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Abstract: Gas-liquid multiphase pumps are critical transportation devices in the petroleum and
chemical engineering industries, and improving their conveyance efficiency is crucial. This study
investigates the influence of blade tip clearance variations on the flow characteristics within a
multiphase pump. Numerical simulations were conducted using Eulerian two-phase and SST k-w
turbulence models with four distinct tip clearance sizes (0 mm, 0.3 mm, 0.6 mm, and 0.9 mm). The
performance curve, tip leakage flow (TLF), and internal gas distribution were subjected to analysis.
The results indicate that the TLF is linearly related to the clearance size and traverses multiple flow
passages, resulting in energy losses and a reduced pump head coefficient. Larger tip clearances
(0.6 mm and 0.9 mm) exhibited a more uniform flow pattern, contrasting the irregularities seen with
a 0.3 mm clearance. Compared to no tip clearance (0 mm), gas holdup within the impeller passages
decreased by 18.39%, 39.62%, and 58.53% for clearances of 0.3 mm, 0.6 mm, and 0.9 mm, respectively,
leading to decreased overall system efficiency. This study highlights the connection between tip
clearance size and flow dynamics in multiphase pumps, offering insights for optimal tip clearance
selection during multiphase pump design.
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1. Introduction

Gas-liquid multiphase pumps, characterized by their simple design, extensive flow
capability, and minimal sensitivity to solid particle entrainment, are integral to the trans-
portation of petroleum. Since the 21st century’s onset, offshore oil and gas exploration and
development have surpassed onshore activities, leading to a steady increase in production
and storage volumes. As a result, offshore regions are now viewed as strategic reserves for
global oil and gas supplies [1]. The evolution of gas-liquid multiphase pump technology is
anticipated to further enhance production from both marginal and deep-water fields.

Despite the considerable advancements, the internal dynamics of gas-liquid multi-
phase pumps remain intricately complex, leaving various flow mechanisms unexplored.
Previous studies have examined the influence of different flow parameters on pump per-
formance, including inlet gas void fraction (IGVF), rotational speed, etc. Cheng et al. [2]
introduced a novel cylindrical vane pump, whose efficiency was corroborated through
experimental and numerical methods. The Computational Fluid Dynamics (CFD) model
of the pump exhibited a maximum error rate of 5.7%, validating its successful design as
a positive-displacement pump. Furthermore, the pump maintained consistent efficiency
across diverse conditions. Xu et al. [3] tested the multiphase pump under various flow rates
and IGVF conditions, finding that increasing IGVF corresponded to a decreasing stable
operational range, peaking stability at 50% IGVF. Saadawi et al. [4] studied a blade-type
gas-liquid multiphase pump in an oil field, noting enhanced pressure performance with
higher rotational speeds. This conclusion was echoed by Ali and Zhang [5,6] through
both numerical and experimental research. The medium’s viscosity significantly influences
the performance of multiphase pumps. Specifically, increased viscosity results in reduced
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pressure during the transport of high-viscosity media [7-9]. In the realm of optimiza-
tion, Liu et al. [10,11] thoroughly investigated pump-turbine behavior during power-off
scenarios, blending numerical simulations with empirical methods. Their work clarifies
critical aspects such as transient flow characteristics, pressure fluctuations, and operational
shifts, providing valuable theoretical and practical insights into the field. Zhang et al. [12]
proposed a three-dimensional design methodology suitable for high-flow pumps based on
the impeller passage mesh of a gas-liquid multiphase pump, a method verified experimen-
tally. Cao et al. [13] combined the three-dimensional design method with computational
fluid dynamics (CFD) to design a multiphase pump and conducted experiments using
this approach. Zhang et al. [14] merged a backpropagation (BP) neural network with a
multi-objective genetic algorithm, achieving optimal outcomes in numerical simulations
under distinct operating scenarios with varying IGVE. Kim et al. [15] optimized specific
structural pump parameters, determining that their enhanced design minimized flow
separation, thus improving operational efficiency.

