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Abstract: The coalescence and breakup of bubbles lead to variations in bubble diameter during 
the flow within the impeller. This study examines the characteristics of bubble size distribution 
and internal flow mechanisms in multiphase pumps under diverse operating conditions, 
employing the Eulerian-Eulerian two-fluid model (TFM) and the population balance model 
(PBM) for analysis. The results show that the main factor leading to gas-liquid phase separation 
is the pressure gradient force due to the high-density difference. The bubble coalescence 
frequency at the impeller hub is higher than the bubble breakup frequency with increasing inlet 
gas volume fraction (IGVF). The large bubbles begin predominating and become the primary 
cause of air plugging the impeller channel. Moreover, the capacity of the rotating liquid within 
the impeller to carry the gas improves with an escalating flow rate, impeding the coalescence of 
bubbles. This dynamic positively influences the gas-plugging behaviour in the channel. 

Keywords: multiphase flow; TFM-PBM coupling model; pressure gradient; gas phase retention; 
air blocking phenomenon. 
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1 Introduction 
Oil and natural gas are pivotal in humankind’s economic 
development and energy security (Wangxu et al., 2021; Li 
et al., 2023). In recent years, the world’s proven oil and gas 
reserves have been growing with the development of 
technology. Still, people’s demand for oil and gas is also 
increasing with the improvement in living standards. 
Therefore, it is exceptionally critical for the continuous 
development and further enhancement of the technological 
means of oil and gas exploration, extraction, and 
transportation. The helical-axial multiphase pump is a 
crucial piece of equipment in long-distance oilfield 
pressurisation and mixing technology, which is widely used 
in engineering applications because of its high efficiency, 
durability, ability to work at high gas content, and 
insensitivity to solid particles such as sand (Liu et al., 2020; 
Deng et al., 2022; Sun et al., 2022). 

In the process of crude oil and gas extraction and 
transportation, constrained by environmental conditions, the 
typical gas-liquid two-phase flow inside the transportation 
pipeline, the unstable flow formed by the two-phase mixing, 
severely tests the functional ability of the helical-axial 
multiphase pump, in which the problem of gas vortex 
clogging flow channel is particularly prominent. The 
phenomenon is attracting considerable critical attention 
from scholars in various countries. Serena and Bakken 
(2015), and Serena and Bakken (2016) used visualisation 
tests to discover that the internal flow of pumps operating at 
high speed is subject to shear forces, making the two-phase 
distribution state more uniform. While the pump operating 
at low-speed conditions is more likely to occur inside the 
‘surging’ phenomenon caused by gas accumulation. Xu  
et al. (2019) investigated multiphase pumps’ transient 
pressure pulsation characteristics under single-phase and 
gas-liquid two-phase conditions. They found that gas-liquid 
two-phase interaction and flow separation are the primary 
causes of pressure fluctuations in multiphase pumps much 
more significant than those in pure liquid conditions. Shi  
et al. (2018) used the two-fluid model (TTFM) to 
numerically simulate the vortex motion inside a mixed 
transfer pump under gas-liquid two-phase flow conditions. 
The results show that with the increase of inlet volume 
fraction, more severe flow separation, backflow, and vortex 
phenomena occur inside both the impeller and guide vane. 
From the above investigation, the thorough research of gas-

liquid two-phase instability in multiphase pumps has 
significant engineering and theoretical significance in the 
optimisation design, performance improvement, and flow 
mechanism of multiphase pumps. 

With the rapid development of computer technology  
(Li et al., 2022), combining experimental and numerical 
simulation to study the problem has become the choice of 
many scholars. Zhang et al. (2016a) performed non-constant 
computational fluid dynamics (CFD) simulations of the 
internal flow field of a multi-stage multiphase pump. They 
found that the location and characteristics of the air pockets 
in the impeller channel were basically consistent with the 
visualisation experimental results by analysing the 
simulation results. Yi et al. (2018) investigated the flow 
characteristics of a three-stage helical-axial multiphase 
pump using CFD numerical simulations and experimental 
studies. The performance variation of the multiphase pump 
with different bubble diameters and different interphase 
resistance models was investigated in detail. Suh et al. 
(2017) numerically analysed the flow field of multiphase 
pumps under different gas volume fraction (GVF) 
conditions based on the Eulerian-Eulerian TFM and found 
that GVF is an essential factor affecting the efficiency 
degradation and irregularity of the internal flow 
characteristics of multiphase pumps. 

