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a b s t r a c t

The helico-axial multiphase pump is often used for gas-liquid mixture transportation in offshore oil-
fields, and slug flow is the main reason for the unstable operation of the pump. Aimed for slug flow
condition, a self-designed three-stage multiphase pump is set to the object to perform unsteady simu-
lations and fluid-structure interaction calculations, and the inlet gas void fraction (IGVF) is set from 20%
to 80%. The results show that affected by the flow from the slug, the gas-liquid two-phase flow pattern in
the multiphase pump changes sharply, resulting in severe fluctuations in the differential pressure,
spindle torque and deformation of the multiphase pump. The gas-phase enters the first-impeller along
the suction blade surface when affected by Taylor bubbles, while the second and third-stage impellers
gas-phases are in the form of small air masses flow into the impeller along the pressure blade surface.
The deformation trend of impeller torque, differential pressure and the main pump spindle is similar to
that of trigonometric function, while the fluctuation of torque is more intense, and the shape variable of
spindle increases with the inflow of liquid plug, and the maximum deformation amount increases by
10.9% at high GVF relative to IGVF.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

With diminishing onshore oil resources and increasing inter-
national energy demands, it is imperative to increase the devel-
opment of offshore oil. The output of oil wells is mainly amixture of
oil, gas and water, and also contains a small amount of sand.
Traditional transportation means requires to separate and then
transport the output, which is difficult to maintain and has high
mining cost. Therefore, it is particularly important to reduce the
equipment for underwater production systems and offshore plat-
forms. The use of the multiphase pump to transport the mixture of
oil, gas and water to land or offshore main platforms before sepa-
ration treatment is the preferred process for the development of
offshore oil and gas field.

The helico-axial multiphase pump is compact in structure and
nd should be considered co-

y Elsevier B.V. on behalf of KeAi Co
large in displacement, it can still operate safely when the fluid
contains a small part of solid particles (Saadawi, 2007). So far, the
helico-axial multiphase pump has been used successfully in deep
sea, desert, and marginal oilfields (Shippen and Scott, 2002). At
present, the researches of the helico-axial multiphase pump
involve various aspects such as hydraulic design, optimization
methods, numerical simulation, hydraulic performance and inter-
nal flow field visualization experiments.

In terms of the hydraulic optimization design, Cao et al. (2005)
used iteration design of direct and inverse problems to design the
geometric structure of the helical-axial multiphase pump impeller.
The design and calculation process of the multiphase pump
impeller were proposed. Kim et al. (2015) screened out the oper-
ating parameters which have great influence on the performance of
the multiphase pump by orthogonal design method. Furthermore,
they optimized the diffuser based on response surface method and
numerical simulation method. Liu et al. (2018a, 2019a) carried out
the optimization design of inlet and outlet blade angle of the
impeller and other parameters based on orthogonal design
method. The design of inlet blade angle of the three-stage multi-
phase pump was optimized by predicting the performance of the
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Nomenclature

Abbreviations
GVF gas void fraction
IGVF inlet gas void fraction
const constant
SST shear stress transport [-]

Symbols
M interphase force, N
fn mass force, N
u fluid velocity, m/s
t time, s
p Pressure, pa
Q fluid volume, m3

C coefficient
rg average bubble radius, m
dg characteristic length, m

Re Reynolds number
k turbulent kinetic energy, m2/s2

a relative acceleration

Greek letters
u specific dissipation rate, 1/s
ε turbulence dissipation rate, m2/s3

m dynamic viscosity, Pa$s
r density, kg/m3

a volume fraction

Subscripts
n a certain phase
l liquid phase
g gas phase
0 initial state
D drag force
A additional mass force
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multiphase pump based on oseen vortex model. So that the head
and efficiency of the pump were increased by 0.29% and 0.19%
respectively. Han et al. (2020) studied the impact of airfoil thickness
variation on the performance of the helico-axial multiphase pump,
and optimized the airfoil thickness ratio coefficient to get higher
efficiency. Suh et al. (2017a) optimized the impeller and diffuser to
improve its efficiency based on response surface method. Zhang
et al. (2014) proposed a 3D blade hydraulic design method for the
helico-axial impeller. Considering the compressibility of the gas.
Zhang et al. (2018a) proposed the hydraulic design method of the
stepped impeller. In addition, Zhang et al. (2011, 2017) proposed the
optimization design methods for the impeller based on neural
network, genetic algorithm and boundary flux diagnosis method.

