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Abstract: The gas volume fraction (GVF) often changes from time to time in a multiphase pump,
causing the power capability of the pump to be increasingly affected. In the purpose of revealing the
pressure load characteristics of the multiphase pump impeller blade with the gas-liquid two-phase
case, firstly, a numerical simulation which uses the SST k-ω turbulence model is verified with an
experiment. Then, the computational fluid dynamics (CFD) software is employed to investigate the
variation characteristics of static pressure and pressure load of the multiphase pump impeller blade
under the diverse inlet gas volume fractions (IGVFs) and flow rates. The results show that the effect
of IGVF on the head and hydraulic efficiency at a small flow rate is obviously less than that at design
and large flow rates. The static pressure on the blade pressure side (PS) is scarcely affected by the
IGVF. However, the IGVF has an evident effect on the static pressure on the impeller blade suction
side (SS). Moreover, the pump power capability is descended by degrees as the IGVF increases,
and it is also descended with the increase of the flow rate at the impeller inlet. Simultaneously,
under the same IGVF, with the increase of the flow rate, the peak value of the pressure load begins
to gradually move toward the outlet and its value from hub to shroud is increased. The research
results have important theoretical significance for improving the power capability of the multiphase
pump impeller.

Keywords: multiphase pump; pressure load; power capability; numerical simulation; IGVF

1. Introduction

Offshore oilfields have been flourishing and thriving these years due to the rich
resources in the sea, such as the petroleum, natural gas and so on. To effectively transport
the multiphase substances in the deep sea, the multiphase pump has emerged at the right
moment, and has been gradually applied to the onshore oilfields. There are numerous
advantages to using this pump, such as compact structure, large discharge and insensitivity
toward the sand particles. Moreover, it still operates well under the high gas void fraction.
Furthermore, the transportation approaches using multiphase pump reduce expenses on
equipment and management investment, and raise the oil recovery rate, compared with
traditional transportation technologies.

The impeller, as the core flow passage and power component, has a significant effect
on the high-efficiency as well as stable operation of featured by the pump. Moreover,
the internal flow and power capability characteristics of the multiphase pump are more
complex compared with the single-phase pump, as it could operate within the gas-liquid
two-phase case and the gas void fraction in the pump usually varies a lot. To further
improve the power capability characteristics of multiphase pump, lots of researchers have
aimed to solve this problem. Shi Y. et al. [1] investigated the flow characteristics featured
by a three-stage helico-axial multiphase pump, and pointed out that the best efficiency
point (BEP) with design parameters and water case is 45%. Meanwhile, the pump can
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prevent excessive degradation on hydraulic performance at the low IGVFs. Shi GT. et al. [2]
employed the numerical simulation approaches to prob into the pressurization performance
in different impeller regions under the different flow rates and IGVFs. Results demonstrated
that the closer to the shroud, the stronger the pressurization performance at the front of
blades was; however, at the latter half of blades, the shorter distance to the hub, the more
strength of the pressurization performance would be. Zhang WW. et al. [3] analyzed the
characteristics of internal flow and phase interaction in a gas-liquid two-phase pump, and
proposed that the gas distribution in the inlet pipe was uniform and a stratified structure
in the outlet pipe under air-water combination was formatted. Moreover, the variation
trend of interphase forces along the flow direction under air-crude combinations in the
impeller was relatively smooth. Zhang WW. et al. [4] investigated the flow field and
gas-liquid phase interaction characteristics featured by a multiphase pump. The research
expressed that as the IGVF increased, the variation range of interphase forces in the
impeller was greater than that in the diffuser. Moreover, the gas in the impeller was
mainly accumulated near the blade SS at the impeller outlet. Shi Y. et al [5] utilized steady
numerical simulations to investigate the two-phase flow characteristics in normal impeller
and split vane impeller at different IGVFs. The results presented that the performance
featured by the modified impeller is generally better than the normal impeller, especially
in high IGVF case. Li CH. et al. [6] uncovered the pressure fluctuation and internal-flow
characteristics in a three-stage multiphase pump at different IGVFs. As was shown by the
results, the improvement of the pump performance was under the restriction of the upgrade
of the flow rate. In addition, the pressure fluctuation amplitude neighboring the impeller
blade SS gradually increased. Jinsong Z. et al. [7] evaluated the effects of GVF on energy
performance and pressure fluctuations of a multiphase pump by a numerical approach
as well as a Navier-Stokes equation solution. As was shown in the results, the dominant
frequencies of pressure fluctuation in the impeller and diffuser took on 11 and three times
as much, respectively, as compared to those featured by the impeller rotational frequency
individually. Cui B. et al. [8] investigated the transient pressure pulsation, unstable flow
structure, and vibration displacement of a centrifugal pump with different cutting angles.
According to the results, the heads and efficiency of the pumps with 30 deg and 45 deg
cutting angles of the trailing edge have achieved improvement.

