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Abstract. The presence of gas in the centrifugal pump causes an undesired effect of reducing the pump performance. The 

increase in gas flow rate causes a reduction of head and flow rate developed by the centrifugal pump. Several studies 

were developed to understand the effect of gas on the centrifugal pump performance. However, just a few of them are 

interested in understanding the dynamic of bubble motion inside the pump. This paper presents a numerical study on the 

influence of operational conditions on the bubble trajectory. One stage of a centrifugal pump is used which consists of 

an intake pipe, an impeller, a diffuser and a simple extension of the diffuser. The Eulerian-Lagrangian “one way” 

approach is used to analyze the bubble motion inside the centrifugal pump. Numerical results are validated with 

experimental data from literature, which shows a good agreement. Results show that the operational conditions have an 

important influence on the bubble trajectory. Higher flow rates drag the bubbles outside the impeller, while the increase 

in rotational speed deflects the bubbles toward the pressure side of blade.  
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1. INTRODUCTION 

 

Centrifugal pumps are commonly used as an artificial lift technique in oil and gas industry. However, some wells can 

produce large gas volumes that can affect the overall oil production. The gas causes a reduction in head and flow rate of 

the centrifugal pump. For higher gas volume fraction it is possible to partially block the passage of the liquid in the pump 

channels, causing a strong degradation in the performance of the centrifugal pump. 

Studies about this subject concentrate on the performance evaluation of centrifugal pumps operating with gas, such 

as Murakami and Minemura (1974b), Cirilo (1998), Estevam (2002), Duran (2003), Zapata (2003), Barrios (2007) and 

Gamboa (2008). Few studies concern on visualization and force analysis between gas and liquid phases. Murakami and 

Minemura (1974a) conducted an experimental study using a semi-open impeller to visualize the flow inside a centrifugal 

pump. The authors related different flow patterns inside the centrifugal pump as the volume of gas increased. Barrios 

(2007) also developed a visualization study about the two-phase flow inside the impeller of an ESP. The author identified 

that for lower flow rates, the bubbles goes backwards to the inlet of impeller due to the pressure gradient force. Recently, 

Sabino (2015) investigated the behavior of a single bubble on different operational conditions. The author analyzed the 

influence of rotation speed, flow rate and initial position of the bubble on its trajectory. 

Numerical studies about the two-phase flow inside centrifugal pumps are even scarcer. Using an Eulerian-Eulerian 

approach, Caridade and Kenyery (2004) and Barrios (2007) investigated the gas distribution for some operating 
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conditions, although, only Barrios (2007) could compare the numerical results with experimental data. Minemura and 

Murakami (1980) used an Eulerian-Lagrangian “one way” approach to investigate the trajectory of bubbles in a radial 

impeller. The authors analyzed the differences between the liquid streamline and the bubble path. In addition, they 

investigated the influence of the bubble diameter on its trajectory and evaluated a force balance on the bubble. Recently, 

Ancajima et al. (2016) investigated numerically the dynamic of a gas bubble in a centrifugal pump using the Eulerian-

Lagrangian “one way” approach. The authors concluded that the pressure gradient of the liquid field and the drag are the 

dominant forces acting on the bubbles. 

Two-phase flow inside a centrifugal pump is a very complex phenomenon. It depends on several parameters such as 

the rotational speed, liquid and gas flow rate, intake pressure and the pump geometry. In this study, the influence of 

operational conditions on a single bubble trajectory will be explored. Numerical and experimental data are compared for 

both pressure rise and bubble trajectory. Results of this work help to understand the influence of different conditions on 

the gas phase. 

 

2. FLOW MODELING 

 

Two-phase flow is modelled using the Eulerian-Lagrangian “one way” approach, in which the liquid phase is solved 

first and then the gas bubbles are released in the liquid. Only the liquid phase influences on the bubbles trajectory, while 

the reaction force of the bubble on the liquid phase or any interaction between different bubbles are neglected. According 

to Ansys (2015), this hypothesis is satisfactory if the motion of sparsely distributed particles is assumed, which is the case 

of the present work. In the following sub sections, the governing equations for each phase are presented. 

 

2.1 Governing equations for single phase flow 

 

The single-phase, turbulent, isothermal and incompressible flow inside the centrifugal pump is governed by the 

continuity and momentum equations, represented in Eqs. (1) and (2). 
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xyzV  is the velocity vector in the rotating frame of reference,   is the angular velocity vector, r  is the position vector 

of a liquid particle with respect to the coordinate frame origin, 
l

  is the liquid density, p  is the pressure, g  is the gravity 

acceleration and t  is time. The effective viscosity, 
eff , is the sum of the liquid dynamic viscosity, 

l
 , and the eddy 

viscosity, 
t

 , a term that comes from the Boussinesq hypothesis and is modeled using the k- SST turbulence model. 

