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ABSTRACT

NUMERICAL INVESTIGATION OF TWO-PHASE FLOW
CHARACTERISTICS IN CENTRIFUGAL PUMPS

KWESHE, Osamah Najah Mubark

M.Sc., Mechanical Engineering, Altinbas University,
Supervisor: Asst. Prof. Dr. Yaser ALAIWI
Date: January / 2024
Pages: 57

Due to its important applications, particularly in the oil and gas industry, two-phase
pumping has been the subject of several studies. This study includes a numerical
investigation of two-phase flow inside a centrifugal impeller with seven blades, at a
rotational speed of 2500 rpm and an inlet pressure of 100000 Pa. The simulation includes
investigating the effect of flow rate, gas volume fraction GVF, and bubble sizes on the
pump performance curves and also on the phase distribution through the impeller. Four
flow rate values of 2.4, 3.1, 3.9, and 4.6 kg/s, four GVF values of 0.1, 0.15, 0.2, and 0.3,
and four bubble sizes of 0.1, 0.2, 0.3, and 0.5 mm are considered in the simulation. The
governing equation and the turbulent kinetic energy dissipation (k - €) model are solved
using ANSYS software.

The results show that increasing the flow rate leads to a decrease in the pump head and
hydraulic efficiency under single- and two-phase operations, with reduced performance in
the case of the two-phase condition. The head and efficiency are also significantly affected
by increasing the GVF and bubble diameter. Increasing the GVF from 0.1 to 0.3 causes the
head to decrease by about 26% and hydraulic efficiency by up to 25%. The impact of
bubble size, on the other hand, depends on the flow rate and bubble diameter. A significant
reduction in pump performance by increasing bubble diameter has been reported for low
flow rates, while only a limited impact has been observed for high flow rates, particularly
at large bubble sizes. Gas pocket formation has been visualized at the inlet upper pressure

side of the impeller blade in cases of high GVF and bubble diameters.

Keywords: Phase Flow, CFD, Centrifugal Pump, Bubble Sizes, Gas-Liquid.
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1. INTRODUCTION

1.1 GENERAL BACKGROUND

From a long time ago until now, there has been a continuous need to lift the fluids from
one level to higher levels. Over time, pumps have been considered one of the most
important and widely used mechanical lift methods around the world. Indeed, it has been
reported that pumps are the second most common mechanical device, coming directly after
electric motors [1]. A pump is a hydromechanical unit that increases the hydraulic energy
of the fluid being pumped. The early pumps were large and heavy, driven manually or by
animal power, and used for limited purposes, mainly for supplying water and irrigation.
Today, the pumps maintain the same basic principle but have totally changed in shape,
size, and driving method [2]. Furthermore, pump applications have greatly expanded to
include various practical and industrial applications, such as water supply, irrigation, the

chemical industry, the petroleum industry, and others [3].

Based on their working principle, pumps are either positive displacement or dynamic [4].
The prime difference between the two types is that while positive displacement pumps
provide a specific fluid volume in a specific time interval, dynamic pumps provide
continuous fluid discharge [5]. However, for applications with medium and high flow
rates, dynamic pumps are the only correct selection. The dynamics pumps can be divided
into centrifugal pumps and special effect pumps [6],[7]. The centrifugal pump is the most
frequently used type of pump due to its superior advantages. The centrifugal pump is
simple in design, its reliability and efficiency are high [8], it is economical in operation and
maintenance, and it can be operated with most fluids at different flow rates and heads. It is
worth mentioning that 80-90% of the pumps installed in a typical petroleum plant are

centrifugal [9].

A centrifugal pump is characterized by an impeller that rotates inside a casing , as seen in
Figure 1.1. The fluid is drawn to the rotating impeller through the casing eye, where it
accelerates and gains velocity due to the centrifugal forces exerted on the fluid by the
impeller, then leaves through the diffuser section (volute). The kinetic energy is changed
into pressure energy by passing it through the impeller blades and then again by passing it

through the diffuser or the volute section of the casing. [10].
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Figure 1.1: Schematic of a Typical Centrifugal Pump [10].

Centrifugal pumps come in various types and can be categorized into several methods.
Based on the orientation of the pump shaft axis, they are horizontal or vertical, as shown in
Figure 1.2. Based on the number of stages, they can be single-stage or multi stages pumps.
The multistage pump, demonstrated in Figure 1.3, is used to produce high pressure. Every
single stage provides a specific pressure, and the total pump pressure is almost equal to the
stage pressure multiplied by the number of stages [9]. The submersible pump is a particular
type of centrifugal pump, used to extract fluids from deep wells. It is commonly a vertical,
multistage centrifugal pump, with each stage consisting of an impeller followed by a
diffuser in order to increase the pressure and secure the flow smoothness between the

pump stages [11],[12]. Figure 1.4 shows this type of pump with the main components.

Vertical Pump Horizontal Pump

Figure 1.2: Horizontal and Vertical Pumps [13].
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Figure 1.4: Submersible Pumps [13].

The centrifugal pumps require being driven by a prime mover, including an electrical
motor, an internal combustion engine, and steam or gas turbines. The selection of the
optimal driving motor depends on many factors, including the application, the availability,

the running and maintenance costs, and the speed control [3].

Although the construction of the centrifugal pump is simple, an impeller rotates in a
casing, and the flow through it is very complex. The flow is typically three-dimensional,
unsteady, and turbulent [14]. This fact is true even in a single-phase flow, and the situation
becomes more complex in two-phase flows. To enhance the efficiency of the centrifugal
pump operation, it is crucial to have a comprehensive grasp of the flow dynamics within
the pump components. particularly through the impeller [15],[16]. Four main secondary
flow structures were demonstrated within the impeller only as a result of the combined
effects of normal, axial, and rotational flows in the presence of blade curvature and
rotational force effects [17].Furthermore, the centrifugal pumps require being driven by a
prime mover, including an electrical motor, an internal combustion engine, and steam or

gas turbines.



Therefore, it is necessary for the study to consider the properties of the turbulent boundary
layer as well as the impacts of mixing on the turbulent kinetic energy, dissipation rates, and
losses [18]. The flow unsteadiness phenomena in centrifugal pumps, such as rotating stall,
impeller-volute (or diffuser) interaction, and reverse currents, can lead to pressure

pulsation and flow instability, particularly in off-design operations [15], [12].

Two-phase flows can be frequently encountered in the gas and oil industries, where a slight
fraction of gas can be encountered in the oil [19]. Hence, pumps that are utilized to operate
in these industries have to handle such liquid-gas flows in some situations. Multiphase
pumping may be associated with some problems, such as deviation from the nominated
operation point or even total failure of the process as a result of vapor locking [20].
Furthermore, in rotary pumps, these two phases, the liquid, and the gas, are separated
because there is a significant difference in their physical properties [21]. The gas phase is
expected to gather on the impeller core and blade inlet surfaces, resulting in reduced
efficiency for the entire pump. More importantly, the pressure pulsation that happens if the
gas volume percentage reaches a specific threshold has a direct impact on the stabilization
of multiphase pump performance [22],[23]. Indeed, it has been proven that the efficiency
of the pumps is significantly lower when delivering multi-phase fluids in comparison to
single-phase fluids. The level at which efficiency and performance fall depends on various
parameters, including gas volume fraction, flow properties and patterns, impeller, and

volute (or diffuser) geometries, and pump speed [24].

The existing flow patterns determine the categorization of two-phase flow into different
types or modes. The structure of the flow pattern is determined by the phase fractions, the
flow velocity, and the geometry's shape and orientation [25],[26]. For horizontal pipe, for
example, the two-phase flow modes and map are demonstrated in Figure 1.5. In the
separated flows, there are distinct borders between the two phases. For example, in
stratified flow, one phase flows above the other without any mixing between them. Also, in
the annular flow, the liquid film flows along the tube surfaces, and the gas phase flows in
the middle. On the other hand, in inhomogeneous flows, one phase is dispersed throughout
the flow as discrete particles or bubbles, while the other phase is continuous, as can be seen
in the bubble flow [27],[28]. However, there is some system that includes both separated
and homogeneous bubbly flow , such as the annular bubble flow. In fact, because of the

increasing instability in any mode, it is possible to be transferred from one flow pattern to
4



another at any time. This makes the simulation of the two-phase flows very complicated, as
this phenomenon is unpredictable [29].

