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Abstract: In developing and transporting significant oil fields in deep-sea environments, multiphase
pumps are considered crucial energy conversion equipment. Ensuring their safe, efficient, and stable
operation is currently a primary focus of research. The intermittent aggregation of the gas phase at
the trailing edge flap of the impeller blades in multiphase pumps can lead to periodic and significant
fluctuations in flow rate and outlet pressure, posing a threat to the overall operational safety of the
pump system. Based on aerodynamic principles, this paper presents the design of a separate trailing
edge flap for the impeller blades. The inner nodal method is applied to determine the design scheme
of the trailing edge flap for the multiphase pump. A numerical approach is employed to analyze the
impact of the flap deflection angle on the internal flow characteristics to provide theoretical guidance
for the structural optimization of multiphase pumps. The results indicate that the influence of the
deflection angle on the pump efficiency is complex and affected by a critical angle value. When the
deflection angle is below the critical value, the trailing edge flap can effectively reduce the formation
of energy dissipation vortices and radial pressure gradients within the impeller channel, enabling a
significant improvement in the gas-phase aggregation phenomenon caused by gas-liquid separation.
However, additional energy losses occur at the connection between the trailing edge flap and the
main blade body for deflection angles exceeding the critical value. When the trailing edge flap length
is 0.25 ] and the deflection angle is 5°, the efficiency is improved by 3.4% compared to the original
model. Consequently, the pressurization capacity of the pump is compromised. In the design and
application of trailing edge flaps, a careful balance between various factors is required to ensure both
the stability and high efficiency of the pump system.

Keywords: multiphase flow; the separate trailing edge flap; pressure gradient; air blocking
phenomenon

1. Introduction

To ensure that non-renewable energy sources, such as oil and gas, support economic
development and energy security for people’s production and lives, various countries have
shifted the goal of oil and gas resource development from the land to the resource-rich
marine field [1,2]. It sets higher standards and requirements for oil and gas produc-
tion technology due to the complex and variable environment of deep-sea oil and gas
reserves. Multiphase pumps in oil and gas production systems are considered critical
energy conversion devices essential for improving oil fields” production rate and economic
efficiency [3-5].

The helical-axial multiphase pump enables the multiphase fluid passing through
the high-speed rotating impeller to acquire kinetic energy [6-8]. Then, it relies on the
pressurizing capacity of the guide vane to allow the liquid to realize the conversion of
kinetic energy to pressure energy. In practice, due to the different densities of gas and
liquid, the conveying medium will be subjected to varying centrifugal forces as the impeller
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rotates, causing a series of flow disturbances such as flow separation, gas stagnation, and
pressure surge [9,10]. These phenomena cause a sharp increase in the flow losses of the
pump components and thus lead to a sharp decline in pump performance and efficiency.
Therefore, to ensure the high efficiency and safety of multiphase pumps in energy utiliza-
tion, the exploration of their flow field instability and flow mechanisms holds significant
theoretical and engineering importance. Numerous research institutions and university
laboratories have already undertaken extensive research in this field. Wang et al. [11] have
pointed out that five interfacial forces at the gas-liquid two-phase interface, including
drag force, lift force, virtual mass force, wall lubrication force, and turbulent dispersion
force, play a significant role in the analysis of multiphase pump flow simulation. Among
these, the influence of drag force significantly surpasses that of other forces. Furthermore,
Xu Y et al. [12] conducted experimental research on the internal characteristics of mul-
tiphase pumps and monitored the transient pressure field. The study revealed that the
relative motion and separation of the two phases led to significant pressure fluctuations.
Shi et al. [13], by employing a combined approach of numerical simulation and experi-
mentation, investigated the internal flow characteristics of a newly designed three-stage
multiphase transfer pump, considering the influence of different turbulence models, bubble
diameters, and interphase drag coefficients. Wang et al. [14] combined visual experiments
with transient numerical simulations to explore flow pattern issues of multiphase transfer
pumps at various gas fractions, and they applied entropy production theory to analyze
energy losses under different flow patterns.

However, the gas-liquid two-phase flow instability inside the multiphase pump not
only affects the pump’s hydraulic performance but also threatens the safety and reliability
of the whole oil and gas mixing system under a specific gas content rate [15]. As an
indispensable part of the multiphase pump, the impeller can be studied and improved to
enhance the performance of the pump. Xiao and Tan [16] proposed a controlled velocity
moment design method to optimize the impeller of a multiphase pump, which not only
led to a reduction of transient pressure pulsations in the pump but also improved the
pump head and efficiency to a large extent. Liu et al. [17] proposed a design method
that can predict the diffuser’s velocity moment, optimize the inlet angle of the lower-
stage impeller, and apply it to a three-stage multiphase mixed transfer pump. The results
show that the dynamic—static interaction and gas-liquid two-phase interaction in the
pump are successfully suppressed under the optimal distribution of velocity moments.
Peng et al. [18] adopted an adaptive refined response surface method and applied it to
optimize the design parameters of the impeller and guide vane of the multiphase pump.
This method selects the optimal model from the perspective of three adaptive response
surfaces. It then uses the MOGA (Multi-Objective Genetic Algorithm) method to obtain the
optimized response surface model; the enhanced capacity of the optimized model has been
significantly improved.