In terms of numerical simulations, Yu et al. (2014, 2015) studied
the magnitude of four main forces which contain drag, lift, virtual
mass and turbulent dispersion forces of the helico-axial multiphase
pump in different conditions of GVF, bubble diameter and rota-
tional speed. The influence of four main forces on the predicted
performance of the multiphase pump were investigated. Further-
more, they analyzed the effect of virtual mass force on the trajec-
tories of bubbles in the blade area and differential pressure of the
multiphase pump according to various GVFs at unsteady state.
Zhang et al. (2018b) conducted a numerical simulation of a multi-
phase pump in full passages. The results revealed the relationship
between the position of the short guide vane and hydraulic per-
formance of the pump, which provided theoretical support for
optimization design of the multiphase pump diffuser. Liu et al.
(2018b, 2019b) investigated gas-liquid two-phase flow character-
istics of the multiphase pumps under inlet GVFs of 10% and 20% to
confirm mechanism of gas pocket formation by used dynamic
mode decomposition. They investigated the effect of various
interphase forces acting between the liquid and gas of the internal
flow field in the pump. The results provided references for the
setting of the interphase forces in the numerical simulation. Suh
et al. (2017b) developed the Euler-Euler multiphase flow model
for numerical simulation of the flow field of multiphase pump, and
studied the hydraulic performance of the multiphase pump under
different phase forces, turbulent dissipation forces and bubble di-
ameters. Zhang et al. (2019b) produced an inhomogeneous bubble
model, which was used to predict the hydraulic performance, by
considered the effects of bubble aggregation and breakage in the
multiphase pump. Li et al. (2019) carried out a numerical
1813
simulation of gas-liquid two-phase distribution in the multiphase
pump based on bubble number density equation, and investigated
the effects of bubble polymerization and collapse on the two-phase
flow pattern.

In the field flow visualization experiment, Falcimaigne et al.
(2002) investigated the internal flow field of a single-stage hel-
ico-axial multiphase pump by use LDA (Laser Doppler Anemom-
eter) and high-speed photography technology. The flow fields at 6
sections from the entrance of the impeller to the outlet of the
diffuser at different rotational speeds and flow rates were obtained.
The influences of Reynold’s number on the flow characteristics
were analyzed, and the bubble diameter distributions for bubbly
flow of the impeller were obtained. Serena and Bakken (2015a,b)
designed an experimental platform for visualization and
unsteady-state analysis of multiphase pumps, visualization exper-
iments and dynamic measurements deviated from design working
conditions using a mixture of water and air as working fluid were
carried out. Zhang et al. (2015, 2016) conducted visualization
experiment for the inlet flow field of a three-stage multiphase
pump to investigate the flow characteristics at the entrance and the
three stage impellers of the multiphase pump. The gas-liquid two-
phase flow pattern and bubble diameter distributions according to
different GVFs were obtained. The results also revealed the mech-
anism of gas pocket in the impeller.

In addition, the researchers also carried out investigations on
the pressure pulsations, cavitation, radial force and other problems
of the helico-axial multiphase pump. Zhang et al. (2018c) per-
formed the numerical simulation to investigate the influence and
mechanism of the inlet GVF on the hydraulic performance and
pressure pulsations of multiphase pump. Liu et al. (2018c) to
investigate the transient flow and dynamic characteristics of the
caviting flow on the multiphase pump based on the multiphase
flow mixture model and full cavitation model. The effect of un-
steady excitation induced by cavitation on the variation of radial
forcewas explored, which provided supports for understanding the
unsteady characteristics of multiphase pump. Zhang et al. (2019c)
studied the pressure pulsations characteristics of multiphase
pump through numerical simulation, exploring the causes and
influencing factors of pressure pulsations. Xu et al. (2019) made
effort on the characteristics of pressure pulsations in the multi-
phase pump and the influence of flow patterns on pressure pul-
sations. Zhang et al. (2019a) determined the effect of different tip
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c1earance on the performance, flow field characteristics and pres-
sure pulsations of the multiphase pump.