Currently, a cohesive and mature design theory for multiphase pumps is absent. With
the progression of computer technology, the field is evolving towards a more multi-objective
and intelligent paradigm. Zhang et al. [16] performed a numerical simulation to study
the flow field within a multistage gas-liquid multiphase pump under various operational
conditions. Li et al. [17,18] employed the Eulerian model to predict the bubble distribution
and diameter in the pump, providing a better understanding of bubble motion characteris-
tics. Zhang et al. [19,20] investigated the effects of flow parameters on gas distribution and
interphase forces in single-stage and multistage pumps under different flow rates, IGVF,
and viscosity using numerical simulations. Sun et al. [21] analyzed the impact of blade tip
clearance on vortex structure, gas distribution, and energy characteristics, concluding that
a wider clearance leads to substantial energy losses and alters gas accumulation patterns.
Zhang et al. [22] studied the resistance variation under different IGVF conditions using
a non-uniform bubble model with different drag coefficients. Another investigation by
Zhang et al. [23] empirically assessed experimental analyses of pressure pulsation under
different IGVF and rotational speed conditions. Their findings indicate that both dynamic
and static interference lead to heightened pressure pulsation. With decreasing rotational
speed, the pressure pulsation initially declines, but later increases with elevated IGVFE.
This suggests that controlled air ingress into the pump can optimize pressure pulsation.
However, elevated IGVF levels tend to amplify pressure pulsation. Shi et al. [24] used
numerical simulations to study the influence of the clearance at the blade tip on the pressure
and velocity fields on the S2 flow surface of the impeller in a multiphase pump.

In summation, prevailing research on the impact of tip clearance on flow character-
istics largely emphasizes leakage vortex cavitation and velocity distribution within the
clearance gap. However, a more comprehensive examination is required, especially con-
cerning leakage flow patterns and gas holdup distribution in the gap region of gas-liquid
multiphase pumps. This investigation employs the Eulerian two-fluid model for numerical
simulations of internal flow in a gas-liquid multiphase pump with different clearances.
This methodology provides insights into the effects of tip clearance on the pump’s external
characteristics, gap leakage flow, and gas distribution in the impeller. The findings from this
study can be crucial references in optimizing the design of gas-liquid multiphase pumps.

2. Numerical Model
2.1. Computational Method

In multiphase pumps, the flow of two-phase fluids is inherently non-uniform. Al-
though factors such as slip velocity and momentum transfer can often be neglected, the
non-uniform assumption offers a more accurate depiction of the pump’s internal flow
dynamics compared to a uniform model. This study employs the non-uniform Eulerian
two-fluid model for its calculations. While both fluid phases operate within a shared
pressure field, they maintain individual velocity fields. The Reynolds-averaged Navier—
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Stokes equation for a steady, incompressible fluid is solved. The governing equations are
as follows:
Continuity Equation:
V- (axpr Vi) =0 €]

Momentum Equation:
Vo (e Vi Vi) = —aVp + V- (a4 Tij) + M + fi )

where the subscript k represents any phase ([ is liquid, g is gas). «j is the k-phase volume
fraction, satisfying a¢ + a; = 1. p is the k-phase density, Vj is the k-phase absolute velocity,
p is the pressure, T is the viscous stress tensor, M is the interphase force on k-phase, and fj
is the mass force.

The steady flow within the multiphase pump was calculated using ANSYS CFX 17.0, a
commercial computational fluid dynamics software. We employed the SST k-w turbulence
model to address the Reynolds stress. This model combines the characteristics of the
k-w and k-¢ models, and can accurately predict flow separation under adverse pressure
gradients. Additionally, it exhibits specific adaptability in predicting the movement of
clearance leakage vortices [25,26].

2.2. Computational Model

The computational model presented in this paper consists of four primary components:
the inlet pipe, impeller, diffuser, and outlet pipe, as depicted in Figure 1. Key design
parameters for the multiphase pump are a design flow rate Qq = 50 m?/h, a design
head H = 15 m, and a rotational speed 7 = 2950 r/min. Other main technical parameters
can be found in Table 1.

lmpeller dlffuser Outlet pipe

mlet pipe

———

flow d\recﬂon

Figure 1. Computational model.

Table 1. Main technical parameters.