For the moment, the numerical simulation of the internal 
flow of multiphase pumps mainly uses the Euler-Euler  
TFM, which simplifies the flow in the gas-liquid two-phase 
flow field to a greater extent. The Euler-Euler two-fluid 
(TFM) ordinary particle model simplifies the gas to a sphere 
of equal diameter, ignoring the diameter change of bubble 
particles during the flow. In the actual gas-liquid two-phase 
flow, the bubble size inside the pump is multi-scale as the 
gas phase is continuously aggregated and broken. The 
simulation using fixed-size bubbles cannot truly reflect the 
flow state inside the multiphase pump. Previous studies 
comparing the Euler-Euler two-fluid and population balance 
models (PBM) have shown that the latter provides a better 
simulation of gas-liquid two-phase flows. Hulburt and Katz 
(1964) were the first to consider the problem of the non-
fixed size of particles during nucleation and growth in 
multiphase flow simulations. They applied the moment 
equation to the nucleation and growth of particles and 
established the equilibrium equation. In the gas-liquid  
two-phase simulation, Lee et al. (1987) established two 
mathematical models of breaking and aggregation to predict 
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the dispersion characteristics of bubble size distribution and 
interface area using the PBM. The predicted results were in 
better agreement with the experiments. Chen et al. (2019) 
conducted two sets of numerical simulations of the flow 
field inside the electric submersible pump using a fixed size 
of 0.1 mm and a PBM, and the results showed that the PBM 
method could provide a better description of the large 
bubbles and gas-liquid separation phenomena within the 
flow field. Ge et al. (2020) used the CFD-PBM coupled 
model to simulate numerically and experimentally study the 
gas-liquid two-phase flow field of a centrifugal pump and 
found that the results of the CFD-PBM coupled model 
simulation were more similar to the experimental results by 
comparing with Euler-Euler TFM. Zhang et al. (2020) used 
CFD-PBM to investigate the two-phase distribution and the 
flow mechanism inside a centrifugal pump. The numerical 
simulation results show that CFD-PBM can accurately 
simulate bubbles of different sizes and find that the 
aggregation rate of bubbles is much larger than the rupture 
rate of bubbles. 

This thesis will examine the way in which the  
Eulerian-Eulerian TFM is used as the basis, and the PBM is 
coupled to consider the bubble multi-size effect caused by 
the bubble aggregation and fragmentation phenomenon in 
the multiphase pump. The accuracy and reliability of the 
numerical simulation method are verified through 
experiments. The coupled TFM-PBM model was applied to 
study the pressure gradient force and bubble distribution 
characteristics of fluid microelements in the radial flow 
channel of the impeller. The effects of different IGVF and 
different flow rates on the distribution of varying bubble 
sizes inside the multiphase pump were analysed to reveal 
the gas-liquid separation phenomenon and gas stagnation 
behaviour inside the multiphase pump. 

2 Theoretical model 
2.1 Population balance model 
The PBM is generally used in multiphase flows where the 
discrete phase has a particle size distribution (Luo, 1993; 
Luo and Svendsen, 1996). The population equilibrium 
model can describe the bubble multi-size effect caused by 
the bubble aggregation and fragmentation phenomenon for 
gas-liquid two-phase flows. Assuming that V is the volume 
of the particles, the transport equation of the population 
equilibrium model, taking into account the bubble 
aggregation and fragmentation is as follows: 

[ ) [ ) [ ), , ,ν ν

ag ag br br

n V t un V t G n V t
t

B D B D−

∂
   + ∇ ⋅ + ∇   ∂

= +

 

−




 (1) 

where Bag and Dag are the rates of gas particle generation 
and death caused by aggregation, Bbr and Dbr are the rates of 
gas particle generation and death caused by fragmentation. 
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where V is the original bubble volume, V′ is the sub-bubble 
volume, a(V, V′) is the bubble aggregation rate, n(V, t) is 
the numerical density function of the bubble, β(V|V′) is the 
probability density function of the bubble breaking from V′ 
volume to volume V, g(V) and is the bubble breaking rate. 

