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Abstract: This work seeks to apply the computational fluid dynamics–population balance model
(CFD–PBM) to investigate the gas distribution and flow mechanism in the gas–liquid two-phase flow
of a centrifugal pump. The findings show that the numerical simulation accurately captures the
bubble distribution characteristics in the process of coalescence and breakage evolution. In addition,
comparing the CFD–PBM with the Double Euler, the hydraulic head of the pump are similar, but the
efficiency using the Double Euler is much higher—even close to single-phase. This is in contrast to
previous experimental research. Then, the unsteady flow usually led to the formation of bubbles with
larger diameters especially where vortices existed. In addition, the rotor–stator interaction was a main
reason for bubble formation. Generally, it was observed that the coalescence rate was greater than
the breakage rate; thus, the coalescence rate decreased until it equaled the breakage rate. Thereafter,
the average diameter of the bubble in each part tended to be stable during the process of bubble
evolution. Finally, the average diameter of bubbles seemed to increase from inlet to outlet. The results
of this study may not only enhance the gas–liquid two-phase internal flow theory of centrifugal
pumps, but also can serve as a benchmark for optimizations of reliable operation of hydraulic pumps
under gas–liquid two-phase flow conditions.

Keywords: centrifugal pump; gas–liquid two-phase flow; population balance model; coalescence
and breakage; bubble diameter

1. Introduction

The centrifugal pump is one of the main types of vane pumps widely used in many fields of
industry and agriculture because of its excellent ability to transport fluid continuously and stably [1].
Many scholars have researched the inner flow characteristic in centrifugal pumps [2–4]. In the process
of industrial production and transportation, there is often a demand for gas–liquid mixed transport.
In this case, the flow structure inside the pump is very complex and the turbulence intensity is very
strong. Particularly, the evolution and development of gas-phase bubbles will block the passage and
cause a sharp decrease in hydraulic performance. These become problematic and undesirably influence
the operational reliabilities of centrifugal pumps. Thus, researching into the flow characteristics under
gas–liquid two-phase patterns has become a hotspot of the current study on the unsteady flows of
centrifugal pumps.
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Minemura and Murakami [5,6] analyzed visualized gas–liquid mixed transport flows in centrifugal
pumps using visualization experiment combined with data analysis and modeling. Patel and
Runstadler [7] argued that there would be large stationary bubbles forming at the entrance of
the impeller due to the aggregation of small bubbles. Following their observations, William [8] divided
the gas–liquid flow into bubble flow, agglomerated bubble flow, gas pocket flow and segregated flow.

With the rapid advancement of computational fluid dynamics (CFD), the CFD method has become
integral studies on the gas–liquid two-phase motion rules [9–12]. Currently, visualization experiment
has been the main method to observe bubble changes, however, when the head of pump is large
or at high speed, the findings become unrealistic. Furthermore, general visual materials pose strict
limitations to the pressure when the hydraulic head is high. Generally, the gas–liquid two-phase flow
mathematical model in numerical simulation of pumps apply the Eulerian–Eulerian heterogeneous
flow model and the Mixture model [13–15]. However, these models assume a constant bubble diameter,
which makes bubbles with assigned diameter merely transportable by convection in the passage of
the pump without any diameter change due to coalescence and breakage. This is contrary to the real
situation which justifies the inappropriateness of the multiphase models in the study of gas–liquid
two-phase flow. In addition, the methods to express the distribution of bubbles are generally density
or gas volume fraction [9–15], which could not accurately capture the diameter distribution and
coalescence and breakage evolution of bubbles in the passage. Therefore, it is imperative to apply a new
model or a modified model for the safety and optimization analyses of centrifugal pump equipment.

The population balance model (PBM) was originally derived from the description of the dynamic
balance of population, and was later applied to the description of any group object with common
characteristics, such as the evolution of biologic population, the generation of crystalline particles,
the generation of boiling bubbles and the dispersion system of particles. At present, the population
balance model is the commonest in chemical fields, such as stirring tank, bubbling tower, fluidized
bed, etc. [16–21].

In addition, Wu [22] tried to simulate and calculate the multi-phase flow in the pump by using
the PBM. The results showed that the PBM could better predict the operation performance of the
multi-phase flow in the centrifugal pump in a solid-liquid mixed flow without extending to gas–liquid
condition. Wang [23] and Patruno [24] used gas–liquid two-phase system as the object to research the
influence factors of bubble change. These foundations could be used as references for the application
of the CFD–PBM in gas–liquid two-phase flow of centrifugal pump in order to explore the evolution
law of bubbles diameter in the centrifugal pump under the condition of gas–liquid mixed transport.
Recently, Chen [25] first, introduced the PBM to study the head degradation in an Electrical submersible
pump, which showed the result with the changing bubble size matches well with the experiment
data. However, the research of this study still focuses on the GVF and velocity streamline distribution
without corresponding to bubbles diameter. Recently, Yan [26] used the PBM to investigate bubble
distribution in a multistage centrifugal pump, which suggested that the PBM can predict hydraulic
performance precisely and show bubble distribution well.