In terms of internal flow mechanism, Zhang W. et al. [9] researched the characteristics
featured by bubble motion as well as distribution in multiphase pumps based on the basis
of the Euler two-fluid model. As the experimental results presented, bubbles in the impeller
started to move and then accumulated from the blade PS to the blade SS on an analogous
path. Next, the accumulated bubbles were on the decrease in size the moment they hit
the blade wall. Furthermore, the bubble diameter in the guide vane was significantly
greater than that in the impeller. Yan S. et al. [10] tested the Euler-Euler in-homogeneous
two-phase flow model together with a discrete particle population balance model (PBM),
which targets the research on the bubble distribution in a multiphase pump of a three-
stage gas-liquid two-phase centrifugal pump. Shi G. et al. [11] carried out research on
the energy conversion characteristics featured by the impeller blades under water as
well as the gas-liquid two-phase under design working case; the results showed that the
capacity of impeller energy conversion would have a step-by-step increase the moment the
blade wrap angle changed from 0 to 60 degrees, and the capability began to degenerate
gradually when the wrap angle was larger compared with 60 degrees. Moreover, the energy
conversion performance under the gas-liquid two-phase case was worse than that of water
alone. Han et al. [12] investigated the thickness variation in the air foil based on the hub
toward the shroud of the blade on the mixture transportation characteristics featured by
the gas-liquid two-phase flow in a helical-axial pump, the results indicated that the head
coefficient and efficiency increased for the same hub thickness, and the aggregation degree
of gas decreased with the decreasing of the thickness ratio coefficient. Yue H. et al. [13]
conducted an analysis on the energy performance as well as radial force of a multiphase
pump based on symmetrical and unsymmetrical tip clearance. According to the results,
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the total radial force on the principal axis harbored close association to the fluctuation of
mass flow rate within each single flow passage and the radial force upon the blade PS
decreased as the tip clearance increased. Zhang J S. et al. [14] selected tip clearance sizes of
0.0, 0.2, 0.5, and 0.8 mm for investigating the effects of tip clearance oriented with energy
performance and flow characteristics of a multiphase pump. As the results demonstrated,
the dominant frequencies and maximum amplitudes of pressure fluctuation rose were
rising along with the growth in tip clearance. Furthermore, the entrainment effect between
the tip leakage flow and main flow in the impeller also strengthened with the increase
in tip clearance size. Monte Verde W. et al. [15] studied the gas-liquid flow patterns in
a centrifugal pump impeller through experiments. The observation indicated that the
intensity of pump performance degradation were under direct influence of the flow pattern
within the impeller. Xu Y. et al. [16] investigated sufficiently the multiphase performance
as well as the inner flow. The results showed that the dominant frequency under water
and water-air circumstances was the blade passing frequency, the pressure fluctuation was
obviously weakened in the downstream of the impeller, and the fluctuation of pressure
with water-air case greatly increased in comparison with water case.

In the optimization design of a multiphase pump, Ming L. et al. [17] suggested an up-
dated approach aiming to create an optimize performance of multi-stage multiphase pump
in virtue by theoretical prediction on the basis of an Oseen vortex; the pump head and
efficiency could have an improvement at a rate of 0.29% and 0.19% on average following
the application of the optimization approach. Liu M. et al. [18] also proposed a hydraulic
design approach of a controllable blade angle oriented with a multiphase pump based on
an impeller and diffuser; the results revealed that the distributions of GVF as well as the
pressure would be of more uniformity following the optimization, thus enhancing trans-
porting performance of the pump. Li C. et al. [19] carried out research on the outer features
and inner flow identities of the multiphase pump amidst various GVF circumstances on
the basis of the Euler-Euler heterogeneous flow model. The results offered showed that
the head and efficiency presented obvious improvement when the reduction of the inner
wall of the diversion cavity occurred to 4 mm to the radial direction. Jun-Won S. et al. [20]
reported the multi-objective optimization to simultaneous enhancement in pressure and
efficiency at the posterior stage; the results showed that selected optimal model could
achieve more hydrodynamic performance compared to the base model. Cao S. et al. [21]
presented an integrated method of inverse method as well as a direct flow analysis oriented
with the hydrodynamic design of gas-liquid two-phase flow multiphase pump impeller.
According to the results, the designed pump worked in a broad flow rate range until the
IGVF could increase to over 50%. Hu H. et al. [22] used CFD and genetic algorithm to
optimize the impellers of helicon-axial multiphase pump; the optimization result showed
that the hydraulic efficiency of the multiphase pump is increased by 1.91%.