Up to now, most of the studies on the helico-axial multiphase
pump have been directed to the working conditions of steady flow
at the inlet, and there are few studies on slug flow conditions.
However, slug flow and sudden changes of GVF may occur in the
production of the oil field, which could lead to extremely unstable
operating, such as mechanical failure in severe cases. Hua et al.
(2012) performed an experimental investigation of the multi-
phase pump under slug flow. The rotational speed of the multi-
phase pump was kept unchanged, while the flow rate of liquid and
gas in the inlet pipeline changed periodically with a period of about
75 s. The outlet pressure remained basically unchanged due to the
pressure adjusting device installed on the outlet of pump, and the
inlet pressure changed violently with various GVFs. The drastic
change in the pressure difference between the inlet and outlet
determined a large pulse-like change induced by torque, which led
to unstable operating of the pump system. A buffer tank (Saadawi,
2008) (also called homogenizer) is usually installed at front of the
multiphase pump to avoid inlet GVF fluctuates, with a certain
amount of the liquid stored at the bottom of the tank. When the
inlet GVF is high, the stored liquid would mix with the inlet
working fluid to reduce the GVF at the entrance of the pump.
However, this device can only serve as a buffer for a short period. If
the slug flow lasts for a long time, the liquid inside the buffer ho-
mogenizer will also be exhausted. And then the device cannot
stabilize the operating, or reduce the inlet GVF of the multiphase
pump. In this case, the oil well productionwith a changing GVF will
enter the multiphase pump in real time, making the multiphase
pump working in unsteady state with frequent switching between
high and low GVFs. The result is that the load of the pump and the
torque of the shaft change frequently and drastically, which might
cause a mechanical failure. This is one of the bottlenecks faced by
the helico-axial multiphase pump in the oil and gas transportation
process, which makes it urgent to optimize the operation stability
of the multiphase pump.

At the same time, the helico-axial multiphase pump is often
applied in offshore oilfield underwater production systems, in
variable wave loads and complex marine environments. Once it
fails, it will cause huge economic loss and serious environmental
pollution, and the abrupt change of GVF and slug flow condition are
the main reasons for the unstable operation of multiphase pump.
The particularity of the “deep sea” application puts forward higher
requirements on stability and reliability of the helico-axial multi-
phase pump.

Aiming at the problem of slug flow in the helico-axial multi-
phase pump, which affects its operation stability, the paper takes
the self-designed three-stage helico-axial multiphase pump as the
research object. A slug flow with a high and low GVF interval was
set as inlet condition, and unsteady numerical simulations and the
deformation of the main pump fluid-structure interaction calcula-
tion were applied to investigate the internal flow characteristics of
the multiphase pump. The variation of gas-liquid flow pattern,
differential pressure of the impeller, torque as well as deformation
of the shaft in the gas-liquid two-phase flow of the pump were
studied, to reveal the instability mechanism of the helico-axial
multiphase pump working under slug flow.

2. Research model and mesh

2.1. Research model

The research model in this paper is composed of three
compression cells, the import extension and the exit extension, and
according to the theory of piecewise incompressibility, the
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structures of these three-stage compression cells is same. The
length of the import extension was set to one time as the axial
height of the compression cell, and the length of the exit extension
was set to three times as the axial height of the compression cell, as
shown in Fig. 1 for the three-stage helico-axial multiphase pump
geometric model. The diameter of the impeller shroud is 0.1344 m,
the half cone angle of the hub is 5� and the diameter of the hub inlet
is 0.133 m. The impeller blade wrap angle is large, which can sup-
press gas-liquid two-phase separation inside the impeller partly.
The number of impeller blade is 3 and the number of guide vanes is
10. There is blade tip c1earance of 2% times of the blade height in
the pump near the shroud. Fig. 2 and Fig. 3 respectively show the
impeller and diffuser geometric models of the multiphase pump.

2.2. Mesh

Structure mesh was adapted for the dispersion of flow field. The
topology optimization based on adaptive mesh was used to divide
the topology structure of the geometry. More information about
impeller and diffuser is given in this paper, such as the orthogo-
nality quality、mesh expansion factor, aspect ratio, TGrid skew and
the y þ value, were calculated and analyzed, as shown in Table 1,
and Grids of the impeller and diffuser are shown in Fig. 4 and Fig. 5
respectively. The differential pressure curve of multiphase pump at
different grid numbers is shown in Fig. 6, The influence of the grid
number of the impeller on the total differential pressure of the
pump is investigated to verify the independence of the grid. It can
be seen from the figure that when the number of grids reaches
2.4 � 106, the total differential pressure changes little with the grid
number. In order to account the requirements of calculation speed
and accuracy, the number of impeller grids in the calculationmodel
was set to 278976, and the number of diffuser grids was set to
247240.

