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ABSTRACT

Helical axial-flow multiphase (HAFM) pumps experience intermittent gas-
blocking events, which negatively impact performance and threaten the stability
of the overall pump and pipeline systems. This study applies jet flow field
method to HAFM pumps. Active intervention in the gas-liquid separation
process, utilizing external energy, results in the reorganization of the flow field
within HAFM pumps. The effect of jet location on improving the efficiency of
HAFM pumps is assessed, with a focus on the active flow control mechanism
through jet influence. The study indicates that the region sensitive to jet site
distribution affecting pump performance is 0.5L. < x; < 0.7L¢, while the weakly
sensitive region is 0.15L¢ < xr < 0.5L¢. When x; < 0.15L¢, the improvement in
head and efficiency under high gas content conditions is reduced. Jet flow field
control technology obviously decreases the gas phase accumulation in the
downstream flow channel of the moving blade cascade. The optimal position for
reducing gas phase agglomeration in the impeller channel is 0.3Lc. The jet site
arrangement significantly affects the pressure structure near the cascade trailing
edge. Appropriate jet hole positioning significantly improves the pressure
structure at the cascade trailing edge, decreases reflux caused by separation
vortices at the impeller outlet, and enhances the hydraulic performance in the
multiphase pump.

1. INTRODUCTION
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mixed and transported within the pump, gas-liquid

Global consumption of oil and natural gas,
highlighting their role as major energy sources worldwide,
has exceeded 300 exajoules annually since 2014 (El,
2023). As oil and gas reserves in onshore and shallow-
water regions decline and degrade, exploration and
development have shifted to deep-sea and deep-ground
environments (Chang & Wang, 2024). Deep-sea oil and
gas extraction is technically challenging and capital-
intensive. Oil and gas mixed transportation technology can
replace costly offshore oil and gas development platforms,
reduce investments in separation devices, simplify
pipeline configurations, lower construction costs, and
improve offshore development efficiency.

The HAFM pump serves as the critical booster
device for extracting oil and gas from deep-sea
environments. When media of different densities are

separation occurs due to centrifugal forces. When the gas
content in the pump is relatively high, the gas—liquid
separation will be very significant, and the separated gas
phase will intermittently accumulate at the rotor cascade
trailing edge, thereby blocking the impeller channel. This
leads to large periodic fluctuations in the pump outlet
pressure, which seriously threatens the safety of the pump
unit and pipeline system. Understanding the interfacial
forces between two phases is crucial to analyzing the gas—
liquid separation mechanism. Yu et al. (2015) analyzed the
interfacial forces in the impeller region of a HAFM pump
and found that drag force was dominant under different
inlet gas content rates, bubble diameters, and impeller
speeds. Zhang et al. (2018) discovered that drag force is
the most significant interfacial force in gas—liquid two-
phase pumps, followed by the added mass and lift forces.
Increasing inlet gas content strengthens interfacial forces.
Based on the Euler model, Suh et al. (2018) optimized
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NOMENCLATURE

Ciet jet velocity coefficient tN-1 confidence coefficient

Ct tip clearance u velocity tensor

Dg guide vane shroud diameter Viet jet velocity

Dy impeller shroud diameter Vim pump meridional velocity

Djet jet hole diameter Xa mean value of the data

At impeller hub inlet diameter % distance between jet hole and trailing edge

of blade

dan1 guide vane inlet diameter on hub z number of impeller blades

dan2 guide vane outlet diameter on hub Zq number of guide vane blades

Ejet the initial energy of the jet fluid Greek symbols
random uncertainty in flow .

Eor a volume fraction
measurements
random uncertainty in head apgle'bet\{veen the projection of the jet

Enr Oljet direction in the spanwise plane and the
measurements s !

tangential line of the suction surface

E,r random uncertainty in efficiency p interphase momentum exchange coefficient
measurements

Eos :Ta:ggsun:etggﬁtrstamty in flow i impeller inlet blade angle

Eps systematic uncertainty in pressure o impeller outlet blade angle
measurements

Ems z:;iﬁritrﬁeﬁ?gertamty In torque Pt guide vane inlet blade angle

Ens ?T)]/:;iz]ritrﬁel;?;ertamty in head P2 guide vane outlet blade angle

Ens systematic uncertainty in efficiency ) half cone angle of the hub
measurements

E combined uncertainty in head , angle between the jet hole direction and the

H measurement Tiet tangential direction of the hub

E, combined uncertainty in efficiency A gas phase aggregation degree for jet scheme
measurement

e impeller axial length Ajet gas phase aggregation degree

€d guide vane axial length n overall efficiency

Fts, Fst additional interphase forces Rjet overall efficiency for jet scheme

g gravitational acceleration vector Am mechanical efficiency

H head I volumetric efficiency

Hiet pump head for jet scheme p density

Km mechanical efficiency constant T stress tensor

Kv volumetric efficiency constant 10) rotational speed of impeller

Lc airfoil chord length Subscripts and superscript

Limp impeller axial length | liquid phase

M torque S gas phase

N number of measurements in inlet

n rotational speed out outlet

Ns pump specific speed B interphase momentum exchange coefficient

p static pressure mix mixture

P jet power for jet scheme ori original pump

Q flow rate * relative growth rate

Qq design flow rate Abbreviations

Qjet jet flow rate IGVF  Inlet Gas Phase Volume Fraction

S diste_mce petween center of jet hole and GVE Gas VVolume Eraction
suction side of blade