2.1.1 Coalescence model 
The coalescence model of Luo (1993) is used which defines 
the bubble aggregation rate as the product of the frequency 
of collision and the probability that the collision results in 
coalescence, with the following expression: 
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where ωag is the frequency of collision, Pag is the probability 
that the collision results in coalescence, c1 is a constant and 
Weij is the Weber diameter. 

2.1.2 Breakup model 
The breakup model of Luo (1993), Luo and Svendsen 
(1996) is used, which considers that breakup is caused when 
the turbulent energy of the turbulent vortex in the gas-liquid 
two-phase is greater than the increment of the surface 
energy of the bubble after the breakup. The expression of 
the sub-bubble size distribution is derived directly from the 
bubble breakup rate function, as follows: 
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where fBV is the volume ratio of the sub-bubble to the 
original bubble after bubble breakage, PB(d, FBV, λ) is the 
probability that the turbulent energy can cause bubble fBV 
breakage for a turbulent vortex size of λ, PB(d, fBV) is the 
frequency of bubble V′ to undergo fBV breakup for a range of 
turbulent vortex sizes [λmin, d] where energy exists that can 
cause bubble fBV breakup, PB(d) represents the frequency of 
arbitrary fragmentation of bubble V′ within the range of 
turbulent vortex sizes [λmin, d] that can cause fBV 
fragmentation, , ( , )B λω d λ  is the average frequency of 
collision between a bubble of diameter d and a turbulent 
vortex of size λ in a unit volume, λn  is the number density 
of turbulent vortices of size λ to λ + dλ, and β(V|V′) is the 
probability of generating sub-bubbles V after the breakup of 
bubble V′. 

Then the bubble breakup probability is 

( ) ( )| ( ) , /B BV dV V b V P d f n=′ ′β  (18) 

3 Physical model and numerical methods 
3.1 Geometric model 
For the convenience and accuracy of the numerical study, a 
single compression unit of the helical-axial multiphase 
pump is selected as the object of study in this paper, and the 
main performance parameters of the multiphase pump are 
shown in Table 1. The compression unit comprises an inlet 
section, impeller, guide vane, and outlet section; the main 
geometric parameters of the impeller and guide vane are 
shown in Table 2. 

Table 1 The performance geometric parameters of the 
multiphase pump 

Parameter Numerical value 

Design flow rate Qd/(m3/h) 100 
Head H/m 30 
Rotational speed n/(r/m) 4,500 
Efficiency η/% 62 

3.2 Meshing and independence verification 
ICEM CFD and TurboGrid software are used to structure 
the calculation domain for meshing. Considering the 
complex surface shape of the impeller and guide vanes, they 
are locally encrypted, and the boundary layer is arranged 
near the wall surface (y + < 40) (Yang et al., 2022; Peng  
et al., 2022). The calculation domain mesh is shown in 

Figure 1. To avoid the influence of the number of grids on 
the calculation results, the grid independence is judged by 
the standard of the head reaching a stable value at 30% of 
the design flow rate and inlet gas content and the head 
variation of Case 5 and 6 is less than 0.5%, as shown in 
Figure 2. Case 5 is selected for the numerical calculation of 
the multiphase pump with comprehensive consideration of 
calculation resources and accuracy. 

Table 2 Main parameters of the hydraulic parts of a 
multiphase pump 

Hydraulic parts Main structural parameter Value 

Impeller Diameter D/(mm) 150 
Number of blades Z 4 
Axial length e/(mm) 55 

Half cone angle of the hub γ(◦) 6 
Inlet angle of the blade β1 10 

Outlet angle of the blade β2 14 
Guide vane Diameter Dd/(mm) 150 

Number of blades Zd 17 
Axial length ed/(mm) 55 

Half cone angle of the hub γ(◦) 6 
Inlet angle of the blade βd1 38 

Outlet angle of the blade βd2 90 

Figure 1 Computational domain and mesh (see online version 
for colours) 

 