A great deal of previous research has been on optimizing multiphase pumps, focused
on theoretical studies. However, there are few kinds of research specifically aimed at
optimizing the modification of the impeller structure. Patone et al. [19] were the first to
locate adaptive flaps similar to bird feathers on the trailing edge flap of a blade’s suction
surface to investigate their effect on flow separation control. It was found that lifting the
trailing edge flaps at a certain angle can effectively increase the lift and stop the further
development of flow separation. After that, the trailing edge flap based on bionics has
been widely used in the fields of aviation and fluid mechanics, and many domestic and
foreign scholars have conducted in-depth research on its structure and performance [20].
Jawaha et al. [21] conducted an experimental and numerical simulation study on the air-foil
of the NACA 0012 flap with a deformed trailing edge flap. They investigated the effect
of different flap curvatures on the aerodynamic flow structure, boundary layer, and shear
stresses. Feszty et al. [22] computationally analyzed the interaction mechanism between
trailing edge flaps and dynamic stall vortex by the CFD numerical simulation method.
They found that an optimal flap structure can effectively reduce the negative pitching
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moment and damping. Through the research on trailing edge flapping by scientists in each
field above, it has been found that the deformed trailing edge flap structure represents
an advantageous passive flow separation control method. This approach not only boasts
structural simplicity but also has the ability to enhance lift, ameliorate airfoil dynamic stall
issues, and, to a certain extent, alleviate separation phenomena on the suction side [23,24].
Therefore, an effective way to optimize the performance of fluid mechanics is to use trailing
edge flaps.

This study refers to the basic principle of controlling the inverse pressure gradient
at the trailing edge of the blade grille based on the trailing edge flap to investigate the
effect of multiphase pump impeller blade trailing edge flaps on the degree of separation
of gas-liquid two-phase fluids and the degree of gas phase stagnation. The impact of the
blade trailing edge flap’s relative chord length and deflection angle on the reverse pressure
gradient before and after the gas phase vortex cluster under different initial gas phase
volume fractions is examined. In order to provide theoretical guidance for the optimal
design of multiphase pump performance.

2. Numerical Models and Methods
2.1. Geometric Models

A single compression unit of a helical-axial multiphase pump was selected for the
study, The design parameters and the final structural parameters are shown in Table 1.
Figure 1 shows the schematic views of the impeller. The computational domain is estab-
lished by SolidWorks 2010 3D modeling software, which includes inlet section, impeller,
guide vane, and outlet section, as shown in Figure 2.

Table 1. The geometric performance parameters of a multiphase pump.

Parameter Numerical Value
Design flow rate Qy / (m3-h~1) 100
Head H/m 30
Rotational speed n/rpm 4500
Specific speed s 2144
Efficiency 1/ % 62
Impeller shroud diameter D/mm 150
Impeller blade number Z 4
Hub half cone angle 6°
Axial length le /mm 55
l c
Shroud
Outlet
Inlet

g

Figure 1. The schematic views of the impeller.
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Impeller ,~ \ Guide vane

Figure 2. Grid division of the multiphase pump.

2.2. Mesh Generation

Structured meshing of the computational domain was performed using the commercial
software ICEM CFD 16.0 and TurboGrid 16.0. The boundary layer is arranged close to
the wall, the total number of layers of the boundary layer mesh is 13, the height of the
first layer of the mesh is 0.06 mm, and the growth rate is set as 1.2; the Y+ of the guide
vane and impeller blade surface is less than 30, which basically meets the computational
requirements of the SST k-w turbulence model [25,26], and the computational domain
mesh is shown in Figure 2.

To avoid the influence of the number of grids on the computational results, six sets of
grids with different numbers are used for grid-independent verification. Grid irrelevance
was judged by reaching a stabilized value of the multiphase pump head at the designed
flow rate and inlet gas volume fraction of 50%. Figure 3 shows that the head deviation
is 0.05% when the number of grids is more significant than 4328312. Considering the
numerical simulation accuracy and computational resources, the total number of grids in
the whole computational domain is determined to be 4328312.

32

Q4=100m*h —=—CFD
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30 +

29+
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26
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Mesh number (10°%)

Figure 3. Grid independence test.
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2.3. Governing Equations and Numerical Settings

Considering the relatively high gas volume fraction in multiphase pumps and the
immiscibility of the gas-liquid phases, a numerical simulation is conducted using the
Eulerian-Eulerian non-homogeneous phase flow model. It is assumed that the flow pattern
of the gas-liquid two-phase flow is a bubbly flow, which satisfies mass and momentum
conservation [27]. The governing equations for the temperature field are not considered
and are as follows:

Continuity equation:

0
5 (@iei) +V - (@ipinj) =0 1)

Momentum equation:

0]
g(ﬂéipiui) + V- (i) = —a;Vp; + V- (e (Vi + V') + M; + aioif;  (2)

where the subscript i = or g represents the liquid or gas phase; p; is the density; «; is the
volume fraction of the i phase; u; is the velocity vector of the i phase; y; is the dynamic
viscosity of the i phase; M; is the interphase force of the i phase; f; is the mass force related
to impeller rotation; and the gas-liquid two-phase relationship is &) + ag = 1.