Bubble Flow

Elongated Bubble
Flow

Stratified Smooth (i )
Flow

[ Liquid Phase

Stratified Wavy [] GasPhase

Flow e et

Slug Flow

Annular Flow .
Increasing Gas Flow

Liquid velocity

Stratified

Stratified wavy

Gas velocity
Figure 1.5: Two-Phase Flow Patterns and Maps in A Horizontal Tube [29].

The performance of two-phase pumping has been considered by many researchers, who
have tried to discuss and explain the associated physical characteristics to clarify the matter
[30]. In 1978, Patel and Rund Stadler presented an analysis of the pump's performance
when a small fraction of air was introduced to the pump inlet; hence, a flow of a mixture of
water and air exists. They stated that because of the low density of the air compared to the

water density, when comparing the air and water phases, you will observe a difference in
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velocity, and the flow pattern is bubbly[31]. When the velocity differences grow and
become large enough, the bubbles merge, resulting in the formation of a large void, which
is the fraction of air relative to water. Then, as a result, the bubbly flow converts to a
separated flow [32]. In addition, the gas volume fraction goes all the way from the blade's
entry to its exit when you look at the flow through the turbine. The density of both the gas
and liquid phases will have an impact on the pump head rather than just the density of the
liquid phase. Which means that when two-phase pumping happens, the pump head will go
down [33]. Further, the gas phase will decrease the propeller passage cross-section, speed
up the water, and lower the pump head even more [32],[34].

The pump's performance in two-phase flows is highly contingent upon the flow pattern at
the pump's inlet. The flow pattern is assumed to be bubbly and homogeneous based on
analytical and experimental investigations [35]. However, there is no guarantee that this is
always the case, and some kind of flow visualization has to be carried out to identify the
real flow pattern [34]. Computational analysis using CFD codes provides powerful tools to
demonstrate the flow fields and present a detailed view of the existing situation.

Significant progress has been made in the development of CFD codes during the latter half
of the 20™ century, and they are now used to solve different engineering problems. The
rapid and great development in the computer industry has contributed to spreading the
usage of CFD codes in different engineering applications. For single-phase flows, CFD
commercial packages have provided an effective and trustworthy method for solving and
analyzing the problem for a long time. Recently, because of the availability of great
computational resources and the introduction of several flow models, including those of
two-phase flows, into the developed packages, CFD investigations have become essential
in such studies [36].

1.2 THE SIGNIFICANCE OF COMPREHENDING THE FEATURES OF TWO-
PHASE FLOW FOR THE PURPOSE OF OPTIMIZING PUMP DESIGN AND
OPERATION

Understanding two-phase flow characteristics is crucial for the efficient design and
operation of pumps, particularly centrifugal pumps, due to several significant reasons
[371.[38]:



Performance Optimization: Two-phase flow significantly alters the performance of
pumps compared to single-phase flow. Accurate knowledge of the behavior of gas-
liquid or liquid-liquid mixtures inside the pump allows for the optimization of pump
designs to enhance efficiency, reduce energy consumption, and increase reliability.
Prevention of Cavitation: Cavitation is a common occurrence in two-phase flows when
pressure changes within the pump result in the creation of vapor bubbles. Pump
components can be damaged, performance can be reduced, and noise can be generated
as a result of cavitation. Gaining a comprehensive understanding of the factors that
contribute to cavitation is essential in order to proactively prevent its onset and
minimize its detrimental consequences [39].

Efficient Material Handling: Certain industries deal with slurries, emulsions, or
multiphase fluids where solid particles or immiscible liquids are present. When you
fully understand two-phase flow, you can choose the right materials for pump parts that
can withstand the wear, erosion, or corrosion that comes from fluids that contain mix of
phases. Consequently, this prolongs the operational lifespan of the pump.

Prediction of Pump Performance: Two-phase flow significantly alters the performance
of pumps compared to single-phase flow. A precise understanding of the dynamics of
gas-liquid or liquid-liquid combinations within the pump enables the fine-tuning of
pump designs to improve efficiency, minimize energy usage, and boost dependability.
Industrial Applications: Many sectors, including oil and gas production, chemical
manufacturing, the food and beverage industry, and water purification, frequently
handle two-phase fluids. Understanding the behavior of these complex fluid systems
within centrifugal pumps is critical for optimizing processes, ensuring safety, and
maintaining product quality.

Environmental Impact and Energy Efficiency: Improving pump efficiency has direct
implications for energy consumption and environmental sustainability. Understanding
two-phase flow characteristics aids in developing pumps that operate more efficiently,
reducing energy usage, and subsequently minimizing the carbon footprint of industrial
processes [40].

Safety and Reliability: Operating pumps under two-phase flow conditions requires a

thorough understanding to maintain operational safety and reliability. Ensuring the



safety of equipment and people requires the avoidance of concerns such as flow
instabilities, pressure surges, or unanticipated system behaviors [41],[42].

h. In conclusion, comprehending the intricacies of two-phase flow within centrifugal
pumps is essential for optimizing their design, ensuring efficient operation, reducing
maintenance costs, and enhancing overall performance across various industries. This
understanding plays a pivotal role in advancing technology and promoting sustainable
practices in fluid handling systems.

1.3 RESEARCH PROBLEM

Nowadays, due to the increasing demand for oil and gas resources, any improvement in the
efficiency of the extraction and distribution operations will have a significant positive
impact on the profits of the companies operating in these industries. Centrifugal pumps are
an attractive pumping tool because of their outstanding advantages. The development of
using these pumps to deliver two-phase flows while maintaining their high efficiency and

reliability would be very beneficial.

The complexity of the phenomenon of two-phase flow makes the analytical solution of the
governing equations almost impossible. There are many experimental studies in this area.
However, the high cost, the long measurement time, and the limitations of obtaining
detailed flow behavior views have led to the use of numerical studies of the two-phase
flow problems. Commercial CFD packages can provide very useful tools to demonstrate
the detailed flow patterns and their variation as a function of different geometrical and
operational parameters of pumping. This helps in understanding the pumping operation

and, hence, will lead to developing methods to increase the efficiency of the process.

However, the modeling and simulation of two-phase flow behavior within pumps remain
challenging and unresolved. A knowledge gap exists in this area that requires attention.
Consequently, the exploration of flow patterns and the factors influencing centrifugal

pump performance continues to be of significant interest to researchers.
1.4 THESIS OBJECTIVES

Significant endeavors have been undertaken to create models and simulate the efficiency of
centrifugal pumps when operating in two-phase flow circumstances. However, due to its

complexity, the phenomenon is not fully understood yet, and further research is required in



this field. The present work entails a quantitative examination of the biphasic flow within a
centrifugal pump utilizing ANSYS software. The objective of this investigation is to
ascertain the flow patterns and bubble dynamics within the pump during two-phase flow
while considering various operational situations. Additionally, we seek to establish a
correlation between these factors and the pump's performance prediction.

1.5 THESIS OUTLINES

In Chapter Two, following this chapter, a review of the relevant studies concerned with
two-phase flow pumping is presented and discussed. Although this study is numerical,
experimental, and analytical studies will also be presented for a better understanding of the

problem. However, the main focus will be on the CFD analysis studies.

Chapter Three provides an elaborate exposition of the instruments and methodologies
employed in the research. The methodology of the CFD programs will be explained, and
the governing equations and the turbulence modeling equations for the two-phase flow will
be presented and discussed. The pump geometry will be modelled, the boundary conditions
will be introduced, and the two-phase flow through the pump will be simulated. A
validation study of the pre-obtained results will be carried out by comparing them with the

relevant experimental data prior to the main numerical results.

The simulation results produced for the various scenarios are given and analyzed in
Chapter 4.The flow patterns through the centrifugal pumps will be demonstrated and
discussed. The geometrical and flow factors that affect how well the pump works will be

looked at, and the results will be fully explained and talked over.

Finally, in Chapter Five, the overall results will be summarized, and the important
conclusion will be presented briefly. Also, some suggestions for future work will be

offered in this chapter.



2. LITERATURE REVIEW

2.1 INTRODUCTION

Given its significance and extensive array of practical uses, considerable research has
considered two-phase flow through centrifugal pumps. In this review, the most important
and relevant aspects of the current study will be presented and analyzed. Although this
study is a numerical one using commercial CFD software, the review will also include
experimental, visualization, and analytical investigations for a better understanding of the
problem under study. However, the most attention in this chapter will go to numerical
research.