This study used the PBM to carry out numerical simulation on gas–liquid two-phase flow on the
centrifugal pump based on the Eulerian–Eulerian heterogeneous multiphase flow model, introducing
population balance model to form the CFD–PBM modified model. The aim of this work is to investigate
the bubbles diameter changes in vane pumps.

2. Mathematic Models

2.1. Governing Equations

First, the Eulerian–Eulerian homogeneous flow model was selected as the liquid–gas two-phase
flow model. Assuming that, there is no velocity slip at the boundary and the velocity of gas phase and
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liquid phase on the inlet face remains the same; the continuity equation and momentum equation [13]
is expressed as follows:

∂
∂t
(αiρi) +∇ • (αiρiwi) = 0. (1)

∂
∂t
(αiρiwi) +∇ • (αiρiwi ⊗wi) = −αi∇pi +∇ •

(
αiµi

(
∇wi + (∇wi)

T
))
+ Mi + αiρi fi. (2)

In the formula, i—any phase (l for liquid, g for gas)
ρi—i phase density
pi—i phase pressure
αi—the volume fraction of i phase
µi—i phase dynamic viscosity
wi—relative velocity of i phase
Mi—the interphase force exerted on the i phase
fi—the mass force of i phase related to impeller rotation
The turbulence model adopts the SST k-ω model, which was developed by Menter [27] and was a

combination of the k-ε model and the k-ω model. This turbulence model was widely used in the field
of hydraulic machinery [28,29]. It can be independent of the k-ε model in broader fields and has a high
convergence accuracy in near-wall free flow. Therefore, the SST k-ω model was a hybrid model widely
used in engineering. Equation [30] can be expressed as:

∂(ρk)
∂t

+
∂
(
ρku j

)
∂x j

= Pt − β
∗ρkω+

∂
∂x j

[(
µm +

µt

σk

)
∂k
∂x j

]
. (3)

∂(ρω)

∂t
+
∂
(
ρωu j

)
∂x j

= Cε1Pt
ω
k
− βρω2 +

∂
∂x j

[(
µm +

µt

σε

)
∂ω
∂x j

]
+ 2(1− F1)ρσω2

1
ω
∂k
∂x j

∂ω
∂x j

. (4)

Moreover, here k is turbulence intensity while ω is specific dissipation rate, the first three terms on
the right side of the equation were turbulence generation term, dissipation term and diffusion term,
respectively in Equation (3), and the last term on the right side of Equation (4) represents cross diffusion
term. The values of the closed constant coefficients in the equation were shown in the literature [27],
β*= 0.09, σk1 = 0.85, σk2 = 1, α1 = 5/9, α2 = 0.44, σω1 = 0.5, σω2 = 0.856, β1 = 3/40, β2 = 0.0828.

The gas–liquid system in vane pumps usually takes liquid as a continuous phase and gas as a
discrete phase, and the interaction between bubbles and surrounding fluid often causes bubbles to
break and coalescent. Therefore, the PBM was introduced in ANSYS-FLUENT to describe the influence
of this behavior on the system, and it is generally applied in a multiphase flow system. The general
form of the PBM can be expressed as [31,32]:

∂
∂t [n(V, t)] +∇·

[
→
un(V, t)

]
+∇v·[Gvn(V, t)]︸           ︷︷           ︸

Growth term

=
1
2

∫ V

0
a(V −V′, V′)n(V −V′, t)n(V′, t)dV′︸                                                  ︷︷                                                  ︸

Birth due to Aggregation

−

∫
∞

0
a(V, V′)n(V, t)n(V′, t)dV′︸                                   ︷︷                                   ︸

Death due to Aggregation

+

∫
Ωv

pg(V′)β(V
∣∣∣V′)n(V′, t)dV′︸                                  ︷︷                                  ︸

Birth due to Breakage

− g(V)n(V, t)︸        ︷︷        ︸
Death due to Breakage

.
(5)

where, V’ is the original bubble volume; V is the volume of sub-bubble; n(V, t) is bubble number
density; α(V, V’) is the bubble coalescence rate; g(V’) is the bubble breaking frequency and β(V| V’) is
the probability density function of bubble breakage.
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2.2. Solution Methods for the PBM

At present, the main solutions of the PBM equations were direct discrete method, Monte Carlo
method, moment method, etc. The method of moments (MOM), first proposed by Randolph &
Larson [33] and the quadrature method of moments (QMOM) [34,35]. The QMOM has typical
advantages that it has fewer variables and a dynamic calculation of the size bins, which required a
relatively small number of scalar equations to track the moments of population with small errors [32].
In a word, QMOM is a widely used technique for coupling population balance modeling with CFD
where the number of additional transport equations to be solved must be kept to a minimum to
maximize computational efficiency. Thus, the solutions for gas–liquid two-phase flows in the vane
pump in this study were mainly based on the Quadrature moment.