On the strength of the analyses above, lots of scholars have investigated the multi-
phase pump in many aspects, such as internal flow, pressure fluctuation and performance
improvements, etc. Some remarkable results have been obtained. However, quantitative
research on the power capability of an impeller blade is relatively rare. Thus, the character-
istics of the static pressure, gas distribution, and pressure load in the multiphase pump are
investigated in the present work through adjusting the IGVF and flow rate, which reveals
the effect of IGVF and flow rate on power capability of the pump. The research results pro-
vide the references for the structure optimization design of the multiphase pump impeller
blade, and it is also helpful to improve the work performance of the multiphase pump.

2. Multiphase Pump Computational Model

The six-stage self-design multiphase pump model is selected in this paper and its
basic parameters are as follows. The design flow rate, head, and rotational speed are
100 m3/h, 85 m, and 3000 rpm, respectively. The blade numbers of the impeller and
diffuser blade are 3 and 7, respectively. The pump efficiency is 33%, and GVF ranges from 0
to 80%. The impeller hub ratio is 0.60, the impeller cascade solidity is 1.2, the impeller blade
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average wrap angle is 181◦, and the impeller average blade angle is 8.2◦. The diffuser blade
average wrap angle is 40◦, and its diffusion angle is 8◦. Taking the numerous numerical
simulations and computer performance, a single pressurization unit of multiphase pump
was adopted and investigated. The computational fluid domain of a single pressurization
unit is composed of four parts, namely, the inlet pipe (inlet extension), impeller, diffuser,
and outlet pipe (outlet extension). To guarantee the inlet and outlet flow developed more
fully, the impeller inlet and diffuser outlet were prolonged 2 and 6 times of the impeller
axial length, respectively. The BladeGen, which is professional modeling software for
turbomachinery, is also a module of ANSYS Workbench. This article mainly uses it for the
hydraulic design of the blade, and it is adopted to model the impeller and diffuser. The
computational model and impeller spans are shown in Figures 1 and 2.

Figure 1. Computational model.

Figure 2. Impeller spans. 1. Hub, 2. 0.5 span, 3. Shroud.

3. Numerical Simulation Methods and Settings
3.1. Governing Equations

The k-ω two-equation turbulence model based on the SST (Shear Stress Transport)
model is selected. The transportation of the turbulent shear stress is taken into consideration
in this model and it preferably predicts the start of the flow and the flow separation with the
adverse pressure gradient; hence, the simulation results are more reliable. The expressions
of the k-ω SST model are as follows:
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where t is time, ρ is fluid density, and k is turbulent kinetic energy; ui and uj are the temporal
mean velocity in i and j directions; xi and xj are the displacements in Cartesian coordinates
in i and j directions; β is the thermal expansion coefficient and ω is the specific dissipation
rate; µ is the dynamic viscosity of the fluid and µt is the turbulent viscosity; σk is the Prandtl
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number corresponding to the turbulent kinetic energy and Gk is the generation term of the
turbulent kinetic energy caused by the average velocity gradient; and σω is the turbulent
Prandtl number with the specific dissipation rate, Gω is the generation term of the specific
dissipation rate, and Dω is the orthogonal divergence term.

To solve the excessive turbulence flow problems in local region with k-ω SST model,
the new dissipation item is added to the turbulent dissipation rate, ω:

2ρ(1− F1)

ωσω
(

∂k∂ω

∂x∂x
+

∂k∂ω

∂y∂y
+

∂k∂ω

∂z∂z
) (3)

where F1 denotes the wall distance.