The rotating frame gives rises to the Coriolis and Centrifugal forces represented by the last two terms on the right-hand 

side of Eq. (2). When the flow passes the impeller and enters the diffuser, the Coriolis and Centrifugal forces vanish from 

Eq. (2), and a static frame of reference is adopted.  

 

 
 

Figure 1. Non-inertial coordinate system for a rotating frame of reference fixed to a centrifugal impeller (Ancajima et 

al. 2016) 

 

The governing equations are solved in the pump domain, shown schematically in Fig. 2, which is based on a radial 

type Imbil ITAP 65-330/2 centrifugal pump with two impellers. However, in this study the domain was limited to one 

stage (one impeller and one diffuser). Thus the geometry is composed by one suction pipe, one impeller, one diffuser and 

a simplified extension of the diffuser. The latter was used to put the outlet far from the diffuser outlet, which brings 

numerical stability to the problem. The impeller has 8 blades and the diffuser has 12 vanes. Figure 2 also shows the 

boundary conditions applied in this problem. At the inlet, a fixed reference pressure of 0 [Pa] is set. A specified flow rate 

is imposed at the diffuser extension outlet. All walls are smooth and non-slip.  
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Figure 2. Scheme of the different pump parts that compose the whole numerical domain, with indication of interfaces 

and boundary conditions (adapted from Sabino, 2015). 

 

2.2 Equations of motion for bubbles 

 

The Lagrangian solution, used to model the motion of individual bubbles through the liquid, assumes the bubble as a 

point particle. Then, Newton’s second law is applied to integrate the bubble trajectory from a given initial position up to 

an arbitrary final integration time, or until the particle leaves the solution domain. 

After the solution of the continuous liquid phase, the bubbles motion are calculated separately. The bubbles are 

assumed as small and spherical without heat or interphase mass transfer. 

Applying Newton’s second law on a point-particle of mass 
p

m  yields: 
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where 
pV  is the bubble velocity and totalF  represent the sum of all forces acting on the bubble that result from its 

interaction with the surrounding liquid. This force can be roughly divided into two forces, interfacial force, 
int

F , and 

field force, field
F . The first is composed by forces that act near the bubble, like drag force. While the field force is globally 

presented independently of the particle motion, like gravity force and pressure gradient force. The relevant forces that 

compose totalF , found in literature are: 
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where 
d

F , 
vm

F , 
L

F , 
WLF , 

TDF , and 
B

F  are the drag force, virtual mass force, lift force, wall lubrication force, turbulent 

dispersion force and the Basset force, respectively, which compose the interfacial force. The forces that compose the field 

force are
gF , 

r
F  and 

pF , which are the gravity force, rotational force (a term that accounts the Coriolis and centrifugal 

forces), and the liquid pressure gradient force that acts on the bubble, respectively. 

However, not all forces are relevant to the two-phase flow in centrifugal pumps. Following the study of Minemura 

and Murakami (1980), the forces that most affect the bubble trajectory are the drag force, the virtual mass force, the 

rotating force and the pressure gradient force. This hypothesis is used here and the other forces will be neglected. Thus, 

Eq. (3) is now given by: 
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The drag force acting from the liquid on the bubble is calculated for a spherical bubble of diameter D as: 
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where ( )
b l
V V is the relative velocity between the bubble velocity, 

b
V , and the liquid velocity, 

l
V . 

l
  is the liquid 

density and 
d

C  is the drag coefficient, which is dependent on the particle Reynolds number:  
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where 
l

  is the liquid dynamic viscosity. Within 0 1000Re  , a well known expression for 
d

C  in terms of Re  for 

spherical particles is given by the Schiller-Naumann correlation (Ansys, 2015): 

 

0,68724
(1 0,15 )dC Re

Re
  .              (8) 

 

For higher Reynolds numbers, the drag coefficient is assumed constant, 0.44
d

C  . 

The virtual mass force is proportional to the displacement of a portion of liquid mass by the movement of the bubble. 

The acceleration of the liquid and gas phases is accounted both temporally and spatially. In this work, steady state liquid 

films are taken as the continuum for which the particle moves. Thus, only the advective part of the liquid filed and the 

Coriolis effect are considered in the virtual mass force, which is given by (Ansys, 2015): 
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where 3
/ 6l lm D   is the mass of the displace liquid and 

vmC  is the virtual mass coefficient. For an isolated spherical 

particle, a value of 0.5 is normally taken for 
vmC . 

The pressure gradient force,
pF , is obtained from the liquid pressure gradient. It is proportional to the pressure gradient 

of the liquid phase, p , and the bubble volume, 
3

/ 6D , and acts on the bubble according to the following expression: 
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Finally, rotational force, 
r

F , is given by the sum of Coriolis and centrifugal forces: 

 

 2r b b bF m   V r            (11) 

 

where 2 bV  and 
b r  are the Coriolis and the centrifugal accelerations. 

