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Résumé

Les travaux de recherche de la thèse portent sur le pompage de fluides au comportement rhéologique

complexe. L’objectif de la thèse est d’effectuer une analyse exhaustive des performances et des car-

actéristiques d’écoulement interne d’une pompe centrifuge à volute lors du traitement d’émulsions non

newtoniennes complexes. Les applications industrielles dans ce domaine sont nombreuses et peuvent

inclure le pompage d’émulsions de pétrole brut, le pompage d’eaux usées, et les émulsions cosmétiques

et alimentaires. Deux éléments se combinent pour expliquer la complexité de ce problème scientifique

: le premier concerne la pompe et sa géométrie tridimensionnelle avec un fort couplage avec la boucle.

Le second concerne le comportement rhéologique non linéaire et instable du fluide pompé, en particulier

lorsque la pompe transporte une fraction réduite de la phase continue. Ces écoulements concernent des

fluides au comportement non newtonien et particulièrement instable. Les connaissances nécessaires à

leur compréhension sont parfois à la limite de la chimie avec des approches à l’échelle moléculaire. Dans

ce travail, plusieurs approches ont été utilisées pour étudier le comportement hydrodynamique de la

pompe sous écoulement d’émulsion : une approche analytique, une simulation CFD monophasique et

une simulation CFD diphasique. L’approche analytique est basée sur un modèle mécaniste pour la déter-

mination de la viscosité de l’émulsion en fonction des conditions de fonctionnement de la pompe, qui est

ensuite couplé à un modèle mécaniste basé sur les différentes pertes rencontrées dans les pompes à volute.

La simulation monophasique est basée sur une étude CFD dans laquelle le comportement rhéologique

des émulsions a été considéré en négligeant la nature diphasique du fluide, et l’étude diphasique qui

considère les deux fluides et les différentes interactions entre les phases. Les approches adoptées apparti-

ennent à deux catégories distinctes ; l’approche analytique permet de différencier les pertes au sein de la

pompe centrifuge, ce qui n’est pas le cas pour la CFD. Cette lacune est toutefois compensée par l’analyse

entropique, qui permet de localiser les pertes d’énergie. Enfin, la capacité des deux approches CFD

considérées à prédire avec précision les performances des pompes véhiculant des émulsions est évaluée en

comparant les résultats numériques d’une pompe multicellulaire (ESP) avec les données expérimentales

correspondantes.
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Abstract

The thesis research work addresses the pumping of fluids with complex rheological behavior. The aim

of the thesis is to carry out an exhaustive analysis of the performance and internal flow features of a volute

centrifugal pump when handling complex non-Newtonian emulsions. The industrial applications in this

field are numerous and can include crude oil emulsion pumping, wastewater pumping, and cosmetic and

food emulsions. Two elements combine to explain the complexity of this scientific problem: the first

involves the pump and its three-dimensional geometry with a strong coupling with the loop. The second

concerns the nonlinear and unstable rheological behavior of the pumped fluid, especially when the pump

carries a reduced fraction of the continuous phase. These flows concern fluids with non-Newtonian and

particularly unstable behavior. The insights needed to achieve their understanding are sometimes at

the limit of chemistry with approaches at the molecular scale. In this work, several approaches were

used to study the hydrodynamic behavior of the pump under emulsion flow: an analytical approach, a

single-phase CFD simulation, and a two-phase CFD simulation. The analytical approach is based on a

mechanistic model for the determination of the emulsion viscosity as a function of the pump operating

conditions, which is then coupled to a mechanistic model based on the different losses encountered in

volute pumps. The single-phase simulation is based on a CFD study in which the rheological behavior

of the emulsions has been considered neglecting the two-phase nature of the fluid, and the two-phase

study which considers the two fluids and the different interactions between the phases. The approaches

adopted belong to two distinct categories; the analytical approach allows for differentiation of the losses

within the centrifugal pump, which is not the case for CFD. However, this shortcoming is compensated

for by the entropy analysis, which allows for the localization of energy losses. Finally, the ability of

the two CFD approaches considered to accurately predict the performance of pumps handling emulsions

is evaluated by comparing the numerical results of a multistage pump (ESP) with the corresponding

experimental data.
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Introduction

Turbomachinery, and in particular centrifugal pumps, play a fundamental role in many industrial

processes. They are widely used in various engineering sectors, such as the pharmaceutical industry,

chemical processes, wastewater treatment, power generation, and the oil industry.

Centrifugal pumps have been studied and perfected to build efficient pumps for specific functions

in a wide range of applications. Despite the vast amount of information known about pump design,

centrifugal pumps used for unconventional fluids, such as emulsions, have many critical considerations.

For instance, significant complications related to the properties of these emulsions, such as their complex,

non-Newtonian rheological behavior, remain and are associated with the degradation of pump perfor-

mance and complications in pump operation. This also implies an increase in the energy required for its

operation.

Emulsions and two-phase liquid-liquid flows are present in almost all technical and industrial pro-

cesses. An example of this type of flow is the liquid-liquid mixture of water and viscous oil commonly

found in the oil industry. An important characteristic of these mixtures is their non-Newtonian rheology,

in particular, a shear-thinning behavior [1, 2] and an apparent viscosity that is generally higher than the

viscosity of the separate liquids [3-5]. The rheology of these fluids varies with the microstructure of the

emulsion [4, 9, 10], the chemistry of the coexisting phases, and their stability [11-13]. In addition, the

shear stresses and forces acting on the liquid-liquid dispersions define the rheological behavior of these

mixtures.

Given the considerable influence of non-Newtonian rheology and emulsion flows on pump performance,

research on centrifugal pumps handling non-Newtonian oil-water dispersions has gained importance in

recent years. Some studies have been conducted on the influence of viscosity on pump performance by

developing mechanistic models and semi-empirical correlations. These studies provide semi-empirical

models that depend on the pump geometry and fluid viscosity to calculate the theoretical degradation

of the associated head, but these correlations find their limits when the fluid is two-phase and non-

Newtonian. Furthermore, the empirical aspect of these models raises questions regarding their universal

validity for inferring the pump performance when handling emulsions. On the other hand, this topic has

been the subject of many experimental and computational studies. However, these studies have focused

on the analysis of the overall performance of a multistage pump carrying emulsions, but no study has

focused on a centrifugal volute pump and the effect of the rheological behavior of these fluids on the

volute pump. In addition, the manufacturing history of pumps carrying non-Newtonian fluids can also

be difficult because the fluid characteristics can change abruptly in a short period of time [24] and these

different physical processes can become limiting at different scales of the pump. For centrifugal pumps

carrying non-Newtonian fluids, the influence of pump size on the complex rheological behavior of the

pumped fluid has not been studied, and the underlying cause and mechanism of hydraulic loss caused by

non-Newtonian rheology is not clearly illustrated in the literature. Thus, the lack of knowledge about

the effect of pump size on the non-Newtonian behavior of the fluid means that scaling up a centrifugal

pump directly from the laboratory to the industrial scale remains an open problem. This hinders the
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selection of centrifugal pumps for application to non-Newtonian fluids. Therefore, research is needed to

study the energy loss induced by the flow of non-Newtonian fluids in a volute centrifugal pump.

The main objective of this thesis is to investigate the hydrodynamic behavior of a centrifugal volute

pump handling emulsions with different dispersed phase volume fractions. In addition, to perform a

complete analysis of the overall performance and internal flow characteristics of this volute pump when

handling these complex flow systems. The study involves a complementary objective which is the study of

the effect of the pump size on the mixture. In this study, several approaches were used to investigate the

hydrodynamic behavior of the pump under emulsion flow: an analytical approach, a single-phase CFD

simulation, and a two-phase CFD simulation. The analytical approach is based on a mechanistic model

for the determination of the emulsion viscosity as a function of the pump operating conditions, which

is then coupled to a mechanistic model based on the different losses encountered in volute pumps. The

single-phase simulation is based on a CFD study in which the rheological behavior of the emulsions has

been considered neglecting the two-phase nature of the fluid, and the two-phase study which considers

the two fluids and the different interactions between the phases. The adopted approaches fall under

two separate categories; the analytical approach allows for the differentiation of the losses within the

centrifugal pump, whereas CFD does not. However, this shortcoming is compensated by the entropy

analysis, which allows for the localization of the energy loss.

To this end, we have structured our manuscript as follows:

Chapter 1 presents a state-of-the-art on emulsion pumping and a presentation of the various funda-

mental concepts related to emulsions and their characterizations within pumps.

Chapter 2 analyzes the influence of the emulsion flow on the characteristic curves of a centrifugal

pump by an analytical method. For this purpose, a rheological model of the emulsion in centrifugal

pumps proposed in the literature has been adapted to the studied emulsions and has been coupled with

a loss model for the prediction of the pump performance.

Chapter 3 analyzes numerically the performance and flow characteristics of a centrifugal volute pump

when handling emulsions and oil-water mixtures at different water cuts (WC) considering their experi-

mentally determined non-Newtonian rheological behavior and compares its performance when operating

with a Newtonian viscous oil. The effect of the pump size on the rheological behavior of the mixtures is

also studied in this chapter.

Chapter 4 aims to investigate the hydraulic losses and performance degradation mechanism of the

volute centrifugal pump considered in this study when handling non-Newtonian emulsions using the

entropy generation method, focusing on the influence of the emulsion type on the loss mechanism. The

influence of pump size on the energy loss in the centrifugal pump is also considered.

Chapter 5 analyzes the hydrodynamic behavior and overall performance of the volute pump conveying

emulsions with two-phase modeling. This modeling provides a wider scope of the system allowing the

consideration of the two-phase nature of the fluid and the different interactions between the phases.

A general conclusion, synthesizing all the work done, and the results obtained, as well as perspectives

for further development, complete this manuscript.
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CHAPTER 1

State of the art
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This chapter summarizes the state of the art on emulsion pumping. The first two sections intro-

duce the main concepts related to emulsions and liquid-liquid dispersions with their effect on pump

performance. The behavior and characterization of emulsions, particularly within centrifugal pumps,

are discussed in section 1.3. Finally, methods for modeling centrifugal pumps under emulsion flow are

presented in section 1.4.

1.1 Liquid-liquid dispersions and emulsions

An emulsion is a mixture of two immiscible liquids, where one liquid is dispersed in the form of

droplets (dispersed phase) in another liquid (continuous phase). There are two main types of emulsions,

namely single and multiple emulsions. The single emulsions are composed of two phases (hydrophilic

and lipophilic) that can be a water-in-oil (W/O) emulsion or an oil-in-water (O/W) emulsion. Multiple

emulsions consist of two lipophilic phases and a hydrophilic phase or two hydrophilic phases and a

lipophilic phase. The structure of multiple emulsions is complicated and consists of tiny droplets within

larger droplets, which are dispersed in a continuous phase. These multiple emulsions can be the state of

an intermediate emulsion during the inversion of a simple O/W to a W/O emulsion or vice versa. The

types of emulsion are shown in Figure 1.1.
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Figure 1.1: Types of emulsions

These emulsions are present in many sectors, including pharmaceutical or chemical processes, wastew-

ater treatment, and petroleum industries. In some industries, these fluids are desirable, but in others,

their presence is not desired, as is the case in the petroleum industry. Emulsions are typically formed

when the oil and water phases are brought together in a process called emulsification, which is enhanced

by proper mixing and/or the presence of a surfactant. High shear promotes emulsification; however, the

two coexisting phases tend to separate based on their density differences in the absence of an emulsifier.

Thus, this type of emulsion is called unstable due to the unfavorable interface between the two phases.

When the emulsion is formed naturally, the case of oil fields for example, its composition is not only

limited to an aqueous and oily phase, but it can also contain surfactants, solid particles, and possibly

gas [1]. Surfactants and solid particles are promising emulsification components. Surfactants possess

hydrophilic and hydrophobic characteristics, which allows them to interact with the aqueous and oily

interface respectively, and to decrease the free energy of these interfaces. This leads to the reduction of

the interfacial tension, thus improving the emulsification. Solid particles, on the other hand, generally

stabilize the emulsion mechanically, and the effectiveness of stabilization depends on particle interactions,

particle size, and material wettability, among other things.

1.2 Performance of centrifugal pumps handling emulsions

Centrifugal pumps, a type of rotary-dynamic pump, are generally designed to convey water or an

incompressible fluid of low viscosity. However, they are primarily used in many technical processes

where the working fluids are a mixture of two immiscible liquids that form an emulsion. When handling

emulsions, which have the characteristic of being highly viscous and exhibiting complex non-Newtonian

behavior, it is expected that the centrifugal pumps will experience operating complications and perfor-

mance degradation. In this regard, several studies have shown that the flow of an oil-in-water emulsion

reduces the head and flow rate of centrifugal pumps [2]. In addition, the volume fraction of the dispersed

phase of an emulsion can affect the pump performance in terms of pressure drop and flow rate. A higher

volume fraction of the dispersed phase results in a higher pressure drop and lower flow rate, where the

effect of a progressively-increasing oil concentration, on the pump head, efficiency and power is shown

in Figure 1.2.

Pump performance deteriorates when pumping a liquid-liquid dispersion and emulsion because of

the complex rheological behavior of these fluids, where it has been reported in the literature that the

viscosity of emulsions is higher than that of pure oil and varies with the microstructure of the emulsion

[3, 4, 5], the chemistry of the coexisting phases and its stability [6, 7, 8]. Highly viscous fluid results

in higher frictional losses in the pump channels, which decreases the head, flow rate, and efficiency of
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the pump while increasing energy consumption [9]. Besides, the process of interconversion of the phase

configuration (phase inversion phenomenon) causes a dramatic increase in the viscosity of the emulsion,

where it has been reported in the literature that the viscosity of the emulsion during the inversion

process can be several times the viscosity of the single-phase oil constituting the emulsion [10, 11, 12].

This complex rheological behavior associated with viscosity fluctuations affects as well the flow pattern

in the centrifugal pump and thus its performance.

Flow rate (𝒎𝟑/𝒉)

water

𝜑𝑜𝑖𝑙 = 20% 

𝜑𝑜𝑖𝑙 = 40% 

water
𝜑𝑜𝑖𝑙 = 20% 

𝜑𝑜𝑖𝑙 = 40% 

water
𝜑𝑜𝑖𝑙 = 20% 

𝜑𝑜𝑖𝑙 = 40% 

Head 

Efficiency 

Power

Figure 1.2: Typical illustration of the effect of oil concentration, ϕoil, on centrifugal pump performance

1.3 Emulsion characterization in pumps

Emulsion characterization can help in understanding the mechanism of pump performance degrada-

tion and can provide key information for pump design and operation. The behavior and microstructure

of emulsions are highly dependent on the characteristics of the dispersed phase droplets and the pro-

duction equipment components. In centrifugal pumps, the combined action of shear and centrifugal

forces results in both macroscopic and microscopic changes in emulsion characteristics. The high levels

of turbulence observed in the impeller promote fragmentation of the dispersed phase droplets, producing

smaller droplets and emulsions with different droplet size distributions (DSD). The main parameters that

describe the physical behavior of emulsions within pumps are rheology, stability, and phase inversion.

Meanwhile, the static parameters intrinsic to its characterization can be described by the size, shape,

and droplet size distribution. In the following subsections, an analysis of the emulsion characteristics and

its rheological behavior in general and observed in centrifugal pumps is reported. Several typical density

functions characterizing the particle size distribution of the emulsion within the pumps are presented

along with the definitions of the characteristic diameters.

1.3.1 Stability

Emulsion stability can be characterized through conditions that avoid the coalescence mechanism of

dispersed phase droplets. Indeed, a stable emulsion is an emulsion whose dispersed phase is featured by a
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very small droplet size. Thus, the coalescence will produce larger dispersed phase droplets and eventually

will lead to unstable emulsion [13]. Generally, emulsions are thermodynamically unstable systems owing

to the large interfacial area between oil and water molecules [14], and they tend to break over a period

of time [15]. However, many factors affect the stability of the emulsions by modifying the interfacial

area between the two phases. The stability of the emulsion depends on various processing parameters,

including preparation time, temperature, and dispersed phase fraction. For instance, Bellary et al. [11]

conducted a study on the effect of water cut and stirring time on the stability of water-in-crude oil

emulsion within an electrical submersible pump (ESP). They found that increasing the water content led

to a decrease in emulsion stability. Meanwhile, emulsions with a high-water content are very unstable

and phase separation begins after 3 minutes. High water droplet motion enhances the destabilization

of the W/O emulsion by coalescence and settling [16]. In addition to the above-mentioned parameters,

emulsion stability is highly affected by its composition. Several studies have shown that the stability of

an emulsion is directly related to the type and amount of surfactants [15] which play an important, if not

a decisive role in the rheological behavior of emulsions at any concentration [17]. Surfactants are organic

particles comprising of two parts: the polar portion that is attractive to the water phase (hydrophilic)

and the nonpolar portion that is attractive to the oil phase (hydrophobic) [18]. These were seen to have

two counteracting impacts on the characteristics of the film and the stability of the emulsions. First, it

promotes lowering or eliminating the crumpling rate, which is the surface area at which the film crumpled

relative to the initial surface area. This process promotes the destabilization of the emulsion. Second, it

lowers the interfacial tension which improves emulsion stability [19].

Another important criterion that affects the stability of the emulsion is the mixing speed which

counteracts the droplets fragmentation by adding energy to the system, and the emulsion becomes

more stable. Shear stresses, for their part, resulting mainly from turbulence, play an opposite role in the

stability of emulsions. On the one side, they increase the probability of droplet collision and, consequently,

reduce the stability of the interface. On the other side, they can break the emulsion droplets, decreasing

their size [20] and thus promoting emulsion stability.

Stable emulsions have been found to have the distinctive feature of being more viscous than unstable

emulsions. Khalil et al. [2] showed that the most viscous emulsion was obtained by adding a chemical

emulsifier to the emulsion. Additionally, the emulsion viscosity was affected by the emulsifying agent’s

type. As the operation of centrifugal pumps is very responsive to fluid viscosity variations, thus its

performance will be more impacted when the carried emulsion is stable. For instance, Khalil et al. [2]

reported that the stable emulsion causes a strong reduction of pump performance while the unstable

emulsion affects less pump head and flow rate.

As mentioned above, stability is one of the most important characteristics of an emulsion and is

directly related to its rheological properties. The surfactant naturally present in emulsions acts as an

emulsifier that promotes the stability of the emulsion, thereby increasing its viscosity. The increase

in viscosity leads to an increase in frictional losses. Consequently, a stable emulsion causes significant

degradation in pump performance compared to an unstable emulsion. To address this problem, some

industries opt for demulsifiers, which are chemical components that destabilize and break the interfacial

film of an emulsion [21] to counteract the effects of emulsifying agents and reduce the emulsion viscosity

[22]. Accordingly, Barrios et al. [23] reported a 90% reduction in emulsion viscosity by injecting a demul-

sifier upstream of an ESP handling an O/W emulsion. The pump head obtained after injection of the

demulsifier was higher than that obtained without injection, and the power decreased significantly. The

authors concluded that the use of a demulsifier substantially improves pump performance by decreasing
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the viscosity of the emulsion and thus reducing frictional losses.

1.3.2 Phase inversion phenomenon

Phase inversion phenomenon is the process of inter-conversion between two types of emulsions. This

phenomenon is specific to liquid-liquid dispersion and occurs when the emulsion’s continuous phase

changes to the dispersed phase and vice versa [24]. Two physical mechanisms of the phase inversion

process have been distinguished [25], namely [26]:

� The transitional inversion, which proceeds in a certain range of phase fractions (the inversion zone).

� The catastrophic inversion, which occurs at clearly defined phase fractions (the inversion point).

The first mechanism is mainly induced by the interfacial tension force and is considered as an instability

between the breaking and coalescing process. Thus, the phenomenon occurs when the fragmentation fre-

quency is relatively low and the frequency of the coalescence process is high [27]. The second mechanism

is related to the change of energy in the system, including kinetic and interfacial energy that is related

to the mixing conditions.

Phase inversion studies are commonly conducted in pipelines, and mixers, and only a few of them

in centrifugal pumps. Among the latter, the studies on phase inversion within centrifugal pumps can

be divided into experimental studies and combined theoretical-experimental studies. Table 1.1 and

Figure 1.3 summarizes the literature studies on the phase inversion phenomenon in centrifugal pumps.

The table is organized by emulsion type, oil properties, pump speed, and water cut results at the

inversion point. The experimental studies consider the injection of a specific fraction of both liquids

simultaneously at the pump inlet until the phase inversion phenomenon occurs. The flow behavior is

then investigated to identify the inversion point, the parameters influencing this point, and its effect

on the pump performance. The procedure starts either with pure water, in which oil is added with

increasing fractions, such that the emulsion changes from continuous water to continuous oil, or vice

versa. In both cases, i.e. from aqueous to oily emulsion or from oily to aqueous emulsion, the inversion

point is different.

Emulsion
Oil properties N

(rpm)

WC at

IP (%)

µe/µo

(%)
Ref

Name µo (cP ) σ (N/m) ρ (kg/m3) T (◦)

O/W Crude oil 6.00 0.027 838 25 2850 20% - [28]

W/O Crude oil 2.47 - 803 - 1340 62% 19 [11]

W/O Mineral oil 52 - - Cts 800 28% - [29]

1200 29% -

2400 33% -

W/O Mineral oil 298 - - Cts 800 18% - [29]

1200 21% -

2400 23% -
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W/O Crude oil 60 70% 8.5 [23]

W/O sun flower 58 30% - [30]

W/O ISOPAR-V 15.70 0.027 810 Cts 3500 40% 6.5 [12]

DN-20 222 0.0275 873 35% 2.5

W/O ND-20 97 0.030 867 26.7 3500 19% 1.6 [31]

67 862 32 21% 1.82

46 859 37.7 23% 2.04

O/W Mineral oil 13.6 0.027 - 25 280 23% - [10]

400 20%

720 13%

W/O Mineral oil 13.6 0.027 - 25 280 32% - [10]

400 30%

720 21%

Table 1.1: Summary of studies on the phase inversion phenomenon of emulsions within centrifugal pumps.
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Figure 1.3: Summary of studies on the phase inversion phenomenon of emulsions within centrifugal
pumps.
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Two main findings are highlighted by the table: (i) phase inversion occurs at low WC for unstable

emulsions [29, 12, 31, 30]; and (ii) the viscosity of the emulsion can increase six times more than the

viscosity of either the oil or the water. Under the same operating conditions, phase inversion occurs

at low water cut (WC) in O/W emulsion compared to W/O [10]. Augusto et al. [29] explained these

results by the wettability of the fluid which is evaluated by the contact angle. Water has a greater ability

to maintain contact with a solid surface than oils, which reduces the energy of turbulence in the flow.

Therefore, water tends to be the continuous phase over a wider range of water volume fractions. However,

Bellary et al. [11] and Barrios et al. [23] found a very high water volume fraction at phase inversion

compared to other authors. Bellary et al. [11] reported an inversion point of 62% WC and the viscosity

of the emulsion at this point is 19 times higher than the viscosity of the oil constituting the emulsion.

Barrios et al. [23] on the other hand reported an inversion point of 70% WC and a viscosity 8.5 times the

oil viscosity. These large WC may be attributed to the emulsion stability, where the authors who noticed

a large WC at inversion tested an emulsion stabilized with a surfactant. As previously mentioned, the

more stable an emulsion is, the less coalescence there is, therefore the volume fraction of the dispersed

phase must be large enough to ensure the phase inversion phenomenon.

The inversion phenomenon depends on several interacting variables, including the physical and chemi-

cal properties of the coexisting phases, the dispersed phase fraction, the intensity of shear, and, in specific

cases, the geometry of the vessel [32]. For instance, the viscosity of the coexisting phases has a remarkable

effect on the phase inversion process. Bulgarelli et al. [29] studied this phenomenon on a water-in-oil

emulsion in an electrical submersible pump using two different oils to investigate this issue. The authors

found that the decrease in the viscosity of the oil-continuous phase increases the water cut at which

phase inversion occurs. The same observation was reported by Croce et al. [12]. The authors studied the

oil/water flow and emulsion formation in a seven-stage electrical submersible pump and evaluated the

influence of emulsion effective viscosity on the pump performance. Tap water and two commercial oils

with similar densities and surface tensions but different viscosities were used to generate the water in oil

dispersions. Based on a qualitative analysis, the authors observed the generation of stable dispersions

for each of the two oils. A phase inversion phenomenon was observed at a water cut of 40% for the

emulsion having the low-viscous oil continuous phase and at a water cut of 35% for the one having the

high-viscous oil continuous phase.

Shear inside the pumps has been reported to enhance the mixing process and have a significant effect

on the phase inversion phenomenon. Zhang et al. [10] reported that with increasing shear intensity,

an inversion occurs at relatively larger dispersed phase fractions, indicating a more stable emulsion. In

addition, phase inversion occurs at higher oil volume fractions for the oil-in-water emulsion as the shear

intensity increases compared to the water-in-oil emulsions. This has been attributed to the larger size

range of oil droplets compared to water droplets at this point.

In general, phase inversion is not only dependent on the properties of the coexisting phases and the

intensity of shear. This phenomenon is caused by the change of thermodynamic state variables such

as temperature, surfactant concentration, change of the volume ratio of the phases [33], and the initial

conditions, i.e. whether the continuous phase is oily or aqueous. An interesting observation regarding

this phenomenon in centrifugal pumps is the hysteresis effect. Bulgarelli et al. [29] observed a hysteresis

phenomenon in the phase inversion point within an ESP for a low-viscosity oil at low rotational speed

only, changing the phase inversion point. Figure 1.4 illustrates the phase inversion point and hysteresis

phenomenon in an ESP by Augusto et al. [34]. The figure shows the dimensionless head as a function

of water cut for two opposing experiments, one going from oil to water and the other from water to
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oil. The authors pointed out that hysteresis occurred in the phase inversion region, especially with low-

viscosity oils, and at a low rotational speed. The authors attributed these results to the same physics

that is responsible for the reduction in water content obtained in the phase inversion when the emulsion

is O/W, namely the wettability of the fluid.

Figure 1.4: Hysteresis in phase inversion [34]

The occurrence of phase inversion and the changes in phase continuity led to substantial changes

in the mixture rheology causing large fluctuations in pump operation and performance. Numerous

studies have reported that the pump performance undergoes sudden and significant changes at or near

the phase inversion point. It has been reported that with increasing water cuts, the viscosity of the

emulsion increases to reach its maximum at phase inversion [11, 12, 31, 23] resulting in an important

pump performance degradation at this point. This dramatic decrease in pump performance is primarily

caused by the frictional shear on the fluid flow within the pump, which leads to an increase in hydraulic

losses.

Various models for predicting the phase inversion point have been proposed in the literature [35],

based on different physical mechanisms, namely models based on the minimization system and interfacial

energy [24], models based on zero shear stress at the interface [36], and models based on drop breakup

rate and coalescence [25]. The main correlations are presented in Table 1.2.

Reference Phase inversion models

Yeh et al.
Ωc = 1[︁

1+( µo
µw

)0.5]︁
(1964)

Arirachacaran
Ωc = 0.500 − 0.1108 log

(︂
µo

µw

)︂
et al. (1989)

Nädler and
Ωc = 1[︁

1+( µo
µw

)0.208( ρo
ρw

)0625]︁
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Mewes (1997)

Brauner and
Ωc = 1 − ( ρo

ρw
)( µo

µw

ρw
ρo

)0.4

1+( ρo
ρw

)( µo
µw

ρw
ρo

)0.4

Ullmann (2002)

Table 1.2: Proposed models for the volume fraction at phase inversion.

The above models were developed to predict phase inversion in pipelines. Nevertheless, Bulgarelli

et al. [34] investigated the adaptability of these models to centrifugal pumps and reported that these

correlations are not suitable for predicting phase inversion points in pumps since a disagreement between

the experimental results and the correlation’s prediction was noticed. Zhang et al. [10] studied a

predictive model of the phase inversion region of an oil-water emulsion in a gear pump that combines

the interfacial energy balance with the droplet population balance. The authors pointed out that the

model proved unsuitable for high-shear devices such as pumps, especially when multiple emulsions begin

to form.

In centrifugal pumps, some authors have proposed correlations for estimating emulsion viscosity, in

which an inversion point prediction equation has been incorporated. This equation is semi-empirical

correlation and is based on the ratio of the viscosity of the two phases µ̃ and are given by the following

equation. ϕW I is the water cut at inversion and E is an empirical exponent.

ϕW I = 1
1 + µ̃1/E

(1.1)

In conclusion, the literature on phase inversion within centrifugal pumps is rather limited, especially

concerning prediction models. A slight variation in the operating conditions, in the fluid’s thermodynamic

state, or an increase in the volume fractions of the dispersed phase can trigger the phase inversion phe-

nomenon where the dispersed droplets reorganize and become the continuous phase, while the continuous

phase breaks up, generating the new dispersed phase. This phase inversion occurs at a higher volume

fraction of the dispersed phase as the shear intensity increases and as the oil viscosity decreases. This

process causes a sudden increase in emulsion viscosity, which in turn can cause severe pump operational

instabilities.