3.2. Mesh Arrangement and Independence Verification

The professional turbomachinery software TurboGrid is employed to generate the
impeller and diffuser mesh, and the inlet and outlet extension of the computational domain
is imported into ICEM for the hexahedral mesh. Moreover, ICEM is utilized to generate
the inlet and outlet extension mesh. Figure 3 displays the single-passage structure mesh of
the impeller and diffuser. The mesh that is near the wall is partially refined to capture the
complicated flow in the boundary layer. The overall computational domain structure mesh
is shown in Figure 4.

Figure 3. Schematic diagram of structured mesh.

Figure 4. Fluid domain mesh.

To ensure the accuracy of the calculation results, six sets of meshes are divided to verify
the independence of the computational domain mesh under 100 m3/h. As can be seen in
Figure 5, as the number of meshes increase, the hydraulic efficiency of the computational
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domain gradually stabilizes. When the number of meshes exceeds 2.1 million, the hydraulic
efficiency remains almost unchanged, and the meshes also satisfy the y+ value requirement
of the selected turbulence model. y+ is a dimensionless value, of which the equation is:

y+ =
y
√

τwρ

µ
(4)

where y is the distance between the first layer of mesh and the wall and τw represents the
shear stress at the wall. In consideration of the calculation performance and accuracy of the
computer, it is shown that when the total mesh number is 2.1 million, a better convergence
solution will be obtained in the process of numerical calculation. Meanwhile, it is supposed
that the y+ value near the wall of each part is kept within 30.

Figure 5. Mesh independence verification.

3.3. Boundary Case Settings

To calculate the inner flow of the multiphase pump, ANSYS software is employed.
The k-ω SST turbulence model is chosen for liquid phase and the zero equation is selected
for gas phase in the gas-liquid two-phase case. As shown in Table 1, The inlet boundary
circumstances are converted into actual speeds under a variety of working circumstances
according to the minimum flow, rated flow, and maximum flow under the actual work case
of the multiphase pump. The inlet boundary was set as the normal velocity inlet and the
outlet boundary case as the static pressure outlet. No slip boundary case is set for the wall,
and the near wall domain selects the Scalable wall function. The impeller domain is set to
a rotating coordinate system, and the rest of the parts are set to a static coordinate system.
The Frozen Rotor model is used for rotor-stator interface, and stator interface uses General
connection (direct connection); the convergence criterion is set to 10−5.

Table 1. Settings of the boundaries and solution.

Boundaries Parameters

Inlet Velocity inlet
Outlet Static pressure outlet
Wall surface No slip wall
Working medium Gas, water
Stator interface General connection
Rotor-stator interface Frozen Rotor
Convergence criterion 1 × 10−5
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3.4. Numerical Method Verification

Figure 6 is the multiphase pump test system, composed of a multiphase pump, motor,
gas-liquid mixing tank, lubrication system, cooling system, control system, water supply
system, gas supply system, pipelines, and valves.

Figure 6. Schematic of the multiphase pump test rig.

The flow field of high-speed photography and the numerical simulation flow field are
compared and analyzed, and it is verified that the numerical calculation method is reliable.
The results are shown in Figure 7. By comparison, the experimental blade tip flow field
consists of the numerical calculation flow field, especially underwater working circum-
stances, which indicates that the numerical calculation approach used in the numerical
simulation is reliable.

Figure 7. Comparison of the experimental flow field and simulated flow field.

4. Result Analysis
4.1. Predicted Hydraulic Performance of the Multiphase Pump

Figure 8 is the external characteristic curve of a multiphase pump under different
working circumstances. In Figure 8, H is the head and η is the hydraulic efficiency. Ac-
cording to Figure 8a, the multiphase pump head decreases in a gradual manner with the
increase of IGVF at the same flow rate, demonstrating that the increase of IGVF gradually
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decreases the performance capability of the pump under low IGVF. Moreover, the increase
of IGVF has a relatively small impact on the head at small flow rates, whereas the head
drop rate of the pump begins to increase evidently as the IGVF increases at the designed
flow rate and a large flow rate. Hence, the influence of IGVF on the head at small flow rates
is obviously less than that at flow rates in the design and large flow rates. For Figure 8b, the
hydraulic efficiency of the multiphase pump decreases slowly with the increase of IGVF at
small flow rates. It shows that the IGVF change has minor effect on its hydraulic efficiency
at small flow rates. With the increase of the flow rate, there is a clear downward tendency
of the pump hydraulic efficiency. However, at small flow rates, the hydraulic efficiency of
the multiphase pump is affected by IGVF significantly less than the large flow rate and the
flow rate in the design.
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4.2. Flow Field Analysis

Figure 9 shows the pressure distribution contour of the multiphase pump at 0.5 span
under different IGVF at different flow rates.