Ntotal = m0 (6)

Ltotal = m0 (7)

Atotal = Kαm2 (8)

Vtotal = Kvm3 (9)

d32 =
m3

m2
. (10)

In Equations (6)–(10), these properties are directly related to the total number, length, area and
volume of particles per unit volume of mixture suspension. The Sauter mean diameter, d32, is usually
used as the mean particle size, Kv is equal to π/6. Assuming m0 = 1, m1 = 10−4(m), m2 = 10−8(m2),
m3 = 10−12(m3) and the initial minimum diameter as 0.1 mm the maximum diameter for the bubbles to
grow is 3 mm. The minimum and maximum diameter can be accurately selected according to pump
parameters [25,26]. The initial diameter distribution at the inlet is shown in Figure 1.
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3. Numerical Simulation Procedures

3.1. Pump Model

This study takes an OHA single-stage single-suction centrifugal pump as the research object.
The rated flow rate of the pump and the rotation speed were 60 m3/h and 2910 r/min, respectively.
The specific speed (ns = nQ0.5/H0.75) of the studied pump model was about 15. The inlet diameter of
the inlet pipe and impeller was 100 mm. The outer diameter of the impeller and the outlet width of
impeller were 235 mm and 9 mm, respectively. Moreover, the blade number was 5, the inlet width of
the volute was 17 mm, while the outlet diameter was 50 mm. The fluid domain was constructed by
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Unigraphics NX commercial software which was divided into three parts for a complete pump: inlet
pipe, impeller and volute. This done to simplify the flow domain and reduce the interfaces to avoid
problems and errors when combining the CFD–PBM with the multiphase flow model. The entire water
domain is shown in Figure 2 and the numerical settings under single phase is shown in Table 1.
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Figure 2. Computational flow domain of the investigated pump.

Table 1. Computational setup under single-phase.

Boundary Conditions

Location Boundary type Mass and momentum
Inlet of inlet pipe Velocity–inlet Velocity
Outlet of volute Pressure–outlet Static pressure

Physical surfaces Wall No-slip
Rotor–stator interfaces

Transient state Transient Rotor–stator
Turbulence model

SST k-ω
Solver control for transient simulation
Timestep 1.7182 × 10−4 s (14 cycles)
Total time 0.288 s

RMS residual 10−5

3.2. Mesh Generation

ICEM was used to divide the grid, while the hexahedral structural grid was used for each flow
domain. The quality of the grids was all greater than 0.6 (>0.2) with an angle greater than 20◦ (>14◦),
which was far above the basic requirement [32]. Under the design flow rates of the single-phase water
condition of grid independence analysis, specific results were shown in Table 2. The table shows that
when the grid number was increased from 3.35 to 4.00 million, the hydraulic head, efficiency and outlet
velocity deviation was all less than 1%. To maximize computational resources and simulations, a grid
with 3,345,530 cells was finally chosen. The grid number of the impeller, volute and inlet pipe was
1,775,875, 1,068,184 and 501,471, respectively. Figure 3 shows the detailed mesh view of each flow
domains meshed with structured grids. The definition of head and efficiency are show in Equations
(11) and (12).

H =
Pstatic,out − Pstatic,in

ρg
. (11)

η =
ρgQH

Mw
. (12)

Table 2. Mesh independency.

Grid Number/106 Head (m) Efficiency Outlet Velocity (m/s)

2.66 71.7645 0.715834 8.662
3.35 72.3672 0.719333 8.608
4.00 72.2497 0.718956 8.632



Mathematics 2020, 8, 769 6 of 19
Mathematics 2020, 8, 769 6 of 19 

 

 

Figure 3. Detailed mesh view. 

3.3. Gas–liquid Two-Phase Flow Calculation Settings 

The gas–liquid two phase flow correction CFD–PBM was set up using the transient calculation 

with convergence precision of 10−5. Due to the direct use of the PBM, an overflow or divergence occurs 

during the calculation. Thus, the following procedures are proposed: First, use the conventional 

Eulerian–Eulerian heterogeneous flow model; choose the SST k-ω turbulence model; in the boundary 

condition, choose velocity–inlet and pressure–outlet and proceed with the calculation until the inlet 

pressure and outlet velocity have a stable fluctuation. Finally, switch to the PBM. Furthermore, the 

relative position between the impeller and volute is updated at each timestep which has the values 

of 1.7182 × 10−4 s, equivalent to the time interval for the impeller to rotate by 3°, respectively. The 

cycles of conventional model calculation stage and the PBM calculation stage were 14 and 7 for each 

stage with a total time of 0.288 s and a total step size of 1680 steps. The data for the last cycle was 

selected on the average calculation for all the hydraulic performance results. 