Sx area of the analysis region HAFM helical Axial-Flow Multiphase

Sx standard deviation Span blade height

Sy oves 0 area of analysis region where the GVF ss Suction Surface
>90%

t time PS Pressure Surface

the gas-liquid interaction model to improve the accuracy
of numerical simulation of HAFM pumps, taking into
account various factors such as bubble diameter and force

coefficient at the gas-liquid interface. Wen et al. (2024)
studied the impact of blade tip clearance on the energy
conversion capacity of the HAFM pumps under different
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gas volume fractions (GVF). They analyzed the energy
conversion behavior and the influence of GVF on energy
dissipation and efficiency. Through visualization
experiments, Gundersen et al. (2023) observed that tip
leakage induces backflow in the impeller and guide vanes.
Shi et al. (2020) indicated that the energy transformation
capability of a HAFM pump progressively increased from
the blade inlet to a 60° blade wrap angle, then decreased
due to intensified gas-liquid phase separation. These
studies indicate logical connections among gas and liquid
interfacial forces, gas-liquid separation, and energy
transport in multiphase pumps, providing essential
perspectives for the understanding of the working
mechanisms of multiphase pumps.

In-depth research on gas—liquid two-phase flow
mechanisms has provided extensive theoretical guidance
for optimizing and enhancing multiphase pump
performance (Dehghan et al., 2024). Researchers have
extensively studied methods to enhance gas-liquid
performance in multiphase pump impellers. Through
visualization experiments, Serena and Bakken (2015,
2016) found that during high-speed operation, the gas
phase and liquid phase medium in the impeller are
subjected to shear forces, making the distribution more
uniform and less prone to separation and gas-phase
accumulation. Ejim et al. (2024) also found that with
uniform gas-liquid mixing at boundary, gas—liquid
separation was lower during high-speed operation in the
impeller. Han et al. (2023) and others utilized curved and
twisted blades to adjust the forces on the gas phase within
impeller channels, alter the gas—liquid separation
characteristics, and optimize the pressure structure. Zhou
et al. (2023) designed blades for HAFM pumps with
separate airfoil trailing edges. By altering the angle and
segment length of the blade's rear section, the pressure
structure in the region nearby trailing edge of the blades
alters the gas-phase retention within the impeller and
improves pump performance. These studies demonstrated
that optimizing the impeller structure to change the gas—
liquid separation characteristics within the flow channel
can effectively enhance multiphase pump performance.

End-wall jet technology is a common measure to
control the corner separation of compressors, effectively
mitigating or removing corner separation, enhancing the
compressors' stable operating range (Li et al., 2024).
Experimental and simulation results showed that the
placement of steady jet holes obviously altered the
morphology of the energy loss vortex structure (Meng et
al., 2020, 2021). Meanwhile, Yu et al. (2018) found that
end-wall jets are highly effective in reducing low-energy
fluid accumulation in corner areas, particularly when the
jet is positioned at the starting point of corner separation.
Wang et al. (2017, 2022) studied the impact of jets on the
flow field of subsonic and transonic axial compressors,
finding that tip injection reduces the blockage in blade
channels, significantly improves the total pressure ratio of
compressors, and enhances their stability. Zhao (2023)
applied jet technology to improve the stability and
cavitation performance of axial-flow pumps, discovering
that jets effectively alleviate tip blockage. Jet technology
shows significant potential for improving flow
performance, offering new thinking and methods about
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controlling the internal flow field of gas-liquid mixed
transport pump.

This study applies jet technology to a HAFM pump.
By intervening in gas-phase aggregation on the hub and
blade back with jets, intermittent gas-phase accumulation
and blockage nearby the rotor blades’ trailing edge are
alleviated. This is of great significance for enhancing
multiphase pump operational stability and realizing large-
scale application of HAFM pumps in deep-sea oil and gas
exploitation projects. This study compares the effects of
different jet hole arrangements on flow field intervention
to identify the optimal jet hole configuration, providing a
reference for subsequent related studies and engineering
applications.

2. PuMP MODEL AND COMPUTATIONAL METHODS

2.1 Pump Model

The HAFM model pump unit, consisting of four main
parts as shown in Fig. 1, served as the study object. The
model design parameters are listed in Table 1. The blades
in the model pump use a 791 airfoil with the key geometric
parameters listed in Table 2.

2.2 Mesh Division
Methods

and Numerical Calculation

Fluent Meshing software was used to complete the
spatial discretization for pump fluid domain. Polyhedral
meshes with a maximum cell size of 5 mm were applied
globally. To capture fluid flow details more accurately, the
meshes in the impeller and guide vane regions were locally
refined with the maximum cell size limited to 2 mm. For
the near-wall region flow, a near-wall modeling method
similar to the enhanced wall function approach was used.
To ensure turbulence model accuracy, the boundary layer
near the wall was set to 12 layers, with a first-layer
thickness of 0.01 mm and a growth rate of 1.12, while the
Y* value was controlled within 5. Steady numerical
simulations were performed using the Fluent 2023R1

Inlet extension

Outlet extension

Impeller / \ (igf:
Grid - o
h -

Fig. 1 Schematic diagram of grid division

Table 1 Pump design parameters

Parameter Value
Designed flow rate Q 50m3/h
Designed Head H 10m
Rotation speed n 3000r/min
efficiency # 63%
specific speed ns 230
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Table 2 Main parameters of impeller and guide vane