The investigation of the dynamics of two-phase flow in centrifugal pumps has gained
significant attention due to their extensive application in industry, commerce, and science.
This review highlights the physics that govern the pump's liquid-gas interaction by
selecting the most important results from the wide literature. While numerical simulations
are the main method for this study, this review purposefully covers a wider range of
investigative methods. Experimental experiments have helped us comprehend two-phase
flow using centrifugal pumps by offering real and factual insights. Visualization tools have
also helped reveal flow patterns and complex hydrodynamics. The review also considers
analytical methods used to gain fundamental insights from two-phase flow equations. This
analytical perspective complements the numerical results and provides a theoretical
foundation for understanding the phenomenon.

This comprehensive overview emphasizes numerical research due to its importance in the
current investigation. Researchers may precisely simulate and evaluate centrifugal pump
flow patterns and behavior using modern CFD commercial software. Quantitative data
from numerical investigations based on fluid dynamics and thermodynamics helps explain
two-phase flow mechanics.

This review explores centrifugal pump two-phase flow in conclusion. The phenomenon is
understood holistically by combining numerical, experimental, visualization, and analytical
investigations. This holistic approach improves the study's methods and adds to scholarly

discourse on centrifugal pump fluid flow dynamics.
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2.2 BACKGROUND

The study conducted by Murakami and Minemura [43] was an influential early
experimental investigation that specifically examined the performance of centrifugal
pumps in two-phase flow settings. They conducted a series of experiments regarding to get
a better understanding of how the two-phase pumping effectiveness was affected by the
bubble flow as well as the number of blades on the impeller. The results showed that the
air bubbles follow a similar streamline as water, and hence they could be used in the flow
visualization experiments. The amount of air volume fraction had an effect on the
performance of the pump in a way that was dependent on the quantity of impeller blades
[44]. Increasing the air volume resulted in a continual decline in the performance of the
pump, provided that the number of blades was sufficient (seven in the studies). On the
other hand, the efficiency of the pump increased as a result of strengthening the flow
pattern through the impeller when there were a small number of blades (three in the
investigation) and a small amount of air [45]. This was the case when the experiment was

conducted.

Izturiz and Kenyery [46] conducted experimental work to study the effect of the bubble
size at the suction section of an electric submersible pump on its performance under air-
water flow conditions. The obtained experimental data included the bubble sizes and
diameters, pressure and temperature profiles, and performance curves as a function of
suction pressure and air volume fraction at various working conditions. It was shown that
the bubbles became smaller as they moved inside the consecutive stages as a result of
increasing pressure and hence the compressibility impact. Furthermore, the results showed
that the suction pressure and air volume fraction have a considerable effect on the pump
head and performance. Two-phase flow conditions corresponded to a larger head reduction
compared to single-phase pumping under the same circumstances. Also, two-phase flow
pumping is characterized by other negative features, including regions of instability and
pressure pulsations. The temperature variation did not have any significant effect on the

pump characteristics at all operating conditions.

Noghrehkar et al. [47] performed experiments and employed an analytical model to
forecast the deterioration of the pump head in a two-phase system. They also examined the

interplay between the gas and the fluid within the pump's impeller. The study was
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conducted in high-pressure settings, namely in a two-phase steam-water flow. Comparing
the obtained analytical results with the relevant experimental measurements showed almost
identical results, and hence it was concluded that the developed model could predict the
phenomenon successfully. The experimental and analytical results demonstrated that for
small suction void fractions, the vapor phase totally condensed, and the pump head
increased. Conversely, for high suction void fractions, the vapor condensation was partial,
and the pump head decreased. Furthermore, the experimental and developed model
displayed that for systems of high temperature and/or pressure, the reduction in the pump
head was less compared to normal operation. The researchers explained this behavior as a
result of the increase in condensation rate in such systems. Many researchers examined the
two-phase flow patterns behavior by carrying out visualization experiments at different
flow conditions. Amoresano et al. [48] developed a test rig for the centrifugal pump with a
transparent casing to observe the flow through it and understand the flow patterns inside
the impeller. They used a high-resolution CCD camera and an electrically balanced motor
to capture the flow fields and also quantify the energy dissipation phenomenon. The results
indicated that the bubble concentration was higher in regions of high pressure near the

blades of the impeller. This distribution could cause a change in the pump's characteristics.

Barrios and Prado [49] experimentally visualized the two-phase flow patterns inside one
stage of an electrical multistage submersible pump. The dynamic behavior of the flow has
been exhibited, and the bubble sizes have been measured using some special high-speed
instrumentation in order to assess the pump's performance under different working
conditions. They started their experiments by analyzing single-phase flow inside the
centrifugal pump and determining the proper rotational speed for the two-phase pumping
experiments. For the two-phase flow, the structure of the flow was observed for different
liquid flow rates and different pump speeds. The results demonstrated the occurrence of the
surging phenomenon, which is an unexpected drop in the magnitude of pressure increase.
This phenomenon happened at different operating conditions but became more gradual
with increasing the gas volume fraction. Large gas pockets were noticed at the pump
suction during the surging conditions. Furthermore, recirculation bubble flows of different
magnitudes were noticed at many locations between blades, in the inlet, and also at the
outlet. The visualization experiments showed that the shape of most of the bubbles was not

spherical but prolate spheroid. The size of the bubble was observed to be larger at a high
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gas volume fraction. This observation was attributed to the bubble coalescence inside the

pump [50].

Also, Zhang et al. [51] conducted experiments of a similar nature in order to observe and
explain the flow field present within a three-stage multiphase pump, particularly at the
entrance section and in the sections containing the impeller. They analyzed the patterns of
flow in the gas-liquid two stages using high-speed photographic equipment and ran the test
pump under a variety of different settings to see how each affected the flow. The findings
of the study revealed that the flow pattern at the entrance section was bubbly, indicating
that the diameter of the bubbles grew larger as the gas volume percentage at the intake was
increased, but that the size of the bubbles shrank as the rotating speed was increased. When
the operation parameters were changed, it was found that the impeller had a variety of
different flow patterns.

Later on, Verde et al. [52] conducted detailed research that was similar to the above one
but with a focus on the impeller region. They developed an experimental rig that permitted
the observation of the flow inside the impeller and used a high-speed camera to capture the
flow pattern there. The findings substantiated that the flow style within the impeller
significantly contributed to the deterioration of pump efficiency. Based on the water and
air flow rates, different flow patterns were reported from the study. When the gas volume
fraction is very low, small bubbles of different shapes, spherical or spheroid, suspended in
the water phase are seen, and the flow pattern is bubbly. It was noticed in this case that the
bubble size depended on the pump speed and was reversely proportional to the pump
rotation speed. By increasing the gas flow, the flow pattern turned to agglomerated bubble
flow, which is characterized by bubble interaction and coalescence and hence the
formation of relatively larger bubble sizes in slow movements. A further increase in gas
flow rate resulted in enhanced bubble coalescence and the formation of large and almost
stationary bubbles. Only small bubbles could move downstream and form a turbulent
recirculation region [53]. The flow pattern corresponding to these characteristics was
referred to as a gas pocket flow pattern, and it resulted in the surging phenomenon. As the
gas volume percent was increased, a segregated flow pattern developed in which elongated
bubbles formed in isolation from one another [54]. Gas locking describes the situation in

which the pump's performance drops too low and the pump head approaches zero.
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Again, in another research project with similar objectives, In their study, Cubas et al. [55]
did an experiment to look at the flow patterns inside a two-stage centrifugal pump and how
well the pump managed a mixture of gas and liquid. The experiments started with using
single-phase flow and obtaining the pump head curve to be compared with the one
provided by the manufactured datasheet additionally, it can serve as a point of reference
for investigations involving two-phase flow. The visualization experiments were carried
out using a high-speed camera to see the gas-liquid patterns inside the centrifugal pump.
The pump's performance was assessed based on the flow patterns observed under various
operating situations. The results showed that four different flow patterns "bubble flow,
agglomerated bubble flow, gas pocket flow, and annular flow" could be separated inside
the impeller. These patterns changed depending on how fast the pump rotated and how
much gas was in the fluid. These flow patterns had diverse impacts on the pump head and
pump performance. When switching from bubble flow to an agglomerated bubble flow
pattern, the effect on performance was reported to be very limited. On the other hand,
when moving to an annular flow pattern, the influence became very significant. The
surging phenomenon was also observed in this study in the gas pocket pattern when the gas
pocket exited in all impeller regions. The researchers concluded that improving the pump's
performance depended on controlling the pump speed, bubble size, and flow pattern. For
example, increasing the pump speed could lead to minimizing the bubble sizes and, hence,

permitting more gas flow without considerably affecting the pump's performance [56].
2.3 ANALYTICAL AND NUMERICAL WORK

Two-phase flow through centrifugal pumps is a crucial fluid dynamics topic with
ramifications for many industries and applications. Centrifugal pumps, known for their
efficiency and reliability, are used in oil and gas, industrial, and other industries to flow
fluids smoothly. However, dynamics in two-phase flows—liquid-gas mixtures—are more

complex and require further study.