4. Calculation Results and Analysis 

4.1. Validation of the CFD–PBM 

4.1.1. Comparison of Hydraulic Performance Using Different Multiphase Models 

Figure 4 shows the head and torque fluctuation under 1.0 Q after adding the CFD–PBM, which 

starts from 840 time-steps, equivalent to 0.144 s. Comparing the head and torque curves using 

different multiphase models, the trend was the same at the first 60 timesteps, this was because the 

diameter of bubbles did not obviously change. The curve then severely fluctuated and the deviation 

between these two models became large. Finally, the trend turned to basically even, without 

significant change. 

Figure 5 shows the hydraulic performance comparison of a single-phase and gas–liquid two-

phase flows using the CFD–PBM and Double Euler (inlet gas volume fraction was 3%). Results of 

each working condition were obtained after averaging the stable data in the last period of transient 

calculation. It can be seen from Figure 5 that the hydraulic head of the centrifugal pump significantly 

decreased in gas–liquid two-phase flow conditions using both models, especially in the case of a small 

flow rate. The drop range was up to 5 m while the drop range was about 2 m with the CFD–PBM and 

4 m with Double Euler, in the case of 1.0 Q. From an overall scene, the head curve was similar, which 

suggested the CFD–PBM did not significantly influence the head performance. However, there was 

a large deviation in the efficiency of two multiphase model especially when the flow rate was large. 

It was found the value of pump efficiency using Double Euler was almost the same as single-phase 

Figure 3. Detailed mesh view.

3.3. Gas–Liquid Two-Phase Flow Calculation Settings

The gas–liquid two phase flow correction CFD–PBM was set up using the transient calculation
with convergence precision of 10−5. Due to the direct use of the PBM, an overflow or divergence
occurs during the calculation. Thus, the following procedures are proposed: First, use the conventional
Eulerian–Eulerian heterogeneous flow model; choose the SST k-ω turbulence model; in the boundary
condition, choose velocity–inlet and pressure–outlet and proceed with the calculation until the inlet
pressure and outlet velocity have a stable fluctuation. Finally, switch to the PBM. Furthermore,
the relative position between the impeller and volute is updated at each timestep which has the values
of 1.7182 × 10−4 s, equivalent to the time interval for the impeller to rotate by 3◦, respectively. The cycles
of conventional model calculation stage and the PBM calculation stage were 14 and 7 for each stage
with a total time of 0.288 s and a total step size of 1680 steps. The data for the last cycle was selected on
the average calculation for all the hydraulic performance results.

4. Calculation Results and Analysis

4.1. Validation of the CFD–PBM

4.1.1. Comparison of Hydraulic Performance Using Different Multiphase Models

Figure 4 shows the head and torque fluctuation under 1.0 Q after adding the CFD–PBM, which
starts from 840 time-steps, equivalent to 0.144 s. Comparing the head and torque curves using different
multiphase models, the trend was the same at the first 60 timesteps, this was because the diameter of
bubbles did not obviously change. The curve then severely fluctuated and the deviation between these
two models became large. Finally, the trend turned to basically even, without significant change.

Figure 5 shows the hydraulic performance comparison of a single-phase and gas–liquid two-phase
flows using the CFD–PBM and Double Euler (inlet gas volume fraction was 3%). Results of each
working condition were obtained after averaging the stable data in the last period of transient
calculation. It can be seen from Figure 5 that the hydraulic head of the centrifugal pump significantly
decreased in gas–liquid two-phase flow conditions using both models, especially in the case of a small
flow rate. The drop range was up to 5 m while the drop range was about 2 m with the CFD–PBM and
4 m with Double Euler, in the case of 1.0 Q. From an overall scene, the head curve was similar, which
suggested the CFD–PBM did not significantly influence the head performance. However, there was
a large deviation in the efficiency of two multiphase model especially when the flow rate was large.
It was found the value of pump efficiency using Double Euler was almost the same as single-phase
although the head significantly decreased. From Si [36], the hydraulic performance would decrease
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significantly not only head, but also efficiency when IGVF increased to 3%. In addition, under small
flow rate, the efficiency under single phase and gas–liquid two-phase flow was almost similar.
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Further simulations were carried out for inlet gas volume fraction (IGVF) of 10% and 20%. From 

Figure 6a, when the inlet gas volume fraction increased to 10%, the head and efficiency reduced to 

52.17 m and 56.06%, respectively. Similarly, when the inlet gas content was further increased to 20%, 

the head and efficiency decreased considerably to 9.46 m and 18.19%, respectively. The trend of 

hydraulic performance dropped by the CFD–PBM with the change of bubble diameter was similar to 

the study based on the modified bubble sizes by Zhu [37] as shown in Figure 6b. 