Hydraulic parts Structural parameter Value
Shroud diameter Dy 136mm
Hub inlet diameter dn 100mm
Axial length e 55mm
Half cone angle of the hub y 6°
Impeller o
Inlet angle of the blade /1 10
Outlet angle of the blade 4> 14°
Blade number Z 4
Tip Clearance c; 0.1mm
Shroud diameter Dy 136mm
Hub inlet diameter dgn1 110mm
Hub outlet diameter dgn. 100mm
Guide Vane Axial length eq 50mm
Inlet angle of the blade Su1 / 40°
Outlet angle of the blade Sq2 90°
Blade number Z4 17
100 575 paper adopts about 4.8 million mesh count in the
numerical simulation, with 2.80 million meshes for the
* {570 impeller and 1.74 million for the guide vane.
95 * * *
.. . I The Euler—Euler two-fluid model was used to
ool simulate the gas—liquid flow in a HAFM pump. In this
B IS model, the gas and liquid phases have separate control
I N S equations, with inter-phase transfer terms achieving phase
¥ - L ess interactions. Compared to the mixture model, the Euler
= H ' model can more accurately calculate the flow field and is
8OF * lss0 widely used in two-phase flow simulations (Benhmidene,
‘ et al. 2011 & Situ et al. 2011). The continuity equations
75 1 1 1 1 o egs and momentum equations for each phase (Wang, 2020)
100 200 300 400 500 600 are as follows.

Mesh number (10%)

Fig. 2 Mesh irrelevance check

software. Based on prior research by the group, mesh
independence was analyzed from hydraulic performance
parameters fluctuations with gas content of 20%, as shown
in Fig. 2. Head and hydraulic efficiencies were calculated
using the following equations:

Pn=W1-a)p +ap, @D
H= Pout = Pin + chut _Vizn (2)
pmixg 2g
pmix gQH
" M )

In the equations, a-gas volume fraction, pin - inlet
static pressures of the pump, pout - Outlet static pressures
of the pump, pmix-density of the mixed medium, M-
impeller torque, w - angular velocity.

It can be observed that beyond 4.8 million grid cells,
the head and hydraulic efficiency changes tend to
stabilize. Based on the above analysis, the model in this

g(p,a,)+v-(alp|u,)=0 (4)
%(psas)+V~(0(Spsus) =0 (5)

0
a(a,plu,)+V~(a,p,u,u,)=—a,Vp+a,p,g ©)
+V.g +ﬂ(us 'u|)+Fsl

0
—(a.pU )+V-(a.puUU )=—aVp+a«
61:( SpS S) ( SpS S S) S p Spsg (7)

+V'Ts+16(ul _us)+FIs

The meanings of all characters in the equations can be
found in nomenclature and will not be repeated here.

The SST Kk-o turbulence model, which was widely
verified (Dehghan & Shojaeefard, 2022; Li et al., 2023;
Dehghan & Shojaeefard, 2024; Li et al., 2025), was used,
which can ideally predict flow separation phenomena with
adverse pressure gradients and effectively predict flow
separation points and regions. These models have been
widely applied in gas—liquid multiphase pump research,
and comparisons with experimental results have
confirmed their applicability in this research field (Menter,
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1994; Han et al., 2020). The freeze-rotor model was used
to handle the moving-static interface (Wang, 2020) with
the impeller used a rotating coordinate system, whereas
the rest parts used static coordinate system. This model
offers excellent stability and high computational
efficiency. In two-phase flow calculations, where stability
issues and divergence are common, using the frozen rotor
model can greatly improve computational efficiency. The
inlet is set as the velocity inlet and the outlet is set as free
outflow, and the wall is no-slip surface. The calculation
residual was set to 10,

2.3 Numerical Simulation Validation

The head and efficiency of the pump were calculated
using Equations (1)- (3).

To obtain performance parameters, a test bench for a
HAFM pump with the structural layout shown in Fig. 3
was built. The test system included a model pump,
pipelines for liquid and gas, gas—liquid mixing device,
flow meters, valves, and other accessories. During the
two-phase flow test, an air compressor supplied the gas.
The gas with high pressure exited the air compressor,
passed through an air buffer tank for pressure stabilization,
and was then injected into the gas—liquid mixing device to
mix thoroughly with the liquid phase. Electromagnetic
valves were installed on the air buffer and liquid storage
tanks outlet to adjust the gas—liquid ratio at the pump inlet,
thereby determining the inlet gas content. The flow rate of
the gas phase is measured by a vortex flow meter and an
electromagnetic flow meter is used to acquire the flow rate
of the water. The accuracy of both flowmeters is 0.5%.
After being entirely mixed in the gas-liquid mixing
apparatus, the gas-liquid mixture flows into the HAFM
pump for pressurization and output. The inlet and outlet
pipelines of the pump are equipped with pressure gauges
with a pressure transmitter accuracy of +0.2%, which can
measure the pressure of the medium before and after
pressurization. The motor input torque is measured by a
torque sensor with an accuracy of +0.5%. Figure 3(b)
shows a schematic diagram of the test bench. In the
diagram, orange represents the pipeline for transporting
the liquid phase, blue represents the pipeline for
transporting the gas phase, and green represents the
pipeline for transporting the gas—liquid mixture.

Experimental uncertainty considers both random and
systematic uncertainties (Guan, 2011). The random
uncertainty equation is:

t. .S
E. = +-N12X 1 100%
7 x JIN

a

®)

In the equation, N is the number of measurements; t.
1 Is the confidence coefficient, which is 2.23 for ten
measurements (Guan, 2011); Sx is the standard deviation
of the N measurement results, and X, is the average of the
N measurement results. By calculation, the random
uncertainties of flow rate Q, head H, and efficiency 5 are
obtained as follows: Eqr=+0.144%, Enr=10.084%, E

,r=%0.173%.

