five-stage, full-flow, multi-working condition numerical cal-
culation was carried out for this pump, and the calculated data were compared with the
experimental data. The results are shown in Figure 4. Near the optimal working condition,
the error between the simulated head and the experimental head was 0.65%. There was a
larger deviation in the head near the pump’s large-flow and small-flow working points,
indicating a higher accuracy of numerical calculation near the optimal working point. This
paper focuses on the optimal working point for analysis and prediction.

Water 2023, 15, x FOR PEER REVIEW 4 of 18 
 

 

boundary, and standard wall function methods were used. The convergence precision set 
during calculation was 1 × 10−4: 

i

i

( )
0

u
x

∂
=

∂  
(1)

2( ) ( )i i i
i

j i j
j

i

u u up
u F

t x x x x
ρ ρ ρ μ

∂ ∂ ∂∂
+ = − +

∂ ∂ ∂ ∂ ∂
 (2)

where ui is the instantaneous value of velocity in the i direction, xi is the coordinates, ρ is 
fluid density, p is fluid pressure, Fi is mass force, and µ is dynamic viscosity. 

3. Numerical Calculation Verification and Analysis 
3.1. Numerical Calculation Verification 

Using CFX software, a five-stage, full-flow, multi-working condition numerical cal-
culation was carried out for this pump, and the calculated data were compared with the 
experimental data. The results are shown in Figure 4. Near the optimal working condition, 
the error between the simulated head and the experimental head was 0.65%. There was a 
larger deviation in the head near the pump’s large-flow and small-flow working points, 
indicating a higher accuracy of numerical calculation near the optimal working point. This 
paper focuses on the optimal working point for analysis and prediction. 

0 1 2 3 4 5 6
0

5

10

15

20

25

30

35

40

45

50

55

 H-CFD
 H-TEST
 η-TEST

Q(m3/h)

H
(m

)

0

5

10

15

20

25

30

35

 η
(%

)

 
Figure 4. Comparison of simulation and experimental results. 

3.2. Internal Flow Field Analysis 
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The pump inlet is located in a low-pressure region, while the outlet is in a high-pressure 
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Figure 4. Comparison of simulation and experimental results.

3.2. Internal Flow Field Analysis

The pressure contour plot of the internal flow field under the optimal working condi-
tion was obtained using CFX-Post post-processing software and is shown in Figure 5. The
pump inlet is located in a low-pressure region, while the outlet is in a high-pressure region.
With an increase in the number of pump stages, the fluid pressure increases progressively
in a circularly symmetrical distribution. The increments in pressure values for each pump
stage are similar. In the large regions near the inlet and outlet of the pump, where there
is no structure exerting work on the fluid, the pressure remains relatively constant. The
overall pressure change in the pump is smooth.
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Figure 5. Pressure contour of the pump and its mid-section.

The pressure distribution in the cross-section of the water body within the pump
follows a similar trend to that of the entire water body. Near the impeller axis, there are
some regions with relatively low pressure. After being pressurized by the impeller, the
pressure increases and is then guided by the guide vanes into the next stage. Finally, the
water flows out of the pump at a high-pressure state.

Figure 6 shows the velocity vector plot of the pump body and its cross-section. The
fluid enters the pump through the inlet, and the flow field remains stable. Turbulence
begins to appear in the pump’s inlet chamber and then flows into the impeller along the
guide vanes. Due to the significant shape variation between the impeller and guide vanes,
there is a significant change in flow velocity after the fluid enters the impeller and guide
vanes, as can be observed in the region near the outer side of the impeller in the figure. The
velocity reaches its maximum value. After being pressurized by each impeller stage, the
fluid flows into the outlet chamber. From the mid-section, it can be observed that there is
significant turbulence in the outlet chamber, and this turbulence has an impact on the flow
field in the extended outlet section.
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3.3. Throat Ring Leakage Analysis

Throat ring leakage is an important component of volumetric loss. The formula for
calculating the volumetric loss at the throat ring is as follows [23]:

QS = µAcl
√

2g∆Hcl (3)

where Acl is the cross-sectional area of the throat ring passage, ∆Hcl is the difference in
head before and after the throat ring, and µ is the leakage coefficient of the clearance;

