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Abstract: The performance of multiphase pumps has a remarkable influence on the related industrial
application. In order to understand the flow field and gas-liquid phase interaction characteristics
of a multiphase rotodynamic pump, detailed numerical analysis of the pump with a medium of
air-water combination was carried out for the whole flow passage by means of a structured mesh
using ICEM_CFD and TurboGrid. The results for 21% inlet gas void fraction (IGVF = 21%) condition
showed that the magnitude ratio of non-drag forces to drag in impeller and guide vane passages
was generally less than 1, whereas it was always less than 0.2 for the magnitude ratio of turbulent
dispersion force to drag. When the IGVF was increased, the variation range of interphase forces in
the impeller was greater than that in the guide vane. In addition, the gas in the impeller mainly
accumulated near the suction surface in the outlet region. Further, with increased IGVF, the degree of
aggregation increased as well as the gas inhomogeneity, and consequently the interphase forces in
the impeller increased. Due to the divergent structure of the guide vane, obvious vortexes emerged
at the hub and gradually moved toward the blade pressure surface along the streamwise direction.

Keywords: gas-liquid two-phase flow; gas distribution; interphase force; gas void fraction (GVF);
adverse pressure gradient

1. Introduction

The extensive use of multiphase pumps for handling gas-liquid two-phase flow is not restricted
to petroleum, but also occurs in other industrial applications including chemical engineering, food,
urban water supply, and nuclear industries [1-3]. Multiphase pumps are generally grouped into
positive displacement and rotodynamic pumps. Compared to the positive displacement pump, the
rotodynamic pump has many advantages, such as smaller volume, larger discharge, lower requirement
for manufacture precision, lower sensitivity to solid particles in the flow field, easier use and repair,
and so on [4,5]. In addition, compared to the single-phase pump, the rotodynamic pump is often
accompanied by many complex phenomena because of the rotation of the impeller and the rotor-stator
interaction, such as the coalescence and breakup of bubbles, and the separation and intermixing
between two phases [6].

In recent years, many studies have been performed through experiment and simulation on the
gas-liquid multiphase pumps. Murakami and Minemura [7,8] observed the flow regime in a centrifugal
pump and grouped the flow patterns into isolated bubbles flow, bubbly flow, gas pocket flow, and
segregated gas flow. Verde et al. [9] classified the flow pattern in a centrifugal pump into bubble flow,
agglomerated bubble flow, gas pocket flow, and segregated flow, and observed that the gas pocket
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flow was related to the intensification of performance degradation. Meanwhile, Zhang et al. [10,11]
found that the relationship between bubble number and bubble size obeyed a normal distribution in
the inlet region of a rotodynamic multiphase pump, and the bubble size increased with increased IGVF
while it decreased with increased rotational speed. Overall, the experimental studies for gas-liquid
multiphase pumps were focused on the external characteristics (efficiency, head, etc.) and flow
regime characteristics [12-14]. However, because the multiphase rotodynamic pump is a high-speed
rotating machine, it is difficult to get more comprehensive flow regime transition information using the
experimental method. Furthermore, some field parameters are also impossible to obtain experimentally
based on the current monitoring techniques (e.g., the interphase behavior information).

Computational fluid dynamics (CFD) technology has become an important method to study the
performance and internal flow characteristics in multiphase pumps [15]. For example, Zhu et al. [16]
developed a mechanistic model for predicting the in-situ GVF inside an electrical submersible pump,
and verified its reliability using three-dimensional (3D) CFD simulations. Tremante et al. [17] conducted
simulations on a NACAG65 axial flow pump with a medium of air-water combination. They observed
the extension of gas pocket from the impeller inlet to the pressure surface, along with the formation
of a stratified flow structure at large angles of attack. The particular two-phase flow model used is a
key factor determining the accuracy of the CFD simulation of a multiphase pump. According to the
literature on gas-liquid two-phase models, the two-fluid model was most widely adopted because of
its high calculation accuracy compared to other models such as mixture model and drift flow model,
etc. [18,19]. However, the selection and computational analysis of interphase forces are also crucial to
the two-fluid model. Although the magnitude of interphase forces in a rotodynamic pump impeller
was analyzed by Yu et al. [20,21], the rotor-stator interaction was ignored because the guide vane was
not included in the computational model.