According to the accuracy of the measuring
instruments selected for the experiment, the systematic
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(a) Photos of tést bench layout '

Valve i(

(b) Schematic flow of the test bench

Valve

—<

Pressure
gage

Pressure
gage

Fig. 3 Pump experimental system. 1 Motor, 2
Torqgue mete, 3Visualization region, 4 Gas-liquid
mixing apparatus, 5 Electromagnetic flow meter, 6
Liquid storage tank, 7Vortex flow meter, 8Air
buffer tank, 9 Air compressor
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uncertainties of the flow meter, pressure sensor, and
torque sensor are as follows: Eqs=+0.5%, E,s=+0.2%,
Ewm,s=+0.5%. The systematic uncertainties of the head and
efficiency are as follows:

E.s=E,“+E “=028% (9)

p.s

E,s =+Eqs’ +Eu s’ +Eys” = +0.76% (10)
In summary, the combined uncertainties of the

measured pump parameters are as follows:

’+E

E, =E bl =+0.29% (11)

H,R

E, =yE, +E,s" =+0.779% (12)

The model pump experiments were conducted on the
HAFM pump using gas—liquid mixtures as the medium
under flow conditions ranging from 0.8Qq to 1.3Qq. In the
gas—water two-phase flow experiment conducted on the
test platform constructed by the authors’ group, when the
IGVF was low, the gas-phase distribution at the pump inlet
was more uniform, resulting in a better match with the
numerical simulation inlet conditions. Based on previous
experimental results of the research group, the
experimental results under an inlet gas content of 10%
were compared with the numerical simulation results, as
shown in Fig. 4.

Figure 4 shows that the numerical calculation results
for the head and hydraulic efficiency exhibit the same
trend as the experimental head and efficiency with
changing flow rates. The average relative error of the head
is 6.0%, with a deviation of 5.6% at the design point. The
average relative error between the experimental and
simulated hydraulic efficiencies was 5.8%, with a
deviation of 5.0% at the design point. Because the
numerical simulations neglect volumetric and mechanical
losses, the discrepancies between the numerical and
experimental results were within an acceptable range. The
total efficiency of the pump is the product of hydraulic
efficiency, mechanical efficiency, and volumetric
efficiency. However, since numerical simulation methods
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Fig. 4 Comparing simulation results with
experimental data.

cannot simulate mechanical efficiency, the total efficiency
cannot be directly obtained the total efficiency cannot be
directly obtained through simulation. To ensure
consistency in using total efficiency when comparing
simulation results with experimental results, estimations
of mechanical efficiency and volumetric efficiency are
required. As the helical axial-flow pump does not have
disk friction losses, the mechanical efficiency only
accounts for bearing and packing losses, which are
typically very small. According to the recommended
values from Guan (2011), the mechanical efficiency is
generally between 0.97 and 0.99. In this study, the
estimated mechanical efficiency under design conditions
is taken as mm,d=0.98.The volumetric efficiency under
design conditions is estimated using the centrifugal pump
volumetric efficiency estimation method, as shown in
Equation (13) (Guan, 2011). The mechanical efficiency
and volumetric efficiency for different operating
conditions are calculated using Equations (14-15) (Yan et
al., 2007).

7, 4 =1/ 1+0.68n7) (13)
7, =Q/(Q+K,H"> (14)
™ =1- Kmnm,d/Q (15)

In the equations, Km=1, and Kv=0.28.

Using the above method, the total efficiency from
numerical simulations was estimated and compared with
the experimental results. It was found that the average
relative error between the experimental efficiency and the
simulated total efficiency was 2.14%, while the deviation
between the experimental and simulated total efficiency at
the design operating point was 1.17%. The two results are
very close. These outcomes indicate that the numerical
simulation method utilized is suitable and produces highly
accurate results, strongly endorsing the credibility of this
research.

2.4 Jet Scheme Design

In a HAFM pump, mixed media experience varying
centrifugal forces due to density differences. As the
impeller rotates, the lighter gas phase aggregates near the
hub side owing to the centrifugal forces, with the denser
water phase flowing toward the shroud side. The impeller,
as a pressurizing component, inevitably creates a reverse
pressure gradient within its flow passage. An adverse
pressure gradient causes the gas phase to accumulate and
even stagnate near the impeller blade trailing edge,
resulting in gas lock and blockage phenomena. Jet
techniques aim to replenish energy for the gas phase
retained within the impeller using high-speed jets. Jet
energy entrainment and intervention help mitigate the
aggregation of the gas phase in the low-pressure position
of the flow channel thereby reducing the blockage caused
by the retained air masses in the impeller. The
effectiveness of the flow intervention is strongly relevant
to the positions of jet holes.

Gas retention commonly occurs on the blade surfaces,
where gas-liquid separation is more pronounced. All jet
structures were positioned on the suction side of the blades
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Le
Suction Xxr
surface
Leading AN ‘ Trailing
edge 128 edge
4 i D Jel
Suction Tet hole
surface

Fig. 5 Schematic of jet hole locations

Table 3 Jet hole arrangement schemes

Serial Scheme | Number Hole Position /
Number Name of Holes (Xr/L¢)
0 Caseori / /
1 Case1a 1 0.7
2 Caserp 1 0.5
3 Cases ¢ 1 0.3
4 Caser.q 1 0.15
5 Caseza 2 0.3/0.15
6 Casezp 2 0.15/0.075

to avoid disrupting the pressure side. Four jet hole
positions were selected in this study: 0.15L, 0.3L., 0.5L.,
and 0.7Lc from the blade trailing edge. Six jet hole
arrangement schemes were designed, detailed in Table 3.
All schemes used circular jet holes with a diameter of
Dje=1 mm, centered S=1 mm from the low-pressure
surface of blade. The angle pj: between the jet hole
direction and the tangential direction of the hub is set to
15°, and the angle ajer between the projection of the jet
direction in the spanwise plane and the tangential line of
the suction surface (SS) airfoil profile is 5°, oriented
toward the low-pressure surface of blade. A schematic of
the jet holes is shown in Fig. 5.