µ =

(√
Lclλ

2 × cl
+ 1.5

)−1

(4)

where λ is the resistance coefficient.
From the above equations, it can be observed that the larger the cross-sectional area

Acl of the throat ring, the greater the volumetric loss. Similarly, a larger difference in head
∆Hcl on both sides of the throat ring leads to greater volumetric loss. In the case of this
pump, the throat ring clearance is relatively large, with a single-sided clearance of 0.5 mm.
Based on the equations, it can be inferred that there is a significant leakage at the throat
ring. Due to limitations in manufacturing technology and cost, there is no room to reduce
the cross-sectional area Acl of the throat ring. If the radial clearance of the throat ring is
directly reduced, it can easily lead to collision or be stuck between the rotor system and the
stator system, resulting in pump damage. The difference in head ∆Hcl on both ends can
be obtained from the numerical calculation results of the flow field. The leakage quantity
Qs at the throat ring is equal to the cross-sectional area Acl multiplied by the velocity of
the fluid at that cross-section. If the flow resistance is increased throughout the entire
leakage channel, thus reducing the velocity of the fluid within the leakage channel, the
leakage quantity Qs will decrease. Figure 7 shows the local total pressure contour plot
at the mid-section of the throat ring. From this plot, it can be observed that there is a
significant difference in head on both sides of the throat ring. Under the influence of this
head difference, the fluid flows out along the gap between the outer circle of the impeller
and the guide vanes and then leakage backflow occurs at the throat ring position.
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different operating conditions was computed and analyzed. Figure 8 illustrates the throat ring leakage
of the multistage pump under various operating conditions. It can be observed that as the flow rate
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increases, the leakage quantity decreases, resulting in a reduction in volumetric loss. This phe-
nomenon can be attributed to the fact that at higher flow rates, the head of the impeller is lower
than at lower flow rates. Consequently, the head difference on both sides of the throat ring, which
is determined by Equation (3), decreases when the cross-sectional area of the throat ring remains
constant. As a result, the leakage quantity at the throat ring decreases correspondingly. Table 1
presents the throat ring leakage of each impeller at different operating conditions. It can be observed
from the table that under a specific operating condition, the throat ring leakage of each impeller is
similar or equal.

This indicates that when calculating the throat ring leakage of a multistage centrifugal
pump, if a simplified approach is desired, the calculation can be based on the first stage
and then multiplied by the corresponding number of stages.

The resulting value will provide an approximate total throat ring leakage quantity for
the multistage centrifugal pump.
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Level 1 0.47 0.39 0.37 0.35 0.32 0.30 0.27 0.25 0.22 0.21 0.18

Level 2 0.46 0.37 0.35 0.34 0.32 0.30 0.27 0.25 0.22 0.20 0.18

Level 3 0.47 0.36 0.35 0.34 0.32 0.30 0.28 0.25 0.22 0.20 0.18

Level 4 0.47 0.36 0.35 0.34 0.32 0.30 0.27 0.25 0.22 0.20 0.18

Level 5 0.49 0.36 0.35 0.33 0.32 0.30 0.27 0.25 0.22 0.20 0.18

All 2.36 1.84 1.76 1.69 1.60 1.51 1.37 1.24 1.10 1.00 0.89
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4. Application of Tesla Valve Principle
4.1. Flow Field Analysis Based on Tesla Valve Principle

The Tesla valve is a passive fluid control device proposed by Nikola Tesla in 1920. It
is characterized by its ease of manufacturing, absence of moving parts, and energy-free
operation. As a result, it has been applied in various fields such as microfluidic control,
microelectromechanical systems (MEMS), biotechnology, and analytical chemistry [24–28].
The structure of the Tesla valve is shown in Figure 9. It consists of a simple conduit system
where fluid flows in different directions, resulting in fluid collisions at the intersections of
the conduits, thereby increasing resistance and providing a certain degree of sealing. When
fluid enters from the forward inlet, the fluid convergence at the intersection exhibits good
consistency and low resistance. On the other hand, when fluid enters from the reverse
inlet, fluid collisions occur at the intersection of the bend and straight sections, resulting
in significant turbulence and a substantial change in flow direction. This leads to a higher
resistance at this position. By magnifying this region in the figure, the variation in vector
flow velocity can be clearly observed, indicating the occurrence of fluid collisions. Through
the utilization of fluid collisions, the Tesla valve can increase resistance while maintaining
a simple structure and low cost.
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The local loss of the entire Tesla valve can be represented as [29]:

Plocal =
n

∑
i=1

ζi
υW

2

2g
(5)

where ζ is a coefficient that takes different values for different structures and υw represents
the fluid velocity.