1.3.3 Rheological behavior

The main rheological characteristic of emulsions is viscosity, defined by the relationship between shear

stress and shear rate. The emulsion rheology depends on several parameters, including the microstructure

of the mixtures [5, 3], the chemistry of the coexisting phases, and their stability [6, 7, 8]. Emulsion

stability, a predominant factor in emulsion rheology, depends primarily on the amount of surfactant

added to or present in the emulsion, along with its chemical structure, which changes the interfacial

tension between oil and water [37]. Surfactants increase the viscosity of the emulsion by decreasing the

interfacial tension between the two phases [8], thus preventing the coalescence of the dispersed phase

[15, 37]. On the other hand, the addition of a demulsifier decreases the effective viscosity of the emulsion

9
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by destabilizing the emulsifying film around the droplets of the dispersed phase, thus promoting the

coalescence process [1]. Emulsion’s viscosity is also affected by drop size and drop size distribution [15]

resulting from the competition between droplet breakage and coalescence [38]. Both mechanisms are

enhanced by increasing shear stresses, but the properties of the resulting emulsion depend mainly on

the volume fraction of the two coexisting phases and the type and concentration of the emulsifier used

[39, 38]. Stable emulsions with a small droplet size or stabilized by a surfactant have a higher viscosity

than unstable emulsions. Emulsions with low volume fractions of the dispersed phase behave as a quasi-

Newtonian fluid where their viscosity is close to that of the continuous phase. Whereas emulsions with

high volume fractions of the dispersed phase exhibit non-Newtonian behavior [40]. Typically, at higher

water/oil ratios (WC > 30%), the emulsion behaves as a shear-thinning fluid [41, 30]. Another crucial

factor that has a noticeable impact on the emulsion viscosity is the phase inversion phenomenon. This

process, reinforced by the high shear rate, leads to a dramatic increase in the viscosity of the emulsion,

which can reach 19 times the viscosity of the single-phase oil constituting the emulsion [42].

Given the complexity of the rheological behavior of emulsions, few empirical models have been de-

veloped to model their viscosity. Table 1.3 gathers some empirical viscosity models of emulsions and

liquid-liquid dispersions available in the literature. Einstein [43] proposed a model based on the behavior

of very dilute suspensions (X < 2%) and derived from the hydrodynamic theory of rigid spheres. His

model applied to emulsions with a volume fraction of the dispersed phase up to 25%. Taylor [44] ex-

tended Einstein’s model for liquid-liquid dispersion by assuming the effect of internal circulation caused

by tangential stresses on the droplet interface. The proposed model was valid providing the surface

tension is large enough to keep the droplets nearly spherical. Brinkman [45] presented an expression for

the viscosity of solutions and suspensions of finite concentration by considering the effect of the addi-

tion of a solute molecule to an existing solution, which is considered a continuous phase. Many other

correlations have been developed to estimate the effective viscosity of emulsions [46, 47, 48, 49, 50, 51];

however, these correlations are only suitable for flows in pipes where the shear effect is almost negligi-

ble compared to that of a centrifugal pump. Emulsions can exhibit different rheological behavior in a

centrifugal pump, although the emulsion has the same oil concentration because of varying operating

conditions and mixture properties. Considering these hydraulic parameters of centrifugal pumps, which

influences the emulsions behavior, Banjar et al. [31] and Zhu et al. [52] developed a correlation for

the estimation of the emulsion’s effective viscosity within a multistage pump. The model was derived

from Brinkman’s model, where the effects of interfacial tension, turbulence, continuous phase viscosity,

and shear stress on the rheology of emulsions were considered by Weber number, Reynolds number,

and Strouhal number, respectively. The model provides the phase inversion point and can be used for

both direct (O/W) and indirect (W/O) emulsions. This correlation, fitted to the experimental results

obtained in their studies, provided a reasonable approximation of the viscosity value for emulsions con-

sisting of medium viscosity oils, while a discrepancy was found for emulsions consisting of low viscosity

oils. Bulgari [53] developed a model for estimating the relative viscosity of stable emulsions in ESP by

adding a term to the Taylor correlation. He assumed a dynamic equilibrium of the droplet breakup

and coalescence process and maintained a constant droplet size distribution for each data acquisition of

the experimental tests. The model considers the behavior of the emulsion in the impeller through the

Ohnesorge number, which relates the viscous force to the inertial and interfacial force. Additionally, it

accounts for the shear stresses due to the rotational speed and the flow rate. Furthermore, his model

considers the non-Newtonian shear-thinning character of emulsions and contains an index related to

the interfacial properties that must be adjusted for each emulsion system. The proposed model gave a
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reasonable estimate of the relative viscosity of a stable emulsion with an absolute deviation of 14%. A

deviation of 8% was obtained for the emulsion stabilized with an emulsifier.

Model Ref

µm = (1 + 2.5ϕ)µo Einstein et al. [43]

µr = 1 + 2.5
(︂

µd+0.4µc

µd+µc

)︂
Ω Taylor et al. [44]

µm = (1 − ϕ)−2.5µo Brinkman et al. [45]

µm = C
(︂

µC

(1−ϕD)E − µW

(1−ϕOϕOE)E

)︂
+ µW

(1−ϕOϕOE)E Banjar et al. [31, 52]

µr = 1 + 2.5
(︂

µd+0.4µc

µd+µc

)︂
Ω Bulgarelli et al. [53]

Table 1.3: Viscosity models of emulsions and liquid-liquid dispersions

1.3.4 Dispersed phase morphology

The morphology of the dispersed phase droplets of an emulsion within a pump is determined by

the balance between the surface tension and shear stress exerted by the carrier fluid. The emulsion

morphology is difficult to define and measure quantitatively [54] and this is usually done by determining

the droplet shape factor by identifying two characteristic parameters among the following: volume, V ,

area, A, projected area, Ap, and projected perimeter Pp [55]. The identification of droplet morphology

and the evaluation of their dynamics in centrifugal pumps are studied through flow visualization, where

the available methods, their advantages, and limitations, have been reviewed recently by Perissinotto et

al. [56]. Droplets adopt regular and irregular geometries, where regular and symmetrical particle shapes

facilitate the prediction of flow properties. Within centrifugal pumps, large droplets have an irregular

shape while small droplets have a spherical or elliptical geometry [57]. In this alignment, water droplets

dispersed in oil have an irregular shape with an easily deformable interface, while oil droplets dispersed

in water have an elliptical shape with a well-defined interface [57, 58], as illustrated in Figure 1.5.

(a) (b)

Figure 1.5: The geometric shape of the water drops dispersed in oil (a) and geometric shape of the oil
drops dispersed in water (b) in the impeller of a transparent prototype rotating at 600 rpm. Figure
adapted from Perissinotto et al. [57, 59]

The droplets shape results from many contributions, including the size and shape of the flow domain

[60] and the physical properties of the two phases, such as surface tension and viscosity [58]. The surface
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tension acts on the droplets to give them a spherical shape [61]. While shear stresses due to emulsion

motion and centrifugal forces tend to deform the spherical shape of the droplets. Another important

aspect to be highlighted is that the shearing process in centrifugal pumps promotes the formation of

emulsions by causing the droplets breakage [56]. As revealed by Figure 1.6, Perissinotto et al. [57]

showed the droplet break-up process of water in oil dispersion within a centrifugal pump impeller using a

high-speed camera and a pump prototype with a transparent shell. The figure shows the fragmentation

process, where the water drops present an elongated shape with a nucleus and a tail at the channel

entrance resulting from the interaction with the oil continuous phase (a). The tail extends in length and

becomes thin forming small nuclei as the fluid moves along the impeller (b). Finally, the water drop is

fragmented into several elliptical droplets and keeps the same shape for the rest of the trajectory (c).

(a) (b) (c)

Figure 1.6: Fragmentation process of a water drop dispersed in the oil inside the pump. Figure adapted
from Perissinotto et al. [57]

The behavior of the dispersed phase droplet depends on the flow conditions; thus, the dispersed

phase particles undergo deformation and fragmentation as a function of pump speed and flow rate. The

pump operating conditions have been shown to impact differently the breakage process of emulsions

according to their type, i.e. whether the dispersed phase is water or oil. For instance, the high viscosity

of the oil strongly limits the extent of deformation and fragmentation of the oil drops under shear. The

fragmentation process is not limited to the regions near the impeller [61] but occurs in various parts of

the pump, including the leading edge of the blades [62], in the housing near the discharge nozzle [63, 58],

among others. These regions are associated with high shear stress regions caused by the change in flow

direction and high turbulence levels. The droplet breakup mechanism is induced by the inertial forces

produced by the turbulent velocity fluctuations. It occurs when the droplet size lies between the larger

turbulent eddies and the Kolmogorov length scale [64, 61], known as the most minor scale in a turbulent

flow where the viscosity dominates and the turbulent kinetic energy is dissipated into heat.

In general, the characterization of liquid-liquid two-phase flows and emulsions within centrifugal

pumps is performed by analyzing the size and distribution of dispersed phase droplets in the impeller,

since there is a dependency between the average drop diameter and the pump performance. This char-

acterization and its correlation with the pump operation will be discussed in the following subsections.

1.3.5 Drop size distribution and characteristic diameter

The droplet size of the dispersed phase is an important characteristic of emulsions that determines

their properties. It influences to some extent the rheological behavior and stability of the emulsion [41]

and its measurement is a difficult task given the small diameters of the droplets. The droplet’s size in an
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emulsion is affected by several factors, including the nature of the emulsifying agents, bulk properties of oil

and water, and shear stress [8]. Within centrifugal pumps, it has been reported that the droplet diameter

is inversely proportional to the pump speed and flow rate, meaning that the droplet size decreases as

the pump speed and flow rate increase. The decrease in droplet size is associated with the breakage

mechanism; thus, high turbulence and hydraulic shear lead to droplet fragmentation and the formation

of extremely small particles [65]. In a research study, Morales et al. [20] investigated drop breakage in

an ESP using a Sympatec OPUS instrument as a particle size analyzer downstream of the pump. The

emulsion consisted of a mixture of tap water and mineral oil at water contents of 50% and 75% and

was tested at different pump speeds and flow rates. The authors concluded that droplet fragmentation

occurred primarily in the pump impeller and that only 0.19% of the pump’s hydraulic energy was used

for droplet fragmentation. This finding was confirmed by several researchers [66, 67]. Zhang et al.

[68, 67] also found a relationship between droplet size and pump operating conditions when studying the

pump shear effect on oil-in-water emulsion and water-in-oil emulsion using a high-speed line camera. The

authors also report that, not surprisingly, the particle size increases as the volume fraction of the dispersed

phase increases. This factor directly affects the droplet coalescence process. It has been stated that

significant coalescence rates occur due to the increase in volume fractions of the dispersed phase resulting

from a two-step process of droplet collision and collision frequency [69]. Therefore, droplet size will be

the balance between the turbulence-promoted fragmentation process and the concentration-promoted

coalescence of the dispersed phase, emphasizing that the effects of concentration on the turbulence

spectrum are not yet fully comprehended [61]. The effect of shear intensity and volume fraction of

the dispersed phase was more pronounced in an oil-in-water emulsion than in a water-in-oil emulsion.

Another parameter affecting droplet size and distribution is the emulsification time. Morozova et al.

[66] stated that by increasing the emulsion preparation time, the droplet size of the dispersed phase

decreases. The emulsion studied was composed of brand fuel oil dispersed in tap water and tested after

15, 30, and 45 minutes of spraying. Figure 1.7 shows the oil-water emulsion samples collected by the

authors before and after passing through the pump for different spray times. It is clear that the emulsion

preparation time and the particle size of the dispersed phase are inversely proportional. Furthermore,

for the same emulsion preparation time, the particle size of the dispersed phase downstream of the pump

is much smaller than upstream. The size of the dispersed oil particles is highly variable, and the number

of particles less than 10 micrometers in diameter is twice as high after passing the pump.

The emulsion is a dispersion of one liquid in another, and generally, the droplet size of the dispersed

phase is not represented by a fixed value but instead presented by a distribution [8]. A convenient

mathematical correlation that represents emulsion droplet size distributions in centrifugal pumps is the

Rosin-Rammler and lognormal expressions [20, 70]. One of the first research works concerning the

distribution of the dispersed phase of an emulsion on a pump is done by Ibrahim et al. [71]. They

examined the oil drop size distribution of an O/W emulsion experimentally by fixing a laser particle size

analyzer directly on the experimental apparatus. The authors presented a correlation to calculate the

average droplet diameter of the dispersed phase as a function of the input distribution. This correlation

was extended for different pump speeds using polynomial regression analysis. Zhang et al. [68, 67]

reported that the droplet size distribution is no longer affected by the pump speed when it reaches a

specific value. The authors attributed this result to the balance between the residence time, which is

inversely proportional to the pump speed, and the breakup time, which is proportional to the pump

speed. This finding was confirmed by Mohan [70], who presented a detailed study of the droplet size

distribution downstream of a centrifugal pump by analyzing the mean Sauter diameter d32 and the
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Figure 1.7: Oil-water emulsion samples upstream and downstream of the pump at different preparation
times. Figure adapted from [66]
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droplet diameter at 95% cumulative distribution percentage (d95). Both d32 and d95 decrease as the

shear stress increases until a certain pump speed is reached. The authors also stated that the flow rate

and water cut had a negligible effect on the droplet size of the dispersed phase and that the oil droplet

size was smaller than the water droplet size under similar conditions. This observation agreed with

those of Schmitt et al. [63]. The authors also state that above a specific pump speed, the change in

flow rate no longer affects the droplet fragmentation process and that only the pump speed influences

the fragmentation process. Figure 1.8 shows the droplet size distribution as a function of rotational

frequency for a constant flow rate of 900 L/h and a holdup of 1%. As can be seen, the distribution shifts

to the left as the rotation rate increases and become narrower.

Figure 1.8: Droplet size distributions at different rotational frequencies [63]

In sum, the droplet size of an emulsion is a function of many factors, including the type of surfactant

used, the amount of shear applied to the system, and the concentration of the surfactant. Figure 1.9

shows the relation between droplet size of the dispersed phase, shear intensity, surfactant concentration,

and emulsion stability.

Increasing shear and surfactant concentration will both result in smaller droplet sizes. The two are

also related in that more surfactant increases the effectiveness of shear in decreasing the droplet size.

For example, if a surfactant is present, it can lower the surface tension of the droplet and allow the

shear forces to break it down more easily, resulting in smaller droplets. The stability of an emulsion

is also related to droplet size. Generally, smaller droplets are more stable than larger ones. This is

because smaller droplets are less likely to coalesce and form larger droplets, which can destabilize the

emulsion. Additionally, smaller droplets have a higher surface area-to-volume ratio, which means that

the surfactant can more effectively coat the droplets and stabilize them. Therefore, increasing shear and

surfactant concentration can both result in improved emulsion stability.
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Figure 1.9: Relationship between droplet diameter, surfactant concentration, shear stress, and emulsion
stability.

Generally, the droplet size distribution of an emulsion is often used as an average value or represented

by different characteristic diameters. These typical diameters are estimated using many formulas, includ-

ing Sauter’s mean diameter d32 which is the average diameter of the droplet distribution considering the

volume-to-surface ratio [72, 73] and the maximum stable droplet diameter dmax. These two characteris-

tic parameters can then be used to approximate a two-parameter droplet size distribution [74]. Several

models have been proposed for the prediction of these two characteristic diameters in the literature. This

study presents only a review of the diameters commonly used in centrifugal pumps, namely Sauter mean

diameter and maximum stable droplet diameter.

Other commonly used diameters to characterize emulsions are d10, d50, d90, d95 and dmin, which

represent the maximum droplet size that 10, 50, 90, 95% of the droplets have [75] and the minimum

stable droplet diameter.

Sauter mean diameter and dmax

Determination of particle size is usually complicated owing to the irregular particle shape [54], thus

the assumption of a spherical shape is considered in almost all models. Various studies have been

conducted to determine the representative size of emulsion droplets in centrifugal pumps. Most of these

studies have used Sauter’s mean diameter as the representative droplet size [76]. Sauter mean diameter

is a valuable parameter for estimating the average diameter of dispersed liquid droplets. It represents

the size of identical spherical droplets (mono-dispersed system) whose sum of surface energies is equal

to the sum of surface energies of the dispersed droplets. The two dispersions have different numbers of

spherical droplets but the same total surface area and total volume [72], as illustrated in Figure 1.10.
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The surface energy Ei of a spherical object ni (i ¼ 1,2,3, … , 
n) from a polydispersed system (bubble, drop, particle) is: 

Ei ¼ r � Ai; ð3Þ

where r denotes the surface tension (J/m2) and Ai is the sur-
face area (m2). The total surface energy of spherical objects 
collection having the same diameter di in a particulate size 
fraction is: 

Xn

i¼1
Ei ¼ r �

Xn

i¼1
ni � Ai; ð4Þ

where 

Ai ¼ p � d2
i : ð5Þ

For a collection of spheres consisting of identical objects 
with the same diameters dj, the total surface energy Ej is: 

Ej ¼ r � Aj � nj; ð6Þ

where nj denotes the number of identical spheres (j ¼ 1,2,3 … , 
n) in the collection, which have the same surface area: 

Aj ¼ p � d2
j : ð7Þ

Two sets of spherical objects, that is the one with the same 
sizes (Equation (6)) and one with different sizes (Equation 
(4)), have identical surface energies ∑Ei ¼ Ej and then 

nj � d2
j ¼

Xn

i¼1
ni � d2

i : ð8Þ

The assumption is that the number of identical spherical 
objects nj is equal to (∑Vi/Vj), where the total volume of the 
set with different sizes Vi is: 

RVi ¼
p

6

Xn

i¼1
ni � d3

i ; ð9Þ

and the total volume for the set of the same size (Vj) 

Vj ¼
p

6
d3

j ; ð10Þ

Equations (8)–(10) provide the relation: 

Xn

i¼1
ni � d2

i ¼ d2
j �

Pn

i¼1
ni � d3

i

d3
j

; ð11Þ

which is known as the Sauter mean diameter d32: 

dj ¼ d32 ¼

Pn

i¼1
nid3

i

Pn

i¼1
nid2

i

: ð12Þ

The approach of equivalent systems based on identical sur-
face energy was considered by Sokolowski (1995, 1996) and 
Pujot et al. (2000) for the determination of the average size 
of nonspherical particles for further calculation of grinding 
energy by using the Bond theory (Drzymala 2007). Their 
approach to the calculation of particulate matter mean size 
is equivalent to the Sauter mean diameter provided that the 
objects are considered spherical. 

Conclusion 

In this article, the physical meaning of the Sauter mean diam-
eter of spherical objects was derived and presented. The Sauter 
mean diameter of a collection of spherical objects of different 
diameters is equal to the diameter of identical spherical objects 
forming an equivalent collection of spheres. The systems have 
different number of spherical objects, identical total surface 
area, and identical total volume. In the case when the surface 
energy is the same for any area of all spherical objects, both 
systems can be called equienergetic. 
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Figure 1.10: Physical meaning of the Sauter mean diameter [72]

The equation below shows how to calculate d32, where ni is the number of droplets of diameter di

and N is the total number of droplets [3].

d32 =
∑︁N

i=1 nid
3
i∑︁N

i=1 nid2
i

(1.2)

Early studies of emulsions flow within centrifugal pumps [58, 63] revealed that the flow conditions

change the Sauter mean diameter. It decreases as the pump rotation speed and water flow rate increase.

Likewise, Bulgarelli et al. [3] found that the Sauter mean diameter is related to the operational conditions

and fluid properties. The authors then proposed a mechanistic model to estimate the value of this

characteristic size for different systems of a water-in-oil emulsion.

Another parameter of emulsion droplet size that proves useful in characterizing many dispersed

particles in centrifugal pumps is the maximum stable diameter, dmax. This parameter is determined by

the balance between the turbulent inertial stresses that tend to deform the droplet and the elastic stress

generated by the interfacial tension that tends to restore the original droplet shape [77]. In general, the

maximum droplet can be a flocculation of droplets [70], and in order not to overestimate its size, some

authors represent dmax by d95 [75, 70]. Similarly to the Sauter mean diameter, the maximum droplet

size is affected by the pump operating conditions and decreases with increasing shear intensity. Many

empirical correlations have been provided in the literature to estimate the maximum droplet size of

liquid-liquid dispersions [64, 78, 79], most of which are based on the concept of turbulent energy cascade

[80]. These correlations were developed for the flow of emulsions in pipelines, mixers, or agitated vessels.

The application of some of the proposed models to the flow of emulsions in a centrifugal pump was

attempted by Mohan et al. [70]. The authors evaluated four models whose mathematical expressions

are presented in Table 1.4, namely those proposed by Hinze (1955) [64], Levich (1962) [78], Davis (1985)

[79] and Pereyra. The author recommended the use of Peyer’s model to predict the maximum droplet

diameter of the emulsion in the pump, after providing the most accurate results compared to the other

models. According to the authors, Pereyra model introduces the energy dissipation rate in the centrifugal

pump, which can be determined by two methods. The first is a function of pressure drop, mixture flow

rate, mixture density, and volute volume. The second method is a function of pump speed and impeller

diameter. In this context, Pereyra’s model considers the effect of specific pump operational parameters
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on the droplet size and gives a good estimation of the maximum droplet size of emulsions within pumps.

Few models have been developed specifically to predict the maximum droplet size of emulsions in

pumps. Morales et al. [20] derived an equation for the maximum droplet diameter based on the Davis

model, which considers the effect of the viscosity of both phases on droplet size. The authors reported

in their study that a small influence of flow rate and water cut was observed on droplet size, whereas

droplet size is highly dependent on rotational speed. Based on these observations, the authors proposed

a model for the calculation of the maximum droplet diameter in pumps in terms of pump speed. The

estimate given by this correlation shows reasonable agreement with the experimental results. Zhang et

al. [68, 67] reported that with the increase in the volume fraction of the dispersed phase, the droplet size

enlarges and the energy dissipation decreases. These results were attributed to the energy dissipation

that is transferred in part to the fluid dynamic energy as WC increases. Whereas only a portion of

the maximum energy dissipation rate is applied to the droplet breakup process. Based on this analysis,

the authors proposed a correlation for the maximum droplet size using a new value for the energy

dissipation efficiency as a function of the volume fraction of the dispersed phase in the model proposed

by Pereyra [81]. The authors concluded that the proposed dmax model gives a good approximation of

the experimental data but that the model was only valid for dispersed phase volume fractions up to 15%.

The maximum stable droplet size of an emulsion is directly proportional to d32 [82], where a linear

relationship is generally observed within a centrifugal pump. Perissinotto et al. [57] calculated d32 and

d95 for both oil-in-water emulsion and water-in-oil emulsion at different rotational speeds and different

flow rates. The relationship between the two diameters was found to be d32=0.853d95 for O/W emulsion

and d32=0.495d95 in the case of water in oil emulsion. Zhang et al. [68, 67] obtained a ratio (d32/dmax) of

0.55 for the dilute O/W emulsion and 0.48 for the dilute W/O emulsion. These values are close to those

obtained by Morales et al. [20] for O/W dispersions, where the authors observed a constant relationship

equal to 0.495. On the other hand, Mohan et al. [70] observed an average value of 0.43 for oil continuous

emulsion and 0.37 for water continuous emulsion. The authors stated that the water droplet was larger

than the oil droplet for the same operating conditions. Furthermore, Bulgarelli et al. [3] observed a

linear relationship between the two characteristic diameters for all studied emulsions regardless of the oil

composition and the presence of surfactant. The authors obtained a ratio d32/d95 = 0.36 and suggested

that the proportionality constant may vary only regarding the ESP geometrical characteristics.

Reference Maximum droplet diameter models

Hinze (1955) dmax
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)︁3/5
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0 = C
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)︂ (︁µC up
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√
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Pereyra (2011) dmax = WeCRT
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Table 1.4: Correlations for the maximum droplet size of liquid-liquid dispersions
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1.4 Pump performance modeling under emulsion flow

The pump performance is directly related to the fluid viscosity and is altered when the pumped fluid

is highly viscous owing to increased losses. As shown in previous sections, liquid-liquid dispersions and

emulsions have complex rheological behavior. The viscosity of these mixtures is higher than the viscosity

of the constituent phases and is strongly dependent on several parameters such as operating conditions,

temperature, and shear stress. High shear stress promotes the formation of a stable emulsion by decreas-

ing the size of the dispersed phase droplets, thereby increasing their viscosity. A highly viscous fluid

leads to higher frictional losses in the pump channels, which decreases the head, flow rate, and efficiency

of the pump while increasing energy consumption [9]. Several researchers or research institutions have

developed correlations to predict pump performance when operating with non-conventional fluids, which

is generally based on the pump head developed for water, multiplied by a correction factor expressed

as a function of the fluid viscosity [83, 84, 85]. However, these correlations concern medium to highly

viscous Newtonian fluids and find their limits when the fluid follows a complex rheological behavior.

Given the complexity of this issue, few studies have attempted to correlate pump performance operating

with two-phase liquid/liquid flow and emulsions. The currently available literature on this topic has

provided either mechanistic models based on losses encountered in pumps where emulsion rheology has

been modeled and incorporated, or numerical models based on CFD. Both approaches are detailed in

the following subsections.

1.4.1 Analytical modeling

Analytical models can provide accurate predictions of the effect of fluid viscosity on pump performance

(HI/ANSI) [86], and have proven to be an efficient approach for pump design [87, 88]. This method

determines the pump’s hydraulic performance by calculating the idealized head and various losses based

on a one-dimensional analysis [88]. The idealized head based on Euler equation describes the fluid flow

in pumps with the assumption of an infinite number of blades and a frictionless fluid. This equation is

derived from the Navier-Stokes equations based on the principle of conservation of momentum. Thus,

the pump’s real discharge pressure is obtained by fixing the finite number of blades and subtracting the

various losses encountered within the pumps from the Euler’s head.

Several models have been developed in the literature to evaluate the different mechanisms of pressure

losses in centrifugal pumps; yet, there is no consensus among the different authors on the classification

and behavior of some losses [89].

As an effort to understand oil-water emulsion rheology and its effect on centrifugal pump performance

using analytical models, Banjar et al. [31] and Zhu et al. [52, 90] developed a mechanistic model to predict

pump performance by considering the effect of emulsion rheology. The authors presented a correlation

for predicting the rheology of emulsions in pumps by considering the phase inversion phenomenon which

was coupled with a mechanistic model to predict pump performance. The presented correlation for

emulsion viscosity is based on the Brinkman equation to determine the fraction of water at which the

dispersed phase becomes continuous and includes several parameters affecting the viscosity, namely the

effect of the mean droplet diameter, turbulence, and shear rate. To validate the rheology model, Banjar

[31] conducted numerous experiments on emulsions composed of tap water and various mineral oils with

Newtonian behavior. The results showed that the model predicted the viscosity of the emulsions with

medium viscosity oils with a 5% deviation from the experimental data. For low-viscosity oils, a deviation

19



Chapter 1. State of the art

between the experimental data and the model predictions was perceived. Zhu et al [52, 90] validated

the model with experimental data obtained from a water-in-oil emulsion flow where the continuous

oil phase covers a wide viscosity range (10-150cp). The proposed rheological model was verified by a

qualitative trend analysis, where the authors noted a considerable increase in the effective viscosity of the

emulsion when the flow rate increases and a less significant increase when the rotation speed increases.

Furthermore, the increase in viscosity of the continuous phase not only decreases the viscosity of the

emulsion but also shifts the point of the inversion phase to a lower value. Regarding the mechanistic

model to predict pump performance proposed by the authors, it starts from the Euler head (HE) for a

centrifugal pump, from which various losses encountered in the pumps are subtracted. Furthermore, the

model introduces a best-match flow rate (QBM ), at which the outflow direction of the impeller matches

the designed flow direction. The losses included friction, turn, recirculation, and leakage losses. Hence,

the formula for the actual pump head (H) is given by :

H = HE −Hfrition −Hturn −Hleakage −Hrecirculation (1.3)

By subtracting the pressure drops from the Euler’s head, and replacing the fluid viscosity with the

previously proposed effective viscosity model, a modeled head of a centrifugal pump for two-phase flow

can be estimated. As shown by the authors, an appropriate combination of the rheological model and the

performance model can produce a good estimate of the pump performance. Zhu et al. [52, 90] reported

that the model predicted the performance of the ESP under emulsion flow with an error of about ∓ 10%

outside the phase inversion region and 50% for the phase inversion region. However, due to the empirical

nature of the rheological model, the universal validity of such a combination for inferring emulsion pump

performance is questioned. Alternatively, as proposed by Banjar [91], there is a need to further improve

the model by fitting the parameters to larger data, and possibly incorporating parameters that have not

been considered. Instead, researchers resort to numerical approaches to calculate hydraulic performance

and understand the complex flow structures inside pumps.

1.4.2 Numerical modeling

Numerical analysis of the pump performance handling liquid-liquid two-phase flows and emulsions

encompasses all the complications of modeling single-phase flows, as well as the inherent complexities of

multiphase flows, such as the interaction of small-scale structures, different space-time scales, and the

motion and deformation of interfaces. Numerical treatment of multiphase flows is a difficult task due to

its complex nature. Given this, multiphase flow encompasses a large spectrum of different length scales,

including (1) the microscale that takes into account the interactions between the particles of the two

phases, (2) the mesoscale that includes the processes of coalescence and rupture of discrete constituents,

and (3) the macroscale which covers the hydrodynamic behavior of the phases at the scale of the device

[92, 93].