The SST k-w turbulence model is applied to solve the Reynolds-averaged control
equations for better capturing of flow separation phenomena in multiphase pumps [28].
The equations are as follows:

A(ok) | 3(oku .
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where f*=0.09, 0y1 =2, 0w1 =2, a1 =5/9, p =0.075, F; is a mixed function, and y; is the
turbulent viscosity, defined as follows:

+ kPk—ﬁPW +2(1-F)p——

park
max(aiw, SF)

P = ®)
where a1 = 0.31, F; is a blending function that restricts the limiter to the wall boundary
layer, and S is an invariant measure of the strain rate.

The steady-state simulation of multiphase pump flow field employs ANSYS FLUENT
2016 [29,30]. The finite volume method is employed to discretize the system of control
equations. For the convective terms, a second-order upwind scheme is used. The SST k-w
turbulence model is used in the liquid phase, and the discrete phase zero equation model is
used in the gas phase. The boundary conditions are set to velocity inlet and pressure outlet,
the no-slip boundary condition is used for the solid wall, and the convergence accuracy is
set to 10~5; the Phase Coupled SIMPLE algorithm is used to solve the coupling problem of
pressure and velocity. The multiple reference frame model is used for simulation, where the
impeller is set as the rotating domain, and all other computational domains are designated
as stationary domains. The data transfer between the rotating and stationary domains is
carried out through the interface surface.

2.4. Experiment Verification

The structure of the test bench for the test system of the helical-axial flow multiphase
pump is shown in Figure 4, which is mainly composed of liquid and gas pipelines. The
liquid and gas are supplied by the medium-pressure tank and air compressor, respectively,
to regulate the liquid flow through the liquid regulating valve and flow meter and to
regulate the gas flow into the pipeline through the airflow meter and air regulating valve.
The pump head, (gas-liquid) flow rate, and shaft power are measured using inlet and
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outlet differential pressure gauges, electromagnetic flow meters, air flow meters, and speed
and torque meters. The experiments are conducted at room temperature (25 °C), with the
inlet absolute pressure of the pump maintained at a constant 0.5 MPa. The main measuring
instrument parameters of the test bench are shown in Table 2.

Liquid
-

=l
Gas
-

Figure 4. Gas-liquid two-phase flow pump performance test bench: 1, 4, 15, 16, 18—pressure gauge;
2—electromagnetic flowmeter; 3—liquid inlet valve; 5—low-pressure tank; 6—gas valve; 7—air
compressor; 8—air compressor control room; 9—flowmeter; 10—gas inlet valve; 11—electromotor;
12—coupling; 13—torque sensor; 14—model pump; 17—medium-pressure tank.

Table 2. Measuring instrument parameters of test bench.

Parameter Measuring Apparatus Type Range Accuracy
Pressure (kPa) Pressure sensor MEX-3051TG 0-900 +0.2%
Liquid flow rate (m3/h) Electromagnetic SR-LDEDN150  14-200 +0.5%
Flowmeter
Gas flow rate (L/min) Vortex flowmeter SR-LWGYDN20 0-1500 +0.5%
Torque (N-m) Rotational speed and NJ1 0-100 +0.2%
Rotational speed (r/min) torque sensor 0-10000 +0.2%

To assess the reliability of the experimental results for the multiphase pump, a com-
prehensive uncertainty analysis (Ucom) is conducted for all measured parameters. The
comprehensive uncertainty is composed of both random uncertainty (Uran) and systematic
uncertainty (Usys). The Uran for liquid flow rate Qj, gas flow rate Qg, head H, torque T,
and rotational speed n is calculated by conducting five experiments at the designed flow
point and 50% inlet gas fraction using the Student T-type distribution. Usys is related to the
precision of the measurement instruments, and the relevant data are provided in Table 2.
The combined uncertainty (Ucom) for each component is calculated as the square root of the
sum of the squares of random uncertainty and systematic uncertainty. The comprehensive
uncertainties for inlet gas fraction, head, and efficiency in this case are £0.74%, £0.62%,
and £1.22%, respectively. The detailed calculations are presented in Table 3.
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Table 3. Calculation process of the uncertainties.

Q; (m3/h) Qg (L/min) H (m) T (N-m) N (r/min)

1 50.14 831.34 27.11 12.81 4501.12
2 49.78 834.46 27.09 12.79 4502.63
Test number 3 50.31 833.41 27.18 12.88 4500.81
4 50.25 832.12 27.15 12.94 4501.54
5 50.05 833.78 27.17 12.85 4500.62
Random Standard 0.63793 0.0015 0.0432 1.6089 0.0035
uncertainty deviation
Uran (%) 0.0252 0.2029 0.5901 0.2165 0.6573
System o
uncertainty Usys (%) 05 05 02 0.2 0.2
Comprehensive ;o ) 0.5006 0.5396 0.6230 0.2947 0.6870
uncertainty

This numerical simulation method is verified based on different flow conditions at
IGVF = 50%. Figure 5 shows the comparison of the external characteristic curves of the
two-phase numerical simulation and experiment. As can be seen from the figure, the curves
for different flow conditions have a consistent trend, and the relative deviation between
head and efficiency is between 5% and 10%. Owing to the complexity and unpredictability
of the gas-liquid two-phase flow, there are inevitable friction loss and hydraulic loss
errors between its experimental and numerical simulation results. Therefore, numerical
simulations and experiments have an error of 10% or less at the designed flow point, which
is within acceptable limits.