By utilizing the Tesla valve principle, structural optimization can be performed at the
main location of leakage in the throat ring. By changing the flow direction of the fluid
and inducing collisions with the leaking fluid, the flow resistance can be increased. This
approach allows for a reduction in throat ring leakage without decreasing the clearance of
the throat ring, thereby improving the hydraulic performance of the pump.

4.2. Design of a Novel Impeller Structure

Based on the analysis mentioned above, a new impeller design with auxiliary blades
added to the front cover plate of the impeller was developed, as shown in Figure 10. The
curvature and placement angle of the auxiliary blades are the same as those of the main
blades of the impeller. This ensures that the outer-side fluid at the impeller outlet has a
similar circumferential velocity, thus avoiding the excessive or insufficient flow velocity
that would result in additional kinetic energy loss. The number of auxiliary blades is
the same as the number of original impeller blades, and they are positioned in the same
locations. This configuration allows for the fluid leaking from the gap between the outer
circumference of the impeller and the guide vanes to collide with the fluid in the opposite
direction with consistent frequency, thereby avoiding the generation of further unstable
vibrations. In the case of the multistage pump, there is significant leakage at the throat ring
and the source of the leaking fluid originates from the gap between the outer circumference
of the impeller and the guide vanes. When the impeller rotates, the auxiliary blades can
induce the rotation of the fluid inside the chamber. Under the action of centrifugal force,
the water will flow outward, colliding with the leaking fluid in a manner similar to the
Tesla valve. This changes the flow direction of the leaking fluid and reduces its velocity,
thereby reducing the leakage quantity at the throat ring.
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Figure 10. Impeller with auxiliary blades.

The area of the impeller’s rear cover plate is larger than that of the front cover plate,
resulting in a greater axial force acting on the rear cover plate. The auxiliary blades induce
the rotation of the fluid in the front chamber of the impeller, causing the fluid in the front
chamber to experience centrifugal force and move outward. This generates a low-pressure
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region in the front chamber, leading to a smaller axial force acting on the front cover plate.
Based on this analysis, the addition of auxiliary blades increases the axial force experienced
by the rotor system. To minimize this axial force, the auxiliary blades are positioned along
the radial dimension at approximately 1/4 of the length of the main blades. The calculation
of this axial force does not currently have an empirical formula, and numerical calculations
can be performed using CFX software.

The size of the auxiliary blades should be minimized to avoid excessive unnecessary
work being performed by the auxiliary blades, which would increase the power consump-
tion of the motor. A thickness of 1.3 mm was chosen for the auxiliary blades, which is
slightly larger than the axial clearance of 1 mm between the guide vanes and the impeller.
Under this condition, the angular velocity ω of the fluid in the region with auxiliary blades
is the same as that in the impeller’s internal chamber while the fluid in the region without
auxiliary blades has a lower angular velocity than ω. Near the throat ring end, due to the
larger throat ring clearance, there is a significant head difference on both sides of the throat
ring, resulting in a complex flow field that can be accurately computed using CFX software.