Parameter Impeller Diffuser
Blade number 4 11
Shroud radius (mm) 75 75
Inlet hub radius (mm) 58.96 67
Outlet hub radius (mm) 67 60
Axial length (mm) 55 65

The tip clearance is defined as the gap between the blade wheel edge and the inner
wall of the pump casing, as depicted in Figure 2. The presence of this clearance allows a
portion of the fluid to flow from the high-pressure side of the blade to the low-pressure
suction side, resulting in TLE. This phenomenon significantly alters the flow dynamics
within the impeller passage, subsequently impacting the pump’s performance. In this
study, four tip clearance sizes, 61 = 0 mm, J, = 0.3 mm, J3 = 0.6 mm, and J4 = 0.9 mm, were
selected to investigate the influence of the tip clearance on the flow characteristics of the
multiphase pump.
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Figure 2. Schematic diagram of tip clearance.

The computational domains were discretized using a high-precision structured grid,
making use of both ICEM and TurboGrid tools. For components with slender geometries,
including diffusers and impellers, an “O-shaped” grid was adopted for localized refinement,
ensuring a smooth transition between component grids and capturing flow intricacies
effectively. Additionally, grid refinement was focused on the near-wall region to capture
the flow dynamics within the impeller passages with greater accuracy. Specifically, a gap
grid of 12 layers was designated for 6, = 0.3 mm, while 26 and 40 layers were assigned
for 63 = 0.6 mm and 64 = 0.9 mm, respectively. Figure 3 illustrates both the computational
domains and the local grid. For details of the tip clearance grid, refer to Supplementary
Figure S1 in the Supplementary Materials.

pressure

Figure 3. Computational grid. (a) Blade; (b) diffuser; (c) tip clearance.

A grid independence verification analysis was executed to confirm the quality of the
grid. This verification process was based on calculations performed on five distinct grid
sets, each varying by specific parameters, with the IGVF set to 0%. The head and efficiency
were used as evaluation metrics. The data suggests consistency in both head and efficiency
across the last three grid sets, as illustrated in Figure 4. To achieve a balance between
computational efficiency and result accuracy, the third grid set was selected for subsequent
numerical calculations.
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Figure 4. Grid independence verification.
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2.3. Boundary Conditions and Setting

The selected flow medium consists of a two-phase mixture, with water serving as the
continuous phase and air as the dispersed phase. The water has a density of 997 kg/m?,
and the bubble diameter is consistently 0.1 mm. Volume fractions for both water and air
are determined by operating conditions, ensuring their combined sum always equals 1.
The inlet boundary condition is defined by the total mass flow rate, whereas the boundary
condition for the outlet corresponds to the average static pressure. The pump operates
at a rotational speed of 2950 rpm. Since the impeller is a rotating domain, the interface
between the inlet extension pipe and the impeller and the impeller and the diffuser were
modeled using the frozen rotor approach. The simulations were deemed converged when
the residuals for all equations fell below a threshold of 1 x 107°.

2.4. Gas-Liquid Multiphase Pump Test Rig

The experimental setup is illustrated in Figure 5. Air was supplied by an air com-
pressor, while water was provided by a water tank. The water and air were individually
channeled into the buffer, where they were thoroughly mixed before entering the gas-liquid
multiphase pump. Subsequently, the water was recirculated back into the tank, while the air
was discharged into the atmosphere. Flowmeters and pressure sensors were strategically
positioned on the relevant pipes to monitor the gas and liquid flow rates, as well as the
pump’s inlet and outlet pressures, respectively. The main sensor parameters are shown in
Table S1 of the Supplementary Materials.

Figure 5. Experimental schematic diagram. 1, air compressor; 2, gas tank; 3, valve; 4, gas flowmeter;
5, water tank; 6, valve; 7, liquid flowmeter; 8, buffer; 9, pressure sensor; 10, multiphase pump;
11, data collector.

3. Results and Discussion
3.1. Validation of Numerical Calculation Methods

To assess the accuracy of the numerical calculations, a comparison was conducted
between the experimental and numerically calculated results for both head and efficiency,
as depicted in Figure 6. The efficiency exhibited a maximum error of 7.95% at IGVF = 20%,
while the head presented a minimum error of 3.48% at IGVF = 10%. Overall, both ex-
perimental and calculated data showed congruent trends, affirming the accuracy of the
numerical approach. However, it is noteworthy that as IGVF escalates, discrepancies in
results become more apparent. This phenomenon primarily arises from the need to equalize
pressures in the gas and liquid pipelines, ensuring the gas-liquid mixture does not enter
the contrasting phase’s pipeline before reaching the buffer. During the tests, maintaining
identical pressures in the gas and liquid pipes conduits grows more arduous as the IGVF
increases, leading to fluctuations in the measured data and larger errors.
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Figure 6. Validation of the numerical calculation.