Overall, exploration of the internal flow characteristics in multiphase rotodynamic pumps
handling gas-liquid two-phase flow is still insufficient, especially for gas-liquid interphase behavior.
The objective of the present study was to develop an in-depth understanding of the gas-liquid
phase interaction characteristics and analyze the cause of gas-liquid flow separation in multiphase
rotodynamic pumps, which will help in the design optimization for such pumps. In this study, detailed
3D simulations were carried out for the whole flow passage of a multiphase rotodynamic pump based
on interphase force analysis. The combination of air and water was used as the medium to investigate
the gas void fraction and the gas-liquid interphase behavior in impeller and guide vane passages at
different inlet gas void fractions (IGVFs).

2. Test System

A schematic diagram of the test system of the multiphase pump is presented in Figure 1. In order
to ensure the safety of experiment and the reusability of equipment, air-water was used as the working
medium. In the experiment, water that flowed out from the water tank was mixed evenly with the air
provided by a compressor in a swirling mixer [11], then they entered the pump. The gas and water
flowed back to the water tank after experiencing the work behavior of the multiphase pump, and then
the gas spilled out from the water tank. Additionally, the water and gas discharges were measured by
the turbine and float flowmeters, respectively, with an accuracy grade of £1.5%. The accuracy grade
of the pressure gauges located at the water and gas pipelines and the inlet and outlet of the pump was
+0.25%, while the rotational speed, power, and torque of this pump were measured by a CYT-302
series torque meter, with an accuracy of +0.2%.
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Figure 1. Schematic diagram of the test system of the multiphase pump.

Figure 2 shows the test helico-axial pump model with its impeller and guide vane, inlet and
outlet pipes. In order to observe the internal flow in this pump with a high-speed camera, the
shell of the impeller and guide vane were made of organic glass, as displayed in Figure 2. Table 1
shows the dimension and design details of the multiphase pump. Here, according to the following
Equations (1)—(3), the design specific speed, design discharge, and head coefficients were determined

as 166, 0.168, and 0.274, respectively:
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Table 1. The dimension and design details of the multiphase pump.

Multiphase Pump Items Values Units
Shroud diameter Dg; 150
Hub diameter of inlet Dy 120 m
Impeller Hub diameter of outlet Dy,» 134
Axial length H; 60
Blade numbers Z; 4 dimensionless
Shroud diameter Dy, 150
Hub diameter of inlet Dy,3 134 mm
Guide vane Hub diameter of outlet Dy4 120
Axial length H, 40
Blade numbers Z, 11 dimensionless
Rotational speed n 2950 r/min
. s Discharge coefficient ¢ 0.168 . .
Design condition Head coefficient 1 0.274 dimensionless
Specific speed ns 166 m3/4.573/2
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Figure 2. Test pump model.

3. Numerical Methodology

3.1. Governing Equations

The steady Reynolds-averaged Navier-Stokes (RANS) equations were solved using ANSYS_CFX
16.0 (SAS IP, Inc., Pittsburgh, PA, USA). The continuity and momentum equations for incompressible
flow were written in the Cartesian coordinate system as follows [21-23]:

V-((kakuk) = 0, (4)

V- (oprUly) = —Vp+ V- (kaTk,ij) + My + oupifis ®)

where o and Uy denote respectively the void fraction and velocity of phase k, My is the interphase
force, fy stands for the mass force, and T denotes the viscous stress related to the molecular viscosity
and turbulent viscosity. The components of the viscous stress tensor can be expressed as follows:

2
T jj = ﬂiff (Vuk + (V)" - §1V-Uk), (6)
where I is the unit tensor. yif f stands for the effective viscosity as follows [18]:
= i+, @)

where yi; and yi¢ represent the dynamic viscosity and the turbulent viscosity, respectively.