 

3. NUMERICAL MODEL 

 

The governing equations presented in the sub sections 2.1 and 2.2 are solved through commercial CFD software 

ANSYS® CFX® Release 15.0 (Ansys, 2015). This software uses a multi-block technique to solve the flow in centrifugal 

pumps, in which, each part of the pump is a sub-domain with its own frame of reference. The sub-domains are connected 

through interface models that account for the tangential displacement of rotating parts and disarranged meshes between 

each side of the interface. Steady state simulations were performed in which the “Frozen Rotor” was adopted. This model 

considers the rotational source (Coriolis and Centrifugal forces) in the momentum equation, while the relative position 

between the impeller and a static component is kept fixed. 

Element based Finite Volume method is employed to solve Eqs. (1) and (2) for the liquid phase. A High Resolution 

advection scheme is used to interpolate the advection terms (Ansys, 2015). A co-located grid is used to couple the 

pressure-velocity through the Rhie and Chow (1983) approach. The k- SST turbulence model is adopted to model 

turbulence (Menter, 1994).  

Hexahedral body-fitted elements were used to build the domain mesh with the aid of ANSYS® ICEM CFDTM and 

ANSYS® TurboGridTM softwares. Figure 3 shows the numerical grid mesh of the centrifugal pump used in this work. 

Mesh refinement was made near all walls, specially near the blade walls. A mesh sensitivity test was conducted and it 

was verified that a mesh with around 1,200,000 nodes is adequate for the purposes of this work, in which, the impeller 

alone accounts for more than 1,000,000 nodes. 
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After the solution of the liquid phase, bubbles are released in the domain and its motion is calculated through Eq. (5). 

The numerical solution is straightforward, using for example the regular first order Euler integration method (Ansys, 

2015). The initial positions of the bubbles were gathered from the experimental work of Sabino (2015) for sake of 

comparison and validation.  

 
 

Figure 3. Numerical grid mesh of the centrifugal pump (Sabino, 2015). 

 

4. RESULTS 

 

In this section is presented the numerical results for the influence of operational conditions on the bubble trajectory. 

First, the numerical model is validated with experimental data from Sabino (2005). Comparison between numerical and 

experimental head is made as well as the trajectory of bubbles.  

 

4.1 Pressure gain in the impeller 

 

Figure 4 presents numerical and experimental curves of pressure gain in the centrifugal pump for liquid single-phase 

flow for different rotation speeds. Numerical and experimental data agree well over all curves. The maximum deviation 

between the results is lower than 6%, while the best agreement are between the best efficiency points. 

 

 
 

Figure 4. Numerical and experimental results for the pressure gain through the centrifugal impeller for single-phase 

flow. 

 

4.2 Bubble trajectory in the impeller 

 

The bubble trajectory is presented in one channel of the centrifugal pump, in which the channel is limited by the blades 

B1 and B2. In addition, curves of blade hub and leading edge are shown to elucidate the reader about the position and the 

trajectory of the bubble inside the impeller. 

Numerical and experimental bubble trajectory are compared and shown in Fig. 5. Figure 5-(a) shows the trajectory of 

bubbles with different diameters at 100 rpm and BEP flow rate. Numerical and experimental results a quite similar bubble 

trajectory. In addition, it is observed that bubbles go to the pressure side of B1 and then to the impeller inlet. Figure 5-(b) 

presents bubbles path in the impeller for two bubble diameter at 220 rpm rotational speed and 1.2BEP flow rate. A good 

agreement between numerical and experimental results is observed, even the bubble deflection to the pressure side is 

captured by the numerical model. Also, in this case the bubbles leave the impeller domain. 
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Figure 5. Bubble trajectory in the impeller for different rotational speeds, bubble diameter and flow rates. 

 

Four cases of bubble trajectory were compared. In all cases a good agreement between numerical and experimental 

results is observed, as well as in the previous sub-section. The next sub-sections the influence of operational conditions 

on the bubble motion will be explored. 

 

4.3 Influence of the rotation speed on the bubble motion 

 

Figure 6 shows the behavior of the trajectory of two bubbles (0.8 mm and 2.0 mm) inside the impeller channel with 

the increase of rotational speed. All bubbles starts at the same position A. In Fig 6-(a), one observes that the movement 

of the particles are almost the same until the position Pxy = (26mm, 43mm). However, after this point, the centrifugal 

force pushes the bubble to the pressure side of the impeller. Near the exit of the impeller, this trend is more visible. In Fig 

6-(b) all bubbles stay inside the impeller channel, which is caused by the pressure gradient force that pushes the bubble 

to the impeller inlet. The main forces that affects the bubble to stay or leave the impeller are the drag and the pressure 

gradient forces. The first pushes the bubble towards outside the impeller, while the second pushes backward to the 

impeller inlet. The drag force is affected by square of the bubble size and the pressure gradient is influenced cubically. 