Figure 9. Cont.
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Figure 9. Static pressure distribution of multiphase pump under different circumstances.

Figure 9 shows that with the same IGVF, the low-pressure area in the impeller flow
passage at small flow rates mainly appears near the impeller blade SS. As the flow rate
increases, the low-pressure area begins to shift from the back of the SS to the inlet area of
the PS at the design rate and large flow rates. In the case of the same flow rate, with the
increase of IGVF, the low-pressure area gradually reduces, which indicates that the increase
of IGVF is beneficial to adverse pressure gradient change in the impeller. In addition, the
pressure gradient change improves with the augment of the flow rate under the same IGVF
circumstances. The low-pressure area near the inlet of the blade SS gradually reduces with
the increase of IGVF at diverse flow rates.

Figure 10 presents a gas contour at 0.5 span of different IGVFs under a variety of flow
rate working circumstances in the multiphase pump.

As shown in Figure 10, at various flow rates, a large-area gas accumulation phe-
nomenon is not found in the impeller passage, while it is very obvious in the blade.
Moreover, the gas accumulation phenomenon in both impeller flow passage and blade
flow passage increases by degrees as the IGVF increases, which means that the gas-liquid
separation phenomenon in the multiphase pump is gradually intensified following the
enhancement of the IGVF at same flow rate. This is also the reason why the hydraulic
efficiency of the pump gradually decreases as the IGVF increases. Furthermore, under the
same IGVF, the gas accumulation phenomenon gradually decreases with the increase of
the flow rate, indicating that the increase of the flow rate makes the gas-liquid two-phase
mixing in the multiphase pump gradually become uniform under the same IGVF. More-
over, the gas accumulation phenomenon gradually increases at the impeller outlet near
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the blade SS, with IGVF increasing, eventually leading to the gradual shrinkage of the
impeller flow passage and the gradual reduction of the effective water-carrying section,
which increases the velocity of the fluid in the flow passage and the hydraulic loss, and
decreases the hydraulic efficiency. Nevertheless, the gas accumulation phenomenon at the
blade PS inlet gradually increases as the IGVF increases at large flow rate, and its increase
range is smaller than the small flow rate and design flow rate.

Figure 10. Gas in multiphase pump under different circumstances.

4.3. Pressure Load on the Multiphase Pump Impeller Blade

For the purpose of investigating the power ability of the multiphase pump under the
gas-liquid two-phase case, different flow rates (80 m3/h, 100 m3/h, and 120 m3/h) and
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different IGVF (IGVF = 5%, 10%, 15%, and 20%) working circumstances were selected to
analyze the power ability of the pump, by the method of extracting static pressure data
from the inlet to the outlet of the blade in three streamlines on the surface of the blade at
different spans as shown in Figure 2 (hub Span = 0, Span = 0.5. Span = 1). Finally, the static
pressure distribution curve at the blade PS and SS of the multiphase pump and the pressure
load distribution curve of impeller blades are obtained, as shown in Figures 11 and 12. For
every curve in Figure 11, the above curve represents the static pressure distribution curve
at the blade PS, and the following curve represents the static pressure distribution curve at
the blade SS.

Figure 11. Static pressure distribution curve of multiphase pump under various circumstances.
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Figure 12. Pressure load distribution curve of multiphase pump under various circumstances.

As can be seen in Figure 11, the static pressure distribution characteristics of different
streamlines on the PS of the multiphase pump impeller blades under various working
circumstances are similar, the static pressure values are relatively close, and the static
pressure distribution characteristics of diverse streamlines on the SS are also similar;
however, the static pressure values are quite different (the upper curve represents the PS,
and the lower curve represents the SS), indicating that the static pressure distribution at the
PS of the pump blade is almost unaffected by the change of IGVF, while the effect of IGVF
change on static pressure distribution on the SS is relatively apparent. This is because, as
can be seen in Figure 9, the pressure change on the SS is obviously greater than that on the
PS, so the result shown in Figure 11 is presented. In addition, the significant effect of the
IGVF change on the static pressure at the SS of the multiphase pump blade at small flow
rates is only at the relative position of the inlet from 0 to 0.4. As the flow rate increases
at the design flow rate, the relative position of the SS is greatly affected by the change of
IGVF in the range of 0 to 0.7, while this area is further enlarged at large flow rates, and the
area of the SS affected by the IGVF change is in the range of 0~0.8 of the relative position,
indicating that the static pressure at the blade SS is more susceptible to the influence of
the IGVF at large flow rate than the small flow rate. Moreover, static pressure on the SS
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is larger than that on the SS at different degrees of each streamline in the inlet area at the
design and large flow rates, which is not conducive to the pump power ability. Moreover,
for the same flow rate, the area where the static pressure value SS is greater than the static
pressure value on the PS is gradually increasing, as the IGVF of each streamline increases.