Figure 5. Hydraulic performance curves of single-phase and gas–liquid two-phase.

Further simulations were carried out for inlet gas volume fraction (IGVF) of 10% and 20%.
From Figure 6a, when the inlet gas volume fraction increased to 10%, the head and efficiency reduced
to 52.17 m and 56.06%, respectively. Similarly, when the inlet gas content was further increased to
20%, the head and efficiency decreased considerably to 9.46 m and 18.19%, respectively. The trend of
hydraulic performance dropped by the CFD–PBM with the change of bubble diameter was similar to
the study based on the modified bubble sizes by Zhu [37] as shown in Figure 6b.
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4.1.2. Comparison of Pressure under Different inlet gas volume fractions (IGVFs) 

Figure 7 represents the middle section of the whole pump, the plane was set on the xy plane at 

z = 0. Figure 8 compares the pressure contour in the middle section of the design flow rate under a 

single-phase and gas–liquid two-phase under different IGVF. Due to the boundary settings of the 

velocity–inlet and pressure–outlet, it is clear that static pressure of outlet under different IGVF are 

the same. Moreover, it can be seen from the figure that the pressure gradient increases from the inner 

radius to the outer radius of the impeller because the kinetic energy generated from the impeller 

rotation is converted into potential energy. The largest potential energy occurred in the volute. Under 

single phase and at IGVF of 3%, the approximation of the distribution of pressure contour showed 

that low pressure area was mainly concentrated at the inner radius of the impeller. When the IGVF 

increased to 10%, the pressure at the inner radius increased as well which led to the significant 
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uneven. When the IGVF was higher than 20%, the phenomenon of uneven pressure distribution was 

obvious, particularly in the impeller passage close to the volute where the pressure was much lower. 

There was even obvious pressure reduction at the volute tongue where the pressure gradient 

increased. Kosmowski [38] found out that when the IGVF increased over 15%, a phase separation 

occurred at the impeller outlet causing a rapid change of pressure in impeller passage. And when the 

IGVF is increased to 20%, the single-stage centrifugal pump cuts out. The highly uneven pressure 

distribution illustrates that the IGVF was close to the critical value of this pump. 
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Figure 6. Hydraulic performance curves under different inlet gas volume fractions (IGVFs). (a) pump
in this study; (b) Zhu [37].

4.1.2. Comparison of Pressure under Different Inlet Gas Volume Fractions (IGVFs)

Figure 7 represents the middle section of the whole pump, the plane was set on the xy plane at
z = 0. Figure 8 compares the pressure contour in the middle section of the design flow rate under
a single-phase and gas–liquid two-phase under different IGVF. Due to the boundary settings of the
velocity–inlet and pressure–outlet, it is clear that static pressure of outlet under different IGVF are the
same. Moreover, it can be seen from the figure that the pressure gradient increases from the inner
radius to the outer radius of the impeller because the kinetic energy generated from the impeller
rotation is converted into potential energy. The largest potential energy occurred in the volute. Under
single phase and at IGVF of 3%, the approximation of the distribution of pressure contour showed
that low pressure area was mainly concentrated at the inner radius of the impeller. When the IGVF
increased to 10%, the pressure at the inner radius increased as well which led to the significant decrease
of the hydraulic head. Furthermore, the pressure gradient on the section began to appear uneven.
When the IGVF was higher than 20%, the phenomenon of uneven pressure distribution was obvious,
particularly in the impeller passage close to the volute where the pressure was much lower. There
was even obvious pressure reduction at the volute tongue where the pressure gradient increased.
Kosmowski [38] found out that when the IGVF increased over 15%, a phase separation occurred at
the impeller outlet causing a rapid change of pressure in impeller passage. And when the IGVF is
increased to 20%, the single-stage centrifugal pump cuts out. The highly uneven pressure distribution
illustrates that the IGVF was close to the critical value of this pump.

p∗ =
p

0.5ρU22 . (13)

U2 =
πnd
60

. (14)
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4.1.3. Comparison of Velocity under Different IGVFs