Computational Fluid Dynamics (CFD) can be used to disclose details of a particular flow physics

and clarify mechanisms specific to multiphase flows [92]. Due to the development of parallel computing

options and the increase in computing power, its use has proliferated in recent years [94]. The two-phase

flow theory is formulated using two techniques. The first is the Eulerian-Eulerian (E-E) approach that

treats the existing phases as interpenetrating continua. Conservation equations have a similar structure

for all phases and are closed by providing constitutive relations. The second technique is the Eulerian-
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Lagrangian (E-L) approach that is a coupling between the Eulerian description for the continuous phase

and a Langrangian tracking procedure for the dispersed phase [95, 92, 96]. In the E-E approach, three

typical multiphase models exist, namely the fluid volume model (VOF), the Eulerian model (so-called

Multiphase Segregated Flow in some literature) and the mixture model [97].

Due to the complexity involved in emulsion modeling, only a few attempts have been made to study

the performance of a centrifugal pump under emulsion flow. Table 1.5 lists the summary of numerical

studies on pump performance under emulsion flow. The table is organized by the multiphase model

used, closure relationships, and results and remarks. All studies on this topic have adopted the E/E

approach as shown in the table. The reason is that the E/L approach is inappropriate for liquid-liquid

flow modeling where the volume fraction of the dispersed phase is not negligible.

Multiphase model Closure Relationships Results and remarks Ref

VOF Surface tension force - The approach correctly models

the pump behavior with a root

mean square deviation between

experimental and CFD results of

5.72%

- The model did not capture the

phase inversion of the oil-water

emulsion

Becerra et al.

[98]

Surface tension force and

integration of a slip veloc-

ity model to the momen-

tum equation

- Head and efficiency were pre-

dicted with 10% and 15% devia-

tion from experimental data re-

spectively

Valdes et al.

[99]

Eulerian Drag and lift forces - The simulated head obtained

for the emulsion is higher than

that obtained for single-phase oil

and overestimates experimental

data by 40%; indicating the in-

consistency of the results.

Banjar et al.

[91, 100]

Drag force - The model predicted head and

efficiency with a deviation of 7%

and 10% from the experimental

results respectively

Valdes et al.

[99]
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Eulerian-PBE The Eulerian model con-

siders the drag forces and

the PBE the fragmenta-

tion and coalescence mod-

els.

The model provided reasonable

results for the dilute emulsion,

with predicted head and effi-

ciency errors of 10% and 15%,

respectively. A discrepancy was

observed for the concentrated

emulsion, with average head and

efficiency errors of 14% and 22%,

respectively.

Valdes et al.

[99]

Table 1.5: Summary of numerical studies on emulsion flow within pumps using the multiphase approach.

Based on the VOF model, Becerra et al. [98] studied the performance of a four-stages ESP under

an oil-in-water emulsion flow. The authors opted to use the VOF model because of the weak contact

and immiscibility of the oil and water employed in the experiments. The turbulence was modeled

using the k-omega model since it has a better performance in low turbulence regions compared to other

models. The simulation results showed the effect of increasing the volume fraction of the oil phase on

pump performance. As the volume fraction increases, the viscosity of the mixture increased, and pump

performance decreased. The ESP operating characteristics predicted by the CFD were compared to

the experimental results and found to be in good agreement. This agreement is more pronounced for

dispersion with high oil volume fractions than for dispersion with low oil volume fractions, but the phase

inversion was not detected by the numerical simulation. Figure 1.11 shows the plot of experimental and

CFD viscosity data of oil-water mixture as a function of the oil concentration. The properties of the

mixture, such as viscosity, are calculated by volume-averaged relations, i.e. the average of the sum of

the viscosity of each phase multiplied by its volume fraction. As a result, the numerical simulation does

not reflect the rheology of the emulsion in the phase inversion zone, as shown in the Figure 1.11. By

investigating the emulsions flow pattern in one stage of the ESP, the authors highlighted that emulsions

with low oil concentration have most of the oil fraction near the pump shaft, indicating a non-uniform

distribution of the dispersed phase, whereas for emulsions having high oil volume fraction, a more uniform

distribution is observed. The authors highlighted that the non-uniformity observed in the two first cases

is contradictory to the phase inversion phenomenon where the droplets of the dispersed phase increase

in volume and coalesce. Given the grid requirements for accurate resolution of the interface, the VOF

model appears quickly limited when coalesence or breakup phenomena lead to higly polydispersed two-

phase flow. Likewise, Valdes et al. [99] attempted to model a wide range of oil-water emulsions (having

a multi-scale nature) using the VOF model. The emulsions modeled consist of a dilute W/O emulsion

(with oil concentration up to 0-80%), a concentrated W/O emulsion (with the onset of phase inversion at

70% oil) exhibiting pseudo-steady-state behavior, and a multi-regime flow (60-10% oil) exhibiting rapid

destabilization as the water fraction increases. The authors modeled the emulsion flow in the pump by

solving only the large-scale phase interactions, including a slip velocity model. The latter was coupled

to the momentum equation to account for the system inhomogeneity and possible effects that may result

from phases moving at varying speeds at the interface. The results showed that the emulsion flow in the
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pump is correctly represented by the VOF model, especially for emulsions with multiple regime phase

morphology. It was reported that the best predictions were obtained near the BEP, where a deviation

of 10% and 15% was noted for head and efficiency, respectively. Besides, the largest deviation was

observed for other emulsions types, where the phase morphology is colloidal. The authors explained this

discrepancy by the inadequacy of the VOF approach to model turbulence in emulsion flow since not all

flow scales are resolved.

 

 

Figure 1.11: Experimental and CFD Viscosity data of oil-water mixture [98]

Unlike the VOF model that establishes a single equation for each transport phenomenon of all phases,

the pure Eulerian model uses one equation for each transport phenomenon for each phase [101]. The

form of the continuity and momentum equations in the Eulerian model is similar to those that can

be used for a single-phase flow, with two main differences. The first difference is the introduction of

the volume fractions of the phases i considered. The second is the addition of terms representing the

mass, momentum, and heat transfer between the phases. Based on this approach i.e the pure Eulerian,

Banjar et al. [91, 100] investigated emulsion flows through a seven-stage electrical submersible pump

with different viscosity, temperature, and water fractions. The turbulence was modeled by the standard

k- ϵ model and drag and lift forces were integrated into the interfacial momentum transfer terms. The

obtained results diverge from the experimental data and the solver could not reflect the rheology of the

emulsion. The authors explained this discrepancy by the fact that the emulsion is considered a dispersion

where the dispersed phases do not affect the rheology of the mixture. In another study using the same

approach, Valdes et al. [99] modeled a multiple-regime liquid-liquid flow within an ESP considering only

the drag forces and turbulent dispersion in the interfacial momentum transfer terms. . The numerical

simulation results showed that the pure Eulerian model offered a good performance prediction with head

increase and efficiency variations under 7% and 10%, respectively.

Generally, the Eulerian model assumes a uniform droplet size of the dispersed phase of the emulsion

in the pump and does not account for existing interactions between droplets, such as fragmentation and

coalescence, which can have a significant influence on the flow. In reality, a particle size distribution

of the dispersed phase of the emulsion in the pump is observed [20, 66, 68]. Besides, this particle size

distribution, generally expressed by the semi-empirical (or empirical) formula, is affected by the turbu-
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lence and shear rate exerted by the pump [67, 63], which leads to a narrow distribution following the

breakage phenomenon. In systems where the particle size distribution changes as a result of dispersed

phase droplet behavior such as droplet fragmentation, the Population Balance Equation (PBE) is typi-

cally used in conjunction with the pure Eulerian model to account for these changes. The PBE is a set

of inter-particle differential equations that define the development of particle populations according to

specific properties [102]. They represent a transport equation for the Numerical Density Function (NDF)

of particles that depends on time, spatial location and internal coordinates [103]. PBE can determine

the particle breakage, coalescence, motion, and particle size distribution in a laminar or turbulent fluid

flow [82, 104]. It permits a better synthesis of the behavior and dynamic evolution of the discrete particle

population due to its ability to resolve the microphysics that occurs at the mesoscale level [105]. In this

regard, Valdes et al. [99] coupled the Eulerian multiphase model with the population balance to model

two types of emulsion flow within an ESP, namely a diluted W/O emulsion (80% and 90% oil), and a

concentrated O/W emulsion (corresponding to phase inversion). The PBE chosen in their study, which

is a simplified version of the general PBE derived by Ramkrishna [102] and Yeoh [105], considers the

density flux of the number of particles over a given size range and does not include the particle growth, or

the variation in particle velocity as a function of particle size. Two types of methods were used to solve

the PBE: the method of moments (S-Gamma), where the breakup and the coalescence models consider

both viscous and inertial regimes; and the method of classes (AMuSiG) [99], where the breakup and the

coalescence models consider the flow rate and turbulence effect. The results showed that the coupled

PBM approach modeled well the diluted emulsion with satisfactory results (deviation < 7%), but larger

deviations were observed for the concentrated emulsion, where the mean error obtained was 14%. The

authors explained the large discrepancy by the overestimation of viscous friction losses caused by the

elevated effective viscosities computed as a consequence of the high concentration of the dispersed phase.

Furthermore, both PBM models equally estimated the global pump performance and the average fluid

behavior indicating that the AMuSiG method gave a more complete and detailed representation of the

system than the S-Gamma method. As pointed out by the authors, the coupled Eulerian simulations

with PBE provide a vigorous treatment of phase interactions and the dispersed droplet effect on pump

performance but do not consider the fluid rheology given the lack of an emulsion rheology closure model.

Few numerical studies have been carried out on two-phase liquid-liquid flow and emulsions in the

pump. Although the multiphase Eulerian approach solves the physics at the macroscale only, it has

proven to be relevant to obtain a reasonable estimate of its general performance when the volume fraction

of the dispersed phase is not large (less than approximately 20%). Numerical multiphase fluid dynamics

coupled with a population balance model is capable of elucidating mesoscale flow parameters, such as

droplet size distribution and the fragmentation and coalescence process if the closure relationships are

well chosen. On the other hand, a more realistic treatment of emulsion flow within pumps, including

the emulsion rheology that incorporates the effect of local droplet size distribution and phase inversion

remains a challenge.

Conclusion

This chapter has shown the complexity of analyzing pump performance during emulsion processing

due to the large number of parameters related to fluid properties that interact with pump operating

parameters. This complexity is also related to the complex flow pattern of the fluid in the pump. Several

experimental studies have been conducted on the centrifugal pump’s handling emulsion, which allowed
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the characterization of this fluid in these machines and the identification of main parameters affecting

its proper operation. However, few works have been extended to the pump performance analysis when

conveying these complex fluids. The latter concern mainly multistage centrifugal pumps and are based

on two-phase approaches where the rheological properties of emulsions are not considered. Moreover,

no numerical study has considered the two-phase oil-water flow in a volute centrifugal pump, and no

comprehensive analysis has been performed on the effect of the non-Newtonian rheology of emulsions

on the internal flow structure and operation of these volute centrifugal pumps. Therefore, this thesis

aims to perform a comprehensive analysis of the overall performance and internal flow characteristics of

a volute centrifugal pump when processing these complex flow systems. The present work will consider

several distinct approaches to address the topics just discussed.

� An analytical approach that considers the emulsion’s phase inversion point in the pump perfor-

mance analysis.

� A numerical approach that will focus on a thorough study of the effects of the rheological behavior

of emulsions on the performance of the pump. This approach will consider the non-Newtonian

character of the emulsions and will neglect the two-phase character, where the characterization of

the losses will be performed by the entropy analysis method.

� A numerical approach that will focus on the two-phase character of the emulsion and will correlate

it with the pump operation.

The novelty of this research lies in the following points: (i) the consideration of the non-Newtonian

behavior of emulsions in the study of the performance of centrifugal volute pumps, (ii) the modeling

of two-phase emulsion with single-phase non-Newtonian model and its comparison with two-phase flow

models, (iii) the application of the entropy theory for the determination of the energy loss in the volute

pump handling these fluids having complex rheological behavior, and finally (iv) the precise characteri-

zation of the different losses in centrifugal pumps with a CFD approach.
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CHAPTER 2

Performance analysis of a centrifugal pump

under emulsion flow by analytical model
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This chapter analyzes the influence of emulsion flow on the characteristic curves of a centrifugal pump

by an analytical method. For this purpose, a rheological model of the emulsion in centrifugal pumps

proposed in the literature has been adapted to the studied emulsion and has been coupled with a loss

model for the prediction of the pump performance. The coupling considers the rheological model to

estimate the effective viscosity of the emulsion as a function of the operating conditions (variable flow

rate in this study). The latter is then used in the friction coefficients and closure relationships in the

pump performance model. This chapter is organized as follows: first, the emulsion and the centrifugal

pump under investigation are described, followed by the presentation of the rheological model and head

losses in a pump, and finally, the analysis of the results, including a comparison of pressure drop when

handling water and emulsion.

2.1 Studied emulsions

The emulsions studied in the present work corresponded to the emulsions studied experimentally by

Valdes et al. [30]. The authors studied two-phase mixtures of sunflower oil and water at 9 different phase

compositions, ranging from 90%–10% O-W to 10%–90% O-W, with 10% increments. The rheological

properties of these mixtures were measured experimentally under a shear rate ranging from 1 s−1 to

3000 s−1, which covers the range of the shear rate of the studied pump. Additional information on the

experimental procedure can be found in [30]. Three-phase morphologies were identified (Figure 2.1):
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(1) the dilute, pseudo-stable W/O emulsion at high oil fractions (> 80%), exhibiting quasi-Newtonian

behavior with a slight tendency to shear thinning at very high shear rates. (2) a concentrated pseudo-

stable O/W emulsion where phase inversion occurred at 70% oil volume, characterized by higher viscosity

and tendency to shear thinning. (3) Multi-regime emulsion at high water fractions (> 40% water), with

a slight tendency to shear thinning (the reader is referred to the article [30] for a better understanding

of the fluid characterization performed and the interpretation of the results).

A phase morphology map was constructed, as shown in Fig. 3,
based on the physical characterization performed on the two-
phase mixtures. On this map, three main regions were identified:
(i) diluted W/O emulsion (90%-80% oil), (ii) concentrated O/W
emulsion (inversion point at 70% oil), and (iii) multiple-regime
liquid-liquid flow (60–10% oil). The latter region carries the least
detailed characterization, given the inherent complexity recog-
nized for this flow system. Usually, microscopic dispersed liquid-
liquid flow was observed, but multiple large structures could also
be identified. Given the high destabilization rate detected visually
for this flow system, only microscopic and rheological analyses
were carried out.

The emulsion depicted in the first region arose as a consequence
of two fundamental factors. The first one refers to the relationship
between processing conditions and droplet size. The elevated
energy levels incorporated into the mixture, particularly at the
impellers, resulted in high shear rates and turbulence. Conse-
quently, water droplets were generated with sufficiently small
sizes to avoid the effects of buoyancy and gravitational forces.
The second factor relates the emulsion stability with the fatty acids
present in the oil phase, which acted as surface-active agents.
These molecules decrease the surface tension between the phases,
as noted previously, and increase the electrostatic/zeta potential
between droplets (Gallo-Molina, 2017). These two factors promote
the formation and increase the stability of the emulsion during the
ESP’s operation.

The concentrated O/W emulsion observed in region 2 follows
the same discussion given for region 1. However, an additional fac-
tor to be considered is the elevated concentration of dispersed dro-
plets, which will inevitably lead to a higher destabilization rate due
to augmented coalescence events (Mougel et al., 2006), as detected
in Fig. 6. Even though larger interfacial areas could be associated
with higher stabilities due to a lower displacement of ions (less
interface coverage) (Gallo-Molina et al., 2018), the lack of a suffi-
ciently strong affinity towards the continuous aqueous phase has
a critical influence on the stability of the emulsion. The small polar
hydrophilic heads from the fatty acids (composed by a single car-
boxylic group) do not provide the same stability as the long non-

polar hydrocarbon chain did for the W/O emulsion. This lower sta-
bility measured and shown in Fig. 6 suggests that the fatty acid
acts more as an oil-soluble surfactant. The inversion point detected
in this region is consistent with multiple studies handling similar
emulsions (Zhang and Xu, 2016; Bulgarelli, 2018; Croce Mundo
and Pereyra, 2019; Banjar and Zhang, 2019). Particularly, Croce
Mundo and Pereyra (2019) reported the inversion point to be
around 35–40% water cut for all the emulsions analyzed at the
same rotational speed as the one considered in this work (3500
RPM). Furthermore, Bulgarelli (2018) showed that the inversion
point does not vary significantly when operating at different rota-
tional speeds. In his work, a range between 800 and 3500 RPM was
considered, and the inversion point was consistently identified
between 25 and 35% water cut.

No stable emulsion systems were formed in region 3. Instead,
micellar structures and liposomes or bicontinuous arrangements
were spotted visually through the optical microscope, as shown
in Fig. 3. These structures are formed due to the intensification of
hydrophobic repulsion forces experienced by the fatty acids as
the water concentration increases. This heightened repulsion
drives the long hydrophobic tails into specific configurations which
minimize their contact with water, hence forming the aforemen-
tioned structures. This re-arrangement generates a lower interfa-
cial area, which produces a higher interface coverage by the
surface-active fatty acids. Thus, as the interface gets saturated,
more ions will be displaced at the interface. This displacement will
result in a lower electrostatic repulsion between droplets, which
will destabilize the emulsion and lead to higher rates of coales-
cence (Gallo-Molina, 2017; Gallo-Molina et al., 2018). The weaker
affinity towards water also plays a crucial role in the destabiliza-
tion of the emulsion at higher water cuts, given that the stronger
chemical attraction towards the oil phase will drive droplets to
merge as they come in contact.

The rheological behavior for all two-phase mixtures studied and
the viscosity models fitted are depicted in Fig. 4. The densities and
the final adjusted viscosity model parameters are given in Table 5,
along with the R2. The data fitting process was carried out consid-
ering a least square approach for both Carreau and Cross models.

Fig. 3. Oil-water phase morphology and distribution map for the studied mixtures in the ESP’s operation. Phase composition (%v/v) given with respect to the oil phase. The
top row gives a schematic representation while the bottom row provides representative optical microscopic images of each region.
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Figure 2.1: Oil–water phase morphology and distribution map for the studied mixtures from Valdes et
al. [30]. Phase composition (%v/v) given with respect to the oil phase. The top row gives a schematic
representation, while the bottom row provides representative optical microscopic images of each region.

2.2 Description of the studied pump

Centrifugal pumps consist mainly of an impeller, a volute casing, and suction and discharge pipes.

They are widely used in many applications due to their advantages in terms of static pressure. The

studied pump (NS32) is a volute centrifugal pump with a specific speed of 32. The impeller is semi-open

and has five backward-curved blades. The volute, which is the fixed element of the pump, has a circular

and symmetrical section. The nominal operating conditions of the pump are a rotational speed of 1470

rpm and a flow rate of 590 m3/h. The main geometric dimensions of the impeller, volute and pump

specifications are summarized in Table 2.1.

Parameter Value

Impeller

Inlet diameter (mm) D1 150

Outlet Diameter (mm) D2 408.4

Inlet blade width (mm) b1 85.9

Outlet blade width (mm) b2 42

Inlet blade angle (◦) β1 70

Outlet blade angle (◦) β2 63
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Number of Blades Z 5

Blade thickness (mm) e 8

Volute

Diameter (mm) D3 436

Base width of the volute b3 50

Nominal Head (m) Hbep 49

Rotational speed (rpm) N 1470

Nominal Flowrate (m3/h) Qbep 590

Specific Speed Ns 32

Table 2.1: NS32 specifications

2.3 Rheological model

To study the effect of emulsion flow on the performance of the centrifugal pump, the rheological

model proposed by Zhu et al. [52] was applied to the emulsion under study. The authors proposed a

model for emulsion rheology inspired by the equation proposed by Brinkman (Equation 2.1) for diluted

suspension, but with a modified exponent (E) which is a constant obtained experimentally.

µE = µc

(1 − ϕd)E
(2.1)

µc and ϕd are respectively the continuous phase viscosity and dispersed phase volume fraction.

The rheological model’s first step is to evaluate the volume fraction of the dispersed phase at which

phase inversion takes place (the dispersed phase becomes continuous). At this point, the emulsion

viscosity is the same whether it was oil-continuous or water-continuous. Thus, the following equivalence

is obtained from Equation 2.1

µw

(1 − ϕo)E
= µo

(1 − ϕw)E
= µw

ϕE
w

(2.2)

µo

µw
=
(︃

1 − ϕw

ϕw

)︃E

(2.3)

µo and µw are oil viscosity and water viscosity respectively. ϕw and ϕo are the volume fraction of

water and oil respectively. By rearranging Equation 2.2 and posing µ̃ (Equation 2.3) as the ratio of oil

viscosity to water viscosity, the dispersed phase volume fraction at inversion point is defined as follows

[31, 52]:

For water-continuous emulsion:

ϕoi = µ̃1/E

1 + µ̃1/E
(2.4)
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For oil-continuous emulsion:

ϕwi = 1
1 + µ̃1/E

(2.5)

E is an experimentally determined coefficient after fitting the equation to the experimental results.

The following step is the application of the effective viscosity model of the emulsion, given by the

relation:

µA = C (µE − µM ) + µM (2.6)

µM is the mixture base viscosity given by:

µM = µw

(1 − ϕoϕoe)E
(2.7)

Where

ϕoe = 1 −
(︃
µw

µo

)︃1/E

(2.8)

C is a factor that considers the effect of several parameters on the viscosity of the emulsion. It

includes the effect of pump rotation speed, surface tension which affects the droplet size of the dispersed

phase, and the oil viscosity making up the emulsion. The proposed form of C is as follow:

C = (NrWeRe)n

bStm
(2.9)

The dimensionless numbers used are Weber Number (We), Reynolds Number (Re) and Strouhal

Number (St), which reflect the effect of the mean droplet diameter, turbulence and shear rate on emulsion

viscosity respectively. Their respective equations are given in the following chart. Nr is the stage number.

The proposed mechanistic model is a semi-empirical correlation since it’s based on experimental data

to determine the exponent E figuring in the Brinkman model and to obtain the exponents linking the

dimensionless numbers i.e n, m and b of Equation 2.9. The procedure for determining the coefficients

together with the calculation of the effective viscosity of the emulsion is summarized in Figure 2.2.
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Figure 2.2: Flow chart for the calculation of the effective viscosity of the emulsion

2.4 Analytical model for pump performance

Many theoretical correlations have been proposed to determine pump performance to circumvent

experimental testing. Theoretical studies have been of great importance as they provide an overview

of the physical nature of the losses and allow their quantification [89] by making noticeable simplifying

assumptions. However, these models are based on a set of equations and parameters that describe the

pump’s operating characteristics and are not versatile. These equations and parameters can be derived

from data gathered from experiments or theoretical models. The model can be used to calculate the

operating flow rate, pressure, power, and efficiency of a pump for any given combination of operating

parameters.

The head characteristic of the pump results from subtracting the different losses from the theoretical

head, as shown schematically in Figure 2.3.
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Q

H
Theoretical head

Friction losses

Shock
losses

Actual pump
head

Figure 2.3: Theoretical head curve and hydraulic losses from the ideal head curve. Adapted figure from
[106].

The loss mechanism inside a centrifugal pump generally consists of friction, shock, diffusion, recir-

culation, and wake mixing losses. However, several correlations are available to estimate the different

loss mechanisms [89]. Therefore, an appropriate selection of these correlations is necessary to accurately

predict the overall pump performance. The different loss mechanisms and models considered in this

study are detailed in the following subsections.

2.4.1 Euler’s equation

The ideal characteristics refer to the characteristics where the fluid, assumed incompressible and

inviscid, is perfectly guided in the blades. This assumption leads to admitting an energy transmission

by an infinite number of blades without thickness and losses. Thus, the fluid motion inside the impeller

is the resultant of two velocities, the blade linear velocity U , induced by the rotation of the impeller;

and the relative velocity W , induced by the displacement of the fluid with respect to the blade. Thus

the fundamental equation of turbomachinery for an ideal characteristic is given by Euler [107] by the

following equation:

HE = U2Vu2 − U1Vu1

g (2.10)

U1 and U2 are the blade speed at impeller inlet and outlet respectively. Vu1 and Vu2 stands for the

projection of absolute velocities at the impeller inlet and outlet to the direction of peripheral velocities.

Under the assumption that the fluid enters the impeller without pre-rotation (Vu1 = 0), the analytical
expression of the head is given as follow:

Hth∞ = U2Vu2

g (2.11)

The velocity components of the Hth∞ equation are expressed as follows:

U2 = ωR2 (2.12)

and
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Vu2 = U2 − Vr2 tg β2∞ (2.13)

where

Vr2 = Qv
2πR2 b2

(2.14)

Thus the pump theoritical head as a function of the flow rate, the rotation speed, and the geometry

of the impeller is given by the following relation:

Hth∞ = U2

g

[︃
U2 − Qv

2πR2 b2
tg β2∞

]︃
(2.15)

Where Qv is the volumetric flow rate. b2, R2 and β2∞ are the outlet blade width, impeller outer

radius and outlet blade angle respectively. ω is the angular velocity.

The actual pump head is obtained by first correcting the ideal Euler head and then subtracting the

various losses generated in the pump. The correction methodology consists of considering the finite

number of impeller blades, or in other words, correcting for the non-uniform pre-rotation of the velocity

at the inlet and outlet of the impeller. This correction is usually made by multiplying the ideal Euler

head by a slip coefficient, to obtain the theoretical pump head. Depending on the type of pump, and the

nature of the assumptions considered, several models have been developed to estimate the theoretical

head and slip coefficient. In this work, the ideal Euler head (Equation 2.15) is corrected by the slip

factor proposed by Wiesner (Equation 2.16) without pre-rotating flow at the impeller inlet. The slip

factor presented by the authors is an empirical equation that matches well with the experimental slip

factor for a wide range of blade geometries.

σ =
√

sin β2∞

Z0.7 (2.16)

2.4.2 Head losses

A correct estimation of pump performance requires a careful selection of loss models. Several loss

sets have been developed to predict pump energy losses. The classification and description of the loss

mechanism differ among authors, whereas an analysis of the different types of losses in centrifugal pumps

was reported by Viera et al. [89]. In the present study, the following internal losses are considered: (1)

friction loss, (2) shock loss, and (3) diffusion loss. The selected set of losses was found to be sufficiently

reliable in a previous study conducted by Kara et al. [108] to predict the performance of two centrifugal

volute pumps conveying water and viscous fluids of different viscosities at varying rotational speeds.

2.4.2.1 Friction losses

Friction losses are generated by the shear stresses created by the velocity gradient in the non-separated

boundary layers [109]. Within the impeller, the friction losses are modeled using Equation 2.17 (Gülich

2008), where a hydraulic diameter dh and average relative velocity Wav are used.

Lfr,i = 4Cfr,i
le
dh,i

W 2
av

2g (2.17)
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Similarly to the impeller, the friction model in the volute is derived from pipe flow theory and is

given by Equation 2.18.

Lfr,v = 4Cfr,v
lc
dh,v

V 2
3p

2g (2.18)

Where V3p is the component parallel to the direction of the volute of the fluid velocity at the volute

inlet V3. The second component of the fluid velocity at the volute inlet is tangential to the impeller

and is denoted by V3d′ . The velocity diagram at the volute inlet is shown in Figure 2.4. The fluid exits

the volute with a velocity V4 which is equal to the velocity component of V3p in the tangential direction

denoted by V3pu [110].

The closure relationships of the above equations are grouped in Table 2.2.

Expression Complementary expressions and obser-

vations

Impeller

dh,i = 2(a2b2+Aq1)
a1+b1+a2+b2

Impeller hydraulic diameter

le = r2−r1
cos β2B

Blade length

Cfr,i = 2.65
Re0.875

i
− 2

8Rei+ 0.016
Rei

+ 1.328√
Rei

For Rei < 105 Rei = wavle

v

Cf,i = 0,136{︂
− log

(︂
0,2 εi

dk,i
+ 12,5

Rei

)︂}︂2,15 For

⎧⎪⎨⎪⎩
105 < Rei < 108

0 < εi/l < 10−3
Impeller friction loss coefficient

Volute

Dh,v = d2
1

2(b3/b2)(b2/d2) + 1
8(π/zla)(d3/d2) sin(av)

Average volute hydraulic diameter

Rev = c3pDh,v

v Volute Reynolds number

Cfr,v Volute friction loss coefficient, calcu-

lated in the same way as the impeller

friction coefficient.

V3p = V4
cos αv

Component of the fluid velocity at the

entrance of the volute

tanαv = Ac

πd2b2(d3/d2)(b3/b2) Volute angle

V4 = Qv

Ac
Volute outlet velocity

Ac Volute throat area

Table 2.2: Closure relationships of friction loss correlations
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Another friction loss to consider is the disc friction loss that occurs over the impeller shroud and hub.

The disc friction losses are expressed according to Gulich [111] as follows:

Lfr,d = Cfr,d

cos δ ρω
3R5

2

{︄
1 −

(︃
R1

R2

)︃5
}︄

(2.19)

δ is the deviation angle, given as follows :

δ = β2b − β2 (2.20)

β2 = tan−1 V2m/W2u (2.21)

ω is the angular velocity and Cfr,d is an empirical friction coefficient calculated from equations within

Table 2.3.