3. Numerical calculation model and boundary condition
setting

3.1. Numerical calculation model

The mixture of water and air was selected as the working fluid.
The Particle model based on Eulerian-Eulerian method in ANSYS
CFX software was applied in the two-phase flow model. In this
model, water was set to continuous phase and gas was regarded as
dispersed phase. The interaction force between the two phases
were calculated on the basis of the slip coefficient between the
phases, the physical properties of the continuous phase, and the
area of the interphase between two phases. When calculating the
flow field of the helico-axial multiphase pump, there were some
assumptions:

(1) The liquid phase of the mixture medium was considered as
an incompressible fluid and the gas phase was considered as
an ideal compressible fluid.

(2) The exchange of heat and mass between the gas and liquid
phases and between the system and outside world was not
considered. No chemical reaction took place inside the flow
field.

(3) The entire thermodynamic process was treated as an
isothermal process.
3.1.1. Governing equation
Based on the above assumptions, the basic controlling equations

of the flow field in multiphase pump can be described by the
following formulations:



Fig. 1. Schematic diagram of the research model.

Fig. 2. Schematic diagram of the impeller model.

Fig. 3. Schematic diagram of the diffuser model.

Table 1
Mesh quality information for the impeller and diffuser.

Mesh quality component Orthogonality quality (0e1) Expansion factor (1e20) Aspect ratio (0e99) TGrid skew yþ (30e300)

Impeller 0.6 12.7 66 0.4 87
Diffuser 0.8 8.1 10.7 0.53 56
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Continuity equation:

v

vt
ðanrnÞþV , ðanrnunÞ¼0 (1)

Conservation of momentum equation:
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v

vt
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�
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(2)



Fig. 4. Impeller grid.

Fig. 5. Diffuser grid.

Fig. 6. The differential pressure curve of multiphase pump at different grid numbers.
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The subscript n represents the n phase, which refers water phase
when n ¼ l and refers gas phase when n ¼ g. an is the volume
1816
fraction of the n phase, rn is the density of the n phase, and un is the
velocity of the n phase fluid passing through the impeller pas-
sageways. f n is themass force related to the rotation of the impeller,
including Coriolis force and centrifugal force, etc. Mn is the inter-
phase force of the n phase.

The relationship between the volume fractions of gas and liquid
is shown as follows:

al þag ¼ 1 (3)

In addition, the gas state equation of ideal compressible air is
employed. For a negligible change rate of temperature, assuming
that gas compression is isothermal, the equation of the gas state is:

p0Qg0 ¼pQg ¼ const (4)

The Reynolds averaged Navier-Stokes method was employed to
perform a numerical simulation of the flow field of the helico-axial
multiphase pump. SST k-u model has the characteristics of high
calculation accuracy in near wall area and far wall area, and is
widely used in engineering practice. SST k-umodel can give a more
accurate prediction of flow separation under reverse pressure
gradient. Considering that the simulation object of this study has
both near wall flow and far wall flow, SST k-u model is used as
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turbulence model. In this paper, the slug flow condition is studied,
which makes the flow in the pump change sharply, and the average
velocity of the flow field is large, which belongs to the range of high
Reynolds number, so yþ is taken as 30e300.
3.1.2. Interphase forces
The forces between the liquid and gas phases in the helico-axial

multiphase pump mainly include drag force MD
n , virtual mass force

MA
n and lift forceML

n. The interphase forces are very complex in the
multiphase pump. In the running of the multiphase rotodynamic
pump, the magnitude of turbulent dispersion force is negligible
relative to the drag, and the lift force are comparable with it(Yu

et al., 2015). Considering the stress of bubbles, the lift force ML
n of

spherical bubbles is zero, and although the lift force of non-
spherical bubbles is not zero, these forces cancel each other due
to the randomness of each bubble orientation. And the lift force on
the gas is relatively small compared with other forces, which can be
ignored. At the same time, it also reduces the computational
complexity. Therefore, only the drag force and virtual mass force
were considered. The calculation method can be described as
follows:

Mn ¼MD
n þMA

n (5)

Drag force can be described by the following formulation:

MD
n ¼3

8
CD
rg

rl
�
ul �ug

���ul �ug
�� (6)

where rg refers to the average diameter of a bubble, CD refers to the
drag coefficient, calculated by Schiller Naumannmodel in CFX. CD is
Calculation as following formulation:

CD ¼
�
24

�
1þ 0:15Re0:687

�.
Re; Re � 1000

0:44; Re>1000
(7)

Re is calculated as:

Re¼ rl

��ul � ug
��

ml
dg (8)

The virtual mass force calculation formula is:

MA
n ¼ rlCAagaA (9)

It was assumed that a bubble is spherical, so that CA was set to
0.5, and aA was expressed as:

aA¼
vuR

vt
þ ug,Vug � ul,Vul (10)
Fig. 7. IGVF of the pump with time.
3.2. Boundary conditions

Themass flow ratewas set to the inlet condition and the average
static pressure was set to the outlet condition of the flow field. The
wall surface was set to no-slip boundary conditions. The thermo-
dynamic process in the transportation process was assumed as an
isothermal process due to considering the change of temperature
between the two phases in the multiphase pump is little. The fluid
temperature and the environment temperature in the pump were
both set to 25 �C. The reference pressure was set to 0.1 MPa in the
simulation. The dynamic and static interface was defined as mixed
surface using Transient Rotor Stator mode. The impeller speed was
set to 2700 r/min. The unsteady calculation time step was set to
1817
0.0001235 s, which meant the impeller rotated 2� for each time
step.

Slug flow is an alternation of Taylor bubbles and liquid slugs. The
IGVF of the multiphase pumpwill continuously rise and fall sharply
under slug flow. In order to simulate the inlet conditions of the
pump under slug flow, the inlet volume flow rate of the pump was
set to keep 33 m3/h and the average IGVF was set to vary from 20%
to 80%. Fig. 7 shows the curve of the IGVF in this experiment. The
following are aimed to investigate the pump performance changes
with Taylor bubbles and liquid plugs flow into the multiphase
pump successively.
4. Results and discussion

Under the slug flow condition of the multiphase pump, the IGVF
of the pump changes with time, and the flow field in the pump is
unsteady. The inlet condition is slug to flow down to analyze the
distribution and change of the two-phase flow field in the pump
when Taylor bubbles and liquid plugs enter the compression cells,
and further explore the unsteady characteristics of the differential
pressure of each stage and impeller torque of themultiphase pump.
4.1. Gas distribution inside the compression cells

4.1.1. Variation of average GVF
Define the average GVF of each impeller in the flow field as the

GVF in each grid multiplied by the grid volume to the total volume

of all grids, namely Average GVF ¼ GVF in each grid�grid volume
Total volume of all grids . The

average GVF in each impeller can be obtained. Fig. 8 shows the
average GVF in each stage of the multiphase pump impeller
changes as a function of time. It can be analyzed from the figure:

(1) The average GVF in the first to the third stage impellers is
much more than 0.2 with initial working conditions and
liquid plug (the GVF is 0.2). This is because the gas-liquid
separation occurs inside the impeller. Moreover, gas pocket
attached near the hub also lead to the increase of the average
GVF in the impeller. This is consistent with the visualization
study of Zhang et al. (2016).

(2) The GVF in the first to the third stage impellers changes in
the process of the Taylor bubble and liquid plug flowing into
the multiphase pump sequentially, and the time difference



Fig. 8. Average GVF in each stage impeller of the multiphase pump.
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between fluctuations at all levels is about 0.05s. From the
inlet to the outlet of the multiphase pump, the maximum
average GVF in each stage of the impeller decreases gradu-
ally. This is because the compressibility of the gas is
considered and the compressibility of the liquid phase is
neglected. The static pressure in the multiphase pump in-
creases stage by stage, and the average GVF in the impeller of
each stage decreases stage by stage.

(3) When affected by Taylor bubbles in the slug flow, the average
GVF in the first stage impeller increases at a rapid rate, and at
about 0.2s, the GVF in the first stage impeller reaches the
peak value. Then, it remains basically stable, and the overall
trend is basically the same as the trend of IGVF. However, the
GVF in the second-stage impeller firstly decrease slightly and
then increase in an approximately linear trend. The growth
rate of GVF in the second impeller is lower than that of the
first-stage impeller, and there is no obvious steady segment
before rising to the maximum GVF. Compared with the first
two stage impellers, the average GVF in the third stage
impeller has the lowest rise rate during the rapid rise period,
and after reaching the peak, there will be a slow decline
period.