The turbulent viscosity y; is solved using the shear stress transport (SST) k-w model which
combines the advantages of k-¢ and k-w turbulence models. That is, the k-¢ and k-w models are
employed for the near-wall and mainstream regions, respectively. Therefore, this model has high
accuracy in predicting flow separation under adverse pressure gradient. Here, the turbulent viscosity
can be expressed as follows [24-26]:

. pmixulk
Pe= max(ajw, SF)’ ®
also,
F, = tanh(args?), 9
arg, = max (;’%' 5(1&) , (10)
y yw

Pmix = K] + XgPg, (11)
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where a; and B’ are the model constants (a; = 5/9, B’ = 0.09), k and w stand for turbulence kinetic
energy, and turbulence frequency, respectively.

3.2. Interphase Forces

The gas-liquid interphase forces usually include drag, added mass, lift, turbulent dispersion, as
well as Basset effect and Magnus effect [27], where the Basset effect and Magnus effect consider the
historical acceleration effect and the rotation effect of the bubbles, respectively. However, according to
the related studies, the Basset effect and Magnus effect can be ignored in multiphase pumps [20,28].
Therefore, the total interphase force can be expressed as follows:

My = Dy + Ay + Ly + Ti. (12)

Here, Dy, Ay, Ly, and Ty represent the interphase forces of drag, added mass, lift, and turbulent
dispersion, respectively. These four interphase forces expressions are listed in Table 2, where U and
U, stand for the velocity of gas and liquid, respectively, and D}, denotes the diameter of gas bubbles.

Table 2. Information on expressions of the gas-liquid interphase forces.

Forces Expressions Coefficients
24 0.75
= (1+0.1Re ,
Dy 1Cp flag|Ug — | (Ug — ) Cp = max " ( ’ [21,22]
! 2/ (Pr=ps)8 05
DU D [ (1 B O‘g)
Ay —piCactg (o — ) Ca=05[29]
Ly CL(Xgp](Ug — U]) X (V X lll) Cr =0.5[30]
Ty —CrpkVoy Cr=0.1[21]

3.3. Structured Mesh Information

The numerical model in this study includes four parts: inlet and outlet pipes, impeller, and
guide vane. The mesh of the first two parts was generated using ICEM_CFD 16.0 (SAS IP, Inc.,
Pittsburgh, PA, USA), while in order to improve the mesh quality, the latter two parts adopted
H/J/C/O topology structures using TurboGrid 16.0 (SAS IP, Inc., Pittsburgh, PA, USA). The domain
mesh for the pump model is displayed in Figure 3a, and the meshes for impeller and guide vane are
shown in Figure 3b,c, respectively.
outlet pipe

inlet pipe impeller diffuser

(@)

Figure 3. Cont.
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(b) (c)

Figure 3. Structured mesh for analysis. (a) Computational domain; (b) Impeller; (c) Guide vane.

In order to make good use of the computational resources and reduce the size of memory and
computational time, mesh independence analysis was conducted at pure water designed discharge
conditions, as listed in Table 3. The analysis showed that the mesh densities of Mesh III and Mesh
IV produced only a small difference in the head and efficiency of the pump. Therefore, Mesh III was
ultimately chosen in this study. Meanwhile, the detailed mesh information for each part of Mesh III
was counted to ensure that the mesh quality could meet the computational demand, as shown in
Table 4. This information shows that all the indicators of orthogonality angle, mesh expansion factor,
aspect ratio, and y+ value of impeller and guide vane could meet the requirements of the turbulence
model adopted in this study.

Table 3. Mesh independence analysis.

Items Mesh I Mesh II Mesh III Mesh IV
Inlet pipe 54,516 54,516 54,516 54,516
Impeller 165,096 x 4 306,660 x 4 590,416 x 4 809,361 x 4
Guide vane 35,168 x 11 56,280 x 11 105,840 x 11 129,472 x 11
Outlet pipe 99,540 99,540 99,540 99,540
Total (million) 1.20 2.00 3.68 4.82
Head coefficient 0.261 0.259 0.256 0.256
Efficiency /% 58.23 57.73 57.14 57.13