Cfr,d = πR2
2Resax

for Relam ≤ 8.7
(︂

sax

R2

)︂−1.87

Cfr,d = 0.925
Re0.5

(︂
sax

R2

)︂0.1
for Relam < Re < 2 × 105

Cfr,d = 0.02
Re0.25

(︂
R2
sax

)︂1/6
for 105 < Re < 106

Cfr,d = 0.0255
Re0.2

(︂
sax

R2

)︂0.1
for Re > 2 × 105

Table 2.3: Correlations for the maximum droplet size of liquid-liquid dispersions
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Figure 2.4: Velocity at impeller outlet and volute inlet reproduced from [110]
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2.4.2.2 Shock losses

Shock losses are explained by the sudden change in flow direction at the impeller or volute inlet and

outlet. These losses change the shape of the streamlines and differentiate them from blade geometry [89].

These losses are generally significant at low and high flow rates, but almost negligible at design point.

The model proposed by Pfleiderer and Petermann [108] was adopted in this work to estimate the shock

losses within the impeller. The authors stated that the shock loss depends on the difference between

relative velocities before and after the blade leading edge and is given by equation Equation 2.22.

Lsh,i = Csh,i
(W1 −W1q)2

2g (2.22)

Csh,i is the impeller inlet shock loss coefficient, whose empirical value varies from 0.5 to 0.7 depending

on the size of the recirculation zone after the blade leading edge [108].

The shock losses inside the volute are described by the difference between the component of the fluid

inlet velocity V3 parralel to the direction of the volute, and the flow velocity through the volute V3p.

Referring to Figure 2.4, The flow enters the volute with a through-velocity V3 at an angel α3 (α3 may

differ from αv in Figure 2.4 which is the volute angle) [110]. The velocity component V3pu equals the

volute outlet velocity V4 and the velocity component V ′
3d is the motive of a second circulatory motion

given to the volute flow in the impeller motion direction. Thus, the volute shock losses, according to

(Tuzson 2000) [108], are written as:

Lsh,v = Csh,v

V 2
3 − V 2

3p

2g (2.23)

The closure relationships of the above equations are grouped in Table 2.4.

Expression Complementary expressions and observations

Csh,v Volute shock loss coefficient, whose empirical value varies from 0.5

to 0.7

V3 =
√︁
V3p

2 + V3d
2 Volute inlet velocity

V3d = V2up − V4 Volute circulatory velocity component

Table 2.4: Closure relationships of friction loss correlations

2.4.2.3 Diffusion losses

Diffusion losses are the result of the expansion of the surface of the cross-sectional area of flow

channels either within the impeller or within the volute. This expansion takes place simultaneously in

the radial and axial directions [112]. This type of loss is denoted in some literature by Wake mixing

36



2.5. Results and discussion

loss (Aungier (1995)), explained by the mixing of the blade wake flow and the free steam flow caused by

abrupt expansion.

The diffusion loss in the impeller is calculated using the following equation:

Ldiff,i = 0.25W
2
1

2g (2.24)

Where W1 is the impeller inlet relative velocity.

The diffusion loss in the volute is determined by the following equation:

Ldiff,v = Cdiff
V 2

3d

2g (2.25)

These losses are generated by the volute circulatory velocity V3d. Cdiff is the volute diffusion loss

coefficient, to which a value of 0.8 is assigned [110].

2.5 Results and discussion

2.5.1 Rheological model fitting

As stated previously, the analysis of the effect of emulsions on the performance of the centrifugal

pump is based on a rheological model proposed in the literature. Therefore, equation Equation 2.6 is

applied to the studied emulsion in order to estimate its effective viscosity.

Figure 2.5 shows the emulsion viscosity predicted by the rheological model using Zhu [52] and Banjar

[31] coefficients versus water cut at best efficiency point (BEP) (900 rpm and Q = 300 m3/h), compared

to the experimental data.
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Figure 2.5: Comparison of the emulsion effective viscosity predicted by the rheological model using Zhu
[52] and Banjar [31] coefficients with the experimental data [30]

A clear peak in the emulsion viscosity is observed as the water-volume fraction increases, indicating

the reversal of the continuous-oil emulsion (water-in-oil) to a continuous-water emulsion (oil-in-water),
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resulting in a significant increase in its effective viscosity. From the figure, the phase inversion point

predicted by both models is lower than the experimental one (20% WC vs. 30% WC in experimental

data), highlighting also that Banjar’s model gives a better approximation of the viscosity value at this

point. Before the phase inversion, the experimental data are well predicted by Banjar’s model with

a deviation of 8%. Conversely, after the inversion point, the experimental data are well predicted by

Zhu’s model with a discrepancy under 14%. The difference between the predicted inversion point and

the experimental one is expected since the rheological model is semi-empirical. The proposed equation

for inversion point determination (Equation 2.4) depends on the viscosities of the two coexisting phases,

linked by an exponent E determined experimentally. The operating conditions of this study and the

properties of the oil constituting the emulsion (viscosity and surface tension) differ from those of the two

authors, therefore the value of E determined by the authors can not be applied in this case. Besides,

exponent E is determined for fixed operating conditions and is applied over the range of flow rates and

speeds relative to the studied pump. It has been reported that phase inversion depends on the properties

of the emulsion (continuous phase oil viscosity and emulsion stability) as well as the shear rate applied to

the emulsion (rotational speed and flow rate). Phase inversion occurs at a higher volume fraction of the

dispersed phase as the rotational speed increases and the viscosity of the oil continuous phase decreases

[29]. The rheological model proposed by the authors verifies the effect of viscosity on phase inversion

but does not reflect the operating conditions or emulsion stability effect. Consequently, the viscosity

model (Equation 2.4 and Equation 2.9) should be fitted to the current experimental data to give a better

prediction of the inversion point as well as the overall emulsion viscosity.

A model fitting was conducted to find the numerical values of the equation coefficients that best

fit the input data. The final C-factor and E-value obtained are compared with those reported in the

literature in Table 2.5.

µ (cP ) σ (N/m) C E Ref

100 0.032 C = (NW eRe)0.1

10St0.2 3 Banjar [31]

10 0.02 C = N0.15(W eRe)0.1

2.5St0.2 3.2 Zhu et al.

[52]

58 0.019 C = (NW eRe)0.05

3St0.5 4.8 Present work

Table 2.5: Comparison of exponents after model fitting with those in the literature

The difference between the exponents linking the dimensionless numbers and the E value obtained by

the two authors is expected since their determination is based on experimental data only, emphasizing

that such a close value is explained by the fact that the dimensions of the pumps used by the two authors

are similar as well as the operating conditions.

In Figure 2.6, the rheological model with adjusted exponents is plotted against the experimental data

as a function of WC. The adjustment consisted of increasing the exponent E (Equation 2.3) (compared

to the other models) to account for the difference in operating conditions (lower specific speed and larger

pump size compared to the reference papers). The fitted model gives an accurate prediction for the

inversion point, however, the viscosity is underestimated with a difference of 20%. Outside the phase

inversion zone (a 20% margin before and after the inversion point), the model gives an accurate prediction
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of the emulsion viscosity with a difference of less than 9%.
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Figure 2.6: Adjusted rheological model versus experimental data

2.5.2 Pump head

To validate the present prediction procedure, the results are compared to the provided catalog per-

formance curve of the centrifugal pump handling water at different rotational speeds. Figure 2.7 shows

the comparison of the pump head predicted by the model and the performance curve provided by the

manufacturer as a function of flow rate. It should be noted that the studied pump was tested with water

at a rotational speed of 900 rpm, and the experimental results corresponded well to the provided curve,

with a mean deviation of less than 3% at a low flow rate. Excellent agreement with the catalog head

is observed with less than 5% deviation at low and high flow rates for the different rotational speeds

considered. This indicates that the hydraulic loss equations used for pump head prediction are correctly

evaluated.
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Figure 2.7: Predicted pump head under water flow at 900 rpm versus experimental data

The performance prediction of the centrifugal pump when handling emulsion has been carried out by
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incorporating the rheological model in the head losses. The suggested model (Equation 2.6 with fitted

parameters (Table 2.5) is used to estimate emulsion rheology first, and the resulting effective viscosity is

then used in the pump performance mechanistic model as a single phase oil, i.e in friction loss correlations

(in the closure relationship of Equation 2.17 and Equation 2.18).

The emulsions considered in this analytical study correspond to an emulsion of regions 1 and 3

presented previously ( Figure 2.1): an oil-in-water emulsion with volume fractions of 40%O-60%W, a

water-in-oil emulsion with volume fractions of 20%W-80%O. Since the rheological model is applicable

only outside the phase inversion zone and the emulsion has a very high viscosity at this zone, the

mechanistic model has not been considered for emulsion in region 2. The predicted head of the pump

operating with water and the emulsions considered at different rotational speeds are shown in Figure 2.8.

We observe that as the oil volume fraction increases, the pump head decreases. Since the viscosity

of the emulsion is higher than that of water, the pump head decreases, which is caused by an increase

in hydraulic losses, mainly frictional losses, as shown in previous studies [113]. For the 40%O-60%W

emulsion, the analytical model shows that the pump head degradation caused by the rheological behavior

of the emulsion increases with the flow rate. This observation is in agreement with the experimental

results of Valdes [30] on an ESP carrying the same emulsion and with the CFD results obtained in this

study for the same emulsion which will be seen in the following chapters. Finally, for the oil-continuous

emulsion with a water cut of 20%, the model deviates at high flow rates. This is probably due to the

high effective viscosity of this emulsion. As stated by Banjar [91], the mechanistic model for pump

head prediction gives a good estimate of the pump head for emulsions with relatively low viscosities,

and when the viscosity increases beyond 60 cP, the model is not suitable anymore. The authors applied

this procedure to estimate the head of a multistage pump handling different emulsions (i.e., coupling

their proposed rheological model with a mechanistic model for pump head), where friction, recirculation,

shock, and rotation losses were considered in the mechanistic model for pump head prediction (see

subsection I.4.1 of the literature review). A similar conclusion can be made in the actual study. The

oil constituting the emulsion has a viscosity of 58 cP, and the predicted viscosity of the continuous oil

emulsion, i.e., 20%W-80%O, varies from 40 cP to 130 cP as the flow rate increases from 50 m3/h to 600

m3/h. Since the predicted viscosity of the latter emulsion is too high, the model is not applicable for

estimating the pump head conveying this emulsion.
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Figure 2.8: Analytical pump head results for water and emulsion at different rotational speeds

To investigate the losses within the centrifugal pump when handling both water and emulsion in

detail, the variation characteristics of each loss versus flow rate are shown in the following figures. The

40%O-60%W is selected since its viscosity boundary is included in the model limit. Three categories of

pressure losses can be distinguished according to their variation with the flow rate [114]:

� Hydraulic losses which increase with the increase of the flow rate, namely: friction losses in the

impeller, diffusion losses in the impeller, and friction losses in the volute. This increase is attributed

to the velocity of the fluid increasing with the flow rate. This increased velocity causes more friction

between the fluid and the walls of the pump parts, resulting in increased friction losses. It also

causes more disturbance of the flow field due to the presence of the blade wake, which can lead to

increased turbulence and pressure losses, resulting in increased diffusion losses.

� Hydraulic losses that decrease with increasing flow rate, including friction losses in the disc. As

the flow rate increases, fluid velocity increases and the flow that goes between the disc and fluid

decreases.

� Hydraulic losses that have a parabolic shape, namely: impact loss in the impeller, impact loss in

the volute, and diffusion loss in the volute. This last group is almost negligible at the design flow

rate and increases at off-design conditions. These losses occur when the flow rate of a pump is

less than or greater than the value resulting from a shock-free approach flow corresponding to the

design point. A change in flow rate results in a change in the angle of entry or exit of the fluid in

either the impeller or the volute, and thus an increase in these losses as one moves away from the

design point.

The skin friction losses in the impeller and volute are shown in Figure 2.9 (a) as a function of flow for

both fluids. These losses are dominant in the pump volute when handling water and become of the same
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Chapter 2. Performance analysis of a centrifugal pump under emulsion flow by analytical model

order of magnitude in both parts of the pump when handling emulsion but with a magnitude significantly

larger than for water. The disc friction losses (Figure 2.9 (b)) estimated with the empirical correlation

decrease with increasing flow rate and their magnitude increases with the viscosity of the emulsion. At

low flow rates, the disc friction loss has a significant impact on the pump head loss, along with shock

and diffusion loss in the volute.
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Figure 2.9: Surface friction loss in (a) impeller and volute, (b) disc

The diffusion losses in the impeller and volute are shown in Figure 2.10 for the two fluids. The diffusion

loss is viscosity independent and is significantly large in the volute. Previous studies have shown that the

diffusion losses are viscosity independent in turbulent flow when the Reynolds number is between 3 · 104

and 6 ·104 [112], which is the case in our study as well. Furthermore, no clear evidence has been found in

the literature regarding the effect of Reynolds number on diffusion losses [112] and no analytical model

accounting for this effect has been proposed. Compared to frictional losses when handling water, the

diffusion loss within volute is quite large, so the divergent part of the volute should be thoroughly designed

so that the diffusion loss is as minor as possible. The magnitude of this loss within impeller i.e diffusion

loss is comparable to the skin friction loss in the impeller but much smaller than that in the volute.

When handling emulsion, friction losses within the impeller and volute increase significantly, which is

caused by the increase of the fluid viscosity. This is what explains the degradation of the performances

obtained previously. However, the other losses estimated with the analytical models, namely shock loss

(Figure 2.11), and diffusion loss remain invariant when the viscosity of the fluid changes. The impact

loss in the impeller is insignificant compared to the impact loss in the volute, and both become almost

negligible at design point. The two previous losses are viscosity independent since the proposed models

do not consider the effect of viscosity on the velocity triangle and thus these loss models are functions

of the flow rate and the pump geometry only.
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Figure 2.10: Diffusion loss in (a)impeller, (b) volute
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Figure 2.11: Shock loss in (a)impeller, (b) volute

2.5.3 Model limitation and conclusion

The analytical model shows that pump performance degrades when the fluid is an emulsion due to its

high viscosity. The friction losses in the impeller, volute and disc depend on the fluid viscosity, and the

associated correlations for their estimation consider the effect of the viscosity. The correlations proposed

to estimate the other losses are viscosity independent. These models depend however on empirical

coefficients and may thus overestimate or underestimate the effect of viscosity on the associated losses.

These losses are generally based on the velocity triangle which is based on a theory that neglects fluid

viscosity and assumes an idealized two-dimensional flow through the impeller. The fluid viscosity affects

recirculation phenomena, changes the shape of the streamlines, and differentiates them from the blade

geometry. In addition, there are several parameterizations in the correlations of these losses that depend

on the adjustment factors and experimental data which are generally obtained with water.

No conclusion can be made regarding the accuracy of the analytical correlation for pump head

estimation under emulsion flow given the lack of experimental results. The analytical model is semi-
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Chapter 2. Performance analysis of a centrifugal pump under emulsion flow by analytical model

empirical and finds its limits when the fluid is very viscous. The viscosity of the fluid is considered only

in the friction loss equations which neglects thus the other effect that the viscosity may have on the losses.

Moreover, the rheological model for the estimation of the emulsion viscosity is not universal. Figure 2.12

(a) shows that the emulsion viscosity obtained with the proposed model decreases with increasing pump

rotational speed which is consistent with the experimental data. However, the effect of the flow rate

on the rheological behavior of the emulsion is not considered correctly, as we see in the Figure 2.12 (b)

and Figure 2.13 that the estimated emulsion viscosity increases with increasing flow rate. Figure 2.12

(b) shows the viscosity of the emulsion obtained from Equation 2.6 by varying the volume fraction of

water in Equation 2.1 and Equation 2.7, as well as the flow rate in Equation 2.9. While Figure 2.13

shows the effect of flow rate on an emulsion with fixed volume fractions (40%O-60%W), obtained from

Equation 2.6 by varying the flow rate in Equation 2.9. This last remark is indeed contradictory to the

shear-thinning behavior of emulsions previously observed from experimental data. The analytical model

of viscosity gives an approximate estimation of the emulsion impact on the pump’s performance but

does not describe the fluid behavior within the pump. This is an important limitation for analytical

approaches.
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Figure 2.12: Emulsion rheological behavior predicted by the model at (a) different rotation speeds and
(b) different flow rates
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Figure 2.13: Variation of the emulsion viscosity as a function of the flow rate
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CHAPTER 3

Hydrodynamic behavior of a centrifugal pump

handling emulsions modeled as a non-Newtonian

fluid by CFD
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Introduction and motivation

As stated in the state-of-the-art, many researchers have investigated the viscosity of emulsions at

different water cuts (WC) and found that in most cases, the emulsion exhibits a shear-thinning behavior.

On the other side, the work in the literature on the operation and performance of centrifugal pumps

handling emulsions and oil-water mixtures is few and has mainly focused on experimental investigations,

which confirmed the non-Newtonian behavior of emulsions in pumps. Few numerical analyses have been

performed on this topic given the complexity involved in emulsion modeling. These numerical studies

have focused on the analysis of the overall performance of a multistage pump handling emulsions, but

no studies have focused on a volute centrifugal pump while considering the rheological behavior of these

fluids. Therefore, a thorough study of the hydrodynamic behavior of volute centrifugal pumps when

handling emulsion, considering their non-Newtonian rheology, remains to be done.

The main objective of this chapter is the analysis of the performance and flow characteristics of a

volute centrifugal pump numerically when handling emulsions of oil–water mixtures at different water

cuts (WC) by considering their non-Newtonian rheological behavior, as well as to compare its performance

when operating with Newtonian viscous oil. The mixtures’ rheological properties were investigated

experimentally, and the results were fed into the transport properties section of the open-source library
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Chapter 3. Single-phase modeling with non-Newtonian behavior of emulsions

OpenFOAM v1906 which is the library used for the simulation. Therefore, the mixtures have been

modeled and simulated as a single-phase fluid following non-Newtonian rheology. In addition, a more in-

depth analysis of the internal flow is performed in this chapter, relating the hydrodynamic performance

of the pump to the rheological properties of the emulsion.

3.1 Numerical set-up

The first step in CFD is the modelization of the geometry and the flow domain as well as the generation

of the three-dimensional mesh for the chosen domain. The following step consists in establishing the initial

and boundary conditions as well as a simulation strategy. This last point involves the determination of

elements such as the choice of the turbulence model and the solution algorithms.

3.1.1 Geometry and mesh

The initial steps of the numerical simulation are the determination of the computational domain

(volume of fluid) and the generation of a three-dimensional mesh for the selected volume. Due to the

complex geometry of the centrifugal pump, the geometric model was generated using CATIA software.

As mentioned earlier, the studied pump consists of a five-bladed backward-curved impeller and a volute

and is designed in four parts, as shown in Figure 3.1.

� Inlet pipe

� Impeller

� Volute

� Outlet pipe

Interface 3

Interface 1

Interface 2

Fluid volume of

the outlet pipe

Fluid volume of

the inlet pipe

Fluid volume of

the impeller

Fluid volume of

the volute

Figure 3.1: Fluid volume
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3.1. Numerical set-up

Following this configuration, three interfaces are considered:

� Interface 1: an interface between the inlet pipe and the impeller inlet,

� Interface 2: an interface between the impeller and the volute,

� Interface 3: an interface between the volute and the outlet pipe.

The quality of the mesh used to solve a fluid mechanics problem is critical to the solution outcome.

Structured meshes are the most efficient in terms of computation time and accuracy and are often

preferable. However, it is very cumbersome to generate structured meshes for many complex geometries,

as is the case for a centrifugal pump. Thus, it becomes necessary to use an unstructured mesh type for

some parts of the computational domain.

For mesh generation, an unstructured mesh was generated due to the complex geometry of the

centrifugal pump as stated above. Two types of mesh elements were considered: polyhedrons and prisms.

The hexahedral elements were employed in the inlet and outlet sections, while the polyhedron elements

were employed in the impeller and volute. To capture the flow details near the flow domain boundaries,

a structured mesh was used for the boundary layer of the near-wall regions. This led to an average

y+ < 5 and direct resolution of the viscous sublayer of the inner region as shown in Figure 3.2. This

ensures a good evaluation of the wall shear stress for highly viscous fluids like oil and emulsion having

70% oil volume fraction (inversion zone). For water and other fluids (see Table 3.3), wall functions are

selected to deal with the near-wall region. This approach guarantees more precise calculations in cases

where the mesh has a medium resolution and is located in the buffer sublayer (5 < y+ < 30). These

y+ values are guaranteed for the large pump (NS32) and its reduced model which will be studied later.

In OpenFOAM, the existing wall functions have been modified to ensure that they can provide accurate

results wherever the position of the first cell center [115]. Figure 3.3 gives an overview of the generated

mesh.

(a) (b) (c)

Figure 3.2: Distribution of Y+ value at BEP for (a) water, (b) 70%O-30%W, (c) oil.

The information between the different pump regions is transferred through an arbitrary mesh interface

(AMI). At these interfaces, a steady-state flow velocity condition is applied, which assumes the same

absolute velocity on both sides of the interface and thus for each reference frame. To implement the

motion of the rotation domain in the stationary case, the multiple reference frame (MRF) models is used.

In contrast, for the transient case, the motion is implemented using a dynamic mesh. The challenge of
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Chapter 3. Single-phase modeling with non-Newtonian behavior of emulsions

the MRF method is the correct positioning of the interfaces in the geometry and the generation of a

consistent mesh for both sides of the interface. Although the meshes at the interfaces do not have to

match perfectly due to the AMI approach, a similar and uniform cell size on both sides can significantly

increase the accuracy of the results.

To determine the most favorable number of cells to use for the simulations, a mesh independence test

was performed. The centrifugal pump head considering the water was taken as a reference parameter

to determine the influence of mesh size on the convergence to the exact solution. Four different mesh

sizes were evaluated; M1: coarse, M2: basic, M3: fine, and M4: ultrafine (Table 3.1. The convergence

criterion chosen was a relative head difference with a maximum value of 1 %. Figure 3.4 shows the

convergence of the calculated discharge pressure to an asymptotic value as the number of grids increases.

The M3 grid (4 · 106 grids) was found to be sufficiently reliable to ensure non-dependence of the grids

and was used for the rest of the study. The quality of the mesh used to solve a problem is critical to the

quality of the solution. Some essential parameters for mesh quality were evaluated, including Skewness,

Orthogonal Quality, and Aspect Ratio, the values of which are given in Table 3.2 for the selected mesh.

(a) (b) (c)
Computation domain Impeller mesh Volute tongue mesh

Figure 3.3: Fluid volume mesh
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Characteristics Number of Cells

M1 1,230,000

M2 2,750,000

M3 4,091,000

M4 7,900,000

Table 3.1: Mesh size used

Parameter Value

Max cell openness 9.173e-15 OK

Max aspect ratio 3.496e+2 OK

Non-orthogonality check OK

Face pyramids OK

Max skewness 3.139 OK

Table 3.2: Parameters evaluated for the quality of the mesh

3.1.2 Emulsion Rheology

The non-Newtonian behavior of the emulsion can be presented as the shear thinning effect. In shear-

thinning non-Newtonian emulsion models, the viscosity becomes a nonlinear function of the shear rate.

In this study, the emulsions under consideration exhibit shear-thinning behavior, as stated previously in

Chapter 2. They were tested under a shear rate ranging from 1 s−1 to 3000 s−1, and the rheological

characterization results were fitted to the conventional effective viscosity models of Cross and Carreau.

The following correlations correspond to the Cross and Carreau models, respectively.

µeff − µ∞

µ0 − µ∞
= [1 + (kcγ̇)nc ]−1

(3.1)

µeff − µ∞

µ0 − µ∞
=
[︂
1 + (λtγ̇)2

]︂ncar−1
2

(3.2)

Where kc and nc are the Cross time and Cross rate constant, respectively. λt and ncar are the

relaxation time and power index, respectively. ν0 and ν∞ are the viscosity for zero shear rates and very

high shear rates. Table 3.3 summarizes the emulsions studied and the associated non-Newtonian model

parameters.

(%v/voil) Viscosity Model ρ (kg/m3) nc/ncar kc(sn)/λt(s) ν0(m2/s) νinf(m2/s)

100 Newtonian 922.8 − − − 6.29 10−5

90 Carreau 947.8 0.471 2.03 10−4 7.59 10−5 2.40 10−5
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80 Carreau 952.2 0.421 5.30 10−3 9.01 10−5 6.82 10−5

70 Carreau 953.0 0.339 45.88 1.57 10−2 3.14 10−5

50 Cross 966.9 0.339 1.94 4.44 10−5 1.03 10−5

40 Cross 978.3 0.416 21.06 3.27 10−5 1.02 10−5

0 Newtonian 1000 − − − 1.00 10−6

Table 3.3: Measured density, Cross/Carreau fitting parameters for each composition studied, data from
[30]

3.1.3 Numerical model

The numerical simulation consists of solving the averaged 3D Navier Stokes equations with a RANS

approach for turbulence modeling. The simulations were performed with the open-source library Open-

FOAM v1906 which uses a finite volume method (FVM) to discretize the fluid equations.

In this study, the flow field within the centrifugal pump was assumed to be incompressible, single-

phase, isothermal, viscous, and turbulent. The mass and momentum equations (Equation 3.3 and Equa-

tion 3.4 respectively) are solved using the SIMPLE algorithm (Semi-Implicit Method for Pressure-Linked

Equations).

∂

∂t
(ρ) + ∇ · (ρu) = 0 (3.3)

∂

∂t
(ρu) + ∇ · (ρu ⊗ u) = g + ∇ · (τ) − ∇ · (ρR) (3.4)

(τ) is the averaged stress tensor and R is the Reynolds stress tensor. The Reynolds stress is the com-

ponent of the total stress tensor in a fluid obtained from the averaging operation over the Navier–Stokes

equations to account for turbulent fluctuations in fluid momentum.

Turbulence is based on the concept of ”energy cascade” developed by Kolmogorov [116, 117], which

states that turbulence is composed of vortices of different sizes, each possessing a certain amount of energy

that depends on its size. Three approaches exist to solve the turbulent flow. The first one is based on the

direct resolution of the full spectrum of time and space scales of the turbulent terms of the Navier Stokes

equations, known as DNS (direct numerical solution). This method is extremely expensive regarding

the computation time and requires a small time step and a very fine mesh (For example, the number

of meshes required for a direct numerical simulation of the studied pump (NS32) is approximately 687

trillion cells (687 · 1012)). The second method is the Large Eddy Simulation (LES), which is a method

developed to simplify the solution of turbulent flows. The concept of this method is that large-scale

turbulent structures are directly simulated, while small-scale turbulence is modeled using subgrid-scale

models. The third approach is solving the Reynolds averaged Navier Stokes (RANS) equations, which

are based on the concept of modeling all scales of turbulent flow. This approach is the most popular one

for solving industrial problems and proceeds directly to the averaging of the Navier-Stokes equations by

redefining the variables as the sum of two values: an average value and a fluctuating value. During the

averaging process, the nonlinearity of the Navier-Stokes equations gives place to Reynolds stresses that
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must be modeled.

Models for direct calculation of Reynolds stresses are based on the Boussinesq assumption [116] which

postulates that the Reynolds stress tensor is proportional to the average strain rate tensor. Boussinesq’s

hypothesis introduces the concept of turbulent eddy viscosity which calculates the large-scale eddies in

the flow and characterizes the transport and dissipation of turbulence. The models can be grouped into

four categories:

� algebraic (zero equation) models,

� one equation models,

� two-equation models,

� second-order closure models.

The choice of a turbulence model depends on the physical nature of the problem and the compu-

tational power. Nevertheless, traditional RANS models, such as k − ϵ or k − ω (which are part of the

two-equation models), are widely used and produce satisfactory results [87], and are known to be the

most appropriate for the internal flow of rotating machines [118, 119].

Given the nature and geometry of the flow under study, the two-equation k-epsilon model is used

to model the turbulence, as it satisfies the mathematical constraints on Reynolds stresses, which are

consistent with the physics of turbulent flows [120]. The solved turbulent kinetic energy equation k

and dissipation rate equation ϵ are given by Equation 3.5 and Equation 3.6, respectively. The basic

assumption of this model is that the turbulent viscosity, modeled by Equation 3.7, is isotropic, meaning

that the ratio of the Reynolds stress to the mean strain rate is the same in all directions. Turbulent

viscosity can hide the non-Newtonian shear-thinning character of emulsions subjected to high shear

rates. Emulsions are highly viscous non-Newtonian fluids with apparent molecular viscosities thousands

of times greater than the viscosity of water at low shear rates (as shown in Table 3.3 when comparing

ν0(70%O − 30%W ) and the viscosity of water). However, the shear-thinning behavior causes the bonds

between the molecules of the coexisting phases to be broken as the shear rate increases, and the apparent

molecular viscosity of the emulsion decreases. Thus, the inertial forces of the flow field override the viscous

forces.

D

Dt
(ρk) = ∇ · (ρDk∇k) + P − ρϵ (3.5)

D

Dt
(ρϵ) = ∇ · (ρDc∇ϵ) + C1ϵ

k

(︃
P + C3

2
3k∇ · u

)︃
− C2ρ

ϵ2

k
(3.6)

vt = Cµ
k2

ϵ
(3.7)

Figure 3.5 shows the inverse of the eddy viscosity ratio, 1
µt
µ

, of 70%O-30%W emulsion flow within

the NS32 pump at best effeciency point (BEP). It shows the importance of molecular viscosity governed

by non-Newtonian behavior compared to turbulent viscosity. The figure shows that the magnitude of

molecular stresses exceeds five times the Reynolds stresses in some regions. Thus, the damping effect of

the emulsion viscosity outweighs the kinetic energy, requiring additional energy for the flow.
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Chapter 3. Single-phase modeling with non-Newtonian behavior of emulsions

Figure 3.5: Eddy viscosity ratio of 70%O-30%W emulsion flow within the NS32 pump at BEP

The motion of the rotational domain was modeled using the multiple reference frame (MRF) tech-

nique, in which the impeller is in the rotating frame, and the volute and the rest of the pump geometry

in the stationary frame. This technique is a steady-state approximation where the effects of rotational

motion are reproduced via source terms in the fluid equations. The information between the different

regions is transferred by an arbitrary mesh interface (AMI), where the flow variables are assumed steady.