Figure 9 depicts the velocity streamlines of the liquid phase at the middle section under the
conditions of single phase under different IGVFs. From the figure, relative to the gas–liquid two-phase
flow, the streamline of the liquid phase in the impeller was evenly distributed under single-phase
flow. In addition, the inner radius to the outer radius of the impeller was observed to have only
small vortices appear near the impeller hub which is closer to the volute. When the IGVF was 3%,
the formation of streamlines at the inner radius of the impeller was approximate to a single phase,
but the velocity streamlines in the middle part of the impeller concentrated on the working face of
blades. The streamlines on the back face of the blades were relatively thinner and the sizes of vortex
sprung up in the middle of the impeller passage especially the flow passage in front of and behind
the volute tongue which appears a very powerful vortex. When the IGVF was increased to 10%,
the vortexes offset to the back face of the blades strengthening the intensity which almost covered the
entire back faces of the blade profiles where a large streamline gap area occurred. When the gas content
increased to 20%, the flow in the whole area was very disordered. The entire impeller flow passage
was full of different sizes of irregular vortices. Two large vortices were observed, which nearly blocked
the discharge pipe of the volute. These reasons justify the large drop in the hydraulic performance of
the centrifugal pump with a higher IGVF.

v∗ =
v

U2
. (15)
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Figure 9. Velocity streamline distribution under single phase and different IGVF. 

4.2. Transient Inner Flow Characteristics under Low IGVF 

4.2.1. Transient Velocity Distribution at Different Timesteps 

The streamlines of liquid phase on the middle section ay different timesteps in one complete 

cycle under the design flow rate at 3% IGVF is shown in Figure 10. From the inner radius of the 

impeller to the outer radius of the impeller, the initial trajectory of the liquid phase streamlines 

slightly offset to the back face while to the impeller middle, liquid phase streamlines were gradually 

closer to the working face and outer edge. In addition, vortex regions of different sizes appeared at 

the middle of the impeller. 
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Figure 9. Velocity streamline distribution under single phase and different IGVF.

4.2. Transient Inner Flow Characteristics under Low IGVF

4.2.1. Transient Velocity Distribution at Different Timesteps

The streamlines of liquid phase on the middle section ay different timesteps in one complete cycle
under the design flow rate at 3% IGVF is shown in Figure 10. From the inner radius of the impeller
to the outer radius of the impeller, the initial trajectory of the liquid phase streamlines slightly offset
to the back face while to the impeller middle, liquid phase streamlines were gradually closer to the
working face and outer edge. In addition, vortex regions of different sizes appeared at the middle of
the impeller.
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4.2.2. Transient Mean Bubble Diameter Distribution at Different Timesteps

Figure 11 shows the transient mean bubble diameter distribution on the middle section of one
complete cycle under the design flow rate when IGVF was 3%. It is apparent that, in the impeller
passage, most large-diameter of bubble concentrated in the region at the inner radius of the impeller
and the outer radius of impeller while the other small part gathered in the middle of the impeller.
Comparison with liquid phase streamline in Figure 8, it was found that where the velocity streamlines
had a higher speed or vortex in Figure 8 always existed large-diameter bubbles. It can be known from
the laws of hydromechanics that with the increase of the velocity, the pressure of the mixture fluid
decreases. Therefore, when the bubbles are subjected to less pressure, the bubble expands, hence,
the diameter of the bubble grows.

Moreover, the formation of flow in the impeller passage flow of bubbles was likely to be between
bubble agglomerated flow and gas pocket flow [8], because there were large-diameter bubbles
concentrated on the inner and outer radius of the impeller. The dispersed phase interaction promotes
the aggregation and coalescence of some bubbles leading to the formation of larger diameter bubbles.
At this time, the larger bubbles formed by coalescence was irregular. It is apparent from Figure 9
that the large-diameter bubbles almost fixed near the inner radius of the impeller. This is because
the pressure at the inner radius is the lowest in the impeller passage which makes the bubbles easily
expand causing the formation of an area with large-diameter bubbles. In the downstream turbulent
wake area, the characteristics of this area were mainly the accumulation of small bubbles separated
from the mainstream which formed into a strong recirculation area. Due to the inertial force effect, the
area where large-diameter bubbles occurred became closer to the impeller working face. In contrast
to the outer radius of the impeller, it was found that the areas where bubbles with large-diameter
concentrated on were in the flow passage which occurred in front of and behind the volute tongue.
These were much larger than two flow passages remote from the volute tongue. This was because
when the fluid flows near the tongue, there was a disorder in the movement producing large number
of bubbles to coalescence, eventually leading to the large diameter of bubbles. However, given that
more bubbles concentrated on the passage close to the volute tongue and then flows out directly with
the liquid phase which could not enable a large area of large-diameter bubbles to be formed.