Table 4. Detailed mesh information for each part of Mesh IIL

Items Inlet Pipe Impeller Guide Vane Outlet Pipe
Mesh type hexahedral mesh
Orthogonality angle
(0°-90°) 88.7 82.2 73.6 85.9
Mesh expansion factor
(0-20) 1.0 1.2 49 1.0
Aspect ratio
(0-100) 2.4 13.9 18.2 2.8
y+ 233 66 10 331

3.4. Boundary Conditions and Numerical Solution Settings

The bulk mass discharge and the corresponding gas void fraction of each medium were specified
at the inlet of the computational domain. At the outlet, the average static pressure was applied, and
the no-slip condition was adopted at all wall boundaries. Meanwhile, the frozen-stator method was
imposed for the rotor-stator interaction region (inlet pipe-impeller, impeller-guide vane), which can
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produce a steady solution to the multiple frame of reference problem. The details of solution strategy
are presented in Table 5.

Table 5. Numerical solution strategy. RMS: root mean square.

Items Settings
Analysis type Steady state
Advection scheme Second order
Turbulence numerics Second order
Residual RMS <1x107*
Discharge coefficient ¢ 0.168
Inlet gas void fraction IGVF 9%, 15%, 21%

4. Results and Discussions

4.1. Model Validation

The simulation and experimental results at IGVF = 0% (pure water) are shown in Figure 4.
The efficiency and head curves from the calculation show close agreement with the experiment.
The errors of efficiency and head at pure water design condition were 0.94% and 2.97%, respectively.
Table 6 lists the values of head with different IGVFs at conditions of n = 2950 rpm and ¢ = 0.274.
The errors of head between simulation and experiment were relatively small at IGVFs of 9%, 15%, and
21%, and the maximum relative error was only 3.30% at IGVF = 15%. According to the above analysis,
the conclusion can be drawn that the numerical strategy adopted in this study was reliable.

60 0.45
HT.\ 1
-D\ m
55 '(D/ T 4040
090 / o .
L N s, [m] 1
N ’
50 b\ il \ 19%% o
s | R e ptal SN " .. 2
= / . {030 8
sl ) SO 3
£y , o e 1 £
s ot f o\\ 4025 8
S ' N 3
=40 / ph "]
25 | o © 4020 ©
/ —m—_CFD | =
e . - -0- _EXP .
’ - H0.15
i 9/5 —e—y CFD _
30 - Er_’D//' - o= y_EXP 1 0.10
L e |
25 | L 1 " 1 L | L 1 | L | " 1 OOS

N 1 L
0.03 0.06 0.09 0.12 0.15 0.18 021 024 027
Discharge coefficient ¢

Figure 4. Comparison of performance results between simulation and experiment (IGVF = 0%). CFD:
computational fluid dynamics; EXP: experiment.

Table 6. Values of head with different IGVFs for simulation and experiment (Q = 50 m3/h).

Results p_CFD p_EXP o
W (m) (m) Error (%)

IGVF = 0% 0.312 0.303 297
IGVF =9% 0.296 0.290 2.07
IGVF =15% 0.282 0.273 3.30

IGVF =21% 0.269 0.265 1.51
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4.2. Phase Interaction Characteristics in Impeller and Guide Vane

To analyze phase interaction characteristics of the gas-liquid flow in the multiphase rotodynamic
pump, the area average of interphase forces were extracted along the streamwise direction. Taking the
IGVF = 21% condition as an example, the magnitude ratio of non-drag forces—including added mass,
lift, and turbulent dispersion—to drag along the streamwise direction is shown in Figure 5. Overall,
for the interphase forces in impeller and guide vane passages, the magnitude ratio of non-drag forces
to drag was generally less than 1, while it was always less than 0.2 for the magnitude ratio of turbulent
dispersion force to drag, which indicates that the drag was dominant and the turbulent dispersion
force was very small relative to the drag for the interphase forces in the multiphase rotodynamic pump.
It can be also seen from Figure 5 that the drag force was the largest overall in the impeller and guide
vane, followed by the lift and added mass forces, then the turbulent dispersion force.

1.6

—a— 4/D
—e— /D
—a—T/D

le————— impeller guide vane

(] —
0 o

No-drag/drag
e
o)}

0.4

0.2

0.0

00 02 04 06 08 10 12 14 16 18 20
Streamwise

Figure 5. Magnitude ratio of non-drag forces to drag along the streamwise direction at IGVF = 21%.