3.3 Numerical solution setting 
An important parameter affecting the flow mechanism 
inside the pump is the bubble size db. It is known that the 
bubble diameter inside the multiphase pump is in the range 
of 0.1–10 mm and has a normal distribution relationship 
with the number of bubbles, according to the visualisation 
test results of Zhang et al. (2016b, 2018). The governing 
equations are discretised using the finite volume method. A  
high-resolution scheme is employed for the convection 
terms, and in unsteady simulations, the temporal terms are 
discretised using a second-order backward Euler method. 
This paper employs ANSYS FLUENT (Landvogt et al., 
2014) for the CFD-PBM coupled simulations inside the 
multiphase pump. 10 groups of discrete bubble sizes were 
used to study the bubble coalescence and breakup 
mechanism within the pump, and the detailed bubble size 
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range is shown in Table 3. Water and air are chosen as the 
flow media, the SST k-ω turbulence model is used for the 
liquid phase, and the zero-equation turbulence model is used 
for the gas phase (Han et al., 2020). 

Figure 2 Mesh independence verification (see online version  
for colours) 

  
The SST k-ω model takes into account the shear stress 
transport effect and can effectively capture the flow 
separation. The solution method is set as phase coupled 
simple method, the no-slip boundary condition is adopted 
for solid walls, and the convergence accuracy is set to 10–5. 

Table 3 PBM discrete bubble sizes 

Air bubble group (db) Diameter/mm 

d0 10.00 
d1 5.99 
d2 3.59 
d3 2.15 
d4 1.29 
d5 0.77 
d6 0.46 
d7 0.28 
d8 0.17 
d9 0.10 

First, based on the Eulerian-Eulerian multiphase flow 
model, steady-state calculations are performed for the 
multiphase pump. The inlet and outlet boundary conditions 
are set as velocity inlet and pressure outlet, respectively. 
The inlet velocity is calculated based on the desired flow 
rate and the GVF is specified at the inlet. Turbulent 
boundary conditions for the liquid phase at the inlet are set 
by providing turbulent intensity and hydraulic diameter, 
with the turbulent intensity set at a moderate level (5%) and 
the hydraulic diameter at 150 mm. The initial flow fields in 
the rotating region (impeller) and stationary region are 
computed using the multiple reference frame (MRF) 
approach, and numerical transfer at the cross interface is 

conducted through nodal interpolation. Once the steady-
state calculations have reached stability, the unsteady flow 
field is obtained by coupling the PBM model and transient 
terms and replacing MRF with a sliding mesh approach for 
both the stationary and rotating regions. Additionally, 
moderate bubble sizes d3 and d4 are selected as the bubble 
sizes at the inlet of the multiphase pump (Chen et al., 2019), 
while the remaining inlet boundary conditions are kept 
consistent with the steady-state calculations. The transient 
calculation time step is required for every 3° of impeller 
rotation, which is 1.68 × 10–4 s. The total time is the time 
needed for 8 cycles of impeller rotation. 

Figure 3 Gas-liquid two-phase flow pump performance test 
bench (a) the schematic diagram of the 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 (b) picture 
of the test bench (see online version for colours) 

 
(a) 

 
(b) 

3.4 Experimental validation 
Figure 3 shows the schematic diagram of the multiphase 
pump test system. The test system is mainly composed of 
the multiphase pump, variable frequency motor, speed 
torque meter, air compressor, liquid regulating valve, gas 
regulating valve and flow meter, import and export pressure 
transmitter, etc. The air compressor pressurises the gas 
during the test, the liquid regulating valve controls the 
liquid flow, and the gas regulating valve controls the gas 
flow into the pipeline. The relevant parameters, including 
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pressure, flow rate, gas content rate, and shaft power, were 
obtained through the corresponding measuring devices to 
obtain the external characteristic curves of multiphase 
pumps under different working conditions. 

The head and efficiency at different flow rates obtained 
by numerical simulation for IGVF = 30% are compared 
with the experimental results, as shown in Figure 4. As can 
be seen from the figure, the performance curves obtained 
from the numerical simulations have the same trend as the 
experimental curves. However, the numerical simulation did 
the mechanical and volumetric losses without considering 
them, resulting in some errors with the experimental results, 
with the maximum head error of 7.1% and the maximum 
efficiency error of 9.1%. The mistakes of head and 
efficiency are 4.7% and 6.1% at the design working 
condition. Therefore, the numerical simulation method and 
grid model used in this paper have certain reliability. 