3.2. External Characteristics Prediction

In order to analyze the impact of tip clearance on the head of the gas-liquid multiphase
pump, the head is dimensionless. The head coefficient ¢y, is defined as:

e )

Ph
pu3

where p; and p; are the inlet and outlet pressures of the pump, respectively, and uj is the
circumferential velocity at the impeller outlet rim.

The values of the pump head coefficient, calculated under various tip clearances, are
presented in Table 2. These values were derived for a pump with an IGVF of 10%. Analysis
of Table 2 reveals a consistent decline in the pump head coefficient with the progressive
increase in tip clearance from 0 mm to 0.9 mm. When comparing the results with the case of
a 0 mm tip clearance, the declines recorded are 1.82% at 0.3 mm, 3.21% at 0.6 mm, and 4.83%
at 0.9 mm. The decrease in the head coefficient is attributed to increased liquid recirculation
when the IGVF is at a specific condition. As the impeller processes the fluid, an increasing
tip clearance prompts a fraction of this fluid to circulate back to the impeller’s suction side.
This recirculation negatively impacts the fluid’s effective inflow, subsequently reducing the
pump head, leading to a reduced coefficient. Additionally, the quantitative relationship
between the gap and head coefficient is elaborated upon in Supplementary Figure S2.

Table 2. Head coefficient under different tip clearance.

Tip Clearance (mm) Head Coefficient (¢y,)
0 0.3023
0.3 0.2968
0.6 0.2926
0.9 0.2877

3.3. Influence of Tip Clearance on the TLF

Figure 7 illustrates the relationship between TLF and varying tip clearances. A nearly
linear correlation is evident between gap leakage and clearance size, with leakage surging
markedly as the tip clearance expands. As the tip clearance increases from 0 mm to 0.9 mm
by increments of 0.3 mm, the corresponding TLF volumes are 2.23 kg/s, 4.65 kg/s, and
7.24 kg /s, accounting for 17.89%, 37.31%, and 58.09% of the inlet mass flow rate, respec-
tively. Data analysis reveals an ongoing surge in leakage with increasing tip clearance,
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peaking at 58.09% for 0.9 mm. This trend is explained by Figure 8a, which demonstrates
that a significant portion of the leakage flow passing through the first tip clearance (marked
as I) proceeds to subsequent tip clearance (marked as II), with portions even advancing
to further clearances (marked as III, IV). This leads to the fluid navigating multiple flow
paths, incurring cumulative losses. In addition, leakage can substantially diminish energy
efficiency due to the associated decrease in fluid pressure within the pump, directly impacts
its performance. Enhanced tip clearance offers a wider flow route, intensifying fluid losses.
The compact streamlines depicted in Figure 8b corroborate this, illustrating an increased
level of fluid leakage with broader tip clearance.

8

7+

Gap leakage volume (kg/s)
-
T

0.0 0.3 0.6 0.9

Tip clearance (mm)

Figure 7. TLF volume at different tip clearance.

0, =0.3 mm 6;=0.6 mm 0,=0.9 mm

(@

(b)

< ee——

Direction of rotation

Figure 8. TLF streamlines at different tip clearances. (a) Leakage flow in runners; (b) leakage flow in
the clearance.

The investigation of external characteristics reveals a steady decrease in the head
coefficient of the gas-liquid multiphase pump as the tip clearance increases. This phe-
nomenon is intricately related to TLF, which interrupts mainstream motion and induces
turbulence within the flow field. Figure 9 represents the vorticity distribution at 90% of the
impeller blade height. At tip clearance of 0 mm, the absence of tip clearance eliminates any
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potential TLE, yielding a distinctly different vorticity distribution than in situations with tip
clearance. Predominantly, vorticity in such situations stems from a fluid collision with the
blade surface, followed by backflow. With greater tip clearance, both the range of vorticity
distribution and the vortex intensity rise. This trend is due to the leakage flow through the
clearance, potentially triggering a vortex effect and consequent energy loss. Incremental
expansion of the tip clearance amplifies the leakage flow, resulting in increased energy
consumption. It is evident that tip clearance significantly affects the overall performance
of the pump. This influence is dynamic, changing with variations in the tip clearance
and follows a consistent trend: as the tip clearance widens, the pump’s head coefficient
consistently reduces. This insight enhances our understanding of fluid dynamics and
provides critical guidance for designing and optimizing gas-liquid multiphase pumps.