Taking the diameter of bubbles distribution change at the middle section in one complete cycle,
for instance, in 1/5 T, position 1 was an area concentrated with large-diameter bubbles. From the
velocity streamlines in Figure 10, it could be seen that in the middle of the impeller, a strong vortex
was formed. This vortex caused the small bubbles produced by the unstable flow coalescing to be
large diameter bubbles. This area connects between the middle radius of impeller with outer radius
of the impeller, hence causing a large area with large-diameter bubble. In 2/5 T, position 1 rotate to
position 2, the velocity streamlines here were relatively smooth. Breakage of part of the large-diameter



Mathematics 2020, 8, 769 12 of 19

bubbles occurred due to flow shear and merely. The large gathering area formed in the last period
gradually separated because the pressure on the working face of the impeller was higher than the
pressure on the back face. Therefore, the large-diameter bubbles concentrated on the back face of the
impeller were preferentially broken on the working face. A relatively narrow area concentrated with
large-diameter bubbles was formed on the working face of the impeller. In addition, a low-intensity
vortex was also found at the back face of impeller by comparing velocity streamlines at the same place.
The bubble aggregation area was more scattered, and the average diameter was much smaller than
the intensity vortex areas. When the blade was rotated to 3/5 T of a period, the previous in 2/5 T the
separate two long and narrow bubble gathering areas were broken into two parts one at the outer
radius and the other one at the middle radius of the impeller due to bubble breakage, and the bubble
aggregation area at the middle radius of the impeller produce certain irregular deformation. And then
the impeller rotated to 1/5 T again, where a large bubble aggregation area similar with that of position
1 appeared. Finally, as the fluid flows out of the impeller and flows through the tongue to the outlet
of the volute, large diameter bubbles also flew out along with the transmitted water. The diameter
distribution contour of bubbles in position 5 was different from what positions 1 and 4 portray.

Figure 12 shows results from previous literature [8,36,39], there is gas-pocket flow representing
that bubbles here coalesce together as large-diameter bubbles always at the inner radius and outer
radius similar. This is similar to the numerical results. Due to the limitation of visualization equipment,
the rotational speed was kept below 1500 r/min because bubbles produced by high rotational speeds
cannot be distinctly captured. Thus, the CFD–PBM had certain applicability to predict the diameter
distribution of bubbles in the centrifugal pump.
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4%, and (c) Verde [8] IGVF = 2.78%.

4.3. The Mean Bubble Diameter Distribution in the Whole Computing Domain

Figure 13 indicates the mean bubble diameter distribution in the whole computing domain and
major parts when the gas–liquid two-phase flow occurred in the centrifugal pump. Due to the mix,
the fluid flowed steadily and uniformly in the straight inlet pipe. The bubble diameter in most areas
of the inlet pipe was equal to the initial set diameter of 0.1 mm. Because the centrifugal pump was
cross-axle, there was a sudden contraction in the interface between the inlet pipe and the impeller.
The disorder flow produced a certain amount of large diameter bubbles, as shown in Figure 13b of
a torus. However, after entering the impeller, the bubble diameter on the shroud and hub became
smaller, but the narrow and long large-diameter aggregation areas appeared near the blade surface
of each blade—generating a stronger aggregation degree at the inner radius of the impeller. At the
same time, compared with the impeller, the aggregation degree of large-diameter bubbles in the volute
was obviously greater than that in the impeller. This was because the centrifugal force effect on the
impeller rotation and the formation of large-diameter bubbles in the flow was easier to coalesce to the
outlet of the impeller. Second, at the interface between the impeller and the volute, there was a large
area where large-diameter bubble concentrated on. This could be attributed to the fact that, the fluid in
the impeller was affected by the rotation of the impeller causing rotor–stator interaction between the
impeller and volute. Moreover, a large gathering area was also formed close to the volute tongue.
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Figure 13. Cloud of mean bubble diameter distribution in the pump flow passage.

Figure 14 shows the value of the average diameter of bubbles on the main surface as shown in
Figure 13. The value on the inlet was constant at 0.1 mm, equal to the initial diameter. The average
diameter on the blade surface and rotator-stator interface was even double or triple than shroud
and hub, which was the same as the overall scene in Figure 13. The fluid near the blade surface got
pressurized on the working side and suction on the back side, this surface was the main part for
exchange energy. This made the diameter of bubbles easy to coalesce here. In addition, the rotor–stator
interface was covered by the areas of the large-diameter bubbles, so the value on the interface was
relatively high. Finally, the value on the outlet was the highest of these surfaces, the general trend of
average diameter was increased from inlet to outlet.
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4.4. Variation of the Mean Bubble Diameter with Time