4.3. Numerical Analysis

Figure 11 shows the distribution of total pressure near the throat ring clearance region
under the optimal operating condition with auxiliary blades. From the figure, it can be
observed that the head difference on both sides of the throat ring significantly decreases
due to the presence of auxiliary blades. The head difference for the original structure is
approximately 0.462 × 105 Pa, while for the new structure it is reduced to approximately
0.394 × 105 Pa, representing a reduction of approximately 6.8 × 103 Pa in the head difference.
According to Equation (3), a decrease in the head difference ∆H leads to a decrease in the
throat ring leakage quantity Qs. Therefore, it can be inferred that the throat ring leakage
quantity in the new structure will be significantly reduced, resulting in a decrease in
volumetric losses.
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Figure 12 shows the streamline patterns of the fluid in the front chamber of the first-
stage impeller with and without auxiliary blades under the optimal operating condition.
From the figure, it can be observed that when the impeller rotates, the fluid in the front
chamber undergoes circular motion along the axis of the pump due to the frictional force on
the wall. At the gap between the outer circumference of the impeller and the guide vanes,
the water is divided, with a portion of it flowing into the front chamber of the impeller and
then flowing out along the throat ring, resulting in a certain amount of leakage backflow.
For the original structure impeller, under the action of the guide vanes, a significant amount
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of water flows from the outer side of the impeller into the front chamber of the impeller. In
the enlarged view, it can be clearly seen that there are prominent velocity vectors flowing
back into the front chamber of the impeller, with each guide vane corresponding to a larger
backflow region uniformly distributed in a circular pattern. This backflow of fluid will flow
out from the throat ring. In the enlarged view, it is evident that the auxiliary blades in the
new structure can induce the rotation of the fluid in the front chamber. Under the action of
centrifugal force, the water will flow outward, colliding with the leaking fluid at the source
in a manner similar to the Tesla valve. This changes the flow direction of the leaking fluid,
reduces its velocity, and thus reduces the leakage quantity at the throat ring.
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auxiliary blades.

Figure 13 shows a comparison of the velocity vectors at the throat ring for the new and
original impellers. Due to the rotational motion of the impeller, the fluid in the throat ring
is driven to move in the circumferential direction while also having velocity components
along the axial direction, resulting in throat ring leakage. From the color representation, it
can be observed that the velocity in the original impeller is closer to red, indicating higher
velocity compared to the new impeller. This higher velocity leads to a larger throat ring
leakage quantity in a given time period. It can be visually observed that the impeller with
auxiliary blades has lower volumetric losses compared to the original impeller.
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Figure 13. Comparison of water velocity vectors at the throat ring of pumps with and without
auxiliary blades.

4.4. Analysis of Leakage at the Impeller Throat Ring

Table 2 presents the calculated data of the throat ring leakage for the new impeller and
the original impeller under different operating conditions. From the data, it is evident that
the throat ring leakage at the impeller clearance is significantly reduced with the presence
of auxiliary blades. In the vicinity of the optimal operating point, the leakage is reduced by
approximately 17.97%. Throughout the entire operating range, the reduction in leakage
rate increases with increasing flow rate, ranging from 7.7% to 28.99%.

Table 2. Comparison of throat ring leakage rates in pumps with and without auxiliary blades.

Serial
Number

Flow Rate
Q m3/h

Leakage
Rate-Without

Auxiliary
Blade kg/s

Leakage
Rate-With
Auxiliary
Blade kg/s

Amount of
Leakage

Reduction kg/s

Leakage
Reduction

Rate %

1 5.36 0.89 0.64 0.26 28.99
2 5.16 1.00 0.75 0.25 24.60
3 4.97 1.10 0.85 0.25 22.59
4 4.69 1.24 0.99 0.25 20.25
5 4.38 1.37 1.11 0.27 19.35
6 4.03 1.51 1.23 0.29 18.89
7 3.70 1.60 1.32 0.29 17.97
8 3.16 1.69 1.42 0.26 15.60
9 2.38 1.76 1.52 0.24 13.74
10 1.56 1.84 1.68 0.16 8.57
11 0.00 2.36 2.18 0.18 7.70

This trend is clearly illustrated in Figure 14, which depicts the variation of throat ring
leakage for both impeller configurations relative to the flow rate. The auxiliary blades
effectively provide sealing functionality without reducing the impeller throat ring clearance,
resulting in a substantial reduction in throat ring leakage.
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Figure 14. Comparison of throat ring leakage in pumps with and without auxiliary blades.