Figure 12 shows the pressure load distribution curve of the multiphase pump impeller
blades. The pressure load on the blade at various spans is different; hence, the Y-axis scale
is different. The pressure load of each streamline changes from the blade inlet to the outlet
in a similar pattern at the same flow rate, and the impeller inlet pressure load increases
suddenly. The reason is that the gas phase is subject to interference between dynamic and
static surface when entering the impeller inlet, which intensifies the interaction between the
gas and liquid phase, making the pressure load fluctuation in the impeller inlet becomes
relatively large; however, it first increases and then decreases on the whole. It demonstrates
that the pump power ability increases at first and then decreases. Moreover, the pressure
load gradually decreases with the augment of the GVF at the same flow rate, and the area
where the pressure load of each streamline is negative also increases gradually, indicating
that the pump power ability is weakening stage by stage with the increase of the GVF. The
main reason is that the gas accumulation phenomenon on the blade SS gradually becomes
obvious as the GVF increases, the flow passage becomes narrower, and the gas-liquid
separation in the impeller flow passage is intensified, causing the impeller power ability
to weaken.

As can be seen in Figure 12, the pressure load of each streamline is almost positive
at small flow rates, and the power capability case is good. With the increase of the flow
rate, the blade inlet area where the pressure load is negative continuously increases at the
design flow rate and large flow rates, demonstrating that the enhancement of flow rate
under the gas-liquid two-phase case makes the work efficiency of the impeller inlet area
reduce. In addition, the peak pressure load begins to gradually move to the outlet as the
flow rate increases under the same IGVF, and the peak value gradually increases from the
hub to the rim. This is on account of the relatively strong interaction between the fluid
flow of the tip clearance near the rim and fluid flow at the impeller outlet, causing the
pressure load at the hub to be smaller compared to that at the rim. It demonstrates that the
high-efficiency area of the multiphase pump begins to shift to the impeller outlet, and the
impeller power capability from the hub to shroud is increased. Moreover, with the increase
of the flow rate, the area where the pressure load on the blade surface at the impeller hub,
the middle streamline, and the rim that is affected by GVF gradually increase, and this
area consists of the blade SS, which shows static pressure under the influence of IGVF in
Figure 11. It illustrates that the IGVF change mainly has an impact on the power capability
at the SS when the flow rate is same.

5. Conclusions

(1) As the IGVF increases, the head and hydraulic efficiency of the multiphase pump
all decrease gradually, and the increase of the flow rate make the gas-liquid two-
phase mixing in the multiphase pump gradually uniform. Furthermore, the gas
accumulation phenomenon at the impeller outlet near the blade SS gradually increases,
causing the impeller flow passage to gradually shrink and the effective water-carrying
section gradually to decrease. It increases both the flow velocity of the fluid in the
flow passage and the pump hydraulic loss, while the hydraulic efficiency decreases.

(2) The static pressure on the blade PS is scarcely affected by the IGVF, while the IGVF has
an evident effect on the static pressure on the impeller blade SS. At small flow rates,
the area that static pressure on the SS significantly affected by the IGVF change is only
near the inlet. However, with an increasing flow rate, the static pressure distribution
on the SS is gradually increased by the effect of gas void fraction, and it is close to the
blade outlet.

(3) The pump power capability is descended step by step as the IGVF increases, and it
also descends with the increase of the flow rate at the impeller inlet. In the meantime,
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under the same IGVF, with the increase of the flow rate increase, the peak value of
the pressure load begins to gradually move toward the outlet and its value from hub
to shroud is increasing. Moreover, this peak value gradually increases from the hub
to shroud, indicating that the high efficiency area of the pump begins to shift to the
impeller outlet, and the impeller power capability is constantly increasing from the
hub to the shroud.
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