This research explores two-phase flow in centrifugal pumps, its significance, and its many
methods. Understand the complicated relationship between liquid and gas phases in the
pump's operational setting, which affects efficiency, stability, and performance. The study
uses numerical simulations, experimental studies, visualization tools, and analytical

insights to provide a complete grasp of the issue.
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As mentioned earlier, because of the complexity of the multi-phase flow pumping
problems, the analytical and numerical studies in this field are challenging. Patil et al. [57]
carried out a numerical study to assess the hydraulic performance of an electric
submersible pump with fluids of different viscosities at high-speed using the CFD
technique. The objective of the study was to observe the fluid pattern variations and
evaluate the pump's performance as a function of rotational speed. The results showed that
increasing the pump speed led to an enhancement in its performance due to the decrease in
overall losses through the pump. This study also aimed at defining a numerical model for
two-phase flow and understanding the parameters affecting the performance of the pump

under two-phase flow conditions.

Minemura et al. [22] analytically analyzed the changes in the performance of centrifugal
pumps that handle two-phase (air-water) flow at different air volume fractions using a
separated flow model. The researchers also measured the size of air bubbles throughout the
centrifugal pump. The results included a derivation of expressions that were used in two-
phase flow pumping to determine the pump head, hydraulic losses, pressure-loss ratio,
head-loss ratio, and bubble sizes. Regarding the bubble size, the main focus of the article,
the results displayed a great uniformity in bubble sizes with relatively small diameters at
the impeller inlet. However, further down, the uniformity was lost, and the bubble sizes

started to grow as a result of bubble coalescence.

Zhu and Zhang [58],[59] numerically modelled various bubble sizes with different gas
volume fractions inside the impeller of a submersible pump. They used a 3D CFD
program, ANSYS CFX 15, to model and simulate the flow inside a three-stage centrifugal
pump under different conditions. The governing equations, with the aid of the Eulerian-
Eulerian approach and the k- ¢ turbulence model, were solved on a properly meshed
computational domain. The results were validated by comparing them with pump
performance curves from the catalog and also with the relevant experimental data. The
results showed that the bubble size played a vital role in the centrifugal pump's
performance and the ability to estimate its magnitude. For cases of low gas volume
fractions, the numerical simulation using constant bubble sizes matched well with the
reference experimental data. In contrast, for high gas volume fractions, there was a clear

difference between the numerical and experimental measurements. Fortunately, the model
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with a larger stable bubble size could match the experimental data and correctly predict the

increasing pressure through the pump stages.

A numerical simulation of an electrical submersible pump was carried out by Caridad et al.
[60] with a particular emphasis on the impeller component of the pump. A combination of
air and water was used as the operating fluid. During the course of the experiment, the
head of the impeller, the phase distribution within the impeller, and the variations in outlet
flow angle caused by changes in the flow rate of the liquid were all taken into
consideration. In addition to this, the study included an investigation into how the observed
parameters were affected by the gas volume fraction and bubble diameters. The CFD
model in the study was a centrifugal impeller with seven blades, with a computational
domain that included some distances before and after the blades to capture the flow physics
upstream and downstream. The Navier-Stokes equations, together with a non-
homogeneous two-phase flow model and a k- € model for turbulence, were solved. The
simulation included different cases, including gas volume fractions of 0 (single phase
flow), 10, and 15%, and bubble diameters of 0.1, 0.3, and 0.5 mm. The results showed that
with increasing the gas volume fraction, the gas phase accumulated, and gas pockets
formed inside the impeller. This caused increased losses and reduced the pump head
significantly. The pump head was further negatively affected by increasing the bubble size.
The numerical results were compared with relevant experimental measurements and

showed that CFD is a very powerful tool for analyzing two-phase flows in turbomachinery.

Zhang et al. [61] carried out a numerical simulation aiming at investigating the two-phase
flow inside the impeller, considering the variation of the bubble size due to break-up or
coalescence processes. They modified the typically used Euler model by introducing the
secondary development technology of ANSYS CFX 16 and also by applying the non-
uniform bubble model. The flow characteristics and phase interactions were analyzed at
different inlet gas concentrations. Increasing the gas volume fraction resulted in an
enhanced bubble breakup or coalescence process, and hence the gas could accumulate and
the transformation to a gas pocket or segregated flow could occur. Introducing the
developed model could reduce the relative error between the numerical and experiment
data to an acceptable limit of less than 10%. It was illustrated that the need to apply the

suggested modifications became more noticeable as the number of bubbles increased.
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Pineda et al. [62] employed the VOF model to conduct a computational fluid dynamics
(CFD) simulation investigation of the liquid-gas flow within a centrifugal pump. The
investigation examined both the gas volume percent at the input and the pump head. The
CFD simulation was conducted for the three-dimensional geometry of a one-stage pump
using STAR-CCM+ commercial software. The findings indicated that augmenting the gas
flow rate and reducing the pressure resulted in an expansion of the void fraction while
concurrently leading to a drop in the pump head. Moreover, the findings revealed that
augmenting the pump's rotational speed did not alter the average void fraction but led to a
greater escalation in the fluctuation values. The difference between the numerical data and
the experimental measurement exceeded 25%. The authors attributed this high error to the
surging phenomenon noticed at high pump speeds.

Shi et al. [63] looked into whether gas-liquid multiphase pumping might have better
transport performance. For this, they employed computational fluid dynamics (CFD) tools
and an orthogonal test design approach. Different concentrations of gas and flow rates
were used to calculate the head and efficiency index. Different pump parameters, such as
diffuser blade numbers and angles as well as impeller dimensions, were included in the
investigation. An ANSYS CFX program was used to do the CFD simulation; a two-phase
Eulerian-Eulerian model and a k-w (SST) turbulence model was employed. To ensure a
stable flow, the computational domain included, Besides the impeller and diffuser, pumps
also require a specific amount of piping both before and after the device. The findings
indicated that multiple factors influenced the head of the pump and its effectiveness, with
the blade shroud angle being the most significant among them. The optimized design could
improve the flow characteristics in general and, specifically, at an operating condition that
corresponds to a gas volume percentage at the input of 15%, raise the head by
approximately 3 meters and increase the efficiency by approximately 6%.The study also
highlighted the CFD package's capacity to analyse two-phase flows and offered a crucial
theoretical foundation for the enhancement and development of multiphase pumps. Finally,
Hasan et al. [64] centrifugal pump flow pattern under two-phase flow situations as a
function of pump rotation speed was considered. They carried out a numerical study using
ANSYS Fluent software on the flow of gas and liquid mixtures at a constant flow rate,
with a constant gas volume fraction, but with varying the pump rotational speed between

500 and 2500 rpm. The Navier-Stokes equations are solved, the Eulerian-Eulerian model is
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utilized for modeling the two-phase flow, and the k- &€ model is employed for turbulence
modeling. The results showed that when the rotational speed was low, a large gas pocket
was observed at the inlet of the impeller. This gas pocket was noticed to be collapsed, and
the flow pattern was turned into a bubby flow by increasing the pump speed.

2.4 FINAL REMARKS

This chapter conducts a thorough investigation of previous experimental and numerical
research on the flow of two phases within centrifugal pumps. The primary objective of this
review has been to examine alternative two-phase flow patterns at varying gas volume
fractions and comprehend their impact on pump head and overall achievement. Although
many studies have examined the behavior of centrifugal pumps in situations where two
different phases are present, there is still a clear requirement for additional research in
order to have a more profound comprehension of the intricacies included. The inherent
complexity of the pump's geometry poses challenges in terms of visualizing and
characterizing the intricate flow structures within centrifugal pumps through experimental
means. In response, CFD simulation software emerges as a potent tool for depicting these
flow patterns, offering a platform to convey detailed insights into the interplay between the
phases and their subsequent impact on pump performance. However, due to the inherent
complexities entailed in simulating two-phase flows, only a limited number of scholarly
articles delve into this subject matter, thus underscoring the necessity for additional

research endeavours to achieve a comprehensive understanding.