This allows the flow field within the centrifugal pump to be predicted by steady-state calculations and

saves simulation time.

The inlet and outlet boundary conditions were set to a fixed volumetric flow rate and static pressure

of 0 Pa, respectively, and a no-slip velocity condition was imposed on all pump walls. By changing the

volumetric flow rate, the performance curves of the centrifugal pump were acquired.

3.1.4 Validation of the model

In the interest of assessing the accuracy of the CFD model, a standard case with water only was

first considered. The numerical simulations were performed at a rotational speed of 900 rpm, as the

experiment was realized under these conditions. The head developed by the pump was estimated as the

difference between the surface averaged pressure at the outlet and the inlet. The head and efficiency

were calculated following Equation 3.8 and Equation 3.9, respectively.

H = ∆P
ρg

+ v2
2 − v2

1
2g + ∆z (3.8)

η = ρgQH

τN
(3.9)

Figure 3.6 shows the comparison between the simulated pump head and the experimental data as a

function of flow rate. Although the trend is well reproduced by the steady-state numerical model, the

model underestimates the head values compared to the experimental data. Nearly all data points are

within a 10% discrepancy. The differences are related to the assumption of a steady-state simulation to

model the flow field inside the centrifugal pump. Therefore, only one impeller position is considered and

the interaction between the impeller blades and the volute tongue is not taken into account.
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3.2. Results and discussion

In a previous study, Asuaje et al. [87] verified the effects of the interaction between the impeller and

the volute for the same pump, by performing steady-state computations of several impeller positions.

The author found that impeller position influences the head obtained and that the amplitudes of the

pressure fluctuations reached 27% of the average pressure generated by the impeller.
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Figure 3.6: Comparison of pump head predicted by the CFD model with experimental data for water

To further investigate this point and to account for the different positions of the impeller, a simulation

of the flow field in the pump in an unsteady regime was considered with the same mesh. The PIMPLE

algorithm (merged PISO-SIMPLE) was used to solve the continuity and momentum equation. The

stator–rotor interaction was modeled using a sliding grid approach. This transient method rotates the

rotor part of the mesh relative to the stator part at each time step and the local flows were transferred

using the AMI interface. Thus, the interaction between the impeller and the volute was fully resolved.

The results of the unsteady simulation of the water flow field within the pump are shown in Figure 3.6.

The comparison with the experimental data shows that the unsteady numerical results overestimated the

head by about 0.7%. The numerical model did not consider the effect of the tip clearances of the pump,

which accounts for a maximum of 2.5% of the head losses. Therefore the quasi-perfect agreement found

here could be due to the compensation of small errors. Based on these results, the current numerical

model can be considered satisfactory in terms of accuracy, thus validating the numerical model. For

the sake of computational resources, simulations of the flow fields inside the studied centrifugal pump

handling emulsions of different concentrations are performed at steady-state conditions. The objective is

to investigate the internal flow within the pump handling emulsions, modeled as non-Newtonian fluids,

along with the performance degradation of the pump carrying this type of fluid. The influence of unsteady

phenomena is not included in this study.

3.2 Results and discussion

3.2.1 Overall performance

Figure 3.7 shows the head developed by the pump and the performance obtained for the selected

compositions of each region. Simulations were performed on a flow rate ranging from 100 m3/h to 400

m3/h, with a step of 50 m3/h. Since the degradation varied only slightly with the flow rates, in this
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Chapter 3. Single-phase modeling with non-Newtonian behavior of emulsions

study, only the nominal flow rate and the lower and upper limits of the flow range were considered. In

this context, the analysis considered the entire operating range of the centrifugal pump. The regions

shown previously in Figure 2.1 (chapter 2) are highlighted to relate the composition and rheological

properties of the emulsion to the pump operation. First, a clear transition is observed in the head

and performance curves before and after the phase inversion point (region 2). The pump performance

developed for indirect emulsions (region 1) and oil is significantly close. However, the head obtained

for the oil is higher than the one obtained for the 80%O-20%W emulsion. The head difference between

the two fluids decreases as the flow rate increases to approximately the same head value at high flow

rates. On average, the 80%O-20%W emulsion obtained a head degradation of 10% in underflow, which

increased to 26% in overflow. On the other hand, the oil led to a head degradation of 9% in underflow,

which increases to 25% in the overflow. This difference in performance is related to the composition of

the emulsion and its viscosity. The 80%O-20%W emulsion is close to the phase inversion point, where

high viscosity is observed compared to other emulsions outside the phase inversion zone so that losses

increase, and pump performance deteriorates. On the other hand, the 80%O-20%W emulsion follows a

shear-thinning behavior, so its viscosity decreases as the shear rate increases to reach a lower viscosity

limit which is close to the oil viscosity (Table 3.3). This explains the decrease in the head difference at

high flow rates.

Comparing the performance of the pump when handling 90%O-10%W emulsion with the performance

of the pump when handling oil, it can be seen that at low flow rates, the head developed for oil is higher

than the head developed for emulsion. At nominal flow and overflow, the opposite occurs. Given

the shear-thinning behavior of the emulsion, its viscosity will tend to decrease at high shear rates.

This implies that the effective viscosity of this emulsion is lower than the viscosity of the oil (νoil >

ν∞(90O10W )), thus decreasing the hydraulic losses encountered in the pump and resulting in higher head

values. As for region 2, a viscosity peak of the emulsion was observed at phase inversion as shown in

Figure 3.8, but the performance of the pump carrying this emulsion is better than that of the pump

handling region 1 emulsions and oil (Figure 3.7). This is attributed to the strong shear thinning behavior

of the emulsion and the lower limit of its effective viscosity range. The 70%O-30%W emulsion will undergo

a significant viscosity drop until viscosity values lower than those of the Region 1 emulsions are reached

at the same shear rates. As a result, losses will be lower and pump performance will be improved.
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Figure 3.7: CFD head (a) and efficiency (b) curves of the studied emulsions. Yellow, pink, and blue
shaded areas correspond qualitatively to regions 1, 2, and 3, respectively, as classified in Figure 2.1
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3.2. Results and discussion

The pump performance degradation observed when pumping the emulsions in region 3 is noticeably

close, especially at the nominal flow rate. This is attributed to the close viscosity range of the two

emulsions and their sensitivity to shear rate governed by the coefficients k and n (Table 3.3). Emulsion

50%O-50%W has a higher viscosity at low shear rates than emulsion 40%O-60%W, and at high shear

rates, their viscosities were almost equal. In addition, 40%O-60%W emulsion had a more pronounced

shear-thinning behavior (k > k, n ≈ n), so that over the entire shear rate range, the viscosity of

emulsion 40%O-60%W will be lower than that of emulsion 50%O-50%W. This explains the slightly better

performance obtained for emulsion 40%O-60%W at underflow and nominal flow rates. Nevertheless, both

emulsions will see their effective viscosities decrease sufficiently to reach the lower bounds (ν∞) at very

high shear rates. Therefore, both emulsions developed the same performance at overflow.
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Figure 3.8: Viscosity curve as a function of the water cut and the inversion point (graph based on
experimental data from Valdes et al. [30] by selecting the shear rate corresponding to the studied pump)

Another interesting point to discuss is the rate of head decline. A larger drop in the head curve

at higher flow rates is observed in region 1 (degradation rates between 24% and 26%, corresponding to

the 90%O-10%W and 80%O-20%W emulsions, respectively) when the oil fraction is large (> 70%) (see

Figure 3.9 (a)). This suggests that systems with higher oil fractions generate higher frictional losses,

which is consistent with the increase in the effective viscosity range shown in Table 3.3 and especially the

lower bound of the viscosity range. The centrifugal pump generated high shear rates so that the fluids

reached the lower Newtonian plateau. Thus, the increase in frictional losses is directly related to the

lower bound of the viscosity range of each emulsion. This explains the minimal change in head obtained

by increasing the oil fraction by 10% in region 3 (ν∞(40O60W )/ν∞(50O50W ) ≈ 1), compared to the sharp

drop observed by increasing the oil fraction by 10% in region 1 (ν∞(80O20W )/ν∞(90O10W ) ≈ 2.8). This

also explains the more pronounced degradation in performance of the 80%O-20%W emulsion compared

to oil (νoil < ν∞(80O20W )), as shown in Figure 3.9 (a). A similar analysis could be made from the pump

efficiency results, where the pump efficiency decreased as the volume fraction of the oil phase increased,

which can be explained by the increase in the effective viscosity range of the different emulsions.
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Chapter 3. Single-phase modeling with non-Newtonian behavior of emulsions

(a) (b)

Figure 3.9: (a) Degradation rate of the pump head of the studied compositions and (b) Curves of
normalized head coefficient as a function of the normalized flow coefficient for CFD results and Valdes
[30] experimental data

A comparison between the CFD results and the experimental data from the reference paper is pre-

sented in Figure 3.9 (b). This figure shows the normalized head versus normalized flow rate for the CFD

results and Valdes’s experimental data based on a multistage pump with a specific speed twenty times

the specific speed of the studied pump. As can be noticed, the graph trend is similar for both results.

Another interesting observation is the rate of head deterioration rate. The head curve for emulsion shown

in Figure 3.9 (b) showed a more pronounced drop at higher flow rates. This observation is in accordance

with the experimental results of Valdes et al. [30], where, for example, a 4 % performance degradation

was noted before BEP for 40%O-60%W emulsion, increasing up to 14% at this point. In this study, the

degradation rate was 9 % before BEP and increased up to 17 % after this point. First, this difference

in deterioration is mainly attributed to the difference in pump geometry and operating conditions that

affect the hydraulic losses in terms of quantity. Second, despite the shear-thinning behavior of the emul-

sion, its high effective viscosity led to degradation of pump performance, primarily through increased

frictional losses at high flow rates.

3.2.2 Internal Flow Analysis

In this section, the effect of the non-Newtonian behavior of the studied emulsions on the internal

flow structure within the centrifugal pump is put into perspective. For this purpose, the relative velocity

fields, streamlines, and velocity vectors in the impeller (Figure 3.10, Figure 3.11) as well as the absolute

velocity fields in the volute (Figure 3.12) is analyzed for each emulsion and compared to the velocity

profiles of water and oil. Emulsions from the same region show very similar behavior, so the streamlines

and velocity vectors of a single emulsion from each region are selected to show the flow through the

pump. First, all recirculation zones appear at underflow for all fluids and the inter-blade spaces in

contact with the volute nozzle (Figure 3.10), and they highlight the asymmetric operation of the pump.

As the impeller periodically swept the volute nozzle, the fluid discharged by the impeller interacts with

the volute nozzle, producing a large amount of energy dissipation, resulting primarily from impact and

recirculation losses.
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(a) (b)

(c) (d) (e)

Figure 3.10: Relative velocity profiles and streamlines on the impeller at 0.5 Qbep for oil fraction (%v/v):
(a) 0%, (b) 50%, (c) 70%, (d) 80%, (e) 100%.

According to Figure 3.10, significant areas of recirculation are observed in the impeller when handling

emulsions in region 3 (50%O). This is attributed to the low viscosity range of these two emulsions, where

the high shear rate generated by the impeller drops the viscosity of these fluids to the lower Newtonian

plateau, thus exhibiting similar behavior to water. For the 70%O-30%W emulsion (Figure 3.10 (c)),

smaller areas of recirculation than those generated by the region 3 emulsions (Figure 3.10 (b)) appear

but larger than those of the region 1 emulsion (Figure 3.10 (d)). This is due to the strong shear-thinning

behavior of the emulsion (high k, high n) despite the very high viscosity range at low shear rates. As

mentioned earlier, the studied centrifugal pump generates high shear rates that lead to a sharp decrease

in the effective viscosity of this emulsion until it reaches the lower Newtonian plateau. Further, if we

compare the lower limit of the viscosity ranges of the different emulsions (Table 3.3), we observe that the

viscosity of the emulsion 70%O-30%W at high shear rates is between the values of the viscosities of the

emulsions in regions 1 and 3. Region 1 emulsions have a higher effective viscosity range caused by the

higher oil phase concentrations, thus influencing the velocity field and vortex formation. For emulsions

in this region, a behavior similar to that of oil is observed. This indicates that recirculation loss with this

type of centrifugal pump decreases with increasing fluid viscosity and that the most influential factors

on recirculation loss when dealing with non-Newtonian fluids is the lower limit of the effective viscosity

range, as well as the strong tendency to shear thinning of the fluid to reach this limit. This is especially

true when comparing the flow field of oil and water, where smaller recirculation zones are observed for oil.

Similar conclusions could be drawn when looking at the magnitude of the relative velocities (especially

at the blade passage inlet). From the results obtained at underflow, it can be seen that the relative

velocities increase with the volume fraction of the oil phase. This occurs at the suction blade passages

and the impeller inlet. Another observation concerns the direction of the velocity vectors at the impeller

exit. For the emulsions of region 3 and water, we notice a deviation of the vectors from the direction

of the blade profile, for all the blades of the impeller. For emulsions with a high volume fraction of oil
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(> 70%) and pure oil, we observe an accentuated deviation of the velocity vectors with respect to the

direction of the blade profile in contact with the tip of the volute and much less accentuated in the other

blades of the impeller. This is caused by the high viscosity of the oil and emulsions in region 1, and the

non-symmetrical geometry of the pump (presence of the volute). For all fluids, as the flow rate increases,

the relative velocity values increase, and the streamlines tend to better follow the blade profile. One can

note that the relative velocities at the impeller inlet are almost identical for all fluids and the velocity

distribution in the impeller is almost similar (Figure 3.11). As a result, recirculation and impact losses

became significantly lower and friction losses became more influential than other losses as the flow rate

increased for all fluids.

Qbep 1.2 Qbep

(a)

(b)

(c)

(d)
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(e)

Figure 3.11: Relative velocity fields and streamlines on the impeller at Qbep and 1.2 Qbep for oil fraction
(%v/v): (a) 0%, (b) 50%, (c) 70%, (d) 80%, (e) 100%.

For the flow field in the volute, Figure 3.12 represents the absolute velocity fields and streamlines in

the volute for different fluid handled versus flow rate. At the nominal flow rate, the oil and emulsions

in region 1 are properly channeled Figure 3.12(d-e)). The water and other emulsions exhibit vortices

at the volute neck and outlet Figure 3.12(a-c). These vortex areas are more prominent in the case of

water. We observe that as the oil fraction increases, both vortex zones increase and coalesce. These

figures show a transition from chaotic to uniform flow at the volute neck as the fluid viscosity increases

(see fluid viscosity range limits in Table 3.3). This is especially true when comparing the flow profile

of the 90%O-10%W emulsion to that of the 80%O-20%W emulsion. A chaotic flow in the neck of the

volute is observed for the 90%O-10%W emulsion, whereas the 80%O-20%W emulsion exhibits a uniform

flow given its high effective viscosity range. The same observation could be made for the underflow.

However, at the overflow, the flow profiles in the volute are almost similar for all fluids. We note a zone

of acceleration at the neck of the volute (Figure 3.12 (1.2 Qbep)), which is damped as the fluid viscosity

increases. Therefore, the flow structure in the vicinity of the volute is strongly influenced by the fluid

viscosity and flow variation. These vortices and dead zones contribute to hydraulic losses by causing the

fluid to lose kinetic energy.

0.5 Qbep Qbep 1.2 Qbep

(a)
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(b)

(c)

(d)

(e)

(f)
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Figure 3.12: Absolute velocity fields and streamlines on the volute at 0.5 Qbep, Qbep, and 1.2 Qbep for
oil fractions (%v/v): (a) 0%, (b) 50%, (c) 70%, (d) 80%, (e) 90%, and (f) 100%.

3.2.3 Effective viscosity variation and shear stress profiles

Figure 3.13 shows the effective viscosity distribution for emulsions having 50% and 80% oil volume

fractions. From the figure, the effective viscosity of emulsions decreases with increasing operating flow

rates, consistent with their shear thinning behavior. This shear thinning behavior, which is observed

for all studied emulsions, is highlighted in Figure 3.14 which shows the effective viscosity distribution

compared to the shear rate distribution for a typical emulsion operating at BEP . As can be seen, the

regions of high shear stress in Figure 3.14 (b) (volute neck, blade surfaces, and at the impeller-volute

contact interface) correspond to the low viscosity region in Figure 3.14 (a).

0.5 Qbep Qbep 1.2 Qbep

(a)

(b)

Figure 3.13: Effective viscosity distribution for oil fractions (%v/v): (a) 50% and (b) 80% operating at
0.5 Qbep, Qbep, and 1.2 Qbep.
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(a) (b)

Figure 3.14: Effective viscosity distribution (a) compared with shear rate profile (b) for 90%O-10%W
emulsion operating at Qbep.

The second crucial result is that the effective viscosities observed at the outlet section and the volute

are significantly higher than those observed at the rotating zone for the region 1 emulsion fitted to the

Cross model, for all flow rates considered, as shown in Figure 3.13 (a). In sum, higher viscosities are

observed away from the impeller due to the lower shears exerted on the fluid in this region [121]. In

this figure, it can be seen, for example, that the maximum viscosity of emulsion 50%O-50%W at the

impeller is about 1.24 · 10−5m2/s2, while its upper limit in the volute reaches 1.91 · 10−5m2/s2. It is also

observed for emulsions of this region, that the lower limit of the expected viscosity range at the impeller

and volute is the same, and the flow rate doesn’t affect this value. On the other hand, the upper limit of

the viscosity range varies with the flow rate and differs between the rotating and static parts (Figure 3.15

(a,b)).

The region 1 emulsion modeled by Carreau shows a different behavior, their viscosity drops at the

walls to very low values, but small viscosity variations are observed away from the walls throughout the

pump Figure 3.13 (b). The lower limit of the viscosity range at the impeller and volute varies with the

flow rate and differ between the rotating and static parts. However, the upper limit of the viscosity range

is the same, and the flow rate doesn’t affect this value (Figure 3.15 (d,e)). If we examine the influence of

the flow rate on the viscosity profile in the rotating part and the static part for all emulsions, we observe

that the rate of change in viscosity in the rotating part is lower than the rate of change in viscosity in

the static part. This suggests that the shear rate in the rotating region is dominated by rotational speed

and is less sensitive to flow variations. In contrast, in the other regions of the pump, the shear rate is

very sensitive to flow variations.

Figure 3.15 shows the viscosity variations of the different emulsions in the pump at different flow rates.

The effective viscosity range of emulsion 70%O-30%W (region 2), bounded by ν∞ at high shear rates, is

significantly larger than that of emulsions of region 3, despite its greater tendency to shear thinning. This

implies that emulsion 70%O-30%W will exhibit greater viscosity decreases. The effective viscosities will

yet still be higher than those of the two emulsions in region 3 but lower than those of emulsions in region

1. This explains the lower pumping performance obtained when handling emulsion 70%O-30%W relative

to the other emulsion, as presented previously in subsection 3.3.1. On average, the effective viscosity of

the 90%O-10%W emulsion is 4.06 · 10−5m2/s2 on the impeller wall and 5.47 · 10−5m2/s2 on the volute

wall. The average viscosities of this emulsion in the walls of the rotating and stationary regions are lower

than the viscosity values of the oil. This means that the oil will generate greater frictional losses than

this emulsion.
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Figure 3.15: Viscosity range in the impeller and volute at operating conditions 0.5 Qbep, Qbep, and 1.2
Qbep for oil fractions (%v/v): (a) 40%, (b) 50%, (c) 70%, (d) 80%, (e) 90%.
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On the other hand, moving away from the walls, the effective viscosity slightly increased to 7.53 ·
10−5m2/s2 and 7.59 · 10−5m2/s2 in the impeller and volute, respectively, which are values higher than

the viscosity value of the oil. This led to smaller recirculation zones for the emulsion than for the oil.

This may explains the higher performance obtained by the pump when handling emulsion 90%O-10%W

compared to oil. In contrast, emulsion 80%O-20%W shows average values of 6.82 · 10−5m2/s2 at the

impeller and 8.89 · 10−5m2/s2 at the volute. These viscosity values are higher than the viscosity value

of the oil, which explains the more pronounced performance degradation when handling this emulsion.

For the emulsions in region 3, the effective viscosity of the two emulsions is remarkably close at

high flow rates, noting an average effective viscosity over the whole domain of 1.06 · 10−5m2/s2 and

1.11 · 10−5m2/m2 for the 40%O-60%W and 50%O-50%W emulsions, respectively. A slight difference in

viscosity values at low flow rates is noted, given the upper limit of their viscosity range. This explains

the very close pump performance observed previously when handling these two emulsions.

(a) (b)

(c) (d) (e)

Figure 3.16: Qbep Wallshear Stress (divided by density) distribution on the impeller for oil fractions
(%v/v): (a) 0%, (b) 50%, (c) 70%, (d) 80%, (e) 100%.

From Figure 3.16, it can be seen that the shear stresses generated on the impeller are significantly

higher for oil and emulsion 80%O-20%W compared to other emulsions and water. The average shear

stresses of emulsion 80%O-20%W oscillate between 800 and 2800 Pa, that of oil oscillate between 700
and 2300 Pa, that of emulsion 70%O-30%W oscillate between 476 and 1200 Pa, while the two emulsions

of region 1 and water show a maximum of 700 – 850 Pa. Furthermore, the shear-thinning behavior of all

fluids is again highlighted in this figure; the shear stresses generated at the impeller for oil and emulsion

80%O-20%W are almost the same (ν∞(80O20W )/νoil ≈ 1 ), and so for the shear stresses generated for the
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two emulsions of region 3. This suggests that non-Newtonian fluids behave like viscous Newtonian fluids

in the rotating part independently of their sensitivity to shear-thinning, with viscosities near the lower

Newtonian plateau, given the high shear rates generated by rotational speed. The studied centrifugal

pump generates high shear rates in the rotating part so that the non-Newtonian fluid behaves like viscous

Newtonian fluids whose viscosity is near the lower Newtonian plateau.

3.2.4 Influence of pump size

The results obtained in subsection 3.2.3 showed that shear-thinning emulsions exhibit quasi-Newtonian

behavior in a large-size pump, which depends on the local shear rate. However, the shear rate changes

with the size and geometry of the pump. So how will a non-Newtonian fluid behave in a small-size pump

and what will be the effect of this non-Newtonian rheology on the hydrodynamic behavior of the pump.

Before manufacturing and operating a pump, generally, small-scale model tests are used to estimate its

actual performance. However, the actual operating conditions are not similar to those in the laboratory.

Many on-site experiments discovered some phenomena that were never observed in model tests [122].

Because of the pump size, each pump can respond differently to viscous dissipation or other losses that

affect its performance. Similar performance degradation is not expected since the fluid rheology depends

on the geometry and the local shear stress. Also, the structure of the non-Newtonian flow can differ

according to the pump’s dimensions even if the geometry remains the same.

This subsection aims to numerically investigate the scaling phenomenon in a centrifugal volute pump

and its influence on the non-Newtonian behavior of emulsions. The main objective is to analyze whether

the performance degradation when handling non-Newtonian fluids is size dependent and give an in-depth

analysis of the internal flow behavior in a real and scaled-down pump. The same numerical study (same

settings presented in subsection 3.1.1) is conducted on a geometrically similar pump, but with smaller

dimensions. A scaling factor of µ = 1/5 is applied to all parts of the pump. This scaling factor was

chosen to obtain a laboratory design scale dimension while maintaining the same flow regime (similar

Reynolds range and close specific speeds). The characteristics of the scaled-down pump are listed in

table Table 3.7 and compared to the large-size pump (NS32). The study was performed considering an

emulsion from each region having an oil volume fraction of 40%, 70%, and 80%, and the results will be

presented by analyzing the slip factor, secondary losses, and skin friction coefficient in both pumps.

Characteristic NS32 SM

Nominal Head (m) 49 10.63

Rotational speed (rpm) 1470 3450

Nominal Flowrate (m3/h) 590 7.5

Specific Speed 32 26

Re=R2
2ω/ν 3.93 106 6.02 105

Table 3.7: Scaled model nominal operating conditions
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3.2.4.1 Overall performance comparison

Figure 3.17 shows the performance of the two pumps, described by the normalized head relative to

the best efficiency point Figure 3.17 (a-b) and the efficiency Figure 3.17 (c-d) as a function of the flow

rate.

First, it is important to point out the progressive deterioration of the performance of both pumps

when the oil volume fraction increases. The performance degradation is governed by the lower Newtonian

plateau because centrifugal pumps generate high shear rates so that the viscosity of emulsions approaches

this plateau. As a result, degradation increases with oil concentration. These results have already

been observed and explained in subsection 3.2.1 for the large-size pump. Regarding the performance

degradation of the small-size pump, the same behavior is observed.
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Figure 3.17: CFD head of NS32 (a) and scaled-down pump (b), efficiency of NS32 (c) and scaled-down
pump (d)

Another interesting point to discuss is the head degradation observed at low flow (Q = 0.15Qbep)

(almost the shut-off point). Theoretically, at zero flow rate, the pump develops the same head regardless

of the fluid according to the Euler equation. From the results obtained, we observe that the head of the

small-size pump is identical for all the fluids, but the large-size pump develops different heads for each

fluid. This phenomenon is already observed by Valdes et al [113] in an ESP when the pumped fluid has
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a non-Newtonian rheology. The author explained these results by phenomena such as secondary flow

regions, a decrease in the relative outlet flow angle or incidence losses related to the fluid rheology. In

this study, we can attribute these results to the different phenomena cited previously. This suggests,

therefore, that hydraulic losses related to various phenomena such as secondary flow regions, decreasing

relative outlet flow angle, or incidence losses will be greater in the large-size pump since friction losses

are not accounted for at the shut-off point.

The comparison between the head degradation of both pumps handling the same emulsion clearly

shows the effect of pump size on the emulsion behavior and performance degradation (Figure 3.18). The

scaled-down model shows a higher performance degradation than the large-size model, and this is for all

emulsions. There is also an increase of degradation with the increase of flow rate in both pumps. The

effect of pump size on the head and efficiency curves are dependent on the type of emulsion and thus on

the viscosity of the working fluid. As the lower viscosity limit increases, the degradation in the small-size

pump becomes more significant. This can be attributed to the reciprocal effect of different pump losses

and changes in emulsion viscosity which will be discussed in the next paragraphs.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Q / Qbep

-5

0

5

10

15

20

25

30

35

40

45

D
eg

ra
d

at
io

n
 r

at
e 

(%
)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Q / Qbep

0

10

20

30

40

D
eg

ra
d

at
io

n
 r

at
e 

(%
)

40o60w NS32
70o30w NS32
80o20w NS32

40o60w Scaled model
70o30w Scaled model
80o20w Scaled model

Figure 3.18: Comparison of head degradation rate in both pumps

3.2.4.2 Slip factor

The slip factor reflects the mismatch between the angle at which the fluid leaves the impeller and the

angle of the blade. Slip is a very important phenomenon that occurs especially in radial impellers and is

valuable in determining the accurate estimation of impeller-fluid energy transfer, head rise, and velocity

triangles at the impeller exit. Because the flow does not precisely follow the blade curve, the angle of

the fluid streamline is slightly smaller than the blade angle, as shown in Figure 3.19.

The figure shows the velocity triangle at the impeller exit, where absolute velocity is denoted by V ,

tip velocity by U , and relative velocity by W . The subscript u and r are the projections of the velocities

on the tangential and radial planes respectively. β2 and β2 inf are the impeller blade discharge angle and

the impeller blade angle respectively.
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Figure 3.19: Velocity triangle at the impeller exit

Many correlations have been proposed to estimate this factor, but in most cases the proposed formula

does not take into account the effect of flow rate, viscosity, and impeller geometry. In this study, the slip

coefficient based on the velocity triangles given by Equation 3.10 is used.

σ∆ = ∆Vu2

U2
= Wu2 −Wu2∞

U2
(3.10)

where ∆Vu2 is the slip fluid velocity at impeller outlet in circumferential direction and U2 = ωD2/2
the impeller tip speed. Based on the correlation proposed by Li [123], the tangential component of the

relative velocity in infinite number of blade Wu2∞ is determined from the 1D uniform ideal flow, and

given by Equation 3.11 whileWu2 which is the tangential component of the relative velocity is determined

from CFD.

Wu2∞ = Vr2∞

tan β2b
= Q

ηV A2ψ2 tan β2b
(3.11)

ηV is the volumetric efficiency determined using Equation 3.12, where Ns is the specific speed of the

pump in US Units.

ηv = 1
1 + 0.68N−2/3

s

− 0.07 (3.12)

A2 = πD2b2 and ψ2 = 1 − ZSu2/πD2 stands for the impeller exit area and the blade blockage

coefficient respectively. Su2 is the tangential exit blade thickness. Thus the final expression of the slip

factor is given by Equation 3.13.