36 80
-0- ExpH -@- CFD.H -0- Exp.y -9- CFD.zj|

12 Lo 1 1 1 BN

60 80 100 120 140
O (m’/h)

Figure 5. Comparison between numerical simulation external characteristics and experimental
external characteristics of the multiphase pump.

3. Design Schemes

Figure 6 illustrates how to define a separated trailing edge flap. The separated trailing
edge flap and the original model are airfoil 791, with the airfoil chord length defined as /.
Separated trailing edge flaps are created at al from the trailing edge of the airfoil. The gap
between the trailing edge flap and the main body of the airfoil is designed as a rounded
structure. The gap width is 1 mm. The trailing edge flap can be deflected in the direction of
the suction plane around point O; the deflection angle is defined as 6.
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__________________________
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flap impeller
(b)

Figure 6. Separate trailing edge flap. (a) Separate trailing edge flaps. (b) Original impeller and
separated trailing edge flap impeller.

To more accurately design separated trailing edge flap blades with excellent transport
performance, it is necessary to explore the locations where gas-phase fluid media accumu-
late and block the flow channel specifically. The location of the gas-phase aggregation in
the original model’s impeller channel is analyzed using the finite volume method. In the
case of multiphase pumps transporting gas-liquid two-phase fluid medium, the gas-phase
medium tends to aggregate significantly near the impeller hub and at the outlet of the flow
passage. Therefore, the analyzed area is set as the back half of the 0.1-times blade height
development surface of the impeller channel of the multiphase pump; e is the axial length
of the impeller at 0.1 times the height of the blade, i.e., 0.5e~1.0e of the axial length. As
shown in Figure 7, the 0.5e~1.0e region was divided into areas at 0.1e intervals, and the gas
phase aggregation in each area was analyzed.

«— Qe
0.5¢ —

?—/ f/ > > «— 0.8¢

Figure 7. Schematic of the analyzed area.

1.0e —

The gas-phase aggregation distribution rate is calculated by the inner node method
by screening and summing the area of the grids with a gas-phase volume fraction greater
than 0.8 in every 0.1e region, and then comparing its area with the total area of the grids
with gas-phase volume fraction greater than 0.8 in the region of 0.5e~1.0e to derive the gas-
phase aggregation distribution rate, which reflects the specific distribution of the gas-phase
aggregation. The main idea of the inner node method is to divide the computational domain
into a series of non-overlapping control volumes, with nodes located at the centers of these
control volumes. Physical parameters are stored at these nodes and used to discretely
represent and solve partial differential equations. We define the gas-phase aggregation
distribution ratio ¢, represented as follows:

S
e — (kre<x<kpe,GVF>0.8) % 100% (6)

5 (x>05¢,GVF>0.8)

where ki and kj are taken from 0.5to 1, k > ky.

From the data in Figure 8, it is apparent that the distribution of air blocks in the
impeller channel is more consistent under different inlet gas volume fractions. More than
80% of the gas-phase aggregates at different inlet gas volume fractions are in the range of
0.7e~1.0e, which corresponds to the flow channel at the position of 70~100% of the chord
length of the multiphase pump blade according to the similarity triangle rule.
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Figure 8. Distribution rate of gas phase aggregation at different inlet gas volume fractions.

Through the analysis described above, when conveying gas-liquid two-phase media,
the gas phase in a multiphase pump is concentrated in the last 30% of the chord length
of the flow channel. Therefore, the length of the separated trailing edge flaps was set to
(0.10-0.30) I, with a taking values in the range of 0.10-0.30 and 0.05 between each scheme.
According to Patone et al. [19], it is known that the trailing edge flaps can effectively prevent
flow separation at certain angles. The deflection angle 6 was set between 0° and 8°. The
angle interval between each scheme was 1°. In this research, only the 15 schemes in Table 4
are analyzed and discussed at the designed flow rate and five different inlet gas volume
fraction conditions.

Table 4. Scheme of separated trailing edge flaps.

0(°) 2 3 4 5 6

0.201 schemel scheme4 scheme? schemel0 schemel3

0.251 scheme?2 scheme5 scheme8 schemell schemel4

0.301 scheme3 scheme6 scheme9 schemel2 schemel5
4. Results

4.1. Hydraulic Performance Analysis

Figures 9 and 10 illustrate the external characteristic curves of the multiphase pump
under different deflection angles and flap lengths (0.20 [, 0.25 I, and 0.30 /). It can be
observed that as the inlet gas volume fraction increases, the efficiency and head of the
different schemes exhibit a decreasing trend, consistent with the variation pattern of the
original model. When the length of the trailing edge flap remains constant, the efficiency
of the multiphase pump shows an increasing trend followed by a decreasing trend as the
deflection angle increases, with an optimal efficiency point. When the trailing edge flap
length is between 0.20 I and 0.25 [, the pump’s optimal efficiency point corresponds to an
angle of deflection of 5°. In these cases, the efficiency at a 50% inlet gas fraction increased
by 2.85% and 3.40%, respectively, compared to the original model. However, when the
trailing edge flap length is 0.30 [, the pump’s optimal efficiency point corresponds to a
4° deflection angle, resulting in a 2.71% improvement in efficiency compared to the original
model at a 50% inlet gas volume fractions. Under different lengths of the trailing edge
flap, the head continuously decreases with an increasing deflection angle. The reason for
this phenomenon is that the deflection of the trailing edge flap towards the suction surface
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reduces the curvature of the original airfoil, thereby decreasing the blade’s pressure-raising
performance and resulting in a decrease in the pump’s head.