According to the above analysis, the turbulent dispersion force was much smaller relative to
the other three interphase forces. Therefore, Figure 6 only shows the interphase forces of drag, lift,
and added mass along the streamwise direction from impeller inlet to guide vane outlet at different
IGVFs. These three interphase forces increased significantly near the inlet and outlet of the impeller.
Still taking the IGVF = 21% condition as an example, it should be attributed to the rotating effect of the
impeller. The flow near the impeller inlet changes from non-swirling to swirling, resulting in enlarged
liquid superficial velocity (Figure 7a). On the other hand, due to the rotor-stator interaction, the flow
of the two phases near the impeller outlet is more disordered, resulting in the emergence of obvious
vortexes (Figure 7). Therefore, the enlarged superficial velocity difference between gas and liquid
phases occurs in the inlet and outlet of the impeller (Figure 8). Then, combined with the calculation
expressions, it can be concluded that the interphase forces of drag, added mass, and lift near the inlet
and outlet of the impeller would increase significantly.

Overall, the interphase forces in impeller and guide vane passages became large if the IGVF
increased. With increased IGVF, the variation range of interphase forces in the impeller was greater
than that in the guide vane, which is closely related to the more complicated gas-liquid flow and the
larger interphase forces in the impeller that are both aroused by the rotating effect.
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Figure 6. Distribution of interphase forces along the streamwise direction at different IGVFs. (a) Drag
force; (b) Added mass force; (c) Lift force.
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Figure 7. Distribution of superficial velocity in the impeller at IGVF = 21%. (a) Liquid superficial
velocity; (b) Gas superficial velocity.
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Figure 8. Distribution of velocity difference between the two phases in the impeller at IGVF = 21%
(span = 0.5).

4.3. Gas Distribution in the Impeller Passage

The area average of gas distribution along the streamwise direction in the impeller at different
IGVFs (9%, 15%, and 21%) are shown in Figure 9. At these three IGVF conditions, the gas in the
impeller mainly accumulated near the hub. This is aroused by the rotating effect of the impeller. As the
density of water is higher, it will experience larger centrifugal force, and as a result, moves toward the
impeller shroud, whereas the gas moves to and gathers at the impeller hub. With the increased IGVF,
the degree of aggregation of the gas in the impeller hub increased as well as the gas inhomogeneity,
which is also why the interphase forces in the impeller increased with the increased IGVF. According
to the calculation expressions, this is because the gas void fraction is one of the factors that affect
the interphase forces of drag, added mass and lift, and has a positive correlation with these three
interphase forces.

impeller shroud

-4

0.93
0.85
0.76
0.68
0.59
0.51
0.42
0.34
0.25
0.17
0.08
0.00

——impeller hub

(a)

(©)

Figure 9. Distribution of gas void fraction along the streamwise direction at different IGVFs.
(a) IGVF =9%,; (b) IGVF = 15%; (c) IGVF = 21%.

It can also be seen from Figure 9 that the gas mainly accumulated near the hub of the impeller
outlet. This is partly due to the action of the impeller. The gas moves toward the impeller outlet and
also suffers from an adverse pressure gradient, thus resulting in a reverse flow of gas near the hub
of impeller outlet, as presented in Figure 10a,b respectively. On the other hand, because the pressure
near the impeller shroud is greater than that in the impeller hub, the gas in impeller suffers from a
pressure difference from shroud to hub. The above reasons result in the gas mainly accumulating near
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the hub of impeller outlet. Then, combined with the calculation expressions, the gas accumulation
near the hub of impeller outlet will enlarge the interphase forces therein, which is in accordance with
the analysis of Figure 6.

Plkpa

120

I 000 ’ ‘ (b)

Figure 10. Pressure and streamlines distribution of S2 stream surface in middle of the impeller
(IGVF =15%). (a) Pressure distribution of S2 stream surface in the middle of the impeller;
(b) Streamlines distribution of S2 stream surface in the middle of the impeller.