Figure 15 shows the changes of the mean bubble diameter of each domain under design flow.
In order to reduce the errors, the PBM was introduced after the flow under gas–liquid two-phase using
Eulerian–Eulerian homogeneous flow model after the calculation can process well to avoid overflow
or divergent. It can be seen from Figure 11 that except for the inlet pipe, the bubble diameter inside the
impeller and volute presents an obvious upward trend and finally tends to be stable. Since the inlet
pipe was straight, the bubble diameter did not change entirely and only a fraction of the positions
exhibited calculated fluctuations. Between 0.14–0.18 s, the impeller and volute bubble coalescence rate
were greater than the bubble breakage rate such that the air bubble diameter rose rapidly. Then in
the 0.18–0.22-s period, the growth of bubble diameter in the impeller was slow. The rate of bubble
breakage within 0.24–0.26 s was greater than the bubble coalescence rate; thus, the diameter of bubbles
reduced and formed a trough. Compared with the impeller, the volute was more unstable rendering
the curve of the volute with multiple peaks and troughs. Hence, the PBM could be used more clearly
to reflect the gas–liquid two phase flow, especially the bubble coalescence and breakage degree change
in real time.
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Figure 16 displays the variation of the mean bubble diameter but considered only the coalescence
without breakage at various water domain. The overall trend was analogous to Figure 2, where the
variation of mean bubble diameter was a process of growth to stability. In the condition of considering
coalescence merely, the bubble mean diameter stabilization time was much longer than that of adding
both coalescence and breakage models. When the bubble mean diameter of various water domain
came to ultimate stability, the final time using only the coalescence model was a little longer than using
both coalescence and breakage models. The growth law was also different and the region had an early
growth and then fell back at the initial time. During this time, all the bubbles were almost having the
small diameter with uneven distribution. There was a big difference in the bubble diameter growth
curve of the impeller and volute using just the coalescence model as compared with both models.
Generally, the rotating impeller will cause a drastic change in the pressure and shear flow, which makes
the bubbles more easily to break than in the static volute. Thus, when merely reserving coalescence
equations, the bubbles were unable to break, while the vortexes in the impeller were more than in
the volute leading to forming more large-diameter bubbles. This is the reason why the diameter of
bubbles increased faster in the impeller than in the volute in as depicted in Figure 15 while it was
slower in Figure 16 during the initial period. However, due to the flow space in the impeller is less
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than in the volute, there was no extra space for the coalescence of bubbles. Thus, the expanding rate in
the impeller will slow down to a certain extent at about 0.30 s, and the expand rate of bubbles in the
volute surpassed. Meanwhile, as no breakage model was added in the model, with the time flowing,
the number of primary bubbles also increased from the initial time when the fluid domain was full of
small-diameter bubbles. These bubbles were concentrated or expanded to be large-diameter bubbles
due to pressure or velocity change and the influence of vortex. At the same time, large-diameter
bubbles also kept coalescing. As it was shown in Figure 12, from 0.3 s to 0.4 s, it is observed that
small-diameter bubbles coalesced into large diameter bubbles while large-diameter bubbles coalesced
into larger-diameter bubbles. It could be seen that the overall trend grew exponentially with the
average diameter of bubbles in the impeller and volute increasing rapidly. Since the initial maximum
diameter of bubbles is 3 mm, individual bubble diameter that increases to the maximum no longer
coalesce and as such, large-diameter bubble and small-diameter bubble formed an equilibrium state.
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5. Conclusions

(1) The entire study showed the capability of the CFD–PBM in the numerical simulation of gas–liquid
two-phase flow in a vane pump using the law of bubble coalescence and breakage.

(2) Where the centrifugal pump flow was unstable, bubble concentration was more likely to be
produced, forming large-diameter bubbles concentration area to the working face of the impeller.
The proportion of large-diameter bubbles in volute was larger than the impeller, and most of
them were concentrated in the cavity at the junction of volute and impeller which was related to
the rotor–stator interaction between impeller and volute.

(3) The CFD–PBM could capture the variation of bubble diameter each time. The general rule was
that the bubble coalescence rate was much faster than the bubble breakage rate which caused
the bubble diameter grow rapidly and enter a steady rising stage. When it finally entered to
the equilibrium state, the coalescence rate equaled the breakage rate and the mean diameter of
bubbles became stable, which did not fluctuate with time.

From the analysis completed, it can be concluded that the CFD–PBM gave a good prediction of
the pump performance and internal bubble diameter distribution under multiphase flow. In a future
work, it will be necessary to considerate the influence of bubble size on hydraulic performance and
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make structural optimization such as split blades or slotted blades focus on where large-diameter
bubbles concentrated.
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Nomenclature

g Acceleration due to gravity, m/s2

ρ Density, kg/m3

H Head, m
M Torque, N·m
w Angular speed, rad/s
k Kinetic energy of turbulence, m2/s2

ε Dissipation of kinetic energy of turbulence, m2/s2

ω Specific dissipation of turbulence kinetic energy, s−1

t Time, s
x, y, z Coordinates in stationary frame
xi Cartesian coordinates: x, y, z
i, j Components in different directions
µ Dynamic viscosity, Pa·s
β’, γ Turbulence—model coefficients
µT Turbulent viscosity, m2/s

Abbreviations

IGVF Inlet gas volume fraction
PBM Population Balance Model
3-D Three dimensional
CFD Computational fluid dynamics
SST Shear stress transport
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