Vortex
swirling
strength
. 2000
1800
1600
1400

1200
H 1000

¢ (b) 0.3 mm

Figure 9. Vortex swirling strength distribution of the impeller.

Flow leakage through the clearance gaps significantly influences the flow distribution
within the impeller passages and their corresponding mass flow rates. Figure 10 illustrates
the mass flow rate variation across each impeller passage with different tip clearances.
Notably, Passage 2, with no tip clearance (0 mm), exhibits much lower flow rates compared
to other passages. At a tip clearance of 0.3 mm, the flow rates in both Passages 2 and
3 diminish. In contrast, clearances of 0.6 mm and 0.9 mm showcase more consistent
flow distribution. This inconsistency is largely attributed to the complexities of gap fluid
dynamics. Tip leakage flow (TLF) is particularly pronounced in passages with smaller
clearances, exemplified by Passage 2. Such flow perturbations disturb the adjacent flow,
causing non-uniform flow velocities within the passage, compromising impeller stability
and efficiency, potentially leading to vibrations and jeopardizing the pump’s operational
robustness. Passages with larger clearances typically demonstrate more balanced flow
rates, usually augmenting impeller performance. In summary, the magnitude of the tip
clearance critically determines the flow and mass flow rate distribution within the passages.
Strategic design and optimization of this clearance are vital to boost pump efficiency
and reliability, mitigating undesirable leakages, refining flow distribution, and enhancing
overall performance.

Figure 11 illustrates the gas void fraction (GVF) distribution within the flow passage
at a blade height of 0.5. Figure 11 reveals pronounced gas accumulation in Passage 2
with a tip clearance of 0 mm and in Passages 2 and 3 with a clearance of 0.3 mm. This
accumulation diminishes the overflow of liquid, leading to a notably uneven mass flow
distribution. Nonetheless, when the tip clearance increases to 0.6 mm and 0.9 mm, there
is a marked change in gas distribution. In these scenarios, gas disperses more uniformly
throughout the passages, resulting in a more equitable mass flow distribution. This en-
hanced uniformity, which presumably augments pump performance, corresponds with
the data in Figure 10. Uniform gas distribution at broader tip clearances implies a pivotal
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threshold beyond which gas obstruction in the impeller passage can be effectively reduced.
This revelation holds considerable relevance for the design and strategic optimization of
gas-liquid multiphase pumps.

1 —=8—5,=0 mm
3.9 —e—4,=0.3 mm
3.6 —A—0;=0.6 mm

—v—0,=0.9 mm

(a) 0 mm

GVF

0.50
! 0.45
0.40

0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

(b) 0.3 mm

(c) 0.6 mm

(d) 0.9 mm

Figure 11. Distribution of gas void fraction in impeller.

3.4. Influence of Blade Tip Clearance on Gas Void Fraction Distribution

In the impeller, a randomly selected flow passage is analyzed to examine the distribu-
tion of the gas void fraction near the tip clearance. Cross-sections are designated every 15°
around the rotational axis, extending from the inlet to the outlet. These sections are labeled
sequentially from Al to A6, as shown in Figure 12.
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e

(a) 0.3 mm (b) 0.6 mm (c) 0.9 mm

Figure 12. Distribution of gas void fraction around tip clearances.