σ∆ = Wu2

U2
− Q

ηV A2ψ2 tan β2bU2
(3.13)

The slip factor extracted for the two pumps using the previous method (Equation 3.13) is shown in

Figure 3.20 versus flow rate. The different parameters appearing in this equation are extracted from the

CFD results, at the impeller exit i.e. by taking the average of the parameters on the periphery of the

impeller exit. The slip factor proposed by Wiesner [124], based on the blade number Z and given by the

Equation 3.14 is drawn on the graph for comparison.
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σ =
√

sin β2∞

Z0.7 (3.14)

The slip factor of a conventional closed impeller corresponds well to the value of the Wiesner formula

[125], which is constant in the same pump for all fluids and flow rates. Furthermore, the Wiesner slip

factor is constant for all geometrically similar centrifugal pumps since the relative design exit angle is

the same. However, Figure 3.20 shows that the slip factor is highly dependent on pump size and fluid

viscosity, along with flow rate for the specific pump considered in this study. Both centrifugal pumps have

a larger slip factor than the Wiesner formula and decreases with increasing fluid viscosity and flow rate.

Furthermore, by comparing the slip factor of the small-size pump and large-size pump, we notice that

the slip factor of water is higher for the scaled-down pump, but the value decreases when handling a non-

Newtonian fluid. In addition, the slip factors for the smaller pump size are more dependent on viscosity

variation. The shape of the graphs is almost similar for both pumps and the slope of the slip factor

becomes flat at high flow rates. As the fluid viscosity increases, the slip factor approaches the Wiesner

slip factor. Another point to highlight is that the slip coefficient obtained for the 40%O-60%W emulsion

is higher than that of water between the 0.4 Qbep and 0.9 Qbep flow rates in the large size pump. The

high slip factor values obtained at low flow rates may be attributed to vortex and recirculation zones in

the inter-blade space of the impeller. A vortex increases the curvature of the flow streamlines, producing

a strong slip effect at the impeller discharge and an increased slip factor as noticed in previous studies

([126]).
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Figure 3.20: Slip factor of the large-size (a) and the scaled-down pump (b)

From the values of the obtained slip factor, which depends on the pump size and fluid viscosity, it

is evident that the relative tangential velocity is strongly influenced by the pump size and the viscosity

of the fluid. Figure 3.21 shows the variations of the absolute relative velocity calculated at the impeller
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outlet R/R2 = 1 for both pumps. The effect of fluid rheology and flow rate is more pronounced for the

small size pump (SM). It can be seen from the figure that the predicted emulsion velocity appears to have

a slight difference with water under the same operating conditions for the large pump. This difference

decreases as the flow rate increases. On the other hand, the difference between emulsion velocity and

water velocity is more significant in the small-size pump. It is important to note that the simulated flow

fields are more sensitive to the change in fluid viscosity in the small pump than in the large-size pump.

In the light of these results, we can conclude that slippage is greater in large pumps when handling

a non-Newtonian fluid than in small pumps, i.e., the difference between the theoretical head (Hth) and

the theoretical head for an infinite blade number (Hth∞) is lower in the small pump than in the large

pump. However, the performance curves observed in section 3.3.4.1 show that the degradation is larger

in the scaled-down model than in the large-size pump. Given that the slip factor calculated in this

study takes into account secondary losses and mismatch losses, this leads to the conclusion that the

performance degradation is more dominated by the remaining losses, such as the friction losses, which

will be relatively more significant in the small-size pump.
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Figure 3.21: Absolute relative velocity at impeller exit

3.2.4.3 Secondary losses

In order to investigate the effect of pump size on the internal flow structure of non-Newtonian fluids,

the relative velocity distribution and streamlines in the mid-span surface of the impeller and volute of
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3.2. Results and discussion

both pumps and for all fluids are presented in the following figures. The impeller passage flow is expressed

by relative velocity fields and the volute passage flow is expressed by absolute velocity fields.

Figure 3.22 shows the relative velocity and streamlines in the large pump and the small size pump

at partial flow (Q/Qbep = 0.5). A vortex area appears near the pressure side of the impeller blades in

contact with the volute tongue in both pumps. The size of this vortex decreases as the volume fraction of

the oil phase of the emulsions increases, as stated previously in subsection 3.2.2. Nevertheless, a uniform

flow is observed in the inter-blade passages away from the volute tongue. In addition, this vortex is

larger in the scaled-down model than in the large-size pump when handling water and is smaller when

handling emulsions, and develops in the opposite direction to the impeller rotation. These vortex areas

in the impeller cause a sharp decrease in the relative velocity at the impeller outlet. As a result, the

theoretical head decreases significantly due to the decrease in absolute tangential velocity at the impeller

outlet. This suggests that the secondary losses will be smaller in a small-size pump than in a large pump

when handling non-Newtonian fluid. This observation supports the results obtained previously, where

higher slippage is observed in the large pump when handling non-Newtonian fluid.
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Figure 3.22: Velocity distribution and streamlines on the impeller at 0.5 BEP

At the design flow rate (Figure 3.23), the entire flow direction in the impeller passageway deflects

toward the pressure side of the blades relative to the suction side of the blades. The velocity distribution

shows a low velocity near the pressure side of the blades and a high velocity near the suction side at the

impeller inlet. However, moving toward the exit of the impeller, the velocity profile has a high velocity

near the pressure side and a low velocity near the suction side. The overall flow field in the scaled-down

pump is asymmetrical to the impeller axis for water and 40%O-60%W emulsion and becomes symmetrical

as the volume fraction of oil increases (increasing viscosity as well), while the flow field within the large
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Chapter 3. Single-phase modeling with non-Newtonian behavior of emulsions

pump is relatively symmetrical to the impeller axis for all fluids. A notable feature recognized in these

figures is the presence of vortex zones near the volute tongue of the large pump that develops and moves

toward the volute divergent as the fluid viscosity increases. For the scaled-down model, a small vortex

zone appears in the volute divergent for 70%O-30%W emulsion only.

Water 40o60w 70o30w 80o20w

N
S
3
2

S
ca
le
d
m
o
d
el

Figure 3.23: Velocity profiles and streamlines on the impeller at BEP

In Figure 3.24, the flow profile becomes asymmetric to the axis of rotation of the impeller for all

fluids. A large recirculation zone appears in the divergent part of the volute and decreases as the oil

volume fraction increases. In comparison to the real pump, the scaled-down model shows uniform flow in

the impeller for all fluids, but the relative velocity increases with increasing oil volume fraction. Vortex

and recirculation zone appears at the volute tongue for water and 40%O-60%W emulsion only. These

vortex and dead zones contribute to hydraulic losses by causing the fluid to lose kinetic energy. It can

be noted that the relative velocities at the impeller inlet are almost identical for all fluids in the same

pump, and increase with increasing flow. As a result, impact losses become smaller and friction losses

more influential as the flow rate increases.

Figure 3.26 shows the radial component of the relative velocity profile along an inter-blade line in

contact with the volute nozzle (as shown in Figure 3.25), for different flow rates. It can be seen that the

shape of the graphs under the same operating conditions is generally the same in both pumps. However,

the velocity distributions at the impeller outlet are different in the two pumps for different fluids as

the flow rate increases. At partial flow, an unstable distribution of relative velocity toward the impeller

outlet is observed, which decreases for both pumps, resulting in the recirculation observed in Figure 3.22.
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Figure 3.24: Velocity profiles and streamlines on the impeller at 1.2 BEP

Figure 3.25: Relative velocity plot line
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Figure 3.26: Radial component relative velocity profiles for the different fluid versus flow rate
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Figure 3.27: Effective viscosity profiles for 80%O-20%W emulsion versus flow rate

As mentioned earlier, the small-size pump generates higher shear rates than the large-size pump. This

means that the viscosity of the emulsions will be lower in the scaled-down model than in the large pump,

depending on their shear thinning behavior. Effectively, this expectation is observed in Figure 3.27,
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which shows the distribution of the effective viscosity of the 80%O-20%W emulsion in the two pumps

for different flow rate. All the emulsions studied have a lower viscosity in the scaled-down model due to

the high shear rate generated by the pump. Another result to note is that in both pumps, the increase

of the flow rate does not induce significant variations of emulsions viscosity in the impeller. However,

it involves viscosity variations in the volute, as already highlighted in subsection 3.2.3 for the large-size

pump.

3.2.4.4 Non-Newtonian global importance factor IG

The importance of the non-Newtonian character of the studied emulsions in the two pumps is mea-

sured by the global non-Newtonian importance factor given by [127]:

IΩ =
√︁

∆2µΩ

µ∞
(3.15)

∆2µΩ =
∫︁

Ω (µ− µ∞)2 dΩ
Ω ≈

∑︁NΩ
i=1 (µi − µ∞)2

δΩi∑︁NΩ
i=1 δΩi

(3.16)

The quantity ∆2µΩ is the volume-averaged squared discrepancy of viscosity from the lower Newtonian

limit value µ∞.

Table 3.9 shows the non-Newtonian importance factor calculated for both pumps when handling the

different emulsions.

Emulsion composition
Flow rate

0.5 Qbep Qbep 1.2 Qbep

40%O-60%W
NS32 0.185 0.183 0.172

SM 0.106 0.0964 0.0963

70%O-30%W
NS32 2.519 2.279 2.125

SM 0.849 0.645 0.611

80%O-20%W
NS32 0.512 0.515 0.515

SM 0.333 0.300 0.292

Table 3.9: Non-Newtonian importance factors

Figure 3.28 shows that the non-Newtonian character is more significant in the large pump than in

the small pump. This factor is very low for the emulsions in regions 1 and 2 with oil volume fractions

of 40% and 80% respectively and varies slightly with flow rate. On the other hand, this factor is very

important for the emulsion of region 2 (70% oil) corresponding to the phase inversion in both pumps and

decreases significantly with the increase of the flow rate. Note that for the latter, the volumetric factor

is higher in NS32 by a ratio greater than two over the entire flow range.
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Figure 3.28: Comparison of IΩ within the two pumps versus flow rate
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Figure 3.29: Distribution of IL at several cross-section planes of the two pumps at different flow rates

The extent of the non-Newtonian effect given by the relationship IL = µ
µ∞

is shown in Figure 3.29
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in both pumps as a function of the emulsion processed. The concept is that the ratio indicates the

significance of non-Newtonian effects in the flow in general. Since near the pump walls, the shear

stresses are relatively very large, lower viscosity levels are observed near the wall (IL ≈ 1). In the

local distributions of IL, shown in Figure 3.29 for different longitudinal section planes, we see that

non-Newtonian effects are strong only in certain regions of the flow away from the walls. IL is high in

the core of the central region of the volute and the inter-blade space of the impeller, where the shear

reaches its minimum. In addition, the distribution of this factor is much flatter in the small pump. This

indicates that the small-size pimp exerts more shear than the large-size pump. In addition, low values

of IL indicate that the emulsion behaves like a quasi-Newtonian fluid.

3.2.4.5 Skin friction factor

Since the viscosity in the scaled-down pump is lower than in the large pump, we can expect that the

frictional losses are less significant in this small pump. Nevertheless, we have seen in section 3.2.4.1 that

regardless of the flow rate, the performance of the reduced model degrades more than the real model

for the same fluid. Moreover, the slippage becomes less significant in the small pump when handling

emulsions. Therefore, an analysis of viscosity variation in the pump’s wall and friction coefficient values

is necessary to further investigate the results.

For both pumps, the 40%O-60%W emulsion shows a very well-defined shear-thinning tendency, and

at high shear rates, its viscosity change is minimal. Since both pumps generate high shear rates, this

emulsion will have almost similar viscosity values at the walls of both pumps. On average, the effective

viscosity of the 40%O-60%W emulsion is 1.08 10−5 m2/s2 at the walls of the reduced model and 1.11·10−5

m2/s2 at the walls of the large model. The same observation for the 70%O-30%W emulsion, the viscosity

drops sharply to values of the Newtonian lower plateau at medium shear rates. The average viscosities

values of this emulsion reach 3.16 · 10−5 m2/s2 in the walls of the reduced model and 3.17 · 10−5 m2/s2

in the walls of the large-size pump. In contrast, the 80%O-20%W emulsion exhibits minimal viscosity

variations at low shear rates, with a slight tendency toward shear thinning at very high shear rates. The

effective viscosity averages 3.45 · 10−5 m2/s2 and 4.29 · 10−5 m2/s2 in the walls of the reduced model

and the large model, respectively.

The averaged skin friction factors applied to the different emulsions by the wet surfaces of the impeller

and volute are shown in Figure 3.30 versus flow rate. These skin factors are extracted from CFD results

and defined by Equation 3.17 and Equation 3.18 for impeller and volute respectively:

fi = τ̄wi

0.5ρu2
2

(3.17)

fv = τ̄wv

0.5ρu2
2

(3.18)

where τ̄wi and τ̄wv are the averaged shear stress on wet surface of the impeller and volute respectively.

ρ is the fluid density and u2 the impeller tip speed.
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Figure 3.30: Averaged skin friction coefficient of the impeller (a-c) and the volute (b-d) in the large size pump
(a-b) and scaled-down pump (c-d) versus flow rate

Regardless of pump size, the influence of flow rate on the skin friction coefficient differs between the

impeller and the volute. In both pumps, friction losses in the impeller are higher prior to design flow

and become more influential in the volute at higher flow rates. The skin friction factors increase with

increasing oil phase volume fraction, which is consistent with increasing fluid viscosity. Comparing the

skin friction for the two pumps, the magnitudes of fi and fv are almost twice as high in the small-size

pump than in the large pump. However, the skin friction coefficient of water in both parts (impeller and

volute) is almost similar in both pumps over the entire flow range.

Generally a higher viscosity in the impeller and volute results in a higher skin friction factor. In

centrifugal pumps, the shear rate generated at the walls is very high so that the emulsion viscosity

approaches the Newtonian lower plateau. Thus, the fluid viscosity will have almost the same impact

on the skin friction coefficient in both pumps. The friction losses caused by the shear force on the wall

surfaces are proportional to the skin friction coefficient which depends on the Reynolds number (i.e flow

regime). However, the flow in the impeller is not fully developed in most of the regimes inside the impeller

[128]. So that the impeller rotational speed and passage curvature affect the value of the skin friction

coefficient. Although the CFD losses are not exact predictions since the skin friction coefficient (cf) was

assumed to be constant and equal to its average along all impeller and volute walls, it was shown that

friction losses are higher in a small-size pump than in a large one, which explains the increased head

degradation obtained previously despite the lower slippage.

Conclusions

In this Chapter, CFD analysis was performed to investigate the performance and flow characteristics

of a centrifugal pump handling emulsions and oil–water mixtures at different water cuts. The mixtures

were modeled and simulated as a single-phase fluid following shear-thinning non-Newtonian rheology.
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In addition, the effect of pump size on pump performance degradation when handling non-Newtonian

emulsions was investigated. The internal flow was then analyzed in order to compare qualitatively

the different losses within a large-size pump (NS32), and a 1/5 reduced model of the same pump.

The numerical results have shown a progressive deterioration in pump performance as the oil fraction

increased in the emulsion, except for the composition at the inversion zone. Despite the high effective

viscosity of this composition, the strong tendency of the fluid to shear-thinning and the high shear rates

of the pump caused the viscosity to decrease sharply. Pointing out that the head developed by the pump

at a low volume fraction of the dispersed phase (up to 20% WC) is almost identical to that developed

by the continuous phase. The model prediction for the pump performance is based on the shear rate

values. CFD analysis has shown that the Non-Newtonian behavior of the emulsions was observed with a

wide range of effective viscosity in the volute. In contrast, the emulsions exhibited minor non-Newtonian

characteristics and/or a small effective viscosity range in the impeller due to the high shear rate generated

by rotation in this region. In addition, the mechanical shearing in small-scale pumps is higher than that

of large-scale pumps. Even though the emulsions are subjected to a high shear rate and have a lower

viscosity due to their shear-thinning behavior in the small pump, the skin friction coefficient is more

significant in the small-size pump.
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CHAPTER 4

Application of entropy production theory to the

evaluation of energy losses of centrifugal pumps
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Introduction and motivation

Thorough investigations have been conducted in the literature on the influence of emulsion flow

on pump performance by developing theoretical and semi-empirical correlations to estimate hydraulic

losses. As seen in Chapter 2, these studies provide models that depend on pump geometry and fluid

viscosity to calculate the associated theoretical head degradation, but these correlations find their limits

when the fluid is non-Newtonian. Furthermore, the empirical aspect of the proposed rheological model

raises questions regarding the universal validity of using this correlation in conjunction with the head

loss models originally developed for water for inferring the pump performance when handling emulsions.

Traditional methods are thus very limited in determining energy losses due to the complex rheological

behavior of such fluids. Therefore, other loss assessment methods should be explored and used to

determine the losses in centrifugal pumps handling non-conventional fluids.

With the development of CFD, the numerical resolution of mathematical models of turbulence are

developed more and more perfectly. As a result, the internal flow and energy characteristics can be

predicted with accuracy by simulation, which allows us to evaluate the energy losses of the fluid in tur-

bomachinery. The energy performance of hydraulic machines can be quickly evaluated using the energy

loss by entropy generation approach. Recently, this method is increasingly adopted in the evaluation of

energy losses in turbomachinery, especially due to advances in theoretical and computer developments

and the evolution of technology [129]. Many researchers have used the entropy production theory to

investigate the effects of some parameters like impeller tip clearance [130, 131, 132], clocking position

[133, 134], impeller trimming [135], and blade thickness [136, 137] on the internal flow field and the hy-

draulic losses of pumps. Also, for identifying the process mechanism of hydraulic losses and the fluid flow

state in the different components of specific types of hydraulic machinery, including centrifugal pumps
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[138, 139, 140, 141], mixed and axial flow pumps [130], and hydro-turbine [142, 143, 144, 145, 146]. Most

of these studies were collected in the review article [129], where the authors emphasized the importance of

entropy production theory in the study of the internal flow mechanism of turbomachinery, the evaluation

of their hydraulic performance, and the optimization of pump design.

This chapter aims to investigate the hydraulic losses and performance degradation mechanism of the

centrifugal volute pump considered in this study handling non-Newtonian emulsions using the entropy

production method, focusing on the influence of emulsion type on the loss mechanism. The influence

of pump size on fluid’s non-Newtonian behavior and energy loss in the centrifugal pump is also in-

vestigated by comparing the entropy distribution in two geometrically similar pumps. The flow field

and entropy production are predicted by computational fluid dynamics (CFD) based on the Reynolds-

averaged Navier-Stokes (RANS) equations presented in Chapter 3 (section 3.1). In this chapter, three

different emulsions were considered, corresponding to an emulsion of each region presented previously

(table 3.3), namely a water-continuous emulsion having 40% oil volume fraction, an oil-water mixture

corresponding to the inversion region having 70%O-30%W, an oil-continuous emulsion having 20% water

cut.

4.1 Governing equations

Entropy production refers to thermodynamic irreversibility and energy loss in a system. In centrifugal

pumps, the impeller’s kinetic energy is transformed into pressure energy, and this transfer is accompanied

by an irreversible energy loss and an increase in entropy due to the viscosity of the working fluid, the

turbulent flow regime and the high Reynolds stress. According to the second law of thermodynamics,

flow losses are energy losses that can be assessed by determining the production of entropy. This is espe-

cially the case since the working fluid has a complex rheological behavior and other methods (analytical

methods) of quantifying losses have proven to be limited [34, 52, 147]. This method is therefore used to

explain the mechanism of the different energy losses in two similar pumps handling non-Newtonian fluids.

The specific entropy S, a state variable, for an incompressible single-phase flow is given by Equation 4.1

[129].

ρ

(︃
∂S

∂t
+ u

∂S

∂x
+ v

∂S

∂y
+ w

∂S

∂z

)︃
= − div

(︃
q⃗

T

)︃
+ Φ
T

+ ΦΘ

T 2 (4.1)

The negative term − div
(︂

q⃗
T

)︂
is the reversible heat transfer. Φ

T and ΦΘ
T 2 represent the entropy pro-

duction caused by dissipation and heat transfer respectively.

According to the time-averaged Reynolds process, the specific entropy in turbulent flow is separated

into the time-averaged component S̄ and the fluctuating part s′. The entropy transport equation wihin

the pump is then provided by Equation 4.2 since the flow is assumed to be isothermal without heat

transfer.
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T

(4.2)

The viscous dissipation function for the incompressible flow is defined in Equation 4.3 [148].
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Φ = 2µ
[︄(︃
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From the time-averaged Reynolds process, the specific entropy production for the main flow (Equa-

tion 4.4) is divided into time-averaged part ṡpro,V D, which is caused by viscous dissipation, and fluctu-

ating terms ṡpro,T D which are caused by turbulence. The entropy production rate by viscous dissipation

given by Equation 4.5 is directly calculated from CFD. While the entropy production caused by turbu-

lence given by Equation 4.6 cannot be determined directly from the CFD since the RANS model does

not solve fluctuating velocities. This quantity is however directly related to the chosen turbulence model

and is determined using Equation 4.7 [149], where ϵ stands for the turbulent dissipation rate.
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ṡpro,T D = ρε

T
(4.7)

In addition to the previously mentioned entropy generation, there is also entropy generation at the

walls. This is because rotating fluid machines’ blade surfaces have high velocity and pressure gradients,

which cause a strong wall effect in the flow field and nontrivial irreversible flow losses [129]. The following

expression is used to compute the entropy produced at the walls of the grid’s first layer.

ṡpro, W = τ⃗ · v⃗
T

(4.8)

where v is the fluid velocity at the first grid close to the wall and τ represents the wall’s shear stress.

In the end, the total energy loss (TEL) is the product of the surface integral of the entropy production

at the walls (Equation 4.9) and the volume integral of the local entropy production rate due to viscous

and turbulent dissipation.

TEL =
∫︂

V

(ṡpro,T D + ṡpro,T D) dV +
∫︂

A

ṡpro,W dA (4.9)

83



Chapter 4. Energy loss analysis by entropy production theory

4.2 Results and discussion

4.2.1 Analysis of energy losses by local entropy production

Figure 4.1 compares the volumetric TEL (W/(m3 · K)) per volume of the two centrifugal pumps

handling different non-Newtonian emulsions versus flow rate.
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Figure 4.1: Total entropy production of the large size pump (left) and scaled-down model (right) handling
different emulsions versus flow rate

It can be observed that the TEL per volume in both pumps increases with the volume fraction of the

oil phase, which is consistent with the increase in fluid viscosity. When operating with water, the trend

of the entropy production versus flow rate is the same in both pumps regardless of their size, but the

amplitude is almost three times higher in the small-size pump. As expected, the TEL of the centrifugal

pumps increases as the flow rate deviates from the design point. It increases slightly under overload

conditions and increases more importantly as the flow rate decreases. This indicates that the hydraulic

losses caused by the secondary vortex structure and recirculation zones increase. Similar observations

were reported in previous studies [148].

However, for non-Newtonian mixtures, the influence of the pump size on the energy loss is more

prominent. With the emulsion’s concentration changing, the entropy production in the large-size pump

varies in a similar trend to that of water, except for the 80%O-20%W emulsion for witch the TEL

decreases at overload conditions. This can be explained by the viscous forces that overcome the convective

forces due to the higher viscosity of this emulsion, so the flow becomes less turbulent in all parts of the

pump. The entropy caused by turbulence, which is predominant here decreases significantly, resulting in a

decrease in total entropy. However, for the small size pump, the evolution of hydraulic losses for different

emulsions seems to show an opposite trend. Namely, the increase in the oil concentration i.e., the increase

in fluid’s viscosity, results in a slight increase in entropy generation at partial operating conditions and

a significant increase as the flow rate increases. This implies firstly that the hydraulic losses caused by

turbulence and vortex structure when operating with non-Newtonian fluid are more significant in the

large-size pump under partial operating conditions, relatively to the total losses. Secondly, in the small-

size pump, as the flow rate increases, the hydraulic losses become more significant as the viscosity of the

emulsions increases, and can probably be attributed to incidence and shock losses. These types of losses
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4.2. Results and discussion

are indeed the most dominant at high flow rates. Moreover, the difference between the entropy generated

for water and the different emulsions is larger in the reduced model. This explains the more pronounced

performance degradation in the small-size pump observed previously when the fluid is non-Newtonian.

Hereof, it can be concluded that the losses will be different in two geometrically similar pumps depending

on the non-Newtonian behavior of the mixture. To further investigate this point, a detailed analysis of

the different losses in the two pumps is given in the next section.

4.2.2 Effect of pump size and non-Newtonian rheology on entropy distribution in the

impeller and volute

To clarify the mechanism of energy loss in two geometrically similar pumps handling non-Newtonian

fluids, the TEL distribution in both domains, namely impeller and volute as a function flow rate is

presented in Figure 4.2 for each fluid.
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Figure 4.2: Influence of the emulsion type on the entropy production in the different parts of the large-size
pump (PA) and the scaled model (PB). (a) Water, (b) 40%O-60%W, (b) 70%O-30%W, (b) 80%O-20%W

The predominance of losses within parts of a centrifugal volute pump depends on the fluid viscosity

and pump size as observed in the figure. Before the design flow rate, the TEL in the impeller is higher

than the one in the volute for both pumps when handling water, but it becomes larger in the volute
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at overload conditions. As for emulsions, it is more dominant in the impeller than in the volute over

the whole flow range and for both pumps. This difference in entropy generation in different parts of

the pumps can be explained by the high rotational speed of the impeller, which generates more kinetic

energy. As expected, the energy loss occurs mainly in the rotor region of centrifugal pumps. Both parts

of the large-size pump (PA) are weekly affected by the variation of the non-Newtonian rheology, where a

similar level of entropy production in the impeller as well as in the volute is observed for all emulsions.

On the other hand, the influence of emulsion type on entropy production is well observed in the different

parts of the small-size pump. The TEL in the impeller shows a sharp increase with the flow rate as the

oil volume fraction increases in the emulsion. At the same time, the increasing rate of TEL in the volute

exhibit a lower slope as the flow rate increases, in comparison to the impeller. As shown above, pump

size significantly affects the non-Newtonian behavior of emulsions and the associated losses.

Figure 4.3 and Figure 4.4 show the fraction of each type of entropy produced in the pump domains rel-

ative to the total entropy at different operating condition i.e 0.5 Qbep and Qbep. Water and concentrated

emulsion 80%O-20%W have been chosen as reference fluids for the presentation of these results.
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Figure 4.3: Fraction of each entropy production in the two domains of the two pumps versus the handled
fluid in partial operation condition 0.5 QBEP

At partial operating conditions, the rate of energy loss caused by turbulence decreases in the impeller

as the oil volume fraction increases in the emulsion. On the other hand, in the volute, the rate of energy

loss caused by turbulence increases as the oil volume fraction in the emulsion increases. In addition, this

type of entropy production is relatively more important in the impeller of the small-size pump than in

the large-size pump when operating when water, and is smaller when operating with emulsions. This

can be explained by the vortex zones that can be very large in the impeller of centrifugal pumps under

partial operating conditions, generating a higher energy loss than in the volute. Moreover, the size of the

vortex area depends on the pump size and is inversely proportional to the viscosity of the emulsions as

mentioned in section 3.2.2. Where the study showed larger recirculation zones in the inter-blade space of

the small-size pump when handling water at low flow rates, compared to the large pump. On the other

hand, when handling emulsions, smaller recirculation zones appear in the inter-blade space compared to
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the large-size pump. In both pumps, the percentage rate of energy loss caused by turbulence increases

in the volute and decreases in the impeller as the flow rate increases for all fluids.
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Figure 4.4: Fraction of each entropy production in the two domains of the two pumps versus the handled
fluid at design condition QBEP
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Figure 4.5: Fraction of each entropy production in the two domains of the two pumps when operating
with water under three different operating conditions.

At the best efficiency point, the distribution of the different losses in the volute and the impeller

is almost similar in both pumps when the fluid is non-Newtonian. However, when the fluid is water,

the energy loss in the large-size pump occurs mainly in the volute, while in the small-size pump, the
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energy loss occurs mainly in the impeller. The entropy generation becomes increasingly important in the

volute as the flow rate increases regardless of pump size but has a high fraction in the large-size pump

as illustrated in Figure 4.5, which shows the fraction of each entropy production in the two domains of

the two pumps when operating with water under three different operating conditions.

It should be noted that the method of calculating entropy production based on the CFD results

depends on the turbulence model and the mesh resolution. A comparison of the results obtained in this

study for water with previous studies that have used the same approach for loss visualization and energy

loss determination reveals the accuracy and reliability of the method. Using the same method for loss

estimation, the study of Lai et al [150] on a volute centrifugal pump with a specific speed of 1579, a

TEL in the main flow of 75W is obtained at 0.5 Qbep, which gradually decreases with increasing flow

rate to reach its minimum value of 50W at the design point. The TEL then gradually increases with the

increase in flow rate to 60W. Comparing these results with the small-size pump considered in this study

that has approximately the same specific speed (1605), a TEL of 115W is obtained at 0.5 Qbep, which

decreases to 80W at the design point, and increases slightly at higher flow rates.

The results show that the amount of entropy created by direct dissipation is significantly less than

that produced by turbulent dissipation in both pumps, especially when water is the working fluid. This

result is consistent with earlier research [151, 129] in which the authors concluded that the majority

of the total entropy produced by the pump is due to turbulent dissipation entropy. For emulsions,

the rate of energy loss by direct dissipation increased in the impeller and volute of both pumps with

increasing oil concentration in the emulsion for all operating points. This is because when oil content

rises, the emulsions’ viscosity increases, promoting a rise in frictional losses while lowering secondary

and recirculation losses. It should be noted that the method of calculating entropy production based on

the CFD results depends on the turbulence model and the mesh resolution. A turbulence model is used

to drive the numerical simulation to assess the impact of turbulence fluctuation on the mean fluid flow.