Figure 4 Comparison between numerical simulation external 
characteristics and experimental external 
characteristics of the multiphase pump (see online 
version for colours) 

  

4 Analysis of results 
4.1 Analysis of the air-blocking mechanism 
Figure 5 illustrates the gas flow line distribution at the hub 
of the impeller for one rotation cycle when IGVF = 30%, 
from which the vortex distribution at the hub of each 
impeller channel can be observed. After experiencing a 
rotation cycle, the vortex remains in the impeller channel. 
The congregation of air almost the entire channel outlet 
causes the phenomenon of ‘air blockage’; the gas 
distribution in different flow channels of the impeller is 
different and inhomogeneous. 

Because the multiphase pump is in the process of 
working, the flow of gas and liquid in the flow channel 
under the action of different centrifugal forces produces 
flow separation so that the uneven flow of gas to form a gas 
stagnation vortex group hinders the normal movement of 
the fluid. Gas stagnation in the impeller channel 
significantly reduces the fluid flow area, which in turn 

makes the relative velocity of the liquid phase increase, 
resulting in excessive flow losses that reduce the hydraulic 
performance of the pump. Extreme pressure at the gas 
blockage may lead to a ‘water hammer’ effect, threatening 
the safety of the entire mixing system and the pump. 
Therefore, it is necessary to further analyse the phenomenon 
of gas-liquid separation in the multiphase pump. 

Figure 5 Impeller and guide vane flow path hub at the gas 
content and gas flow line distribution (see online 
version for colours) 

 

Figure 6 Schematic diagram of the impeller meridian surface 
(see online version for colours) 

 

Figure 7 Radial pressure difference curve of impeller channel at 
different IGVF (see online version for colours) 
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An in-depth analysis of the pressure gradient forces on the 
fluid microelements can reveal the mechanism of gas-liquid 
separation inside the multiphase pump. Figure 6 shows a 
schematic diagram of the impeller meridian surface, in 
which a-a represents the inlet position of the channel, b-b′ 
represents the middle position of the channel, and c-c′ 
represents the outlet position of the channel. 

Figure 8 Variation curve of the pressure difference between the 
blade heights at different positions of the impeller 
channel (see online version for colours) 

 

Figure 9 Radial bubble diameter distribution curve of impeller 
channel at different IGVF (see online version  
for colours) 

  
The variation of the differential pressure between the 
impeller shroud and hub at different IGVFs is shown in 
Figure 7. When the IGVF increases, the pressure difference 
curve is relatively flat at the impeller inlet a-a′, and the 
pressure gradient force generated by the pressure difference 
has minimal effect on the gas-liquid separation; The 
pressure difference at the impeller channel b-b′ and the 
impeller outlet c-c′ is obviously declining. That is to say, 
from the middle of the impeller channel to the outlet, the 
radial pressure gradient force generated by the impeller 
rotation does not provide enough centripetal force to the 
liquid. And provides excess centripetal force to the gas so 
that both gas and liquid phases cannot maintain equilibrium, 

and the gas and liquid phases move in opposite directions in 
the radial direction, resulting in the phase separation of gas 
and liquid phases. 

The pressure difference variation curves between the 
blade heights at different locations of the impeller channel 
are shown in Figure 8. The pressure difference between 
different blade heights at a-a’ shows a slight fluctuation, the 
pressure difference is insignificant, and the gas-liquid phase 
separation is not apparent. The pressure difference between 
different blade heights at b-b′ shows a sizeable upward 
slope trend at the hub side, which proves that the pressure 
difference is enormous and the gas-liquid separation at the 
hub side is severe. The pressure difference between 
different blade heights at c-c′ tends to rise first and then 
decline because the impeller shroud is filled with liquid 
here, and the hub is filled with gas. The pressure difference 
between the shroud and the hub changes markedly, and the 
gas-liquid two-phase separation is profound. 