Figure 11 shows the gas distribution of the impeller hub at IGVFs of 9%, 15%, and 21% (span = 0.1).
At different IGVFs, the gas near the hub of the impeller outlet mainly accumulated near the blade
suction surface, and the higher the IGVF, the higher the aggregation degree therein. It can also be seen
that the gas distribution in these four passages was asymmetric, which illustrates that the flow in the
multiphase rotodynamic pump was more disordered, and a gas block phenomenon may occur first in
an individual impeller passage with the increased IGVF.

P5 .L inlet

0,20 kb)

(c)

Figure 11. Gas distribution near the impeller hub at different IGVFs (span=0.1). (a) IGVF = 9%;
(b) IGVF =15%; (c) IGVF = 21%. PS: pressure surface; SS: suction surface.
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According to the above analysis, due to the rotation effect of the impeller and the adverse pressure
gradient in the flow passages, the gas in the impeller mainly accumulated near the hub of the impeller
outlet. The higher the IGVF, the higher the aggregation degree and gas inhomogeneity therein, thus
resulting in increased interphase forces in the impeller passage.

4.4. Gas Distribution in the Guide Vane Passage

The gas void fractions and 3D streamline distributions of the S2 stream surface in the middle of
the guide vane at different IGVFs are shown in Figure 12. The regularities of gas distribution in the
guide vane are similar at different IGVFs, mainly accumulating near the guide vane hub, and gradually
spreading to the mainstream region along the streamwise direction in the guide vane. This can be
ascribed to the accumulated gas near the hub of the impeller outlet moving toward the guide vane
because of inertia. On the other hand, the effect of centrifugal force in the guide vane will disappear,
resulting in the gas in the guide vane moving along the streamwise direction and also spreading to the
mainstream region.

S

OCOOO0ODOOPDO0000D0000
Do o mbabsnnnaaewioio
DO nOnoOn OOl O n S holn

Figure 12. Gas void fraction and 3D streamline distributions of S2 stream surface in the middle of the
guide vane at different IGVFs. (a) IGVF = 9%, (b) IGVF = 15%; (c) IGVF = 21%.

It can be seen from the streamline distribution of gas that obvious gas vortexes emerged at the
hub of the guide vane, and their ranges increased gradually from the inlet to the outlet of the guide
vane. This is due to the divergent structure of the guide vane. The gas velocity decreased gradually
along the streamwise direction, and the gas also experienced an adverse pressure gradient, which
together resulted in flow separation near the guide vane hub. Meanwhile, with increased IGVF,
the degree of aggregation of gas and the range of gas vortexes—both located near the guide vane
hub—became larger.

In the present study, the Q-criterion was used to further explore the vortexes structure in the
guide vane. Figure 13 shows the structure of gas vortexes in the guide vane at different IGVFs, and the
magnitude of the iso-surface Q was calculated by the following expressions [31,32]:

(94 — SiiSij), (13)

N =

Q=
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1 (ou; | du;
Sij = E(a_xj*a_xi) (14)

1(0u; Juj
Qi=zz0— =2 1
1 2(83(]- axi>/ ( 5)
where S and () are the symmetric and antisymmetric parts of the velocity gradient tensor, respectively.

That is, S and Q) stand for the deformation and the rotation of the local position in the flow field,
respectively. Therefore, the rotation is dominant if the magnitude of Q is positive.

Figure 13. Structure of gas vortexes in the guide vane at different IGVFs (Q =2 x 10°). (a) IGVF = 9%;
(b) IGVF = 15%; (c) IGVF = 21%.

It can be seen from Figure 13 that obvious gas vortexes occurred at the guide vane inlet at different
IGVFs when Q = 2 x 10°. This was due to the strong gas-liquid phase interaction and more disordered
flow which were both aroused by the rotor-stator interaction. Along the streamwise direction in the
guide vane, the gas vortexes gradually moved toward the blade pressure surface and also spread
from hub to mainstream region, which is in accordance with the analysis of Figure 12. In addition,
trumpet-shaped gas vortexes formed near the trailing edge of the guide vane blades, which may be
closely related with the jet wake structure of the guide vane. Then, combined with the analysis of
Figure 6, it can be concluded that the sudden increased interphase forces of drag, added mass, and lift
are closely related to the complex turbulent structure near the trailing edge of guide vane blades.