The main purpose of this endeavor is to utilize the ANSYS Fluent software to model the
dynamics of two-phase flows in centrifugal pumps. The study aims to scrutinize a
multitude of parameters that exert influence on pump performance, encompassing a
broader spectrum of gas volume fractions, rotational speeds, and bubble sizes. The
intention behind this investigation is to discern their collective effects on flow dynamics,

pump pressure, and overall efficiency.

The anticipated outcome of this research is a plethora of results derived from the
simulations. These findings are poised to serve as a foundation upon which suggestions for
augmenting pump efficiency can be formulated and explored. By meticulously dissecting

and interpreting the data garnered from the simulations, the study endeavours to illuminate
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avenues for optimizing pump performance, thereby contributing to the wider body of

knowledge within the realm of centrifugal pump engineering.

In conclusion, this chapter lays the groundwork for a meticulous exploration of two-phase
flow phenomena within centrifugal pumps. It emphasizes the role of experimental and
numerical studies, acknowledges existing knowledge gaps, and underscores the importance
of delving deeper into this complex field. The goal of the study is to find ways to improve
the efficiency and performance of centrifugal pumps in real-world applications. This will
be done by using advanced simulation tools and doing a deep analysis of how different

factors affect the pumps.
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3. MATHEMATICAL MODELLING

3.1 COMPUTATIONAL FLUID DYNAMICS

In many engineering systems, it is essential to acquire detailed information about flow
behavior within the system. The experimental procedures can produce useful
measurements, but unfortunately, these procedures consume a lot of time and money.
Furthermore, it is not always possible to obtain detailed measurements experimentally for
different practical and technical problems. The equations that govern fluid flow problems
are non-linear, coupled partial differential equations. In most cases, except for a few cases
of simple laminar flow problems, it is very difficult, if not impossible, to obtain an
analytical solution for such equations. The numerical solution utilizing computers is an
alternate technique for solving the governing mathematical equations and generating the
necessary data. CFD includes the processes of obtaining numerical approximations to the

solution of the equations that govern fluid flow and of heat transfer problems [65]

The CFD techniques have been significantly developed and widely used during the second
half of the previous century[66]. The tremendous progress in computer science in recent
years has made it possible to numerically solve even very complex flow problems using
CFD techniques and obtain detailed knowledge about flow field parameters, including
measurements that cannot be obtained experimentally. Nevertheless, the word
"approximation” mentioned in defining CFD truly implies that the solutions obtained using
CFD techniques contain some kind of error. This is particularly true when dealing with
systems under turbulent flow conditions, where predicting flow behavior is difficult due to
turbulence characteristics. Understanding the error sources and how to reduce them to the
lowest possible level is crucial to the successful use of CFD techniques. In most cases, it is
important to validate the numerical codes in order to assure that they produce accurate and
reliable data [67],[68].

For a long time, commercial and in-house-developed CFD codes were widely used in
various engineering systems and applications, including turbomachinery, aerodynamics,
power plants, and several other different disciplines. These CFD packages have produced
detailed, accurate data for single-phase flows, including pressure, velocity, temperature,
and other flow parameters [69]. For two-phase flows, the great development in computer

processors during the recent years, as well as the development in CFD codes and the
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availability of introducing various two-phase flow models, have significantly contributed
to the CFD packages being essential in such investigations [36],[70].

The current study used the ANSYS Fluent commercial CFD program, which consists of

three primary stages: pre-processing, solution, and post-processing.

In the first stage, After the computational domain has been created, it is subsequently
partitioned into several smaller subdomains using a grid or a mesh. The mesh can be
structured or unstructured, with elements of different shapes and sizes. The fluid properties
are defined and stored in the mech cells, and finally, appropriate conditions at the domain

boundaries are selected.

The second stage, solving, includes two main steps:

a. approximating the partial differential equations that govern the flow physics by means
of a series of algebraic equations linking the parameters stored in the mech cells; this
step is called discretization. Step

b. It encompasses the resolution of the discretized equations. Both the discretization itself
and the solution of the resulting discretized equations can be accomplished in a variety
of ways. The most important method for discretization is the Finite Volume Method
(FVM), which is standard in heat and fluid flow problems and is utilized in most, if not
all, commercial CFD software. This discretization method has many advantages,
among them that it can accommodate any complex geometry and is conservative by
nature. The solution methods are usually iterative, and the choice of a particular
solution method depends on the form of the discretized equations [68],[71]. The third
stage of the CFD procedure includes analyzing and presenting the large set of data files
generated by the problem solver. The results presentation can take the form of vector
and contour plots, x-y plots, or other kinds of plots showing the profiles of involved

variables.
3.2 GOVERNING EQUATIONS
3.2.1 Single-Phase Flow

The single-phase flow is analyzed using ANSYS Fluent software by solving Reynolds-
Averaged Navier Stocks (RANS) equations. These equations are derived by applying the

main conservative principles of conservative mass and conservative momentum to a
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selected flow model and then taking the time average. If heat transfer is involved in the
problem, the energy equation, which is a mathematical representation of the energy
conservation law, must also be included. The RANS equations for incompressible three-
dimensional flows are given by the following tensor forms [72]:

ap | ApTy) _

P+ =0 (3.1)
ou, -9l _ 9P o[ (3T, 0T, _ \)
P Y PUiGy = "ax tax Moy, Tox, ) T PHY (3-2)

All symbols in equations (3.1) and (3.2) have their usual meanings. The i subscript in
equation (3.2) represents the three coordinates in the Cartesian system, i.e., equation (3.1)

is written once for each direction.

The equations (3.1) and (3.2) are of the same form as the well-known Navier-Stocks (NS)
equations, apart from the appearance of fluctuating component correlations —puju;.
These new unknown terms are called turbulent or Reynolds stresses, and they need to be
evaluated using extra equations in order to close the RANS equations. This is what is
called turbulence modeling.” The reliability of the solution is heavily dependent on the
turbulence model that is chosen. The most widely used turbulence models EVMs . In these
models, The Boussinesq hypothesis establishes a connection between Reynolds stresses

and average velocity gradients, such as [73]:

—— ou; , oU
pu{u]’——,ut< + ’>+ ~pké;; (3.3)

Where k is the turbulent kinetic energy, &;; is the Kronecker delta (1 if i = j, 0 otherwise),

and u, is the turbulent or eddy viscosity.

Numerous models exist for simulating turbulent or eddy viscosity; these models are
categorized into zero-, one-, and two-equation models categorized by the large number of
transport equations they utilize. The last category is more popular and can produce more
accurate results for different flow conditions compared to the other categories. The k - ¢
model is a popular type of two-equation turbulent model that uses the solution of one
equation to get the kinetic energy k and the solution of the other equation to determine the
turbulent dissipation rate. [74] . This model is employed in the current investigation, as
determined by the literature evaluation outlined in Chapter 2. The equation provided in this

model defines the turbulent viscosity.
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pe = pCy k?/e (34)
The constant C, has a value of 0.09. The transport equations for k and & are in the

following form:
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where P, = —u;ujdU;/dx; represents the turbulence generation rate, and the model

constants are as follows: C,y = 1.44, C,; = 1.92, 0, = 1,and o, = 1.3.
o, =13,0, =1,C,; = 1.44,and C., = 1.92, are the model constants.
3.2.2 Two-Phase Flow

The Euler-Lagrange method and the Euler-Euler method are the two most commonly used
ways to model two-phase flows. According to the Euler-Lagrange method, liquid is treated
as a continuous phase, whereas gas is treated as a dispersed one. It is possible for the
second dispersed stage and the primary liquid phase to trade mass, motion, and energy.
Navier-Stocks (NS) equations are used to figure out the liquid phase, and the gas bubble
paths are worked out one at a time at set points in the liquid phase calculation. This
modeling method is well-suited for situations involving two-phase flow where the gas
phase occupies a very small volume fraction. In the Euler-Euler approach, both phases are
treated as continuous entities. The volume fraction for each phase is considered a
continuous function across space and time, ensuring that the sum of the two-phase
fractions remains constant at one throughout all spatial and temporal points. The continuity
and momentum equations are individually solved for each phase, and these equations are
connected through constitutive relations. The present work utilizes ANSYS FLUENT, a
software that offers three distinct Euler-Euler multiphase models: the Eulerian model, the
mixing model, and the VOF model [71]. The Eulerian model is used in this study, and

hence it will be discussed in more detail in the following section.