Based on the author's prior research, all the above jet
schemes used a jet velocity coefficient of Cje=Vjer/Vm =10,
where vie is the jet velocity, and vy, is the pump meridional
velocity.
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3. RESULTS
3.1 Influence of Jet Location Distribution on
Performance

With the jet fluid involved, the energy increment
within the pump includes the energy acquired by the fluid
entering the pump inlet and the additional energy supplied
by the jet fluid. Additionally, the calculation of the input
power must account for the initial energy supplied by the
jet. The efficiency that accounts for energy change due to
the jet fluid is referred to as the pump net hydraulic
efficiency (Hereafter as pump efficiency), denoted by jet.
The formula is:

_ (pout - pin)Q+ApjetQjet
Mao+Eg

jet (16)
Pout - total pressure at the pump outlet, pi» - total pressure
at the pump inlet, Q -pump inlet flow rate, Qje -jet flow
rate, Ejet - original energy of the jet fluid.

To assess the effect of jet position on the multiphase
pump performance.

771’91* _ 77jet ~Nori «100% (17)
* H jet Hori
H,o = —2 o 1100% (18)
Hori
* Pjet - I:t)ri
p =% «100% 19

jet
where Hiet, P jer, 77jer are the performance indicators of the
scheme with the jet structure, and Hori, Pori, #0ri are the
performance indicators of the prototype pump. The head,
shaft power, and net efficiency of the pump at different jet
positions are shown in Fig. 6.

Changing the jet injection position significantly
affected the performance of the HAFM pump and with a
more pronounced effect at higher inlet gas volume
fractions (IGVF).

From Fig. 6(a) and (b), which show the changes in the
pump efficiency for different jet positions, it is observed
that under IGVF = 0, the pump efficiency of all jet
schemes is lower than that of the prototype pump. When
IGVF > 0, pump efficiency increases, becoming more
significant as the IGVF rises. The jet control strategy does
not remedy the pump flow field under pure liquid
conditions but enhances the flow under gas—liquid mixed
conditions, showing that jet control mainly impacts gas-
phase flow conditions.

Comparing the single-hole jet schemes Cases,
Case1p, Caserc, and Casey g, it is found that under IGVF >
0.2 conditions, the closer the jet hole is to the blade’s
trailing edge, the more significant the improvement in
total efficiency. However, when x; < 0.3Lc, the pump
efficiency shows minimal changes with the jet hole
position.

Comparing the dual-hole jet schemes Caseza and
Caseyyp, it is noted that under IGVF < 0.2 conditions, the
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Fig. 6 Variation patterns of pump performance under different jet positions

pump efficiency differences between the two schemes are
minor. However, at an IGVF of 0.4, the efficiency in
Casez, was significantly higher than that in Casez... As the
gas content continued to increase, the efficiency
improvement in Casez,, gradually declined. At a 0.6 gas
content condition, the pump efficiency improvement of
Case, , Starts to exceed that of Casexp.

From this analysis, it can be concluded that when the
jet hole is located within the range of 0.15 to 0.7L. from
the end of the blade, the net efficiency of the HAFM pump
under gas—liquid mixed conditions improve. The closer
the jet hole is to the end of the blade, the more significant
the efficiency improvement. When the jet hole was located
within the range of 0.15 to 0.3L. from the trailing edge, the
impact of the jet hole position on the pump efficiency
decreased significantly. If the distance between the jet
hole and the trailing edge is less than 0.15L, the
improvement in the pump efficiency decreases.

By comparing the head and shaft powers for different
jet positions in Fig. 6(c) and (d), it was found that the
single-hole jet schemes have lower head and shaft powers
than the dual-hole jet schemes. Comparing Case1.a, Casex .,
Case1.c, and Casesq, it is evident that the closer the jet hole
is to the blade trailing edge, the more significant the
promotion in the head and shaft power of the HAFM pump.
Comparing the dual-hole jet schemes Case;. and Casezp,
it is noted that when IGVF < 0.4, the head and shaft power

of the HAFM pump are higher, with jet holes placed closer
to the blade’s trailing edge. However, when IGVF > 0.6,
head and shaft power improvement is lower for schemes
with jet holes closer to the end of the blade.

The active jet control strategy optimizes the original
flow field by introducing external energy. The original
energy carried by the jet was represented by the Kinetic
energy of the jet. Comparing the dual-hole jet scheme
(Casez.a) with the single-hole jet scheme (Caseiqd), after
introducing an equal amount of jet energy, the external
characteristics of the two schemes are shown in Fig. 7. The
single-hole jet scheme is designated Cases, and the dual-
hole jet scheme is named Case,.

Comparing efficiency changes in the two schemes
shows that under IGVF < 0.2 conditions, the pump
efficiency differences between the single and dual-hole jet
schemes are not significant. However, as the IGVF
increased, the net efficiency increase of the dual-hole jet
scheme was significantly higher than that of the single-
hole jet scheme. Figure 7 also shows that when 0.1<IGVF
< 0.4, the head and shaft power of the single-hole jet
scheme are higher than those of the dual-hole jet scheme.
When IGVF > 0.6, the head and shaft power of the dual-
hole jet scheme exceed those of the single-hole jet scheme.
This implies that the number of jet locations noticeably
impacts the head and shaft powers of the HAFM pump.
Comparing efficiency changes shows that the impact of jet
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location on head and shaft power of the HAFM pump
varies with the initial IGVF. Overall, the dual-hole
arrangement generally performs as well as, or better than,

the single-hole arrangement in improving pump efficiency.