In Figure 12, it is evident that under various tip clearance conditions, there is no
significant accumulation of gas either in the gap region or on the blade’s pressure surface
adjacent to the gap. The absence of this accumulation is likely due to the increased flow
velocity at the gap, which causes the gas to become entrained in the liquid flow. The reduced
relative pressure on the nearby suction surface results in gas accumulation. Moreover, at a
tip clearance of 0.3 mm, the GVF in each section notably increases, compared to clearances
of 0.6 mm or 0.9 mm. This trend can be linked to the expansion of the TLF area with an
increasing tip clearance which, in turn, reduces the primary flow and boosts the liquid
flow velocity. As shown in Figure 13, with the rise in tip clearance, there is a proportional
increase in the liquid phase’s velocity. This elevated velocity encourages the entrainment of
a larger gas volume by the liquid flow. The gas entrainment effect is especially prominent at
a tip clearance of 0.3 mm, confirming our previous observations. However, as the clearance
expands further to 0.6 mm and 0.9 mm, the amount of entrained gas starts to decrease,
possibly due to a higher liquid flow velocity resulting in gas-liquid separation. Further
examination of the figure shows a denser region of gas concentration at a tip clearance of
0.3 mm. Such concentrated gas aggregations might compromise the liquid flow’s stability,
subsequently impacting blade performance and efficiency.

1300
—8—4,= 0.3 mm

1250 |- ——4,= 0.6 mm
—A—03,= 0.9 mm

1200

1150

1100

1050

Liquid phase flow rate (m~s'1)

1000

950 L L L L 1 1 L 1 L
00 01 02 03 04 05 06 07 08 09 1.0

Streamline location

Figure 13. Distribution of liquid phase velocity in impeller passage.

Figure 14 illustrates the variations in the average GVF within the impeller passages
across different tip clearances. The GVF is at its peak with no tip clearance and decreases
as the clearance expands. Notably, the GVF experiences a significant decline when the
clearance reaches 0.9 mm, consistent with the observations in Figure 11. The average GVF
in the impeller passages transitions sharply from 15.12% at 0 mm clearance to 12.34%,
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9.13%, and then 6.27%. These percentages correspond to reductions of 18.39%, 39.62%,
and 58.53%, respectively, compared to the condition with no clearance. The pronounced
reduction in GVF with increasing clearance can be ascribed to several factors. Firstly,
a larger clearance may introduce heightened turbulence within the impeller passages,
facilitating the more efficient dispersion of gas bubbles and thereby decreasing the local gas
concentration. Secondly, a larger clearance might enhance gas-liquid separation, allowing
gas to evacuate more easily from the impeller area, resulting in a decreased GVF. However,
while increased tip clearance reduces gas concentration in the impeller passages, amplifying
its gas transport capability, it also augments the potential for leakage through the gap. Such
leakage could negate the advantages of diminished gas concentration, leading to a decline
in the system’s overall efficiency.

14
—=—J1=0mm
12 —0— 0= 0.3 mm
03= 0.6 mm
—&—04= 0.9 mm
10
s
= 8
>
&)
6
4
2 L

00 01 02 03 04 05 06 07 08 09 1.0

Streamline location

Figure 14. Distribution of average gas void fraction in impeller passage.

4. Conclusions

Using the Eulerian non-uniform two-fluid model, this study investigates the effects of
varying blade tip clearances on the external characteristics of the multiphase pump, the
leakage flows across the clearance gap, and the internal gas distribution inside the impeller.
The results provide guidance for selecting the optimal tip clearance during multiphase
pump design.

(1) The presence of a tip clearance in the multiphase pump leads to leakage flow within
the gap. This leakage flow has a near-linear relationship with the size of the clearance.
As the clearance increases, the leakage volume grows, dispersing across multiple flow
passages, resulting in energy loss and a notable reduction in the pump head coefficient.

(2) The tip clearance plays a pivotal role in influencing the flow distribution within
the passages. Clearances of 0 mm and 0.3 mm show marked irregularities in flow
distribution. However, larger clearances, such as 0.6 mm and 0.9 mm, promote a more
uniform flow distribution. This suggests that a greater tip clearance can reduce the
often-seen flow irregularities or “clogging” inside the impeller passage.

(3) While the tip clearance does not lead to substantial gas accumulation, a discernible
concentration is present near the clearance on the blade’s suction side. A notable
observation is the diminishing gas content in the impeller passage with increasing tip
clearance. Compared to a scenario with no tip clearance (0 mm), there is a significant
58.53% decrease in gas content at a clearance of 0.9 mm.



Processes 2023, 11, 3170 12 of 13

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr11113170/s1, Figure S1: Tip clearance grid. Figure S2: Rela-
tionship between the gap and head coefficient. Table S1: Main sensor parameters.
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