Figure 15 illustrates the comparison of the calculated head between the impeller
configurations with and without auxiliary blades. From the graph, it can be observed
that the impeller with auxiliary blades achieves higher head values compared to the
configuration without auxiliary blades, especially at higher flow rates. The improvement
in head is relatively smaller at lower flow rates but becomes more significant at higher
flow rates. In the vicinity of the optimal operating point, the impeller with auxiliary blades
exhibits approximately an 8% increase in head compared to the impeller without auxiliary
blades. As discussed above, the addition of auxiliary blades increases the axial forces
exerted on the rotor system. Based on numerical calculations, the strength of the pump
rotor bearings meets the required criteria, indicating the feasibility of fabricating prototypes
for experimental validation.
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5. Experimental Validation and Analysis
5.1. Sample Fabrication

Based on the aforementioned analysis, rapid sample fabrication was conducted for
experimental validation. The sample structure, as shown in Figure 16, involved the use of
3D printing technology to create auxiliary blades on the impeller front cover. PLA material
was selected for the auxiliary blades, which were then adhered to the PPO-GF30 impeller
using adhesive. To assess the stability of the adhesive, the assembled blades were immersed
in water for 48 h and subjected to forces greater than those expected during operation. The
auxiliary blades remained securely attached without any detachment.
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Figure 16. Prototype of the impeller.

The impellers with auxiliary blades were labeled from 1 to 5 and installed in the
pump’s first to fifth stages, respectively, following the same sequence and installation
method as the previous multistage centrifugal pump. The pump’s performance charac-
teristics were then evaluated through an external characteristics test. Upon completion of
the test, a thorough inspection confirmed the integrity of the rapid sample impellers, with
the rotor system operating smoothly. Figure 17 displays an image of the impeller after the
experimental test. Figure 18 displays an image of the performance test for a multistage
centrifugal pump.
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5.2. Experimental Results Analysis

Figure 19 presents a comparison of the external characteristics test results between
the models with and without auxiliary blades. The pump’s head and efficiency vary with
the flow rate. It can be observed from the graph that the addition of auxiliary blades
significantly increases the pump’s head at the same flow rate, greatly enhancing its hy-
draulic performance. In the vicinity of the optimal operating point, the pump’s head is
approximately 8.1% higher compared to the original model. The auxiliary blades perform
work on the fluid, resulting in increased power consumption by the motor. Additionally,
with the introduction of auxiliary blades on the impeller, the pump’s volumetric losses are
reduced. The interaction between these two energy factors can cause fluctuations in the
overall pump efficiency. The experimental results indicate that the overall efficiency of the
pump with auxiliary blades has improved. Near the optimal operating point, the overall
efficiency is approximately 8.7% higher compared to the model without auxiliary blades.
At low flow rates, there is a minimal improvement in head and overall efficiency. However,
as the flow rate increases, the improvements in head and overall efficiency become more
pronounced. At high flow rates, the pump with auxiliary blades achieves a head increase
of approximately 116.45% and an overall efficiency increase of approximately 110.84%
compared to the model without auxiliary blades. The peak efficiency of the pump near the
optimal operating point shifts approximately 0.33 m3/h towards higher flow rates, which
contributes to improving the pump’s water delivery capacity. During the rotation of the
auxiliary blades, the pressure in the front chamber of the impeller is reduced, resulting in
an increased axial force on the pump. Experimental validation confirms that the pump can
operate properly with the increased axial force.
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6. Conclusions

This study aimed to optimize the structure of multistage centrifugal pumps to reduce
volumetric losses in the throat ring clearances based on the Tesla valve principle. The
effectiveness of the proposed optimization approach was validated through a combination
of numerical simulations and experimental tests. The main conclusions drawn from this
study are as follows.

(1) In the seal design of the multistage centrifugal pump’ throat ring gap, the Tesla valve
principle can be applied. Utilizing the auxiliary blade structure to generate fluid
impact can reduce throat ring leakage, thereby decreasing the volumetric loss of the
multistage centrifugal pump.

(2) After the addition of auxiliary blades, the head of the multistage centrifugal pump
will increase under the same flow rate. The larger the flow rate, the more the pump’s
head increases.

(3) As the auxiliary blades rotate, they enhance the energy loss of the water pump while
reducing volumetric loss. When the impeller diameter is 103 mm, the thickness of the
auxiliary blade is 1.3 mm; when the radial length of the auxiliary blade is 1/4 of the
impeller blade’s, the efficiency of the entire pump can be improved.

(4) Auxiliary blades can cause the optimal operating point of the multistage centrifugal
pump to shift towards the direction of a larger flow rate, thus improving the hydraulic
performance of the pump.

(5) The leakage of the multistage centrifugal pump throat ring varies with changes in
flow rate. The larger the flow rate, the lower the throat ring leakage.
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