The analysis indicates that higher inlet gas volume
fractions enhance the advantage of jet control in
improving the pump efficiency. Conversely, under low-
gas-volume conditions, the jet negatively impacts pump
efficiency. The following section analyzes the mechanism
of jet flow field control in relation to gas—liquid separation
ina HAFM pump.

3.2 Internal Flow Characteristics of the Pumps with
Different Jet Locations

3.2.1 Gas Phase Distribution Characteristics

Following flow separation in the impeller of the
HAFM pump, the gas phase mainly accumulates in the
flow channel near the hub side and the rear section of the
impeller. Figure 8 shows the gas volume distribution on
the developed surface of the blade cascade at 0.1 Span in
the prototype pump impeller. As we can find that the gas
volume fraction at the rear half of the impeller, i.e., the 0.5
to 1.0Limp region, is noteworthily higher than in the front
half of the impeller. The following section focuses on the
0.5 to 1.0Limp region of the impeller to analyze the gas
accumulation at different blade heights under different jet
locations. As shown in Fig. 8, the 0.5 to 1.0Limp (i.€., the
impeller outlet) region was axially divided into equal
intervals of 0.1Limp. Gas accumulation in each region
under different jet location schemes was compared and
analyzed.

Phase 2 Air.Volume Fraction

9 9, 9595 9, 95 9 95 % % 7,

— et —
—— o e

—=at () 3Limp

Fig. 8 Schematic of region division

Luup

The gas phase aggregation degree 4 is defined to
depict the degree of gas phase aggregation, and its
expression is:

z:@xloo% (20)

X

where Sy cvrs 0. is the region where GVF exceeds 0.9, and
S is the total region.

A comparison of the external characteristics shows
that under active jet control, the increase in the total
efficiency of the pump is especially noticeable at high
initial gas volume fractions. Gas phase aggregation under
different jet locations was analyzed under an IGVF of 0.6,
and the mechanism of the pump net efficiency
improvement was analyzed, examining how jet position
influences gas-phase distribution and impacts pump
efficiency. To intuitively analyze the effect of jet position
on gas-phase aggregation, the change in the gas
aggregation degree 1* was used to compare aggregation
before and after jet intervention. The expression for the
change in gas phase aggregation degree 4" is:

A" = (Ajo = Aori) | Aoy x100% D

Figure 9(a)-(c) show the changes in gas phase
aggregation degree at different axial spans of the impeller
(x = 0.5 Limp to 1.0Limp) within regions with axial spans of
0.1Limp at 0.1, 0.3, and 0.5 Span. Figure 9 shows that
the gas-phase aggregation degree varies significantly
under different jet hole arrangements at the same Span
flow surface. The closer the jet hole is to the impeller
outlet, the more significant the reduction in the degree of
gas-phase accumulation near the impeller outlet. The
change in gas-phase accumulation degree at different Span
flow surfaces varies by jet scheme, but each scheme shows
a similar trend: the nearer to the middle flow surface along
the blade height direction, the closer the position of the
maximum reduction in the level of gas-phase
accumulation is to the blade outlet. This occurs due to a
radial velocity component, where the jet moves from the
inlet to the outlet of the impeller while also moving from
the hub side to the middle flow channel. The region with
reduced gas-phase aggregation coincides with the area
where the jet passes.

Figure 9 also shows that the gas-phase aggregation
degree change patterns within the impeller are similar for
Case1. and Casei1p, Caserc and Casez,, and Caserq and
Casezp. For simplicity, Casei1.. and Casex, are referred to
as scheme group 1#; Caseic and Case,. as scheme group
2#; and Case1.4 and Casez, as scheme group 3#. Since the
jet holes in group 1# are located in the front section of the
blade, their impact on air phase aggregation in the 0.5 to
1.0Limp region is limited. Groups 2# and 3# consist of
single- and dual-hole arrangements, respectively, with
similar gas-phase aggregation patterns within each group.
However, the second jet hole in the dual-hole scheme
further reduces gas-phase aggregation in the more
rearranged axial region of the impeller. A comparison of
the two groups also shows that group 2# has a more
significant reduction in the gas-phase aggregation degree
than group 3#, and the single-hole jet scheme in group 2#
is more effective in reducing gas-phase aggregation than
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Fig. 9 Gas phase distribution in multiphase pump impeller under different jet locations

the dual-hole scheme in group 3#. This indicates that
placing the jet hole at the 0.3L. position is the most
effective in lowering air-phase accumulation within the
impeller channel.

Due to the jet, the gas phase in the flow channel shifts
from the downstream close to the jet position toward the
outlet, ultimately aggregating in regions where the impact
of jet lessens. This is reflected in Fig. 9 as a reduction in
gas phase aggregation degree within the impeller
compared to the original model, but with a higher gas
phase aggregation degree in the 0.9 to 1.0Limy region
compared to the prototype model.

Since the jet holes extend to the front section of the
impeller, Fig. 9(d) shows the changes in the degree of gas-
phase aggregation within the impeller (0 to 1.0Limp) across
the different flow surfaces. According to Fig. 9(d), the
application of jet control contributed to a decline of the
overall gas-phase content within the impeller. The dual-
hole jet scheme is more effective than the single-hole
scheme in reducing gas-phase aggregation. The closer the
jet hole was to the blade’s trailing edge, the less reduction
in gas-phase aggregation near the hub. As the distance to
the impeller outlet decreases, the gas content in the

prototype pump increases, and the same jet energy has less
impact in regions with higher gas volume fractions.