A finer mesh would increase the entropy production by viscous dissipation, which is directly computed,

and correspondingly decrease the entropy production by turbulence, which is modeled.

4.2.3 Analysis of the local distribution of entropy loss

To comprehensively understand the effect of non-Newtonian behavior on the energy loss mechanism

in two similar pumps, the distribution of normalized entropy production coefficient (EPC) calculated

using Equation 4.10 [133] is used to compare the locations of high dissipation values within the two

pumps. Figure 4.6 (11-12) show the entropy distribution for all studied fluids under 0.5 Qbep, Qbep, and

1.2 Qbep operating points at the midspan plane.

Φ∗ = (ΦD̄ + ΦD′)D2

ω2ρQ
(4.10)

As analyzed previously, the hydraulic losses in centrifugal pumps operating with non-Newtonian fluids

depend on the pump size. In average, the small-size pump generates higher entropy loss compared to

the large-size one, relatively to the pump volume.

Figure 4.6 shows the entropy distribution for all studied fluids under partial conditions at the midspan

plane. The losses are concentrated at the impeller inlet, spiral volute part particularly in contact with

impeller outlet, impeller inter-blade passage, and volute nozzle regions of both pumps at underload
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conditions. On the contrary to the impeller passage, the losses in the volute increased with increasing

emulsion viscosity. In both pumps, the energy loss occurring at the impeller inlet increases with the

concentration of oil in the emulsion. In addition, this energy loss is higher in the small-size pump,

mainly when operating with high viscous emulsions. This entropy production at the impeller inlet

probably results from the difference between the fluid inlet angle and the blade inlet angle, generating

impact losses. Thus, shock losses increase as the viscosity of the fluid increases and as the pump size is

reduced.
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Figure 4.6: Entropy production distribution at underflow condition 0.5 QBEP

The losses occurring at the inter-blade space of the impeller decrease with oil concentration, and

this decrease is more pronounced in the small-size pump. These areas of high entropy losses correspond

to recirculation zones observed in the velocity field and streamlines within impeller inter-blade space

(Figure 3.21 in section 4.2.3). Figure 4.6 shows high entropy regions near the pressure side of the

impeller blades in contact with the volute tongue in both pumps that correspond to the vortex area.

This vortex decreases as the volume fraction of the oil phase of the emulsions increases. In addition, this

vortex is larger in the small-size pump than in the large-size one when handling water and is smaller

when handling emulsions. These areas of recirculation and change of fluid direction cause the fluid to

lose kinetic energy, which is the source of hydraulic losses, leading to an increased entropy generation.

Regarding the losses at the spiral volute part, this last one is more significant in the reduced model

and increases with increasing emulsions viscosity. These flow losses correspond to the flow entering

the volute with a velocity angle that can deviate from that of the volute on which is superimposed a

tangential velocity vortex opposite to the movement of the impeller [110]. This change in flow direction
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Chapter 4. Energy loss analysis by entropy production theory

inevitably involves hydraulic losses. This suggests that the energy loss generated by recirculation zones

will be smaller in a small-size pump than in a large-size pump when handling non-Newtonian fluid, and

inversely for the volute diffusion losses. This results highlight that the volute diffusion losses are the

predominant losses in both pumps.

At the design point, the entropy produced decreases as expected in the whole pump, and high-loss

regions are mainly located in the impeller inlet, in the wake of the trailing edges, the volute’s tongue,

and the divergent as shown in Figure 4.7. Compared to underload conditions, the entropy generated at

the impeller inlet decreases in the large-size pump for all fluids, however, in the small-size pump, this

entropy decreases for water and less viscous emulsion. Moreover, the energy dissipation of the emulsion

is more pronounced in the small pump as shown in the figure. After the nominal flow rate (Figure 4.9),

the entropy generated in the inter-blade space decreases, and the entropy generated in the wake of the

trailing edges is constantly high, especially for the small-size pump. Figure 4.8 shows significant entropy

generation regions at the tip and divergent of the volute. By analyzing the flow field and velocity

streamlines within these regions (comparing Figure 4.9 (a) with Figure 4.9 (b)), we recognize a vortex

zone near the volute tongue of the large-size pump that develops and moves toward the volute divergent

as the fluid viscosity increases. For the scaled-down model, a small vortex zone appears in the volute

divergent for 70%O-30%W emulsion. At overload conditions, a large recirculation zone appears in the

divergent part of the volute and decreases as the oil volume fraction increases. This undesirable flow

pattern produces the relatively high entropy loss observed previously. Regarding the entropy produced at

the impeller inlet, we observe that it increased at overload conditions and with emulsion concentration.

These results are consistent with the impact loss model, for which previous studies [89, 147] have shown

that this loss loss decreases with increasing flow rates to reach its minimum at nominal flow rates, and

increases as the flow rate increases above this point.
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Figure 4.7: Entropy production distribution at design condition QBEP
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Figure 4.8: Entropy production distribution at overload condition 1.2 QBEP
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Figure 4.9: Entropy production distribution (a) and the velocity streamlines (b) at overload condition
1.2 QBEP
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Conclusion

Based on the entropy generation method, the influence of non-Newtonian fluid rheology on the

internal flow fields of a volute centrifugal pump is numerically investigated. A dependency between

the non-Newtonian rheological behavior and the energy loss mechanism in a volute centrifugal pump

has been highlighted. Furthermore, the influence of the pump size on the non-Newtonian behavior and

entropy production is investigated by comparing the energy performance of two geometrically similar

pumps handling non-Newtonian fluids. The analysis is performed both quantitatively and qualitatively,

and supported by general integrated quantities and observation of local flow features. Based on the

analysis of the results, the following findings and conclusions are drawn :

• The internal flow field of the centrifugal volute pump is affected by non-Newtonian rheology, which

also contributes significantly to hydraulic losses and entropy generation in pumps. The entropy

generation increases significantly as the lower limit of non-Newtonian viscosity increases and energy

loss occurs primarily in the impeller, regardless of pump size and flow rate.

• The pump size influences the non-Newtonian behavior of the fluid, and thus the flow structure and

magnitude of losses. The smaller the pump size, the greater the entropy generation relative to the

volume.

• The predominance of losses in centrifugal volute pumps operating with non-Newtonian fluids de-

pends on the size of the pump. More entropy production is generated at the leading and trailing

edges of the smaller pump’s impeller than the larger pump. Concluding that shock and change

of direction losses will be more significant in a small-size pump, and the recirculation losses less

prominent compared to a large-size pump when the fluid is non-Newtonian.

• The energy loss increases with the concentration of oil in the emulsion and is predominantly ex-

perienced at the impeller inlet of the small-size pump as the flow rate rises. In contrast, in the

large pump, the energy loss at the impeller inlet is generally small compared to that of the small

pump, especially when comparing emulsions with high concentrations, but the difference remains

insignificant for water and emulsions with low oil concentrations. In conclusion, pump size affects

shock losses for highly viscous emulsions, but insignificantly for water and low viscosity emulsions.
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CHAPTER 5

Comparative assessment of single non-Newtonian

and two-phase approaches for predicting the

performance of pumps handling emulsions
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Introduction and motivation

As previously mentioned, the work in the literature on the operation and performance of centrifugal

pumps handling emulsions and oil-water mixtures is sparse and has mainly focused on experimental

studies that have revealed that most emulsions have complex non-Newtonian rheology. In addition, few

numerical analyses have been performed on this topic due to the complexity of modeling emulsions.

These analyses are usually performed using two-phase approaches. In these approaches, several assump-

tions are made regarding emulsion flow, given the complexity of multiphase models and the physics

underlying emulsion flow. Among the assumptions made is the neglect of the non-Newtonian behavior

of the emulsion, which is observed experimentally and is a benefit to pump performance in some cases.

Therefore, the first part of this thesis examined the effect of the rheological properties of the emulsion

on the performance of volute centrifugal pumps. Oil-water mixtures were modeled and simulated as a

single-phase fluid exhibiting shear thinning behavior while neglecting the two-phase character. However,

emulsions are two-phase in nature. In comparison to single-phase flows, the presence of liquid droplets in

multiphase flows can significantly affect the behavior of the fluid flow. Thus, assuming a single-phase fluid

leads to setting several simplifying assumptions and neglecting the interactions between the coexisting

phases.

93



Chapter 5. Comparison of single non-Newtonian and two-phase approaches

This chapter aims to comparatively evaluate single-phase non-Newtonian and two-phase approaches

to model emulsion flow within centrifugal pumps. In addition, it aims to conclude on the necessity to

simulate two-phase fluid for accurate performance prediction. This comparative study of single-phase

non-Newtonian and two-phase approaches for emulsion flow uses the experimental data of a multistage

pump from the literature to evaluate the numerical results. The outcome of this chapter will provide a

better understanding of the effect of the different interphase force terms on the mixture distribution and

their effect on the pump performance. From another point of view, the study demonstrates the accuracy

and feasibility of modeling emulsions as a single phase with non-Newtonian behavior.

This chapter will be structured as follows:

Firstly, the theory outlining the models of the two-phase approach will be presented. Then, the

comparative study between the single-phase non-Newtonian approach and the two-phase approach will be

carried out for a multistage electrical submersible pump (ESP) and will be compared to the experimental

results from the literature. Finally, the comparative study will be conducted on the centrifugal volute

pump (NS32) studied in the previous chapters.

5.1 Multiphase modeling methodologies

A detailed understanding of multiphase phenomena is crucial for the choice of the two-phase model

which depends on the morphology of the flow (segregated, dispersed...) and on the physics which governs

it. Currently, two approaches for the numerical calculation of multiphase flows exist, the Euler-Lagrange

(E-L) approach and the Euler-Euler approach. In the Euler-Euler (E-E) approach, the different phases

are treated mathematically as interpenetrating continua and the concept of phasic volume fraction is

introduced since the volume of a phase cannot be occupied by the other phases. In the Euler-Lagrange

approach, the fluid phase is treated as a continuum by solving the Navier-Stokes equations, while the

dispersed phase is solved by tracking the dispersed phase particles through the calculated flow field. This

chapter will not provide a comprehensive framework on the E-L approach as it is outside the purview of

this study. Instead, the general concept underlying models of the E-E approach will be described.

5.1.1 VOF model

The volume of fluid (VOF) model attempts to simulate the motion of the fluid interface by tracking

the motion of the phases in a single set of conservation equations for the mixture [25]. Thus, it solves

a single conservation of mass and momentum equation (Equation 5.1 and Equation 5.2) [152] with an

additional surface tension force (Fs) acting at the interface separating the phases.

∂

∂t
(ρ) + ∇ · (ρu) = 0 (5.1)

∂ρu
∂t

+ ∇ · (ρu ⊗ u) = −∇ · p̄I + ∇ ·
(︁
T + TRANS

)︁
+ ρg + Fs (5.2)

T and TRANS are viscous stress tensor and Reynolds stress tensor respectively. The surface force

term (Fs) is given by Equation 5.3, where σ is the interfacial tension and κ = −∇ · (∇α/|∇α|) is the

local mean curvature of the interface [153].
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F s = σκ∇α (5.3)

α represents the volume fraction function defined such that α = 1 in fluid 1 (dispersed phase) and

α = 0 in fluid 2 (continuous phase). The mixture properties, i.e density and viscosity are calculated as

a function of the volume fraction, as shown in Equation 5.4 and Equation 5.5, respectively.

ρ =
∑︂

i

αiρi (5.4)

µ =
∑︂

i

αiµi (5.5)

The VOF model uses a marker function (often the volume fractions) inside the control volume domain

of the system to identify the different fluid phases. This model includes in addition an equation solving

the interfaces given by Equation 5.6 [154].

∂αi

∂t
+ ∇ · (αiumix ) + ∇ · [urαi (1 − αi)] = 0 (5.6)

ur is the compressive velocity counteracting numerical diffusion. Any discontinuity brought on by the

lack of the other phases will be prevented if one has completely filled the control volume. This method is

appropriate for inquiries that are interested in the form and fluid motion close to the interface. Although

it provides superior resolution close to the interface, a dense dispersion phase greatly increases processing

resources [25]. The third term in the volume fraction transport equation Equation 5.6 is a source term

that reduces the solution smearing. This method is the most commonly used in the literature, but others

exist.

5.1.2 Eulerian-Eulerian model

The pure Eulerian model introduces n sets of conservation equations, where n depends on the number

of phases. The model describes multiphase flow as interpenetrating continua incorporating the concept

of phasic volume fraction (α) [155]. With this approach, the fields of velocity and volumetric fractions

are calculated individually, while the pressure field is shared between phases [156]. The continuity and

momentum equations can be written as follow:

∂ρiαi

∂t
+ ∇ · (ρiαiui) = 0 (5.7)

∂ρiαiui

∂t
+ ∇ · (ρiαiui ⊗ ui) = −αi∇p̄+ ∇ ·

(︁
αi

(︁
Ti + TRANS

i
)︁)︁

+ αiρig + (Fint)i + Mi (5.8)

In the above set of equation, ρ, α, and u are the density, volumetric fraction, and velocity vector. T
and TRANS are viscous stress tensor and Reynolds stress tensor respectively. Mi and (Fint)i represent

the interfacial momentum transfer and internal forces respectively. The subscript i stands for the ith

phase.
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The Eulerian multiphase model is the most sophisticated multiphase flow model, because it has the

strongest coupling between the continuous and dispersed phases [157]. Nonetheless, the Eulerian model

is by far the most universal approach for solving multiphase flow issues [158] and is still recommended

due to its general applicability for a wide range of volume fraction [100].

5.1.3 Mixture model

The mixture model is based on the single fluid approach that treats the phases as interpenetrating

continua. This model solves a single set of mass-conservation and momentum equation for the mixture,

given by the Equation 5.9 and Equation 5.10 respectively. It allows the phases to move at different

velocities using the concept of slip velocities [159, 160].

∂

∂t
(ρmix) + ∇ · (ρmixumix) = 0 (5.9)

∂ρmixumix

∂t
+ ∇ · (ρmixumix ⊗ umix) = −∇ · p̄I + ∇ ·

(︁
T + TRANS

)︁
+ρmixg + F + ∇

(︄
n∑︂

i=1
αiρiudr,kudr,k

)︄
(5.10)

ρmix and umix are the the mixture density and velocity respectively, given as follow.

ρmix =
n∑︂

k=1
αkρk (5.11)

umix =
∑︁n

k=1 αkρkuk

ρm
(5.12)

µmix is the viscosity of the mixture expressed as [159]:

µmix =
n∑︂

k=1
αkµk (5.13)

F contains all the interaction forces of the related phase and udr,k stands for the drift velocity for

phase k.

This model is a good substitute for the full Eulerian multiphase model because it can perform a full

multiphase simulation while solving for a smaller number of variables than the Eulerian approach and is

less computationally expensive compared to the Eulerian approach. The essential approximation of this

model is the local equilibrium assumption which states that the particles are accelerated instantaneously

to terminal velocity. An algebraic formulation is used for the slip velocity which assumes of reaching a

local equilibrium between the phases on a short spatial scale.

5.1.4 Population Balance Equation PBE

Generally, the modeling of multiphase dispersed fluids requires the assumption of uniform droplet

size of the dispersed phase (as in the Eulerian-Eulerian model) which is a major simplification of the
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physical state of multiphase systems. To aptly describe the different droplet sizes and the changes in

the size distribution, population balance modeling (PBM) is increasingly being adopted in predicting

the representative droplet size of the dispersed phase [105]. The ability of population balance modeling

to consider the crucial kinetics of particle-particle interaction is one of its main features. PBM allows

to better synthesize the behavior and the dynamic evolution of the discrete particle population of the

dispersed phase. A system’s PBE essentially serves as a count of the particles in the dispersed phase

whose existence or occurrence controls the multiphase system’s general behavior. These discrete elements’

history is constantly dependent on birth and death processes, which cause the development of new discrete

elements and the destruction of old ones in a limited or defined area [105, 102]. This model was developed

at the end of the 18th century on the basis of the Boltzmann equation expressed in terms of the statistical

distribution of molecules or particles in the state space. But it was in the middle of the 19th century

that a general notion of population balance was first developed. The PBE coupling is only used with

Eulerian-Eulerian methods, which in their initial formulation required the specification of the mean size

of the dispersed phase droplets.

If we consider a particle size density function (PDF) f(d, x, t), which depends on (i) internal variables

d which designate the properties of the particles (droplet diameter of the dispersed phase in the case of

emulsions), (ii) external variables x⃗ which correspond to the coordinates of the physical space, (iii) the

time t; the general form of the PBE equation is [102, 161]:

∂f(d; x⃗, t)
∂t

+ u⃗ · ∇f(d; x⃗, t) − ∇ · (Γt∇f(d; x⃗, t)) = Sb + Sc (5.14)

The PDF represents the number of droplets with size range from d to d+d(d) per unit volume. u⃗

stands for the velocity and Γt is the effective diffusion coefficient of the number density.

Sb and Sc represent the source terms due to breakup and coalescence. Each contributes to the birth

and death of a droplet, and the source terms are written as follows:

S(b) = Bb(d, t) −Db(d, t) (5.15)

S(c) = Bc(d, t) −Dc(d, t) (5.16)

Bb(d, t) and Db(d, t) stand for birth and death rates of a particle of diameter d caused by the breakup

phenomenon. Bc(d, t) and Dc(d, t) stand for birth and death rates of a particle of diameter d caused by

the coalescence phenomenon.

The coupling of PBE with CFD to simulate the spatially heterogeneous evolution of size distribu-

tions or mean particle size has led to the adoption of two methods of solving PBE in CFD codes: the

quadrature-based method of moments (QMOM) and the method of classes [162]. The population bal-

ance equation is reformulated in the QMOM as a collection of transport equations. Integral source terms

are evaluated efficiently using Gaussian quadrature and only a small number of scalar fields needs to

be considered [162]. The class method takes its name from the classification of features into groups.

Here, the droplet size density function is divided into intervals, over ranges of particle volumes, with

each group assigned a single representative particle volume. The droplet size density function can then

be integrated over any sub-interval to obtain the number concentration of particles in the corresponding

size group.
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5.2 Comparison of single non-Newtonian and two-phase approaches

The ability of the two CFD approaches considered to accurately predict the performance of pumps

handling emulsions is evaluated in this subsection. The first part compares the numerical head values of

a multistage pump (ESP) with the corresponding experimental data from the literature [30]. The second

part analyzes the results obtained by both approaches for the volute centrifugal pump (NS32) studied

in the previous chapters.

5.2.1 Accuracy assessment of the two numerical approaches to predict the perfor-

mance of a multistage pump ESP

As a reminder, the emulsions studied in this thesis are taken from the literature [30]. The authors

performed an experimental study on the rheology and characterization of emulsions (composed of different

fractions of water and oil) within a multistage pump. Afterward, the authors performed a two-phase

CFD study of the performance of the pump handling the oil-water mixture and the emulsions studied

experimentally. In this section of the thesis, the CFD study is performed on the same multistage pump,

but with a non-Newtonian single-phase approach, in order to compare the two-phase approach and the

non-Newtonian single-phase approach to the experimental results and assess which approach is more

accurate.

5.2.1.1 Model geometry and simulation conditions

In this case study, the performance of the multistage pump was obtained with StarCCM+ using

different multiphase modeling techniques [99] and a single-phase non-Newtonian model (present work).

The multistage pump is composed of four stages and operates at 3450 rpm. The outer diameter of

the impellers is 78.75 mm and the outer diameter of the diffusers is 80.30 mm. Test measurements for

the multistage pump performance under emulsion flow have been taken from the literature. Readers

are invited to consult paper [30] for details on the pump, the experimental procedure, and the results

obtained. The simulation of the pump performance under oil-water mixtures was carried out by the

same authors that carried out the experimental study using multiphase approaches. For this purpose,

the authors used three approaches of the two-phase model, namely the VOF model, the E-E model, and

the Eulerian model coupled with the PBE. The selection of the multiphase approach was made based on

the emulsion morphology (see Figure 2.1) and the CFD software STAR-CCM+ v13.04 was used for the

simulations. The description of the pump geometry, the mesh generation, the physical model as well as

the numerical procedure of the two-phase simulation are detailed in [99].

In the present work, only single-phase simulations with non-Newtonian rheology were conducted on

the ESP and compared to two-phase simulation previously carried out. According to the results of

these simulations presented in [99], an emulsion of each region (refer to section 2.1 of chapter 2) was

considered for the single-phase simulations having the following compositions: 80%O-20%W, 70%O-

30%W, 50%O-50%W, and 10%O-90%W. The 3-D geometrical configuration of the multistage pump

used for CFD simulations is shown in Figure 5.1. The Carreau and power-law models presented in Table

3.3 of Chapter 3 are employed for non-Newtonian behavior. The same numerical simulation procedure

as well as the boundary conditions presented in [113] have been adopted for this study.
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∂
∂t
ðρvÞ þ r⋅ðρv� vÞ ¼ �r ⋅pI þr⋅ðTþ TRANSÞ þ fb (10) 

Given the high rotation rate at which the pump operates, the flow 
condition was determined as fully turbulent for all simulations. The 
Reynolds values in the impeller are shown in Table 6 and were calcu
lated using Eq. (11). The ReN for the CMC solutions was estimated 
considering the highest and lowest viscosities measured in the DHR1 
(see Fig. 2). 

ReN ¼D2
2Nρμ� 1 (11) 

A two-equation eddy-viscosity turbulence model, based on the 
Boussinesq hypothesis, was considered for all simulations. This 
approach is more robust in comparison with one or zero equation 
models and is more computationally efficient compared to higher 
equation models (e.g., Reynolds Stress Model). Based on the high Rey
nolds values seen for the Newtonian fluids, a Realizable k � ε turbulence 
model coupled with a Two-layer zonal modelling and an all y þ wall 
treatment was selected. The Realizable k � ε provides better perfor
mance than the standard model for swirling flows, which include strong 
curvature and rotation (large strain rates) (Andersson et al., 2011). This 
model has been used in previous similar applications with successful 
results (Pineda et al., 2016; Stel et al., 2015). The Two-layer approach 
allows the k � ε model to be applied in the viscous and buffer sublayer, 
specifying the dissipation rate ε and turbulent viscosity μT as algebraic 
functions of wall distance. These values are smoothly blended with the 
ones calculated far from the wall. The k � ε transport equations solved 
are shown in Eqs. (12) and (13). 

∂
∂t
ðρkÞ þr ⋅ ðρkvÞ¼r ⋅

��

μþ μT

σk

�

rk
�

þPk � ρðε � ε0Þ þ Sk (12)  

∂
∂t
ðρεÞ þ r⋅ðρεvÞ ¼ r⋅

��

μþ μT

σε

�

rε
�

þ
ε
k
Cε1Pε � Cε2f2ρ

�
ε2

k
�

ε0

T0

�

þ Sε

(13) 

For the non-Newtonian modelling, a k � ω SST-Menter (Shear Stress 
Transport-Menter) turbulence approach was implemented, given the 
low Reynolds numbers obtained for low shear strains. An advantage of 
this formulation over the k � ε model is that no further modification or 
computation of wall distance is required for it to be applied directly 
throughout the boundary layer, including the viscous and buffer sub
layers (Wilcox, 1993). The k � ω model has been shown to reliably 
predict the law of the wall when applied to the viscous sublayer with fine 
grids of yþ<5, thereby eliminating the need for wall functions and 
enhancing wall shear stress predictions (Andersson et al., 2011). Be
sides, it has better performance in regions with low turbulence where 
both k and ε approach zero. The SST-Menter modification was consid
ered to eliminate the extreme sensitivity to inlet boundary conditions for 
internal flows by adding a blended non-conservative cross-diffusion 
term. The k � ω transport equations solved are shown in Eqs. (14) and 
(15). 

∂
∂t
ðρkÞ þr ⋅ ðρkvÞ¼r ⋅ ½ðμþ σkμTÞrk� þPk � ρβ*fβ* ðωk � ω0k0Þ þ Sk

(14)  

∂
∂t
ðρωÞ þ r⋅ðρωvÞ ¼ r⋅½ðμþ σωμTÞrω � þ Pω � ρβfβ

�
ω2 � ω2

0

�
þ Sω (15)  

2.2.3. Simulation procedure 
Fig. 8 shows the multiple domains in which the ESP geometry was 

split in the CFD model. Four types of regions and boundary conditions 
were considered: i) the inlet section, which was modelled as a mass flow 
inlet, ii) the outlet section, which was taken as a pressure outlet with a 
static pressure of 0 Pa, iii) the rotation zone and iv) the stationary 
(diffusers) zone. All surfaces (excluding inlet and outlet) were modelled 
with a no-slip wall condition. As for the initial conditions, velocity was 
set to 0 m/s in all directions, and the pressure was taken as the atmo
spheric pressure of Bogot�a (74660.5 Pa). 

For the rotation zone, a Rigid Body Motion (RBM) model was 
considered given that it is the most accurate approach available in 
STAR-CCM þ to simulate moving parts. The RBM can capture transient 
flow effects such as blade passing or flow interaction with a free surface, 
which results crucial to capture secondary flows in the impellers. For the 
rotating parts within the stationary region (shaft), a rotating reference 
frame was applied. This reference frame considers the shaft wall velocity 
equal to the impeller rotating speed. As already mentioned, a time step 
of 5e-5s was considered to achieve 1� of rotation per time-step. The 
simulations were run up to 0.08s, which roughly corresponds to 4.5 
revolutions of the impellers. The head rise, efficiency, hydraulic, and 
brake powers for CFD were calculated following Eqs. (16)–(19). The 
pressures at the inlet and outlet were calculated at every time step 
through a mass-flow averaged report. The final values used to estimate 
the pump’s head rise were obtained by calculating an average over time, 
once the pressure monitor was stable (approximately from 0.01s to 
0.08s). 

H ¼
ΔP
ρg
þ

v2
2 � v2

1

2g
þ Δz �

ΔP
ρg

(16)  

Ph ¼ ρgHQ (17)  

Pbhp¼ τ*N (18)  

ηo¼
Ph

Pbhp
*Cmec;vol∴Cmec;vol ¼ 0:909 (19) 

Table 6 
Reynolds values calculated at the impeller.  

Substance ReN  

Water 358,000 
IsoparL Oil 274,000 
Mineral Oil 10,000 
Sunflower Oil 4900 
CMC 0.5% 660-13,000 
CMC 1% 68–5400  

Fig. 8. CFD model domains and boundary conditions: (a) Outlet and Inlet 
section highlighted, and (b) Stationary zone (light grey) and Rotation zone 
(turquoise) highlighted. 

J.P. Vald�es et al.                                                                                                                                                                                                                                

Figure 5.1: CFD model domains of the ESP [113]

5.2.1.2 Pump head
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Figure 5.2: Comparison of the ESP pump head obtained by different multiphase models and the
non-Newtonian single-phase model with experimental data for emulsions having oil volume fractions: (a) 80%,

(b) 70%, (c) 50% and (d) 10%
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Chapter 5. Comparison of single non-Newtonian and two-phase approaches

Figure 5.2 compares the multistage pump head simulated using a single-phase non-Newtonian model

(single-phase NN in the figures) (present work) and different two-phase models (data from [99]) with the

experimental data (data from [30]). The results show the pump performance for emulsions selected from

regions depicted in Figure 2.1 (chapter 2). The emulsions have the following oil volume fractions: 80%,

70%, 50%, and 10%.

For the region 1 emulsion with an oil volume fraction of 80% (Figure 5.2 (a)), the non-Newtonian

single-phase model is in very good agreement with the experimental data. The model slightly underes-

timates the pump head, with a value ranging from 3% at low flow to 7% at high flow. Regarding the

results of the two-phase simulations, the pumping head values obtained for this emulsion (i.e., 80% oil)

were not reported in the reference paper [99]. However, the authors reported that the E-PBM model can

approximate the experimental results with considerable accuracy for emulsions in Region 1. They indi-

cated that the E-PBM model overestimated the pump head, and is the best-performing model compared

to the VOF model.

For emulsion in region 2 having 70% oil, both the single-phase non-Newtonian model and the VOF

model overestimate the pump head, with an approximate deviation of 7%. Pointing out that the single-

phase non-Newtonian model approximates better the experimental data. On the other hand, the coupled

two-phase E-PBM underestimates the pump performance with a difference of 13%. This emulsion has

been previously shown to have the highest viscosity among oil-water mixtures and a strong shear-thinning

property. Since the main losses in the single-phase model are related to the fluid’s viscosity, the assump-

tion of a non-Newtonian single-phase fluid that considers this rheology enables the numerical model to

approximate better the experimental data. As the shear stress increases, the emulsion’s viscosity de-

creases, which reduces losses and improves pump performance. In the VOF model, the properties of the

two-phase system are calculated by a volume fraction average. Therefore, the model considers the aver-

age viscosity according to the volume fractions of oil and water, which contributes to the losses within

the pump, along with other losses related to the interactions between the coexisting phases. The under-

estimation of the pump head by the E-PBM is attributed to the fact that the model does not account for

the shear thinning behavior of the fluids and, as stated by Valdes et al. [99], due to the increase in the

contact area between the two phases, produced by the concentrated dispersed phase fraction, the model

predicts larger drag forces between the phases. The model may overestimate the interactions between

the phases, which generates more losses and leads to an underestimation of the pumping head.