70 70 70
—8—IGVF=20% —8— IGVF=30% IGVF=40% ! —8—IGVF=20% —8— IGVF=30% IGVF=40%| ) —#—IGVF=20% —o—IGVF=30% IGVF=40% j
IGVF=50% —#—IGVF= 60% —v—IGVF=50% ——-IGVF= 60% IGVF=50% ——IGVF= 60%

(%)
(%)
%)

) /—\’ ] I /\ _ I /\ ]
65 - 2

64 L L L L L 64 : N g L ' 64 ! ! s L L
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4 s 3 4 5 4
Deflection angle(®) Deflection angle(®) Deflection angle(®)

@) (b) (©)

Figure 9. Efficiency curves of different flap lengths: (a) 0.20 [; (b) 0.25I; (c) 0.30 .
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(a) (b) (c)
Figure 10. Head curves of different flap lengths: (a) 0.20 [; (b) 0.25 [; (c) 0.30 L.

It has been observed that the utilization of separate trailing edge flaps can enhance
conveying efficiency while examining the external characteristics of multiphase pumps
across various schemes. However, it is essential to acknowledge that the internal mul-
tiphase flow within rotating machinery is an exceedingly intricate process. The critical
factor for the enhanced delivery efficiency of the multiphase pump, achieved through the
implementation of separated trailing edge flaps, lies in the amelioration of the internal flow.
Consequently, conducting a comprehensive analysis of how the internal flow works plays a
vital role in this. Although the trends in external characteristics remain largely consistent for
different deflection angles with the same flap length, the overall performance of the trailing
edge flap measuring 0.25 I surpasses other schemes, particularly under the condition of
IGVF = 50%. In light of this, the subsequent discourse will concentrate on scrutinizing the
internal flow mechanism of the scheme featuring a trailing edge flap length of 0.25/ and a
deflection angle ranging from 2° to 6°.

4.2. Internal Flow Characteristics of the Multiphase Pump with Trailing Edge Flap Length of 0.25 1
4.2.1. Gas-Phase Distribution Law

Figure 11 illustrates the gas-phase distribution at 0.1 times the blade height within the
impeller channel when the trailing edge flap length is 0.25  and the deflection angle ranges
from 2° to 6°. As shown in the figure, a comparison with the original model reveals that
within the impeller channel of the trailing edge flap scheme, the gas phase accumulates
predominantly in the region of the trailing edge on the suction side of the blade. However,
there is a discernible improvement in the extent of gas-phase accumulation. With an
increase in the deflection angle, the range of gas-phase accumulation near the trailing edge
on the suction side of the blade gradually diminishes.
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Figure 11. Gas-phase distribution cloud diagram of the basic model and different deflection angles
with flap length of 0.25 I.

Moreover, gas-phase accumulation exists within the gaps of the trailing edge flap.
This phenomenon arises because, upon the deflection of the trailing edge flap towards
the suction side, the reduced pressure differential between the pressure and suction sides
hinders the establishment of gas-phase medium flow. This causes the gas-phase medium
to linger within the gaps, consequently mitigating blockage within the impeller channel.
Nonetheless, when the deflection angle becomes overly large, the region adjacent to the
trailing edge flap gap on the pressure side of the blade might incur gas-phase congregation.

4.2.2. Energy LOSS characteristics

Figure 12 shows the gas-phase streamlines diagram at 0.1 times the blade height of the
impeller channel for a trailing edge flap length of 0.25 [ and a deflection angle 6 = 2°~6°.
Within the original model, a pronounced dissipation vortex is observed at the trailing edge
of the suction side of the blade, as shown by the red circle in the diagram. This phenomenon
corresponds with the region of the highest gas-phase accumulation at this location. This
observation clarifies that when the gas phase medium accumulates to a certain extent, it
triggers the formation of dissipation vortices. This dissipative vortex is generated due to
the flow instability of the gas-liquid two-phase flow. The instability and energy transfer
of the vortex structure itself can result in a significant energy loss in the impeller channel.
With a constant trailing edge flap length, when 6 = 3°, there is only a small amount of
energy dissipation. As the deflection angle progressively increases, the dissipation vortex
structure at the trailing edge of the suction side of the blade dissipates. This demonstrates
that increasing the deflection angle of the trailing edge flap can effectively enhance the flow
state of the gas-phase fluid medium.