(4) Affected by the liquid plug, the average GVF in each impeller
gradually decreases with time, and the rate of decrease is
approximately the same. At 0.7e0.8s, the average GVF in the
second and third stage impellers is different from the initial
working conditions, and the average GVF in the third stage
impeller is higher than that in the second stage, which is
affected by the Taylor bubbles in the slug flow.
4.1.2. Influence of Taylor bubbles on the GVF in the compression cell
at each stage

In order to further analyze the variation of gas distribution in the
multiphase pump under the slug flow, the variation of gas distri-
bution when the three-stage impellers are affected by Taylor bub-
bles was analyzed firstly. The contour of GVF on the revolutionary
surface at 0.5 times spanwas selected for analysis. Fig. 9, Fig.10, and
Fig.11 show the changes of the GVF from the first-stage to the third-
stage compression cells at 0.5 times span when affected by the
Taylor bubbles.

Fig. 9 shows that when the first-stage impeller is affected by
Taylor bubbles, the air mass first enters the impeller passageways
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along the blade suction sides and the air mass is also formed on the
blade pressure sides. Then, the air masses on both sides form a
whole mass and block the impeller passageway. Subsequently, the
whole air mass extends toward the impeller outlet and then flows
out of the impeller after being cut by the diffuser blade. The gas
distribution in the three flow passages of the first stage impeller is
close, and there is no obvious difference.

Fig. 10 shows that the gas distribution inside the second-stage
impeller is significantly different from the first-stage impeller
when affected by Taylor bubbles. Firstly, with the gradual increase
of GVF in the diffuser of the previous stage, the diameter of the
discontinuous small air mass on the inlet side of the second stage
impeller gradually becomes larger. Subsequently, the gases accu-
mulate into gas pocket on the blade pressure sides near the outlet.
Finally, the gas pocket extends toward the outlet of the impeller and
is cut by the second-stage diffuser. Due to the rotor-stator inter-
action of the upper stage diffuser, there is a certain difference in the
gas distribution between the three passageways of the second stage
impeller. With the continuous entry of Taylor bubbles, the diameter
and continuity of small bubbles from the upper diffuser to the
second stage impeller gradually increase, and the inlet section of
the second stage impeller passageways is choked by gas pocket.

Fig.11 shows that the gas distribution in the third-stage impeller
is similar to the second-stage impeller when affected by Taylor
bubbles. However, compared with the second-stage impeller, the
position of the air mass on the blade pressure sides of the third-
stage impeller is closer to the inlet of the impeller and the air
mass extends faster toward the outlet of the impeller. The differ-
ence of gas distribution between different passageways in the
third-stage impeller is more obvious.
4.1.3. The influence of liquid plug on the GVF in each stage
compression cell

As the liquid plug flows into the multiphase pump, the GVF in
the three-stage compression cell changes with time as shown in
Fig. 12, Fig. 13 and Fig. 14.

Fig. 12 shows that the regions of low GVF first appear at the inlet
of the first-stage impeller near the blade pressure sides when liquid
plugs flow into the impeller. Subsequently, regions of low GVF also
appear at the inlet of the impeller close to the blade pressure sides.
Then, the regions of low GVF extend along the blade pressure sides
to the outlet of the impeller, and the gas in the impeller passageway
is distributed in the middle of the passageway in the form of
discontinuous small air masses. On the blade pressure sides about
1/2 chord to the outlet, the gas accumulate to air mass with
irregularly shapes. And the volume of the air mass continues to
decrease until the air mass disappears with the inlet low.

Fig. 13 shows that when the liquid plug flows into the second-
stage impeller, the gas accumulate to a series of discontinuities
small air masses close to the blade pressure sides and gradually
extend toward the outlet due to the influence of the compression
cell diffuser of the first-stage impeller. At the same time, the gas
accumulates near the blade pressure sides at the outlet side of the
impeller to form air mass, which is continuously cut by the second-
stage diffuser blade and enters the second-stage diffuser
passageway. The liquid phase flows close to the suction sides of the
blade and forms a series of discontinuous regions of low GVF on the
suction sides.

Fig. 14 shows that the gas distribution inside the third-stage
impeller is similar to that of the second-stage impeller. The differ-
ence is that the gas-liquid two-phase separation inside the third-
stage impeller is weaker and the area of high GVF and low GVF
regions is lower than the first and second stages.



Fig. 9. GVF variations of the first stage impeller affected by Taylor bubbles.