3.2.2.1 Eulerian model
This model can be used to model two or more separate but interacting phases. In this study,

two phases: liquid water (the primary phase) and air of fixed bubble sizes (the secondary
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phase) are used in the simulation. In this model, the pressure field is common for the two

phases, while the velocity field and volume fractions are solved individually [71].
The continuity equation for phase g (liquid or gas) can be expressed as

a(?tpq) tV. (Olqpqvq) = 21101=1(mpg - mqp) (3.7)

where a, represents the volume fraction of phase g, p, is the density of phase q, I7q is the
velocity vector of phase g, i, and 1, represents the mass transfer rate from p‘* phase
to gt phase and vice versa, respectively, and n is the number of phases (n = 2 for the
present study). It is important to confirm that the sum of the phase volume fractions must
be equal to unity this is :
g 2 =1ag=1 (3.8)

Moreover, the momentum conservation results in an equation for phase (liquid or gas) of
the form:

0 — - = _ - = n }_?) . -

a(“qpqvq) + V. (@gpeVaVy) = aqVp + V.74 + agpeg + p=1(Rpq + 1itygVhg —

tgpVop) + (Fy + Fureg + Fuig + Fomg + Fraq) (3.9)
where T,, represents the g*"phase stress-strain tensor and is defined by the expression
2

T = aquq (VW + V) + aq (lq - §uq) vV, T (3.10)

In equation (3.10) u, and 4, represent the q*"phase shear and bulk viscosity.

The force R, represents the interaction between phases; F, represents an external force
acting on the system; ﬁlift,q represents the force of lift; ﬁwl,q represents the force of wall
lubrication; ﬁvm,q represents the force of virtual mass; and ﬁtd,qrepresents the force of

turbulent dispersion , and ¥,,,, V,, are the interphase velocities (1, =V, if 1,, >0 &

—

|4

fa =V if 1, <0 &V, =V, if mg, >0 &V, =1, if g, <0). Other symbols in

equations (3.9) and (3.10) have their usual meanings.

3.2.2.2 Closure relationships
The interaction between the two phases needs to be modelled in order to close the
momentum equation and make it solvable. The interphase force can be modelled using the

equation:
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p=1Rpq = Lp=1Kpq (Vp - Vq) (3.11)
where this relation is subject to that R,, = —R,, and Ry, =0, and K,, = K, The
equation reflects the exchange of momentum between two phases. described in the

following equation for the case of liquid-gas flow:

aa
Kyq = Lppf (3.12)
Ty

The variable f represents the drag function, while 7, represents the particle relaxation
period. The equation determines the 7,,:

. =ppd1§
P 18y,

(3.13)

where d,, is the diameter of the bubbles of the p" phase. The f definition always include a
drag coefficient (Cp). There are different models to calculate f, including Schiller and
Naumann model [75] and Clift et al. model [76]. According to Schiller and Naumann

model, the drag function is given by:
_ CpRe

3.14
24 ( )
where the drag coefficient
0.687
Cp = {24(1 + 0.15Re )/Re Re <1000 (3.15)
0.44 Re > 1000
and the Reynolds number
v, —V,|d
Re = M (3.16)

Hq

The gravitational, buoyant, and centrifugal forces are all included in the definition of the
exterior body force , ﬁq , As a consequence of the velocity gradient present in the main
phase flow field, dispersed particles are subject to the lift force, denoted by the symbol ,
ﬁlift,q,. The lift force is only significant for large particles, and thus it can be neglected for
very small particles. It can be calculated based on Drew and Lahey [77] from the following
equation:

Fupeq = —Cipgp(Vy — ) x (VX ) (3.17)
where the lift force coefficient, C;, can be modelled using different forms, including that

proposed by Legendre and Magnaudet [78] as
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G = \[(Cl,lowRe)z + (Cl,highRe)z (3.18)
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Here, the particle Reynolds number, denoted as Re,, is defined by equation (3.16), and the
vorticity Reynolds number, denoted as Re,, is defined as

=pq|VXI7q|d§

i (3.20)

Re,,

The wall lubricating force, denoted as ﬁw has a pushing effect on the flow of bubbles,

Lq

causing them to move away from the limits of the wall. The general shape of it is as

follows:
(3.22)

The non-dimensional coefficients C,,; and C,,, have values of -0.01 and 0.05, respectively.
The variable d;, represents the bubble diameter, whereas y,, represents the distance to the

next wall.
The accelerating bubbles experience the virtual mass force, denoted as ﬁvm,q, with respect

to the primary phase. The significance arises only when the density of the bubbles is
considerably lower than the density of the primary phase. In steady-state simulation, which
is commonly used for rotating machinery, the virtual mass force is disregarded. The virtual

mass force is mathematically described by the following equation:
> dgVy  dpV
Fym,q = ComPqp (% - %) (3.23)

Where C,,, is the so-called "virtual mass coefficient,” and the value 0.5 is commonly used.

The turbulent momentum shift between phases is caused by the turbulent dispersion force,

ﬁtd,q, the equation used to model it is:
Frag = —Fap = KpqViyr (3.24)

where V,, is the drift velocity, that take the diffusion of bubbles flow as a result of the

transport by turbulent fluid flow into account.

26



3.2.2.3 Turbulence modelling

The widely adopted model in simulations, known as the standard k —e model, is
extensively used in both single-phase and two-phase simulations. In the context of two-
phase flow scenarios, modifications are introduced to the model to account for turbulence
within each phase. The transport equations governing turbulent kinetic energy (k) and
energy dissipation rate (€) take on specific forms to address the complexities of two-phase
flow [79]:

a —
ot (“qquq) + V. (“qpq quq)

U
=V. laq <,uq + U%j) qul + agGrq — AqPqEq + aqPqllkq (3.25)
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q

Where I, and I1,, are source terms; Gy , is the production of turbulent kinetic energy; all
other symbols have their usual meaning in one-phase flow model. The turbulent viscosity
Heq IS Written in the form:

kg

- (3.27)

Heq = PqCu
q

3.3 PUMP PERFORMANCE CHARACTERISTICS
3.3.1 Pump Head

Under single-phase conditions, the pump head can be represented by the following

expression:

Pa—ps Vi-—V&
H = + +(Z;-Z) 3.28

where d and s subscripts denote downstream and upstream (suction), respectively. Under
two-phase flow conditions, however, equation 3.28 must be modified to account for the
changes in the gas-liquid mixture. Assuming that the two phases have the same velocity,

the head equation becomes:
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B Pmix9 Zg
Where p,.i, 1S the density of the two-phase mixture. In order to define the gas void fraction

H

+(Zg—Zy) (3.29)

(), it must be introduced. The gas void fraction and the two-phase density are defined by
the following relations:

_ G
“T 0, +Q

Pmix = @pg + (1—-a)p, (3.31)

where Q is the flow rate, and the subscripts g and [ stand for gas and liquid phases

(3.30)

respectively.
3.3.2 Pump Efficiency

The efficiency of the pump is defined as the ratio between the fluid energy and the electric
motor's energy (shaft power). That is,

P i
= Jud (3.32)

PMotor

For single phase flows, the energy consumed by the fluid is given by the following
expression:

Prruig = pgQH (3.33)
For two-phase flow conditions, on the other hand, the fluid energy is the sum of energy

consumed by the liquid and gas phases, i.e.

Pfluid = Pliquid + Pgas (3-34)

The liquid and gas energies are given by the following equations:
Piiquia = pgQiH (3.35)
Pgas = f dip (3.36)

The motor power can be measured using a variable frequency drive (VFD), and assuming
an electrical efficiency of 98%, the power consumed by the motor is given by the equation
Pmotor = 0'98PVFD (3.37)

3.4 CASE STUDY AND METHODOLOGY

In this study, three-dimensional CFD analysis is conducted on a single-stage centrifugal

pump under two-phase flow conditions using the ANSYS program. The analysis focus is

28



mainly on the impeller section and includes finding the pump specifications and phase
distribution as a function of flow rate, gas volume fraction, and bubble sizes. Moreover, the
analysis includes a validation study against well-obtained reference data prior to the main

numerical investigation for more confidence in the results.