Figure 13 shows the cloud diagram of turbulent kinetic energy distribution in the
impeller meridian surface at a trailing edge flap length of 0.25 [ and a deflection angle of
6 = 2°~6°. The distribution of turbulent kinetic energy visually reflects the internal flow
losses in multiphase pumps with different blade structures. In the region of the impeller
inlet, proximate to both the hub and shroud regions, there is a substantial gradient variation
in turbulent kinetic energy. This is because the multiphase medium substantially impacts
the blades and impeller walls when flowing into the impeller, causing the flow state in this
region to become turbulent, resulting in partial energy loss. In the middle channel of the
inlet, a notable region of heightened turbulent kinetic energy exists. This occurrence can be
attributed to the dissimilarity in the physical properties of the multiphase medium. Once
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the medium enters the impeller, the distinct phases experience varying force interactions,
giving rise to gas-liquid separation phenomena. This, in turn, leads to a disturbed flow
state in the region.

Turbulence Kinetic Energy [m?s?]

Original model 0=12° O= 0=15° 6= 6°

Figure 12. Gas-phase streamlines at the trailing edge of the impeller channel with different deflection
angles for a flap length of 0.25 I.
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Figure 13. Distribution of turbulent kinetic energy in the impeller meridional surface under different
deflection angles with flap length of 0.25 I.

In the original model, a notable region of heightened turbulent kinetic energy ex-
ists near the hub in the region of the outlet of the passage. This region corresponds to
the previously discussed region of gas phase accumulation and dissipation vortices. In
the trailing edge flap schemes, the significant region of high turbulent kinetic energy at
this location is notably diminished. This indicates that the trailing edge flap effectively
reduces the magnitude of dissipation vortices, subsequently curbing the dissipation of
fluid-medium kinetic energy. However, when the deflection angle of the trailing edge
flap becomes excessively large, the fluid medium tends to generate impacts near the
junction of the trailing edge flap and the main body of the blade, resulting in additional
energy losses.

To precisely analyze the energy dissipation across various deflection angle schemes
of the trailing edge flap within the impeller channel and to effectively assess the dual
positive and negative impacts of the deflection angle on energy losses, the concept of
energy dissipation coefficient ¢ is introduced. The magnitude of energy dissipation
¢ reflects the degree of energy loss of the fluid medium in the analyzed region. This
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metric quantifies the degree of energy loss in the fluid medium over the analyzed region,
leading to a better understanding of the flow characteristics. The expression is as follows:

¢ = STKE=05 4009, @)
STKE
where Stxg is the total grid area of the analysis area and Stxgso5 is the grid area with
turbulent kinetic energy greater than 0.5.

Figure 14 shows that the energy dissipation coefficients of the trailing edge flap
schemes are consistently lower than those of the original model. This observation indicates
that the deflection of the trailing edge flap reduces the dissipation vortex at the trailing
edge on the suction side of the blade, consequently diminishing energy losses. This
decrease in energy losses outweighs the energy losses incurred due to the deflection-
induced impact. Notably, the energy dissipation coefficient is lowest at a deflection angle
of 5°, corresponding to the highest efficiency of the multiphase pump.

40

35

30 H

0
Original model 8=2° 8=3° g=4° g=5° 8=6°

Figure 14. Energy dissipation at different deflection angles with flap length of 0.25 1.

When considering the results from both Figures 9-11, it is evident that deflection
angles of 3° and 4° notably lessen the extent of gas-phase accumulation at the trailing edge
of the suction side of the blade. However, as the deflection angles are relatively small, the
complete elimination of gas-phase accumulation-induced blockages within the impeller
channel remains incomplete. A deflection angle of 6° effectively improves the degree of gas-
phase accumulation at the trailing edge of the suction side of the blade. However, due to
the excessive deflection angle, not only does the pressure side of the blade near the trailing
edge flap witness the accumulation of gas-phase fluid medium, but it also subjects the blade
to fluid-medium impact, consequently introducing new energy dissipation. Therefore, the
energy dissipation at a deflection angle of 6° is slightly higher than at 5°.

4.2 3. Pressure Distribution Laws

To explore the influence of altering the deflection angle of the trailing edge flap on
the degree of gas-liquid separation within the impeller channel, an analysis of the pres-
sure distribution along the meridional plane of the impeller channel is conducted. This
investigation seeks to elucidate variations in the radial pressure gradient under differ-
ent scenarios. Figure 15 presents contour plots of the pressure distribution along the
meridional plane for both the original model and the trailing edge flap scheme with a
length of 0.25 I, spanning deflection angles from 6 = 2° to 6° at the designed flow rate and
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50% inlet gas volume fraction. Evidently, as shown in the Figure 15, the pressure distribu-
tion in the trailing edge flap scheme concurs with that of the original model. In the first half
of the impeller channel, a gradual axial pressure rise results in a noticeable axial pressure
gradient, owing to the rapid axial compression of the fluid. However, in the latter half of
the channel, the axial pressure rise progressively becomes more gradual.

Pressure [kPa]
\; \, \; \7\ \ \ \0 \0 \’\ \ \L? e
CAC R N © 0 S0

T =

Original model

I‘II-II-

0=75° 0=06°

Figure 15. Cloud diagram of pressure distribution on the meridian surface under different deflection
angles with flap length of 0.25 I.