Figure 9 shows the bubble diameter distribution curves 
from the hub to the rim at the impeller exit position (c-c) 
under different IGVF. From the figure, it can be clearly 
observed that the average bubble diameter at different IGVF 
from the hub to the rim of the impeller shows a decreasing 
characteristic. The bubble mean diameter at the hub is much 
larger than that at the shroud; This trend indicates that the 
aggregation and distribution range of the gas phase has an 
influence on the bubble diameter, and the bubble diameter is 
more prominent where the gas phase aggregation is severe. 
The logistic function was used to fit the functional 
relationship between the bubble mean diameter (d) and the 
different leaf height positions at the impeller outlet (x). The 
correlation function is shown in equation (19). 
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where α is the inlet gas volume fractions (IGVF). 

4.2 Bubble distribution law for different IGVF 
Figure 10 demonstrates the distribution of mean bubble 
diameter in a multiphase pump at different IGVFs. The 
mean bubble size was much bigger than the other regions at 
the impeller inlet. The bubbles had not yet undergone the 
bubble coalescence and breakup movement at this time. 
After entering the impeller in a rotating state of the fluid, 
the overall mean bubble size under the action of shear force 
is a strong downward trend, indicating that the frequency of 
bubble breakup in the flow channel at this time is much 
greater than the frequency of bubble coalescence. Large 
bubbles are broken into small bubbles and then blended 
with the liquid into a homogeneous gas-liquid two-phase 
flow. In addition, as the increase of IGVF makes the  
gas-liquid two-phase interaction obvious, the flow within 
the impeller is also more turbulent. It can be seen from 
Figure 10 that the average bubble size at different flow path 
positions increases overall with the increase of IGVF, and 
the frequency of bubble agglomeration in the impeller 
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increases at this time. The interaction between the gas and 
liquid phases in the flow channel is more pronounced. 

According to the graph of the bubble size percentage 
inside the impeller and guide vane shown in Figure 11, what 
emerges from the results from the chart here is that the 
curves are parabolic at different gas content rates. The 
initial size of the bubble at the impeller inlet is 1.03 mm; 
when the bubble diameter is less than 1.03 mm, the bubble 
in the flow channel undergoes breakup movement. 
Conversely, the bubble in the flow channel is considered to 
be experiencing coalescence behaviour. In low inlet gas 
content conditions, bubbles tend to break up from large to 
small bubbles. In contrast, the percentage of large-size 
bubbles gradually increases with the increase of IGVF; the 
small-size bubbles keep gathering and merging into  
large-size bubbles. Figure 12 shows the gas distribution in 
the impeller and guide vane channel at different IGVF. The 
gas morphology is represented by the 80% GVF isometric 
diagrams, and the mean bubble diameter is used to colour 
the gas to visualise the gas distribution and aggregation in 
the pump channel at different IGVF. Combined with  
Figure 11, it can be seen that the degree of gas accumulation 
in the flow channel is positively correlated with IGVF. 
When the gas content is as high as 50%, the proportion of 
large-sized bubbles is the highest, and the degree of gas 
accumulation in the flow channel is also the most severe; 
this suggests that large bubbles are more likely to be trapped 
in the impeller and lead to the turbulent flow state. 

Figure 10 The mean bubble diameter distribution curve of the 
impeller and guide vane under different IGVF  
(see online version for colours) 

  
According to the correlational of figure analysis can be seen 
the proportion of bubbles of each size in the guide vane 
flow channel varies with IGVF in the same trend as the 
guide vane flow channel. The proportion of d0–d1 bubbles 
inside the guide vane is lower than that of bubbles inside the 
impeller. However, the proportion of d2–d4 bubbles is 
significantly higher than that of bubbles inside the impeller. 
Because of the pressure expansion effect of the guide vane, 
the gas-liquid phase in the flow channel is relatively 

balanced; therefore, the gas phase is relatively uniformly 
distributed in the guide vane flow path. 