3.2.2 Gas Phase Velocity Characteristics

Figure 10 shows the gas phase velocity characteristics
at 0.1 Span flow surface of the rotor at a 60% IGVF
condition for the original and different jet location
schemes. The velocity vector diagram of the prototype
scheme shows that liquid flow exiting the blade pressure
surface recirculates around the blade’s trailing edge under
an adverse pressure gradient at the impeller outlet, flowing
back in the reverse direction. The high-speed reverse flow
moves along the blade suction surface toward the impeller
inlet until it dissipates energy by colliding with the
forward flow, followed by the main flow along the outer
edge of the recirculation zone and exiting the impeller.

From the streamlines of the jet schemes, it is evident
that the introduction of the jet control strategy effectively
suppresses reverse recirculation near the blade cascade
trailing edge. However, the suppression effect on the
reverse flow varies significantly at different jet locations.
This conclusion is consistent with those reported (Meng et
al., 2020). Comparing various single-hole jet schemes
shows that the nearer the jet hole is to the blade outlet, the
smaller the scale of the recirculation region. In Cases q, the
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recirculation area almost disappeared; however, a small
wake region remained at the very end. Comparing the
dual-hole jet schemes of Case,., and Case.p, the flow at
the blade cascade trailing edge is smoother in Case;.a,
whereas Case, exhibits a noticeable axial recirculation
trend at the blade cascade leading edge, forming a low-
velocity gas-phase zone. This phenomenon is similar to
the trend observed by Meng et al. (2020) in single-hole jet
schemes, where it was noted that when the jet hole was
positioned further back, an end wall wake appeared
downstream of the jet hole. The jet hole position at which
the wall end wake occurs was 0.15L; from the blade
trailing edge. From the flow characteristics of schemes #1
and #2 in this study, it is known that the jet hole position
when the end wall wake occurs is 0.075Lc, which is further
back than the position stated in reference. Due to the
differences in the airfoil shape and inertia of the flow
medium between this study and the reference, the specific
positioning of the jet hole where the end wall wake
occurred may differ from that in the reference; however,
the overall trend remains consistent.

A comparison of the air-phase velocity characteristics
under the single-hole jet schemes reveals that the closer
the jet location is to the blade trailing edge, the better the
improvement in the outlet gas-phase flow. The dual-hole
jet schemes further demonstrate that the location of the jet
hole cannot be infinitely close to the blade trailing edge.
An optimal distance exists; if the distance is less than this
optimal value, the improvement level of jet on the flow at
the cascade trailing edge decreases.

3.2.3 Gas Phase Pressure Characteristics

Figure 11 presents the pressure characteristics on the
impeller's flow surface at 0.1 Span under a 60% IGVF
condition, comparing the original and various jet
positioning schemes. The pressure contour distribution
showed significant differences in the pressure gradient at
the blade trailing edge among the various schemes. A
more substantial pressure gradient indicates a greater flow
resistance for the air phase at the blade trailing edge after

gas—liquid separation in the impeller of HAFM pump
under an adverse pressure gradient, making it more prone
to deceleration, stagnation, and recirculation. Compared to
the prototype scheme, the schemes with jets at specific
locations exhibit a reduced pressure gradient at the blade
cascade trailing edge. This phenomenon helps to improve
the flow state near the suction surface of the blade at the
impeller outlet and alleviates gas-phase retention near the
outlet flow region.

A comparison of the single-hole jet schemes reveals
that Casei, and Caseip show minimal changes in the
pressure gradient compared with the prototype scheme,
whereas Casesc and Cases g exhibit a significant reduction
in the pressure gradient. The dual-hole jet schemes
showed different pressure gradient along the extended
direction of the blade profile line, with Case,.. showing a
smaller pressure difference from the high-pressure surface
to low-pressure side of the blade at the intersection with
the trailing edge. Thus, the distribution of jet locations
significantly affected the pressure gradient near the blade
cascade trailing edge. Appropriately positioned jet holes
can effectively decrease the pressure gradient at blade
cascade trailing edge, providing favorable conditions for
enhancing the gas-phase flow state at the impeller outlet.

To further analyze the impact of the jet position on the
pressure of the HAFM pump, it is necessary to compare
and analyze the blade load distribution between the
prototype scheme and different jet position scheme.
Because the jet points in the jet schemes were arranged
starting at 30% of the blade length from the leading edge,
the blade surface pressure values beyond 20% of the
streamline direction were extracted for analysis. Figure 12
shows the surface pressure difference distribution at 0.1
Span for different schemes. The figure demonstrates the
significant differences in the blade surface load
distribution at different jet positions. Overall, the pressure
difference along the streamline direction exhibited a
similar pattern for the prototype scheme and single-hole
jet schemes in Caseira, Caseip, and Casei. (referred
to as group 1# schemes below). Similarly, the pressure
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difference pattern in the streamline direction is similar for
the single-hole jet scheme Caseic and the dual-hole jet
schemes Case;, and Casep (referred to as group 2#
schemes below).

Comparison of the group 1# schemes shows that the
addition of jets raises the pressure difference in the 0.3—
0.8 region along the streamline direction. Also, the closer
the jet hole is to the blade outlet, the more significant the
pressure difference from the high-pressure surface to low-
pressure sides. However, in the 0.8-1.0 (approximation)
range along the streamline direction, the pressure
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difference in the jet schemes decreases compared to the
prototype scheme, and the closer the jet hole is to the blade
outlet, the more noticeable the pressure difference
reduction. A more significant difference in pressure from
pressure to suction sides of the blade increases its working
capacity. However, near the blade outlet, a larger pressure
difference increases the likelihood of recirculation. This is
because low-energy fluid clusters formed from the gas—
liquid separation exist on the low-pressure side of the
blade at the impeller outlet. Under large pressure
differences, the outlet fluid flows more easily from the
pressure side around the trailing edge to the low-energy
fluid on the suction side, causing recirculation. Therefore,
reducing the surface pressure difference in the 0.8-1.0
(approximation) range along the streamline direction in
group 1# jet schemes is more beneficial for alleviating the
gas lock and blockage phenomena near the blade cascade
trailing edge.