In terms of the radial direction, both the trailing edge flap scheme and the original
model exhibit radial pressure gradients in the latter half of the channel. However, the
former’s radial pressure gradient is smaller; the radial pressure gradient induces an acceler-
ation of the fluid medium in the radial direction. Due to the high density differences in
the gas-liquid-phase medium, a significant gas-liquid separation phenomenon is induced.
As a result, the liquid-phase fluid medium with higher density moves towards the region
near the shroud, while the gas-phase fluid medium with lower density moves towards the
area near the impeller hub, and its flow inhomogeneity increases. In the latter half of the
meridional surface, an upward convex region in the pressure gradient is observed. This
phenomenon arises because the trailing edge flap begins to deflect from the blade edge
at a distance of 0.25 [, thereby altering the original shape of the blade and subsequently
affecting the pressure distribution within the impeller channel.

In multiphase pumps, as the flowing medium passes through the impeller channels,
the work capacity of the blades increases the kinetic energy of the fluid, which generates
a higher pressure at the pressure surface. This pressure differential induces a gradient
between the pressure and suction sides, compelling the gas to accumulate at the suction side.
Furthermore, as the fluid flows from the inlet to the outlet, pressure gradually increases in
this direction, leading to a pressure gradient that causes the gas to aggregate in the flow
channel towards the outlet. Hence, it is essential to study the pressure gradient in the
impeller channel to improve the performance of multiphase pumps and prevent the gas
phase from accumulating. A more detailed analysis of pressure data at different positions
along the meridional plane of the impeller channel is conducted. This analysis is illustrated
in Figure 16, where Fp denotes the radial pressure gradient and Fp, signifies the pressure
gradient along the streamline direction. The positions are labeled as follows: 0 corresponds
to the inlet of the impeller channel, 0.5 represents a position at 0.5 times the axial distance
from the impeller channel, and 1.0 denotes the exit of the impeller channel.

The gas-liquid separation phenomenon is the main factor affecting the performance
of multiphase pumps, and when multiphase pumps are used for gas-liquid transportation,
there exists a large radial pressure gradient force in the back half of the impeller channel.
Therefore, by analyzing the radial pressure gradient, the improvement of the gas-liquid
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separation phenomenon in the impeller channel by different trailing edge flap schemes
can be visualized. Therefore, an analysis is conducted on the radial pressure gradient
distribution curve shown in Figure 17 for the central to outlet region of the impeller
meridional plane under the condition of 50% inlet gas volume fraction: In the original
model, the radial pressure gradient in the latter half of the impeller channel exhibits a trend
of decreasing followed by an increase. With the introduction of the trailing edge flap, the
radial pressure gradients at various positions in the second half of the impeller channel
are significantly lower than in the original model. Moreover, at a deflection angle of 2°,
due to the relatively small angle, the curve exhibits a flat-trend radial pressure gradient
trend at the blade end (0.9-1.0), while for other angles, it shows a decreasing trend. As the
deflection angle increases, the slope of the descending curve becomes larger. In addition,
radial pressure gradient at the outlet of the impeller channel becomes smaller. This trend
signifies that the deflection of the trailing edge flap towards the suction side effectively
reduces the radial pressure gradient within the impeller channel of the multiphase pump.
This alteration further mitigates the degree of separation between the gas and liquid phases
of the fluid medium, thereby enhancing the multiphase pump’s performance.

0 Shroud 0.5 10
ﬁ sz:7? bubble
' Outlet
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Figure 16. Impeller meridional flow channel division.
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Figure 17. Radial pressure gradient of the meridional plane between the original model and those
under different deflection angles with flap length of 0.25 1.

4.2.4. Pressure Gradient Analysis along the Streamwise Location

Figure 18 shows the contour plots of pressure distribution at 0.1 times the blade height
in the impeller channel of the multiphase pump compression unit. The study shows that
different trailing edge flap schemes exhibit lower pressure gradients than the original
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model in the regions immediately after the trailing edge on both the suction and pressure
sides of the blade, as well as at the junction of the suction and pressure sides. This indicates
that the deflection of the trailing edge flap towards the suction side reduces the blade’s
pressure-raising capability, contributing to a decrease in the pump’s head.

Suction side

Pressure
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Figure 18. Radial pressure gradient in the radial surface at different deflection angles with flap length
of 0.251.

The introduction of trailing edge flaps reduces the adverse pressure gradient at the end
of the impeller flow channel. This change helps to transport the gas-phase medium, which is
caused by gas-liquid separation. Under a certain trailing edge flap length, with an increase
in the deflection angle, the pressure difference between the suction side and pressure side
of the flap gradually diminishes. This decrease effectively alleviates or prevents a sudden
surge in the adverse pressure gradient near the trailing edge of the blade, thereby mitigating
gas-phase retention. However, when the deflection angle becomes too large, a situation
arises where the pressure on the suction side of the flap significantly surpasses the pressure
on the pressure side. This could lead to partial gas-phase accumulation and stagnation on
the pressure side, resulting in anomalous flow behavior.