5. Conclusions

The objective of the present study was to develop an in-depth understanding of the gas-liquid
phase interaction characteristics and analyze the cause of gas-liquid flow separation in multiphase
rotodynamic pumps. Through the numerical calculation, the distribution of gas void fraction as well
as the gas-liquid interphase behavior in the pump were explored at different IGVFs. The conclusions
can be drawn as follows:

(1) For the interphase forces in impeller and guide vane passages at IGVF = 21%, the magnitude
ratio of non-drag forces to drag was generally less than 1, while the magnitude ratio of turbulent
dispersion force to drag was always less than 0.2, which indicates that the drag was dominant
and the turbulent dispersion force was very small relative to the drag in the multiphase
rotodynamic pump.
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2

®)

4)

Due to the rotation of the impeller and the rotor-stator interaction, the interphase forces of drag,
added mass, and lift near the inlet and outlet of the impeller increased significantly. Meanwhile,
with the increased IGVF, the variation range of interphase forces in the impeller was greater than
that in the guide vane.

Due to the rotation effect of the impeller and the adverse pressure gradient in the flow passages,
the gas in the impeller mainly accumulated near the hub of the impeller outlet. The higher the
IGVF, the higher the aggregation degree and gas inhomogeneity therein, thus resulting in the
increased interphase forces in the impeller passage.

The regularities of gas distribution in the guide vane were similar at different IGVFs, mainly
accumulating near the guide vane hub, and gradually spreading to the mainstream region along
the streamwise direction. Additionally, due to the divergent structure of the guide vane, obvious
vortexes emerged at the hub. With increased IGVF, the degree of aggregation of gas and the
range of gas vortexes—which are both located near the guide vane hub—became larger.
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Nomenclature

Ay Additional mass force of phase k, N/ m3

a Model constant, dimensionless

Ca Coefficient of additional mass force, dimensionless
Cp Drag coefficient, dimensionless

CL Lift coefficient, dimensionless

Cm2 Meridional velocity at impeller outlet, m/s

Cr Coefficient of turbulent dispersion force, dimensionless
Dy Bubble diameter, mm

Dip Hub diameter of impeller inlet, mm

Do Hub diameter of impeller outlet, mm

Dy3 Hub diameter of guide vane inlet, mm

Dy Hub diameter of guide vane outlet, mm

Dy Drag force of phase k, N/m?

Dg; Impeller shroud diameter, mm

D¢ Guide vane shroud diameter, mm

F, Blending function in SST-k-w model

f Mass force relevant to the rotation of the impeller, m/ g2
H Pump head, m

Hy Pump design head, m

H; Impeller axial length, mm

H); Guide vane axial length, mm

IGVF Inlet gas void fraction, dimensionless

k Turbulent kinetic energy, m?2/s?

Ly Lift force of phase k, N/ m3

My Total interphase force per unit volume, N/m3

n Rotational speed, r/min

nlg Specific speed, m3/4.s~3/2

Static pressure, kPa
Q-criterion
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qv Discharge, m3/s

Re Reynolds number, dimensionless

52 Source item

S Invariant measure of the strain rate

Ty Turbulent dispersion force of phase k, N/m3

Uyg Gas velocity, m/s

u; Liquid velocity, m/s

Uy Velocity of the impeller outlet, m/s

w Relative velocity, m/s

Zq Impeller blade numbers, mm

7y Guide vane blade numbers, mm

Greek symbols

X Volume fraction of phase, %

B’ Model constant, dimensionless

Fk@ Diffusion coefficient, dimensionless

o Surface tension coefficient, N/m

it Turbulent viscosity, Pa-s

U Molecular viscosity, Pa-s

w Effective viscosity, Pa-s

Px Density of phase k, kg/m?

Pmix Mixture density of phases, kg/m?3

(o) Universal variable

® Discharge coefficient, dimensionless

P Head coefficient, dimensionless

w Rotational frequency of the impeller, 1/s

Subscripts

k Phase

g Gas phase

1 Liquid phase
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