Comparing the schemes within group 2#, it is found
that Case,, has a larger pressure difference in the front
region of the blade compared to Case1.q, while Casez, has
a larger pressure difference in the rear region of the blade.
This is consistent with the relative positions of the jet holes
in the three schemes. Furthermore, except for Casezy, the
pressure difference from the high-pressure surface to low-
pressure side of the blade near the blade outlet is lower in
the other two schemes than in the prototype scheme. Based
on the external characteristic features, the efficiency of
Casey is also lower than that of Casez.a.
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It is evident that the location of the jet holes affects
the blade load distribution pattern, and surface pressure
difference near the blade cascade trailing edge
substantially influences the flow state in this region,
thereby affecting the pump efficiency.

3.2.4 Turbulent Kinetic Energy Distribution Patterns

Figure 13 and Fig. 14 show the turbulent kinetic
energy characteristics at 0.1 and 0.5 Span flow surfaces in
the impeller under a 60% inlet gas volume fraction for the
original case and various jet location cases. Turbulent
Kinetic energy mainly originates from the Reynolds shear
stress on the time-averaged flow to supply energy to the
turbulence. The magnitude of the turbulent kinetic energy
represents the intensity of fluid velocity fluctuations. The
greater the turbulent Kinetic energy, the more chaotic the
flow, resulting in greater fluid energy loss and a
corresponding decrease in hydraulic efficiency.

From Fig. 13 and Fig. 14, we can observe that with
the introduction of the jet control measures, the turbulent
kinetic energy near the blade flow channel, particularly
near the blade suction side, significantly decreased. The
region of decreased turbulent kinetic energy on the blade
suction side coincides with the location of jet hole. The
dual-hole jet scheme in the region Case2.a of decreased
turbulent kinetic energy on the blade Ilwo-pressure side
fully covers the combined effect regions of Casel.c and

Casel.d. Comparing Fig. 13 and Fig. 14, the region of
decreased turbulent Kinetic energy at 0.5 Span flow
surface is closer to the blade trailing edge compared to the
condition at 0.1 Span. Therefore, when the jet hole is too
close to the blade outlet edge, the projection area of the jet
effect in the blade height direction is narrow, indicating
that the high gas-phase aggregation region near the middle
flow surface of the flow channel will not be affected by
the jet. The hydraulic loss pattern caused by gas—liquid
separation in this region did not improve, thereby affecting
the efficiency improvement under jet action, as seen in
Case2.b. In Case2.b, the effect of the rear jet hole was
weak; therefore, compared to Case2.a, the efficiency
improvement of the pump decreased. Thus, from the
changes in turbulent kinetic energy, it can also be observed
that the jet location should not be overly near to the blade
trailing edge.

4, CONCLUSION

This study employed jet flow field control
technology, introducing external energy to actively
intervene in the inner flow of the pump and reconstruct the
inner flow field of a HAFM pump. By comparing the
impact of changing jet locations on the gas-phase
aggregation phenomena within the pump, this study
explores the effect of the jet location on optimizing the
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performance of a HAFM pump from the perspective of an
adverse pressure gradient and recirculation improvement
at the rotor cascade trailing edge. The following
conclusions were drawn:

1) When the distance between the jet hole and the
blade outlet edge is greater than 0.5Lc, the closer the jet
location is to the blade outlet, the more conspicuous the
improvement in the pump performance. When the distance
is 0.15L. to 0.5L., the influence of jet location on pump
external characteristics is minor. When the distance is less
than 0.15Lc, the improvement in the head and efficiency
under high gas volume fraction conditions decreases.
When the jet hole is extremely close to the blade outlet
edge, the turbulent kinetic energy in the middle region of
the impeller flow passage is unaffected by the jet. In other
words, the hydraulic loss caused by the gas—liquid
separation phenomenon at this location is not improved,
thereby affecting the efficiency improvement under the jet
effect.

2) The change in the region of gas-phase
aggregation was related to the jet hole location. Near the
jet flow region, the gas-phase content changed
significantly. The effect of reducing gas-phase
aggregation varies with the jet hole location, with the most
significant change occurring when the jet hole is at 0.3L;
the degree of gas-phase accumulation decreases the most,
and the axial distribution range of the reduced area is the
widest.

3) The effectiveness of jet control on the
recirculation at the blade cascade trailing edge is closely
related to the location of the jet flow. When the distance
between the jet hole and the blade outlet edge is within
0.15L¢ to 0.3L, the recirculation area near the cascade
trailing edge can be minimized to the greatest extent, thus
optimizing the outlet flow conditions of the impeller.
However, when this distance is less than 0.15Lc, a low-
speed vortex forms at the intersection of the blade low-
pressure surface and the trailing edge due to axial
recirculation trends, resulting in high hydraulic-loss flow
patterns.

4) The jet location affects the blade-surface load
distribution pattern. The closer the jet hole is to the blade
end, the more significant the load increase is before 80%
of the blade length; however, the load on the blade surface
decreases after 80%. When the blade working capacity is
enhanced, the reduced pressure difference between the
two sides of blades at the trailing edge can reduce the

recirculation phenomenon and improve hydraulic
efficiency.
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