For a more in-depth exploration of the impact of trailing edge flap deflection angle
variations on the pressure gradients within the impeller channel of the multiphase pump,
pressure data were extracted from both the original model and the trailing edge flap scheme
with a length of 0.25 [ and deflection angles 6 = 2° to 6°. Pressure variation curves along
the streamline direction were plotted, as illustrated in Figure 19. From the elliptical black
outline area in the figure, it can be observed that the pressure at the entrance of the impeller,
when using the trailing edge flap schemes, is notably higher than in the original model.
As the trailing edge flap deflection angle increases, the pressure at the impeller entrance
gradually rises. The pressure values at the impeller outlet are similar. This indicates that
the design of the separated trailing edge flap causes the blades to deflect toward the suction
side, thereby reducing the blade’s pressurizing capacity.

Multiphase pumps, as crucial boosting devices in gas-liquid multiphase transfer
processes, exhibit a gradually increasing pressure distribution from the impeller inlet to the
outlet. In other words, along the streamline direction, the pressure steadily increases, which
is referred to as a reverse pressure gradient. To closely examine the influence of the trailing
edge flap on the pressure distribution at the end of the multiphase pump impeller’s flow
channel, the pressure curve at the impeller outlet position is zoomed in locally. By observing
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the enlarged local plot, it becomes evident that at a position of 0.75 along the streamline
direction, which is just before the location where the trailing edge flap schemes begin, there
is a segment with a pressure drop, indicating a cis-pressure gradient. With an increase in
the deflection angle, this region of the cis-pressure gradient shifts forward. The emergence
of this cis-pressure gradient can decrease the extent of gas stagnation. Hence, reducing
the reverse pressure gradient appropriately can facilitate the smoother transport of the
gas-phase fluid medium, which requires less work from the blades, effectively improving
the prevention of gas blockage phenomena. However, if the deflection angle continues
to increase, the improvement in mitigating gas blockage reaches its maximum. Further
augmenting the deflection angle would excessively diminish the blade’s pressure-raising
capability, thereby affecting the conveying efficiency of the multiphase pump.
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Figure 19. Pressure gradient along the streamlined direction in the impeller channel at different
deflection angles with flap length of 0.25 I.

5. Conclusions

This study employed the Computational Fluid Dynamics (CFD) numerical simulation
method to analyze the impact of deflection angle on the hydraulic performance of multi-
phase pumps in different trailing edge flap schemes from various perspectives, including
external characteristics, internal flow, and energy loss. Based on the analysis results, the
following conclusions were drawn:

(1) When the length of the trailing edge flap remains fixed, the efficiency curves for
different deflection angles exhibit a parabolic trend, indicating the presence of an
optimal efficiency point—the consistent location of the optimal point across various
gas volume fractions. The gradually declining trend in the head suggests a loss in the
pressure-raising capability of the blade structure. Upon comparison, it is evident that
the highest efficiency is achieved when the trailing edge flap length is 0.25 ] and with
a deflection angle of 5°.

(2) The introduction of the trailing edge flap significantly improves the aggregation of
the gas phase near the trailing edge of the blade as the deflection angle increases. The
internal fluid energy loss characteristics of each scheme were quantitatively analyzed
through the defined energy dissipation rate. With an increase in the deflection angle
of the trailing edge flap, the dissipation vortex structure on the blade’s suction surface
diminishes gradually, thereby reducing the loss of fluid kinetic energy. However, when
the deflection angle becomes excessive, the formation of impact near the connection of
the trailing edge flap to the main blade structure could introduce new energy losses.

(3) Analyzing the pressure field under different trailing edge flap schemes reveals that
increasing the deflection angle, despite causing some loss in pressure-raising ca-
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pacity, effectively reduces the radial pressure gradient at the trailing edge of the
impeller passage. This effectively mitigates the separation of the gas-liquid two-phase
fluid medium.

In conclusion, the research findings indicate that the deflection of the trailing edge flap
within a certain range can significantly enhance the performance of the multiphase pump.
However, this increase in efficiency comes at the cost of a certain loss in pressure-raising
capability. A balance must be struck between pressure-raising capability and improve-
ment in gas-liquid separation. These findings provide essential theoretical insights for
optimizing the design and performance of multiphase pumps and offer valuable guidance
for optimizing multiphase pump designs.

In this study, we have analyzed the effects of split trailing edge flaps on the internal
and external characteristics of multiphase pumps, but have not yet adequately solved the
problem of gas blockage in the impeller channel of multiphase pumps. In our future work,
we will propose a control strategy based on adaptive trailing edge flaps to inhibit gas-phase
vortex mass stagnation, which will provide theoretical guidance and technical support to
improve the stability and reliability of deep-water o0il and gas transportation.
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Abbreviations

Variable Definitions

D Impeller shroud diameter (mm)
H Head (m)

o Design flow rate (m3-h~1)

) Airfoil chord length (-)

le Axial length (mm)

n Rotational speed (rpm)

ng Specific speed (-)

S Analysis area (mm?)

Y+ y plus value (-)

Ucom Comprehensive uncertainty (%)

Random uncertainty (%)

System uncertainty (%)

Impeller blade number (-)

Deflection angle (%)

Efficiency (%)

Gas-phase aggregation distribution ratio (%)
Energy dissipation coefficient (%)

Hub half cone angle (°)

Acronyms

IGVF Inlet gas void fraction

I I DN
g 3
» 3B
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