The next sections present and explain in depth the primary steps of the numerical

simulation performed with the ANSYS commercial program.
3.4.1 Geometry and Computational Domain

The CFD model in the current study is a centrifugal impeller of seven blades, identical to
that which has been previously experimentally tested by Anez et al. [80], the work used for
the validation of the present numerical results. Table 3.1 shows the detailed geometrical
dimensions of the impeller model. Taking advantage of the flow axisymmetric, only 1/7 of
the geometry is modelled, and hence a huge saving in computational resources is attained.
Figure 3.1 shows the CAD model of the impeller used for the analysis. Nevertheless, the
computational domain is extended at the inlet and outlet in order to smooth any
inconsistency that may arise due to turbulence and also to capture the flow physics

upstream and downstream of the impeller.

Table 3.1: The Simulated Impeller's Geometrical Dimensions.

Dimension Value
Impeller diameter, D2 (mm) 82.7
Shaft diameter, Dg,;, (mm) 17.8
Tip to hub diameter ratio, D2/D; 2.22
Inlet blade angle, £ (deg.) 25
Outlet blade angle, f- (deg.) 30
Area (cm?) 25
Blade height ratio, bi/b, 1.1
Number of blades, Z 7
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Figure 3.1: CAD Model of the Centrifugal Pump Flow Domain.

3.4.2 Mesh Generation

The computational domain is meshed using an unstructured, almost tetrahedral mesh with
inflation layers. A mesh sensitivity analysis has been carried out to guarantee a mesh-
independent solution. The total number of elements and nodes in the final examined mesh
is 219919 and 66291, respectively. Figure 3.2 shows the meshed model of the
computational domain.

Figure 3.2: The Computational Domain Meshing.
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3.4.3 Boundary Conditions

Figure 3.3 and Table 3.3 show the border conditions that were used on the impeller model.
At the entrance, the total pressure stays the same, but at the domain's exit, a specific mass
flow rate value is set. Furthermore, a periodic boundary is defined at the sides to account
for the problem symmetry. Finally, no condition for slip velocity is imposed on any of the

domain boundaries.

Outflow
(Mass flow outlet)

Inflow
(Pressure inlet)

Figure 3.3: The Boundary Condition Imposed on the Inlet and Outlet of the Impeller.

Table 3.2: Boundary Conditions.

Boundary Type
Inflow Total inlet pressure (100000 Pa)
Outlet Mass flow outlet
Shroud, Hub and blade No slip wall
Side boundaries Periodic boundary

3.4.4 Numerical Setting

The finite volume method, specifically the first-order backward difference scheme, is used
to discretize the governing equations. The k-g model is used to simulate turbulence in both
one- and two-phase flows. The pressure and velocity fields are coupled and solved using a
pressure-based coupling algorithm. For two-phase flow cases, the Eulerian approach is
used to obtain the phases distribution and their impact on the pump characteristics.
Different under-relaxation factors are applied for pressure and momentum terms in order to
attain stable convergence. The convergence criteria are established with a minimum

threshold of 107 for all quantities and equations during the solving process.
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3.4.5 Results Validation

Prior to the main investigation, the numerical results of the current model were Initially,
the validity of the results was established by comparing them with the empirical data
provided by Anez et al. [80], who examined an impeller with the same specifications. The
current data are also compared to the numerical results of Caridad et al. [60] for more
confidence. Figure 3.4 represents the pump head data for the current simulation and the
reference studies. The graph shows that the experimental data and the numerical data are
pretty much the same. In fact, the latest results are a little better than the numerical data
from Caridad et al. It should be noted, though, that the numerical simulation gives higher
head values for all flow rates that were tried. It is thought that the biggest difference
between the numerical results and the testing results is about 20%. This discrepancy has
been attributed to the diffuser losses, which are not included in the numerical simulation
[60]. Based on this analysis and discussion, it can be inferred that the existing numerical
model and settings are capable of accurately predicting the flow within the impeller.
Therefore, they can be utilized in future research instances.

16
15

2 25 3 3.5 4 45 5
Flowrate x 107 (m3/s)

——J. Caridad et al. —@— Current Simulation

Eperimental (Caridad et al.)

Figure 3.4: Comparison with Reference Experimental and Numerical Results.
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4. RESULTS AND DISCUSSION

The current research includes a numerical investigation of two-phase flow inside a
centrifugal impeller. The effect of flow rate, gas volume fraction (GVF), and bubble sizes
on the head and efficiency of the pump and also on the phase distribution are determined in
the simulation. The study also includes determining the variation of pump specifications as
a function of flow rate under single-phase flow conditions. This is considered important to
compare the pump performance under single- and two-phase flow conditions.

4.1 EFFECT OF FLOW RATE
4.1.1 Single-Phase Flow Conditions

Figure 4.1 illustrates the variations in pump head and efficiency at different water flow
rates (2.4, 3.1, 3.9, and 4.6 kg/s). The total inlet pressure is 100000 Pa, and the rotational
speed is 2500 rpm. The figure shows that increasing the flow rate is associated with
decreasing both pump head and hydraulic efficiency. Increasing the volume flow rate leads
to increased friction losses, reducing the total head that can be produced by the pump.
Furthermore, the hydraulic efficiency also decreases with increasing the flow rate, within
the tested range, particularly for relatively high flow rate values. The efficiency magnitude
drops from about 56% to less than 52% by increasing the flow rate from 3.9 kg/s to 4.6
kg/s. The efficiency relation indicates that the efficiency value depends on the product of
head and flow rate and on the power introduced to the pump. By increasing the flow rate
beyond some value, the drop in head loss and the increase in required power into the
system due to increasing friction losses overcome any efficiency gain those results from
increasing the flow rate. Therefore, the efficiency continues to decrease with increasing

flow rate, as figure 4.1 shows.
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Figure 4.1: The Head and Effectiveness of the Centrifugal Pump in the Presence of Single-Phase

Flow Circumstances.

4.2.2 Two-Phase Flow Conditions

The effect of flow rate on the impeller performance curves is also considered under two-
phase flow conditions. Flow rate values identical to those tested for single-phase flow
cases are included in the simulation. Not only flow rate values but also all other operation
conditions are maintained similar to the previous case in order to compare impeller
performance under different flow conditions. Figure 4.2 shows the head and hydraulic
efficiency of the centrifugal impeller as a function of the flow rate under two-phase flow
conditions, with GVF = 0.1 and a bubble dimeter = 0.1 mm. It can be seen that a similar
behavior to that reported in the single-phase flow case is also observed in the two-phase
flow condition. Both pump head and efficiency decrease with increasing flow rate.
Nevertheless, under a two-phase flow condition, the reduction levels are more significant.

Here, in addition to the increased system losses due to increasing the flow velocity (or flow
rate), there is a negative effect of the gas.

16 60
S
14 55 >
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T 10 45 5
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—&—Head —@—Hydraulic Efficiency

Figure 4.2: The Head and Efficiency of the Centrifugal Pump in the Presence of Single-Phase

Flow Circumstances.
34



4.3 EFFECT OF GAS VOLUME FRACTION

The effect of increasing the GVF on the head, efficiency, and phase distribution is
considered in the study. Four different GVF values—0.1, 0.15, 0.2, and 0.3—are included
in the simulation. The mass flow rate is set at 2.4 kg/s, the bubble size is set at 0.1 mm, and
the impeller rotation speed is set at 2500 rpm. Figure 4.3 represents the head and efficiency
variations with the GVF. It can be noticed that for the tested flow rate, the pump head as
well as the pump efficiency decrease almost linearly with increasing the volume fraction of
the air. This agrees well with the observations in the relative literature [81] .Increasing the
GVF from 0.1 to 0.3 causes the head to decrease by about 15% and hydraulic efficiency by
up to 12%. This may be explained by the fact that the gas accumulation phenomena in the
impeller and the degree of bubble coalescence may continue to increase by increasing the
GVF, and as a result, the pump performance is seriously negatively affected.
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Figure 4.3: The Head and Efficiency Variations of the Centrifugal Pump with Increasing GVF, at
Flow Rate 2.4 kg/s, Bubble Size 0.1 mm and Rotational Speed 2500 Rpm.
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Figure 4.4: Cont. (a) Gas Phase Distribution with Increasing GVF.
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(d) Gas Phase Distribution with Increasing GVF.
Figure 4.4: Gas Phase Distribution with Increasing GVF at Flow Rate 2.4 kg/s, Bubble Sizes (a)
0.1 mm, (b) 0.15 mm, (c) 0.2 mm, (d) 0.30 mm, and Rotational Speed 2500 Rpm ‘Figure