4.3 Bubble distribution law for different flow rate 
Figure 13 shows that when IGVF = 30%, the impeller’s 
mean bubble diameter distribution curves and guide vane 
flow channels at different flow rates. Figure 14 shows the 
gas distribution in the impeller and guide vane channel at 
different flow rates. The gas morphology is represented by 
the 80% GVF isometric diagrams, and the mean bubble 
diameter is used to colour the gas to visualise the gas 
distribution and aggregation in the pump channel at 
different flow rates. Combining the two figures, it can be 
seen that the mean bubble diameter from the impeller inlet 
to the middle flow path of the impeller increases as the flow 
rate continues to grow. The mean bubble diameter from the 
middle channel of the impeller to the outlet of the impeller 
is on a descending trend, indicating that the capacity of the 
liquid to carry the gas under a high flow rate and the 
resistance effect of the liquid on the gas are enhanced, 
making it increasingly difficult to gather bubbles. In 
addition, the different states of the fluid in the impeller and 
guide vane also affect the breakup and coalescence 
movement of the bubbles in the flow channel. When the 
impeller is operating, the bubbles in the flow channel will 
be continuously broken by the rotating effect, which 
decreases the bubbles’ average diameter. 

Figure 11 Bubble size proportion in the impeller and guide vane 
at different IGVF (see online version for colours) 

 

In the guide vane, the fluid including bubbles in a relatively 
static state; the bubbles are not subjected to external forces 
of shear, resulting in the bubbles in the guide vane flow 
channel tending to occur in coalescence movement, making 
the mean bubble diameter higher than the impeller flow 
channel. At the guide vane outlet, the relationship between 
the size of the average bubble diameter at different 
operating conditions corresponds to the gas accumulation in 
the channel in Figure 14. The mean bubble diameter is the 
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largest at the design flow condition when the gas 
accumulation in the flow channel is the most severe, 
followed by the 1.2–1.4 Qd condition and the smallest at the 
0.6–0.8 Qd condition, as shown in the red box in Figure 13. 
As the fluid flow in the vane is influenced by the state of the 
fluid at the impeller outlet at operating conditions of 0.6–0.8 
Qd, the gas in the impeller channel has the most significant 
accumulation. The liquid has the least ability to carry the 
gas, so the gas in the vane accumulates to a lesser extent. In 
1.2–1.4 Qd conditions, the gas accumulation and gas phase 
vortex in the flow channel are mitigated because the fluid 
has sizeable kinetic energy at high flow conditions. 

Figure 12 Gas distribution in the impeller and guide vane at 
different IGVF (see online version for colours) 

 

Figure 13 The mean bubble diameter distribution curve of the 
impeller and guide vane under different flow rates  
(see online version for colours) 

 

 

Figure 14 Gas distribution in the impeller and guide vane at 
different flow rates (see online version for colours) 

 

5 Conclusions 
In this paper, by considering the bubble multi-size problem 
caused by bubble coalescence and breakup motion in the 
flow field of the multiphase pump, the size distribution 
characteristics of bubbles under different motion parameters 
are analysed by applying the coupled TFM-PBM model. 
The analysis results are as follows: 

1 Gas-liquid separation significantly affects gas mass 
stagnation and flow instability in the internal flow field 
of multiphase pumps. A detailed analysis of the 
influence of axial and radial pressure gradient forces on 
different fluid microelements reveals that the impeller 
outlet, specifically against the hub, experiences the 
most significant pressure difference changes, leading to 
profound gas-liquid two-phase separation. Furthermore, 
at different IGVF, the bubble size on the hub side is 
much larger than that on the shroud side, which 
indicates continuous clustering and movement of 
bubbles, resulting in the formation of large air mass 
vortices at the hub measurement. 

2 The findings of this study demonstrate that the IGVF 
has a substantial impact on bubble size within the flow 
channel. At lower IGVF, bubbles tend to undergo 
bubble breakup motion, while at higher IGVF, they 
tend to aggregate. When the IGVF reaches 50%, there 
is the highest proportion of large-size bubbles with  
d0–d2 diameter in the impeller, and the degree of 
aggregation at the impeller outlet hub-side is also the 
most severe during this time. 

3 The average bubble size under varying flow conditions 
is closely associated with the extent of gas aggregation. 
As the flow rate increases, its ability to carry gas also 
increases, leading to a decrease in both the average 
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bubble size and the degree of aggregation within the 
impeller. The flow state within the guide vane is 
influenced by the flow within the impeller; the size 
relationship is 1.0 Qd > 1.2–1.4 Qd > 0.6–0.8 Qd. The 
bubble size at different flow rates corresponds to the 
degree of gas aggregation.  
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