Fig. 10. GVF variations of the second stage impeller affected by Taylor bubbles.
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4.2. Analysis of differential pressure of the multiphase pump

Fig. 15 shows the variation of the differential pressure of the
multiphase pump under slug flow with time. It can be seen from
the figure that the differential pressure of the multiphase pump
remains basically stable with slight fluctuations when the IGVF is
low, but the overall stability is basically stable. As Taylor bubbles
flows into the multiphase pump, the differential pressure of the
pump first rises slightly and then drops sharply, the rate of drops is
fast firstly and then slow, and the process is accompanied by fluc-
tuations. As the Taylor bubbles continues to leave and the liquid
plug continues to flow in, the differential pressure of the pump rises
rapidly after reaches the minimum.

Fig. 16 shows the differential pressure curve of each stage
compression cell with time under slug flow, it can be seen from the
figure:

(1) The differential pressure of the first-stage compression cell
drops rapidly when affected by Taylor bubbles, and then
remains stable and accompanied by slight fluctuations after
1819
reaches the lowest point. However, when liquid slugs flow
into the first-stage compression cell, the differential pressure
of the first compression cell increase rapidly, and then basi-
cally remains stable.

(2) When the second-stage compression cell is affected by Taylor
bubbles in the slug flow, the differential pressure of the
second stage compression cell first increases slightly, and
decreases rapidly, finally decreases slightly until to the
minimum value. Accordingly, it can be seen from Fig. 8 that
the GVF in the second-stage impeller just dropped slightly at
this time. Fig. 17 shows the gas distribution in the first-stage
compression cell and the second-stage impeller during this
period. It can be analyzed from Fig. 17 that the GVF in the
first-stage diffuser increases at this time, and the volume of
bubbles flowing into the second-stage impeller decreases.
These results suggest that when the first-stage impeller is
affected by Taylor bubbles, the ability of the vortex to accu-
mulate gas in the first-stage diffuser is strengthened, which
leads to the decrease of the gas flowing into the second-stage
impeller. Therefore, for the second-stage impeller, the GVF



Fig. 11. GVF variations of the third stage impeller affected by Taylor bubbles.

Fig. 12. The change of GVF when the first stage impeller is affected by the liquid plug.
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decreases and the differential pressure rises. With the
continuous outflow of Taylor bubbles and the continuous
inflow of liquid plugs, the differential pressure of the second-
stage gradually increases after reaching the lowest point.

(3) The variation of the differential pressure of the third
compression cell is similar to that of the second-stage.
Compared with the second-stage, the differential pressure
of the third compression cell increases more during the
ascending phase and the overall fluctuation is more intense.
This is because the differential pressure of the impeller will
fluctuate due to the influence of rotor-stator interaction
interference on the upstream. That is to say, the rotor-stator
interaction between the first-stage diffuser and the second-
stage impeller will indirectly affect the third stage after
passing through the second compression cell. Therefore, the
differential pressure of the third-stage impeller fluctuates
1820
sharply due to the effect of rotor-stator interaction between
the first and second stages, and the second and third stages.
4.3. Torque analysis of each stage impeller

Fig. 18 shows the torque curve of the three stage impellers with
time. From the figure, it can be seen that: Under steady working
condition with low GVF, the torque on the impellers of all stages in
the pump has fluctuations, and the fluctuation of the torque of the
second and third stage impellers is larger than that of the first stage
impeller. Due to fluctuations of blade induced by the large differ-
ence in gas distribution in the second and third stage impellers, the
fluctuations of the torques of the second and third stage impellers
are significantly enhanced compared with the first stage impellers.
In the process of Taylor bubbles flowing into the pump, the torque
of the three stage impellers drops rapidly. Among them, the first



Fig. 13. The change of GVF when the second stage impeller is affected by the liquid plug.

Fig. 14. The change of GVF when the third stage impeller is affected by the liquid plug.
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stage impeller drops faster while the second and third stage
impeller torque is accompanied by severe fluctuations. The reason
for this difference is that the second and third stage impellers are
affected by the rotor-stator interaction on the upstream dynamic
and static interface. Based on this, the gas enters as a series of in-
dependent air masses, which makes the impeller torque fluctuate
violently.
Fig. 15. Differential pressure variations of the multiphase pump.
5. Fluid-structure interaction calculation and analysis

5.1. Solid domain model and grid of the multiphase pump rotation
system

Under slug flow conditions, the main shaft and impeller blades
of the multiphase pump have static deformation characteristics.
Due to there is no interaction force between the diffuser and the
shaft, the diffuser components are omitted when building the solid
domain model. The torque is transmitted between the pump shaft
1821



Fig. 16. Differential pressure variations of each compression cell.