Continued’.
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A more detailed view of the gas phase distribution can be attained through the contours at
different GVFs As depicted in Figure 4.4, the gas collection is evident as well as the
bubble coalescence became more pronounced as the GVF increased. At low GVF = 0.1,
the gas phase is primarily accumulated in the inlet area of the impeller, particularly on the
blade upper surface. Because the density of the liquid is much greater than the gas density,
the centrifugal force acts to accumulate the liquid phase at the edge, while the gas phase is
accumulated near the hub. With increasing the GVF, the gas phase gradually extends
through the impeller toward the exit and becomes more noticeable at different areas along
the impeller. At high GVF = 0.3, the gas phase accumulation phenomenon is clearly
observed, and gas pockets are formed. These findings have previously been confirmed by
the results of some researchers, such as Verde et al.[58] and Zhang et al.[22] who have
reported the transport to a gas pocket or segregated flow pattern at high GVF. They have
claimed that this phenomenon can have a significant impact on pump performance and

cause a considerable reduction in pump head and efficiency, as seen in Figure 4.3.
4.4 EFFECT OF BUBBLE SIZE

The current investigation also includes considering the effect of bubble diameter on the
pump performance curves, the head, and efficiency variation. The phase distribution with
changing bubble sizes is also visualized and discussed. In order to find the influence of
bubble diameters on the two-phase flow inside centrifugal pumps, values of this variable
are considered in the simulation, namely d = 0.1, 0.2, 0.3, and 0.5 mm for the cases
corresponding to flow rates of 2.4 kg/s and 3.15 kg/s, the GVF at 0.1, and the impeller
rotation speed at 2500 rpm. Figure 4.5 demonstrates the obtained results for the considered
cases. It can be noted that for the two values of flow rates, both the pump head and
efficiency decrease with increasing bubble diameter for small sizes. However, the
degradation is much larger at high flow rates. By doubling the bubble diameter from 0.1 to
0.2, the impeller head is decreased by up to 10% for flow rate 3.15 kg/s,but is decreased by
only about 3% for flow rate 2.4 kg/s. Almost similar behavior is observed for the hydraulic
efficiency variations with increasing bubble size at small rates. Any further increase in
bubble diameter has only a limited effect on the head and efficiency for the small flow rate,
with a continuous slow decrease with increasing bubble sizes. For large flow rates,
however, a reverse behavior is noticed, as both head and efficiency start to increase with

increasing bubble sizes beyond 0.2 mm.
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The usual behavior of decreasing the pump performance curves with increasing bubble size
can be explained by means of the forces acting on the bubbles. At low flow rates, by
increasing the bubble size, the force acting as a result of the adverse pressure magnifies
more considerably than the drag force. Hence, as a result, the air pocket increases, and
therefore the hydraulic losses increase, and the pump performance is negatively affected.
For large bubble diameters, the effect is practically negligible or has an opposite direction,
depending on the value of the flow rate. Larger liquid volumes lead to larger drag force

values and, consequently, smaller gas pocket sizes.
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Figure 4.5: The Head and Efficiency Variations of the Centrifugal Pump with Increasing Bubble
Diameter, at Flow Rate 2.4 kg/s & 3.15 kg/s, GVF = 0.1, and Rotational Speed 2500 Rpm.

Again, the phase distribution contours for the examined bubble sizes at GVF = 0.1 and
flow rate 2.4 kg/s are displayed in figure 4.6. It can be seen from the figure that the areas of
high gas volume fraction increase with increasing bubble diameters for identical GVF
values. This is explained simply because larger bubbles occupy larger spaces, particularly
when they accumulate together. Furthermore, the figure shows that air bubbles tend to
aggregate at the impeller inlet, on the top pressure side of the blade, and then move further
away when their volume enlarges. Gas pockets can be clearly seen at the inlet upper
pressure side of the impeller blade and also far in the inter-blade channel for large bubble
sizes, particularly at d = 0.5 mm. The head degradation reported in pumps that deliver two-
phase flows has been explained by the impact of gas accumulation on hydraulic losses. The

air aggregation on the pressure side of the blade is sustained by the influence of the drag
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force, and the force results from the pressure gradient acting on bubbles. Because of the
velocity variation between the liquid and gas velocities, the drag force acts to drive the
bubble far downward to the outlet. Since the pressure gradient is adverse, the force due to
the pressure gradient acts to slow down the bubbles. These observations are in full
agreement with many previous studies, including Caridad et al. [34] and Murakami &
Minemura [20].
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Figure 4.6: Gas Phase Distribution with Bubble Diameters (a) 0.1, (b) 0.2, (c) 0.3, (d) at Flow Rate
2.4 kg/s, GVF = 0.1, and a Rotational Speed of 2500 Rpm.
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5. CONCLUSION AND RECOMMENDATIONS

5.1 CONCLUSIONS

Centrifugal pumps under two-phase flow conditions have many applications, including in
the gas and oil industries. Two-phase pumping may be associated with many difficulties,
resulting in a reduction in the overall performance of the pump compared to single-phase
pumping. The gas accumulation on the impeller blade and the possibility of forming gas
pockets can seriously affect the pump head and efficiency. Several factors can play
important roles in the problem, including impeller geometry, gas volume fraction, bubble

sizes, and rotational speed.

In the current study, a centrifugal impeller handling an air-water mixture of different
specifications is simulated using ANSYS software. The effect of flow rate, air volume
fraction, and bubble diameter on the pump performance curves, head, and efficiency are
considered in the investigation. The operation under a single-phase flow condition is also
considered for comparison purposes. The simulation also included the visualization of
phase distributions at different GVF and bubble sizes. The inlet total pressure is set at
100000 Pa, and the rotational speed is set at 2500 rpm. The flow rate is varied in the range
between 2.4 and 4.6 kg/s. Gas volume fractions at 0.1, 0.15, 0.2, and 0.3 and bubble

diameters at 0.1, 0.2, 0.3, and 0.5 mm are considered in the simulation.

Based on the results of the present study, the following conclusions can be drawn:

a. For single- and two-phase flow conditions, increasing the flow rate results in
decreasing both pump head and efficiency. However, the reduction is more pronounced
in the two-phase flow case. The reduction is explained as a result of increasing system
losses by increasing the flow rate.

b. Increasing the gas volume fraction causes a significant decrease in head and efficiency
curves. Within the tested range, the values drop by more than 25% by increasing the
GVF. This is attributed to the gas accumulation phenomena in the impeller that are
clearly visualized through the gas distribution contours with increasing GVF.

c. The phase distribution at high GVF = 0.3 confirms the gas phase accumulation
phenomenon and the formation of gas pockets on the high-pressure side of impeller
blades.
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d. Increasing the bubble size from 0.1mm to 0.2 mm causes a significant reduction in
pump performance. However, the variation in the head and efficiency is either
negligible or has a reverse effect, depending on the value of the flow rate. Large
volume rates lead to a diminished gas pocket pattern as a result of acting forces.

e. The phase distribution contours for a small flow rate of 2.4 kg/s and different bubble
diameters clearly show gas pockets at the inlet upper pressure side of the impeller blade
and also far in the inter-blade channel, particularly for bubble diameters of 0.3 and 0.5
mm. This phenomenon is limited in the case of smaller bubble sizes.

5.2 RECOMMNDATIONS

The present study contributes toward enhancing the understanding of two-phase pumping

and its related parameters. According to the outcome of the current research and the

discussion and conclusions presented above, many research questions may be suggested

for the forthcoming investigations in this field, including:

a. Studying the effect of changing the inlet pressure on the pump's performance.

b. Determining the effect of the rotational speed on pump parameters and also on the
phase distribution.

c. Include the diffuser in addition to the impeller in the simulation in order to find the

flow pattern variations after leaving the impeller.
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