 

 

 
 

Figure 6 – Bubble trajectory inside an impeller channel for different rotational speeds. (a) Bubble diameter of 0.8 mm. 

(b) Bubble diameter of 2.0 mm. 

 

4.4 Influence of the flow rate on the bubble motion 

 

Figure 7 presents the bubble motion inside the impeller channel for different bubble diameter and flow rate at 120 

rpm rotational speed. In Fig. 7-(a), the bubbles have similar trajectory until near the outlet, where for the lower flow rates 

the bubbles go toward the pressure side of the blade. Nevertheless, for all cases in Fig. 7-(a), the bubbles leave the impeller 

domain. This trend is not observed in Fig. 7-(b), in which due to the size of the bubble, the pressure gradient force pushes 

the bubble with more strength than in Fig. 7-(a). In addition, one observes that with increase in flow rate the bubbles 
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advance in the impeller channel in the outlet direction. The increase in flow rate, after the BEP point, diminishes the 

pressure gradient and raises the liquid velocity, which increases the drag force and decreases the pressure gradient force.  

 

 
 

Figure 7. Bubble motion inside the impeller for two bubbles diameter (a) 0.6 mm and (b) 2.0 mm for different flow 

rates at 120 rpm rotational speed. 

 

4.5 Influence of bubble diamenter on its motion 

 

Figure 8 shows the bubble trajectory in the impeller for different bubble diameters at 100 rpm and BEP flow rate. In 

this case, one clearly observes the sensitivity of the bubble size, when it is increased from 0.1 mm to 3.0 mm, on its 

trajectory inside the impeller. For bubbles up to 0.4 mm, the bubbles easily flow towards the impeller outlet in the 

trajectory, namely, C1. Despite the same start position B, the other bubbles follow the same trajectory C1 until the point 

P1xy. After that, the bubbles go to the suction side of the blade and have the same movement until point P2xy, where the 

bubbles are deflected to the pressure side of the blade. For bubbles bigger than 1.0 mm, the pressure gradient force pushes 

the bubbles to the impeller inlet. The force balance in the bubble particle will determine if the bubble stay or leave the 

impeller. Then, for a given rotational speed and flow rate, there is a critical bubble size, in which the bubble goes toward 

the next component.  

 

 
 

Figure 8. Bubbles path in the impeller channel for different bubble diameters at 100 rpm and BEP flow rate. 

 

Results on this numerical study showed that the operational conditions have an important role on the bubble trajectory 

inside the impeller channels. Depending on the bubble size, impeller rotational speed and flow rate, the bubble particles 

may stay or leave the impeller. This study brings an insight on the behavior of gas bubbles trajectory inside a centrifugal 

pump. Still, more study on two-phase flow is needed and is been conducted by the present authors.  

 

5. CONCLUSIONS 

 

This work presented a numerical study of the bubble trajectory inside a centrifugal pump impeller. Conclusions about 

this work are as follow: 

x [mm]
-30 0 30 60 90

-60

-30

0

30

60

1.0 BEP

1.1 BEP

1.2 BEP

1.3 BEP

120 rpm

D
bubble

=0.6 mm

x [mm]
-30 0 30 60 90

-60

-30

0

30

60

1.0 BEP

1.1 BEP

1.2 BEP

1.3 BEP

120 rpm

D
bubble

=2.0 mm

Position A

PS
impeller

point

(a) (b)

Position A

x [mm]

y
[m

m
]

-30 0 30 60 90

-60

-30

0

30

60

0.1 mm

0.4 mm

0.6 mm

0.8 mm

1.0 mm

1.2 mm

1.4 mm

1.6 mm

2.0 mm

3.0 mm

100 rpm (BEP)

D
bubble

C2

C1
Position B

P1
xy

P2
xy

PS
impeller



E. M. Ofuchi, F. C. Ancajima, H. Stel, M. A. Marcelino Neto and R. E. M. Morales 
Influence Of Operational Conditions On The Trajectory Of An Air Bubble Inside A Centrifugal Pump  

 

 

i. An Eulerian-Lagrangian “one way” approach was used to analyze the bubble particles. 

ii. Numerical and experimental data were compared, which shows that the numerical model was capable in 

reproduce the complex two-phase flow phenomena. 

iii. Operational conditions have a great influence on the bubble path. Higher flow rates push the bubbles outside the 

impeller, while higher impeller velocities deflect then to the pressure side and eventually pushes backward to the 

impeller inlet. For a given rotational speed and flow rate, the bubble size is determinant to rather stay or leave the 

impeller. Small bubbles (i.e. 0.5 mm) follow the liquid streamlines and easily leaves the impeller channel. For 

bigger bubbles, the pressure gradient force increases and pushes the bubbles to the impeller inlet. 
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