Fig. 18. Torque variations of the three-stage impellers.
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and the impeller through flat keys. The overall model and grid of
the solid domain of the pump rotation system are shown in Fig. 19.
5.2. Material properties

According to the actual processing, the material of the shaft
selected in this paper is gray cast iron, and its material properties
are shown in Table 2.
5.3. Loads and constraints

There are mainly three kinds of loads of the pump: 1) centrifugal
load, 2) gravity load, and 3) hydrodynamic force. The specific con-
straints and loads imposed on the pump in this paper are as
follows:
Fig. 17. GVF variations of the first-stage compression cell and the second-stage impeller
(Taylor bubbles flows into the first-stage impeller, 0.5 times span).
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(1) Cylindrical constraints: Cylindrical restraints are applied at
the bearings installed at both ends of the pump to limit the
freedom of the shaft in the radial and axial directions.

(2) Displacement constraint: For the actual multiphase pump,
the shaft is constrained by thrust bearings, diffuser and the
inlet volute of the pump body and cannot be moved axially.
In this paper, some parts of the pump body are simplified, so
the displacement constraint is imposed to the impeller end
face to ensure that the impeller cannot move axially.

(3) Gravity load: Gravity load is applied to the pump perpen-
dicular to the axial direction.

(4) Centrifugal load: The rotational speed of the impeller and the
pump axis is defined to apply the centrifugal load to it, the
rotation axis is set to the z-axis, and the rotation speed is set
to 2700r/min.



Fig. 19. Solid-domain grid of the rotation system.

Table 2
Material properties of multiphase pump.

Material Density, kg/m3 Elastic Modulus, GPa Poisson’s ratio Compressive strength, MPa Tensile strength, MPa

Gray cast iron 720 110 0.28 820 240

Fig. 20. Schematic diagram of load and constraint of the multiphase pump.
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(5) Hydrodynamic force: the simulation results of the flow field
at different times are loaded into the solid domain of the
multiphase pump according to coupling system. The
coupling surfaces include the impeller blade surface and the
impeller hub.

Finally, the load and constrained loading on the pump are
shown in Fig. 20.
Fig. 21. The maximum deformation of the main shaft of the pump.
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5.4. Results of fluid-structure interaction

Fig. 21 shows the variation of the maximum deformation of the
main shaft of the multiphase pump with time. It can be seen that
the maximum deformation of the main shaft of the multiphase
pump shows sinusoidal change under the influence of the Taylor
bubbles in the slug flow, and the peak appears in the first stage
impeller. Under the influence of the incoming Taylor bubbles, the
peak value at this time increases by 10.9% relative to the steady-
state operating condition of the IGVF. As the Taylor bubbles grad-
ually enters the second and third stages of the compression cell, the
maximum deformation of the main shaft slowly rises, and the
maximum deformation of the main shaft increases when the
multiphase pump is affected by the liquid plug.

6. Conclusions

In view of the slug flow conditions in the multiphase pump, the
internal flow characteristics of the slug flow with a high and low
IGVF are studied, and the following conclusions are obtained:

(1) When the pump is affected by Taylor bubbles in the slug flow,
the variation of the gas distribution in the three-stage im-
pellers is different. The gas in the first stage impeller forms
an atmospheric mass with blocking effect in the blade
channel and extends to the outlet side of the impeller. The
gas distribution in the second stage impeller is similar to that
in the third stage impeller. The independent Taylor bubbles
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volume becomes larger and the continuity is enhanced. And
the gas first accumulates into an air mass near the outlet end
on the pressure side of the blade, and then extends toward
the impeller outlet.

(2) When the first stage impeller is affected by Taylor bubbles,
the differential pressure of the first stage impeller decreases
rapidly and then stays stable. However, for the second and
third impeller, the internal average GVF decreases slightly
and the differential pressure increases when the upper im-
pellers are affected by the Taylor bubbles.

(3) The torque of the three-stage impellers in the pump suc-
cessively decreases in the process of Taylor bubbles flowing
into the pump.

(4) The maximum deformation of the pump shaft shows a si-
nusoidal change when it is affected by Taylor bubbles, and
gradually increases with the inlet liquid plug,and the peak
value increased by 10.9% relative to the conditions of the low
IGVF. As the liquid plug flows into the pump, the maximum
deformation is increased.

(5) The gas-liquid two-phase flow pattern in the pump changes
drastically under slug flow, which resulting in dramatic
fluctuations in the differential pressure of the pump and the
torque and deformation of the shaft. On this base, the per-
formance and reliability of the pump would be affected.
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