For emulsions in region 3 depicted in Figure 5.2 (c-d), the results of the non-Newtonian single-phase

simulation are in good agreement with the experimental results. Regarding the emulsion with an oil

volume fraction of 50%, the single-phase model overestimates the head by 3% at low flow rates, which

increases to nearly 13% at high flow rates. Both two-phase models underestimate the pump head, except

at high flow, where the VOF model overestimates it. Noting that the E-E model is more accurate than

its VOF counterpart. Note that for this emulsion, the coupling between the Eulerian model and PBE has

not been done since the morphology of the emulsion is multiple which makes the analysis of the particle

size distribution inconsistent. Comparing the two approaches (non-Newtonian single-phase vs the E-E),

the non-Newtonian model better approximates the experimental values at very low flow rates, and above

a certain value, the E-E model gives better results. The shear-thinning character of this emulsion tends

to reduce the pressure drop in the pump, and thus improve its performance. However, this emulsion has

a low viscosity variation, as seen previously (figure 3.15). Therefore, the non-Newtonian character is not

as relevant to this emulsion, and as mentioned in the reference article [99], the E-E two-phase model

correctly accounts for phase interactions, such as drag forces, which better represents the physics of this
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5.2. Comparison of single non-Newtonian and two-phase approaches

composition. In the single-phase model, we assume a virtual fluid with different physical properties, while

the two-phase models include the interaction between the different phases. The latter better represents

the physical character of this emulsion and the consideration of the interaction of the two phases in the

simulation will be more obvious.

Considering emulsion having 10% oil, depicted in Figure 5.2 (d), the head predictions by the VOF and

E-E models are very close to each other from a moderate flow rate (2.2 m3/h) with an average deviation

of 8%. At the shut-off point, the pump performance is well predicted by the E-E model compared to

the VOF model. However, the single-phase non-Newtonian model gives better prediction compared to

both two-phase models over the entire flow range. According to these results, the discrepancy obtained

between the non-Newtonian single-phase simulation results and the experimental data decreases as the

volume fraction of the dispersed phase decreases and the composition of the emulsion approaches the

single-phase fluid.

To assess the effectiveness of the models in predicting the pump performance when handling emulsions,

the comparison of the discrepancy obtained by the non-Newtonian single-phase simulations (present

study) and those obtained by the two-phase models ([99]) with the experimental results are depicted in

Figure 5.3.

0 5 10 15 20 25 30 35 40 45
Experimental head (m)

0

5

10

15

20

25

30

35

40

45

C
al

cu
la

te
d 

he
ad

 (
m

)

+ 4.8 %

- 8.5 %

X=Y
Single-phase modelling
Two-phase modelling

Figure 5.3: CFD versus experimental comparison of ESP pump head

The difference between the results obtained by the single-phase non-Newtonian models and the exper-

imental data is on average 5.5%. It should be noted that the difference obtained by this model increases

with increasing flow rate. The maximum error achieved corresponds to the emulsion in Region 3 at the

nominal flow rate, which reached 13%. For two-phase modeling, the authors [99] reported an average

deviation of 7% and 10% for the purely Eulerian/coupled PBM and VOF models, respectively. They

also reported larger deviations of up to 14% for the PBM cases, particularly for Region 2.

In summary, compared to the experimental data, the coupled Eulerian-PBE model gives the most

accurate results among the models for the emulsion with high dispersed phase composition (50%O-

50%W). Nevertheless, the non-Newtonian single-phase model still represents an adequate estimate of

the pump head. For other emulsions, with moderate to very low dispersed phase fraction (40%-10%

v/v%), the single-phase non-Newtonian model performs better and gives a more accurate approximation

of the pump performance. Since the two-phase models are not suitable for all emulsions, the non-

Newtonian model is a very good substitute to show the behavior of emulsions in the pump and give an
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Chapter 5. Comparison of single non-Newtonian and two-phase approaches

approximation of its performance.

On one side, the two-phase models, and in particular the coupled E-PBM model, consider the inter-

actions between the phases, such as coalescence and fragmentation. They are more realistic than the

single-phase model in representing emulsions and dispersed oil-water fluids. In contrast, in the single-

phase model, we have only a virtual fluid with appropriate rheology, which is one of the most important

properties of fluids. Based on the results obtained and considering the computational efficiency of the

non-Newtonian single-phase model compared to the two-phase model, which is not only time-consuming

but also complicated to set up, especially regarding the emulsion closure relations, the non-Newtonian

single-phase model can be recommended for applications where no prior experimental data is available

and for the prediction of the overall pump performance.

5.2.1.3 Flow analysis

In this subsection, a flow field analysis is carried out to compare the flow behavior obtained with

two-phase modeling and non-Newtonian single-phase modeling. The comparison is carried out for an

emulsion from regions 1 and 3, while the region 2 emulsion corresponding to the phase inversion is not

analyzed due to the lack of multiphase results from the reference paper [99].

Figure 5.4 - Figure 5.7 present the velocity vectors in the first and fourth stages of the impeller and

diffuser of the ESP for emulsions having 50% and 80% oil volume fraction at shut-off point and BEP,

respectively. The raw (a) shows the velocity vectors obtained by the single-phase non-Newtonian model

and (b) the velocity vectors obtained by the two-phase model (figure from [99]).

(a)

1st stage impeller 1st stage diffuser 4th stage impeller 4th stage diffuser

(b)
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Figure 14. Impeller and diffuser volume fraction profiles and oil relative velocity streamlines on a 0.5 span plane at the BEP 

calculated through the Eulerian approach for oil fraction (%v/v): (a) 90%, (b) 50%, (c) 30%, and (d) 10%. 

An important feature to be analyzed is the influence of the stage on the internal flow behavior. This factor is clearly 

noted in the diffusers at the shut-off point as previously discussed from Figure 13 and Figure 15. In the 4th stage, a 

remarkable diminishment of irregular flow structures and major reverse flows is achieved, particularly at higher 

water cuts, when compared against 1st stage diffusers. This behavior is clearly evidenced for 50%-90% water 
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5.2. Comparison of single non-Newtonian and two-phase approaches

Figure 5.4: Velocity vectors and streamlines on a 0.5 span plane at the shut-off point calculated through:
(a) non-Newtonian single phase model (present work) and (b) the Eulerian approach ([99]) for emulsion
having 50% oil fraction.

At the shut-off point, larger recirculation regions and dead zones are obtained with the non-Newtonian

single-phase model, compared to those obtained with the two-phase model. The latter are located only

at the impeller outlet, whereas for the non-Newtonian model, the dead zones are located all along the

impeller. These results could be attributed to the shear thinning behavior of this emulsion, where its

viscosity will fluctuate and undergo changes according to the applied shear rate, influencing in return

the flow pattern. For the recirculation zones that appear in Figure 5.4 (b), the authors [99] explained

it by the high drag forces caused by the high concentration of the dispersed phase, which promotes the

occurrence of unfavorable pressure gradients. The same flow behavior can be observed in the diffuser,

large dead zones and chaotic flow are observed in both models, which are accentuated in the first stage of

the diffuser and especially in the non-Newtonian modeling. In the fourth stage diffuser, a similarity can

be observed between the flow behavior of the two modeling methods. The recirculation zones, located

mainly at the outlet of the diffuser, are less accentuated and the flow better follows the diffuser profile.

(a)

1st stage impeller 1st stage diffuser 4th stage impeller 4th stage diffuser

(b)
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fractions (Figure 13 (b-d)). Here, most of the streamlines in the 4th stage diffuser vanes are properly adapted, 

flowing inwards, unlike the 1st stage, where several channels displayed inward flows colliding with significant 

backflow currents. A similar improvement in the flow path is seen at high oil fractions (Figure 13 (a) and Figure 

15), but to a lesser extent due to the significant variation in particle size across the diffusers (through breakup and 

coalescence), which alter the phase interactions calculated and promote the presence of adverse pressure gradients, 

as mentioned earlier (see Figure 17). A comparable flow adjustment may be recognized as well in the 4th stage 

impellers at the shut-off, primarily for high water fractions (50%-90%) displayed in Figure 13 (b)-(d). This 

outcome suggests that the flow will be progressively aligned as it travels from one stage to another, guaranteeing an 

adequate inlet flow orientation and lowering the presence of recirculation regions at the latter stages of the ESP. 

 1st Stage Impeller 4th Stage Impeller 1st Stage Diffuser 4th Stage Diffuser 

a)  

    

b)  

   

 
Figure 15. Impeller and diffuser mean diameter profiles and oil relative velocity streamlines on a 0.5 span plane at the shut-off 

point calculated through the AMuSiG model for oil fraction (%v/v): (a) 90%, and (b) 80%. 

By examining the effect of the flowrate, an outstanding enhancement of the flow orientation is observed at all 

compositions and stages, for both impellers and diffusers at higher flowrates (near the BEP), as displayed in Figure 

14 and Figure 16. At the BEP, all recirculation regions and reverse flow currents are eliminated, and the relative 

velocity streamlines are directly guided into the impeller and diffuser channels, gliding smoothly along these 

corridors. This behavior is well in agreement with Figure 1 and various previous numerical studies on ESPs [4], 

[65], [66]. Furthermore, particle sizes remain stable at the BEP for both impellers and diffusers, which implies that 

breakup and coalescence rates will tend to equalize as the flowrate progresses. This outcome is consistent with the 

AMuSiG breakup and coalescence models described in subsection 3.2.3 (see  Eq. 33-Eq. 34), where the breakage 

and coalescence collision rates were shown to be proportional to the turbulent dissipation rate (�!� , �"� ∝ ()�)�/7). 

urn
al 

Pre-
pro

of

Figure 5.5: Velocity vectors and streamlines on a 0.5 span plane at the shut-off point calculated through:
(a) non-Newtonian single phase model (present work) and (b) the Eulerian approach ([99]) for emulsion
having 80% oil fraction.

For the emulsion with high oil concentration ( 80% v/voil), its flow field is represented by Figure 5.5

and Figure 5.7 at the shut-off and BEP points, respectively. The raw image (a) shows the velocity

vectors obtained with the non-Newtonian single-phase modeling, while the raw image (b) corresponds to
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Chapter 5. Comparison of single non-Newtonian and two-phase approaches

the velocity vectors superimposed on the water droplet mean surface diameter distribution obtained by

the E-PBM modeling. At low flow rates, the same observations on the flow behavior can be noted for

this emulsion as for the emulsion with an oil volume fraction of 50%. Significant recirculation and vortex

zones appear in the pump, which is more prominent in the non-Newtonian model than in the two-phase

model, especially for the impeller.

Comparing the flow behavior between the two emulsions, one can note that the intensity of the

recirculation zones is less important when increasing the oil volume fraction in the non-Newtonian model,

except at the last stage diffuser. This observation is in agreement with previous results obtained for the

volute centrifugal pump, where we observed that the recirculation zones decrease with increasing oil

volume fraction and decreasing effective viscosity range of the emulsion. With the two-phase model, it is

observed in the figures that the flow becomes less chaotic and that the vortices are less prominent in the

emulsion with an oil fraction of 80% compared to the emulsion with an oil volume fraction of 50%. This

is attributed to the higher concentration of the dispersed phase, which makes the contact area between

the two phases larger and the drag force higher, leading to an unfavorable pressure gradient, as explained

by Valdes et al [99].

(a)

1st stage impeller 1st stage diffuser 4th stage impeller 4th stage diffuser

(b)
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Figure 14. Impeller and diffuser volume fraction profiles and oil relative velocity streamlines on a 0.5 span plane at the BEP 

calculated through the Eulerian approach for oil fraction (%v/v): (a) 90%, (b) 50%, (c) 30%, and (d) 10%. 

An important feature to be analyzed is the influence of the stage on the internal flow behavior. This factor is clearly 

noted in the diffusers at the shut-off point as previously discussed from Figure 13 and Figure 15. In the 4th stage, a 

remarkable diminishment of irregular flow structures and major reverse flows is achieved, particularly at higher 

water cuts, when compared against 1st stage diffusers. This behavior is clearly evidenced for 50%-90% water 

Jo
urn

al 
Pre-

pro
of

Figure 5.6: Velocity vectors and streamlines on a 0.5 span plane at the BEP calculated through: (a)
non-Newtonian single phase model (present work) and (b) the Eulerian approach ([99]) for emulsion
having 50% oil fraction.

At the BEP, no obvious recirculation or dead zone is observed within the pump stages for both

emulsions (Figure 5.6 and Figure 5.7). In general, both modeling methods result in smooth flow inside

the impellers and diffusers. However, a small area of recirculation is observed at the outlet of the fourth

diffuser for both emulsions in Figure 5.6 and Figure 5.7, corresponding to the non-Newtonian behavior.
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5.2. Comparison of single non-Newtonian and two-phase approaches

In this zone, we observe a low value of velocity, which causes an increase in the effective viscosity of the

emulsion due to the tendency of shear thinning. This variation of the emulsion viscosity causes a weak

pressure gradient and recirculation zones. The relative velocities at the impeller inlet obtained with the

non-Newtonian modeling are relatively low for both emulsions compared to those of the partial flow,

which means that impact losses are meaningless. Similarly, the hydraulic losses caused by recirculation

become insignificant. The same observations can be deduced from the velocity vector directions and

streamlines for two-phase modeling. At this point, the hydraulic losses decrease significantly and are

dominated by frictional losses, which is consistent with the pump performance theory.

(a)

1st stage impeller 1st stage diffuser 4th stage impeller 4th stage diffuser

(b)
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fractions (Figure 13 (b-d)). Here, most of the streamlines in the 4th stage diffuser vanes are properly adapted, 

flowing inwards, unlike the 1st stage, where several channels displayed inward flows colliding with significant 

backflow currents. A similar improvement in the flow path is seen at high oil fractions (Figure 13 (a) and Figure 

15), but to a lesser extent due to the significant variation in particle size across the diffusers (through breakup and 

coalescence), which alter the phase interactions calculated and promote the presence of adverse pressure gradients, 

as mentioned earlier (see Figure 17). A comparable flow adjustment may be recognized as well in the 4th stage 

impellers at the shut-off, primarily for high water fractions (50%-90%) displayed in Figure 13 (b)-(d). This 

outcome suggests that the flow will be progressively aligned as it travels from one stage to another, guaranteeing an 

adequate inlet flow orientation and lowering the presence of recirculation regions at the latter stages of the ESP. 

 1st Stage Impeller 4th Stage Impeller 1st Stage Diffuser 4th Stage Diffuser 

a)  

    

b)  

   

 
Figure 15. Impeller and diffuser mean diameter profiles and oil relative velocity streamlines on a 0.5 span plane at the shut-off 

point calculated through the AMuSiG model for oil fraction (%v/v): (a) 90%, and (b) 80%. 

By examining the effect of the flowrate, an outstanding enhancement of the flow orientation is observed at all 

compositions and stages, for both impellers and diffusers at higher flowrates (near the BEP), as displayed in Figure 

14 and Figure 16. At the BEP, all recirculation regions and reverse flow currents are eliminated, and the relative 

velocity streamlines are directly guided into the impeller and diffuser channels, gliding smoothly along these 

corridors. This behavior is well in agreement with Figure 1 and various previous numerical studies on ESPs [4], 

[65], [66]. Furthermore, particle sizes remain stable at the BEP for both impellers and diffusers, which implies that 

breakup and coalescence rates will tend to equalize as the flowrate progresses. This outcome is consistent with the 

AMuSiG breakup and coalescence models described in subsection 3.2.3 (see  Eq. 33-Eq. 34), where the breakage 

and coalescence collision rates were shown to be proportional to the turbulent dissipation rate (�!� , �"� ∝ ()�)�/7). 

urn
al 

Pre-
pro

of

Figure 5.7: Velocity vectors and streamlines on a 0.5 span plane at the BEP calculated through: (a)
non-Newtonian single phase model (present work) and (b) the Eulerian approach ([99]) for emulsion
having 80% oil fraction.

In summary, the predominance of losses differs between the modeling methods since the physics

governing the flow depends on the fluid properties. We have seen previously that the pump performance

obtained by single-phase modeling is always superior to that obtained by two-phase modeling. From

the internal flow analysis, the recirculation losses are higher in the non-Newtonian model than in the

two-phase model. Therefore, it can be assumed that other losses such as friction due to drag forces

and impact losses predominate over the recirculation loss and will be more important than in the non-

Newtonian model. This is also evident from the additional losses governed by the interaction between

the two phases associated with the two-phase model.
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5.2.2 Comparison of single and two-phase approaches to predict the performance of

a centrifugal volute pump (NS32)

In this subsection, the performance of the volute centrifugal pump carrying the emulsions is simulated

using a two-phase model and compared to the non-Newtonian single-phase result presented in Chapter

3.

5.2.2.1 Numerical set-up

In this case study, the performance of the centrifugal pump handling emulsions was obtained using a

multiphase modeling approach. For the issue being investigated, the Eulerian-Eulerian (pure Eulerian)

model was applied for the URANS equations with a k-epsilon turbulence model, since it is the most

general approach [163] and is more suitable for dispersed flows. The pure Eulerian modeling approach

is based on ensemble-averaged mass and momentum equations governing the liquid-liquid phases, given

in subsection 5.1.2. The phases are treated separately, and one set of conservation equations is solved

for each phase. The flow field is assumed to be incompressible, inhomogeneous, isothermal, and without

mass transfer between the phases. The dispersed phase was supposed to have a constant droplet diameter

through the entire flow domain, so the change of size due to coalescence and breakup is not considered

within this approach.

With this formulation, the momentum transfer between phases is duly considered. The interfacial

forces related to momentum transfer of Equation 5.6 considered in this study are drag, lift, and turbulence

dispersion. The drag forces, expressed by Equation 5.17, was modelled using the Schiller Naumann drag

coefficient given by Equation 5.18:

FD = 1
2CDρCA |Vr|Vr (5.17)

CD = 24
Re

(︁
1 + 0.15Re0.687)︁ (5.18)

CD =

⎧⎨⎩ 24
Red

(︁
1 + 0.15Re0.687

d

)︁
0 < Red ≤ 1000

0.44 Red > 1000
(5.19)

CD, ρc, A, and Vr stand for the drag coefficient, continuous phase density, projected area of the

particle, and relative velocity between the phases respectively.

A lift force that is perpendicular to the direction of relative motion between phases acts on dispersed

particles in a multiphase shear flow, mostly due to velocity gradients in the primary phase flow field.

According to Drew and Lahey (1979), the force can be related to the relative velocity and the local liquid

vorticity as follows [164]:

FL = CLρC (u⃗c − u⃗d) × (∇ × u⃗d) (5.20)

CL =
√︂
C2

L, low Re + C2
L, high Re (5.21)
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CL,lowRe = 6
π2 Re−0.5

ω

2.55(︂
1 + 0.2 Re2

p

Reω

)︂1.5 (5.22)

CL,highRe = 1
2

1 + 16 Re−1
p

1 + 29Re−1
p

(5.23)

Rep = ρc |u⃗c − u⃗d| dp

µc
(5.24)

Reω =
ρc |∇ × u⃗c| d2

p

µc
(5.25)

uc and ud are the velocity of the continuous phase and dispersed phase respectively.

The TwoPhaseEulerFoam solver used in this study is based on the Pressure Implicit Method for the

Pressure-Linked Equations (PIMPLE) algorithm. For these two-phase simulations, the volumetric flow

rate of each phase was defined as the input boundary condition, i.e., the flow rate of each phase was

defined by calculating the volumetric contribution of each phase from the overall operating flow rate,

assuming that the fluid is well mixed. All walls are smooth walls, with a no-slip velocity condition.

5.2.2.2 Pump head

The predicted pump characteristic, in terms of head, when handling an oil-water mixture, using

Eulerian- Eulerian (E-E) model is presented in Figure 5.8. The pump head is predicted for an emulsion

from each region having an oil concentration of 40%, 70%, and 80%. Several assumptions including

monodispersed phase were set in this study. The results are compared to the pump head for water

(presented in black triangle) and the simulated head for the same emulsion modeled as a single-phase

non-Newtonian fluid exhibiting shear thinning behavior (results from Chapter 3).

As seen in Figure 5.8, a decrease in the pump head is obtained when handling emulsion compared

to the pump head when handling water by both modeling methods (i.e., two-phase, and single-phase).

However, the two-phase E-E model results in more degradation of the pump performance compared to

the single-phase model for all emulsions.

Comparing the results obtained by the two approaches, a degradation of 21% at low flow is obtained

with the E-E model, which rises to 49% at overflow for the emulsion with an oil volume fraction of 40%.

On the other hand, single-phase modeling predicted a pumping head degradation ranging from 4% at low

flow to 15% at overflow for the same emulsion. For the emulsion with an oil volume fraction of 70%, the

Eulerian-Eulerian model predicts a pump head degradation ranging from 23% to 42% over the operating

flow range. The single-phase modeling meanwhile, predicts a degradation ranging from 7% at low flow

to 19% at high flow. Finally, for the Region 1 emulsion, which has an oil volume fraction of 80%, the E-E

model predicts 22% degradation at low flow rates, rising to 41% at high flow rates. The non-Newtonian

single-phase model predicted pump degradation ranging from 10% to 26% over the operating flow rate

range.
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Figure 5.8: Comparison of pump head obtained by the E-E model and the non-Newtonian single-phase
model for emulsion having (a) 40%, (b) 70% and (c) 80% oil volume fraction.

This higher degradation obtained by the two-phase model can be attributed to two main reasons.

The first is the droplet-droplet interaction and the additional frictional effects of the coexisting phases,

which the two-phase model considers compared to the single-phase model. The second is the shear-

thinning behavior of the emulsion accounted for in the single-phase model, which is responsible for the

performance improvement in the case of the single-phase model (as explained earlier in Chapter 3). Since

this shear-thinning tendency is not accounted for by the E-E simulation, a higher head loss is expected

for the emulsion. In the two-phase simulations, the main interfacial forces namely the drag, lift, and

turbulent dispersion were considered. The results of the present study showed that the value of the

lift force and turbulent dispersion have an insignificant effect on the pump performance relative to drag

forces. This is in agreement with the results of previous studies in the literature, which suggested that lift

and turbulent forces are negligible in emulsions [104]. Furthermore, two-phase numerical results showed

that the simulation is quite sensitive to the initial droplet diameter value; which is reported also in the

literature for gas-liquid simulations [165].

Given the lack of experimental data, no conclusion can be made on the accuracy of the two approaches.

However, the relative difference between the pump head predicted by the two models is depicted in
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Figure 5.9. For very low dispersed volume fractions, the numerical results obtained by both models

are essentially close. The relative difference between the results of the two models varies from 10% to

26%. For higher volume fractions, the difference between the predictions of the single and two-phase

models is noticeable. These results are consistent with those observed previously for the multistage

pump. Furthermore, the difference between the two models increases with increasing flow rate.
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Figure 5.9: Relative difference between the pump head predicted by the two models for emulsion having
(a) 40%, (b) 70% and (c) 80% oil volume fraction.

5.2.2.3 Internal flow analysis

A comparison of internal flow in the centrifugal pump obtained from the two CFD approaches is

reported in this section. Figure 5.10 shows the velocity fields and streamlines in a cross-section of the

impeller and volute obtained with the two modeling methods versus the flow rate. At low flow rates,

recirculation zones appear in the inter-blade space of the impeller in both modeling approaches. In

the case of two-phase modeling, several recirculation regions are observed at the impeller inter-blade

space, compared to those obtained by single-phase modeling. This may be due to the strong pressure

gradients, which are generally caused by the interfacial interactions between the two phases. Moreover,

the recirculation zones appear in the inter-blade spaces before contact of the volute nozzle for the non-

newtonian model. On the other hand, in the E-E two-phase model, these recirculation zones appear

in the inter-blade spaces after contact of the volute nozzle. At the design flow and overflow, shown in

Figure 5.10, the relative velocity streamlines are well guided through the impeller, while stagnant regions

are observed primarily in the volute. The latter is more important in the case of two-phase modeling.

The generation of more prominent vortices further aggravates the dispersed phase stagnation region in

this part, resulting in an increased loss. The obtained flow field seems to follow the general flow principle

of the centrifugal pump in both models, i.e. the magnitude of velocity increases along the blade passage

and reaches the maximum at the impeller tip; recirculation zones appear in the inter-blade space at low

flow rates and in the volute from the nominal flow rate.
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Figure 5.10: Comparison of the velocity field and streamlines obtained by the E-E model and the non-
Newtonian single-phase model for the 40%O-60%W emulsion

Figure 5.11 shows the distribution of oil volume fraction on the half span of the impeller and volute.

As shown in the figure, the oil phase is prone to accumulate near the pressure side of the impeller

blades. However, the heterogeneity of the distribution remains relatively small. The mechanisms of

oil accumulation inside rotating centrifugal pumps are caused by the force balance on oil droplets as a

result of interfacial momentum transfer, wherein the drag force and turbulent dispersion force play the

dominant roles.

Figure 5.11: Effect of different interphase forces on the volume fraction field of the dispersed phase of
the 40%O-60%W emulsion at BEP
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Conclusion

This chapter investigates the accuracy of single-phase and two-phase models in predicting pump per-

formance under emulsion flow. The study was performed for two centrifugal pumps (ESP and NS32) and

emulsions of different compositions. The validity of each model was examined based on the experimental

data of the ESP pump. The results showed that for an emulsion with complex morphology (multiple

emulsion), the coupled E-PBE model produced the most accurate results among the models. All models

achieve almost the same degree of accuracy for emulsions in the inversion zone. The non-Newtonian

single-phase model is more accurate in simulating an emulsion with simple morphology than the exper-

imental data. In general, the two-phase models slightly underestimate the pump performance and the

non-Newtonian single-phase model slightly overestimates the pump head. However, both approaches pro-

vide accurate pump performance results. The two-phase model can provide a better view of the physics

of the emulsion since the two liquids are considered separately. However, the equations governing the

single-phase model are less complicated and time-consuming. Therefore, single-phase modeling with the

correct representation of non-Newtonian fluid behavior can be a more accurate and simpler method for

predicting the performance of rotating machines under complex fluid flow conditions.
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Conclusion

This thesis concerns the analysis of the hydrodynamic behavior of centrifugal volute pumps handling

two-phase liquid-liquid fluids. Several methods were used in this study to investigate the behavior of

the pump conveying emulsions of different compositions, namely an analytical approach, a single-phase

CFD study, and a two-phase CFD study. The analytical approach used to predict the performance of the

centrifugal pump is based on a mechanistic model for the determination of the viscosity of the emulsions,

coupled with the model of the pressure losses inside the pump. The numerical model is based on the

solution of the Navier-Stokes equations, where two models have been adopted. The first one models the

emulsions as a single-phase fluid with non-Newtonian rheology and neglects the two-phase character.

The second one is based on a two-phase model in which the interactions between the two phases are

taken into account. Numerical predictions of the pump performance by the single-phase model and the

different two-phase models are evaluated by comparison with experimental data.

The analysis of the obtained results led to the following conclusions:

� The rheological mechanistic model proposed in the literature gives a good approximation of the

emulsion viscosity outside the phase inversion zone (difference less than 9%) after fitting the expo-

nents to the experimental data. The analytical model for pump head prediction is semi-empirical

and finds its limits when the fluid is highly viscous. In addition, the viscosity of the fluid is only

considered in the friction loss equations, which therefore neglects the effect of the fluid rheology on

the other losses.

� Pump performance progressively deteriorated as the oil volume fraction increased in the emulsion,

except for the composition in the inversion zone. Despite the high effective viscosity of this com-

position, the strong tendency of the fluid to shear-thinning and the high shear rates of the pump

resulted in a sharp viscosity decrease. Thus, the emulsion shear-thinning behavior is beneficial to

the pump in some cases (e.g., the pump head obtained for this emulsion compared to that obtained

for pure oil).

� The internal flow field of the centrifugal volute pump is affected by the non-Newtonian rheology,

which also contributes significantly to hydraulic losses and entropy generation in pumps. Entropy

generation increases significantly as the lower limit of non-Newtonian viscosity increases and energy

loss occurs primarily in the impeller, regardless of pump size and flow rate. For instance, the smaller

the value of ν0, the less frictional loss the fluid will experience, and conversely, the larger the ν∞,

the less recirculation loss the fluid will experience.

� The performance degradation of a small-size pump is greater than that of a large-size pump rel-

atively to its size. The size of the pump influences the non-Newtonian behavior of the fluid, and

thus the flow structure, the magnitude, and the predominance of the losses. The small-size pump

has been shown to reduce slippage when handling fluids with shear thinning behavior. However,

it leads to an increase in frictional losses which results in increased performance degradation. In
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addition, pump size affects losses for highly viscous emulsions, but insignificantly for water and low

viscosity emulsions.

� The coupled Eulerian-PBE model gives the most accurate results than the non-Newtonian single-

phase model for the emulsion with highly dispersed phase composition (50%O-50%W). Neverthe-

less, the non-Newtonian single-phase model still represents an adequate estimate of the pump head.

For emulsions, having a moderate to very low dispersed phase fraction (40% to 10% v/v%), the

single-phase non-Newtonian model performs better and gives a more precise approximation of the

pump performance. Since two-phase models are not suitable for all emulsions, the non-Newtonian

model is a very good alternative to show the behavior of emulsions in the pump and give an ap-

proximation of its performance. Moreover, due to the lack of a universal multiphase model for the

simulation of emulsions and multiphase fluids, the single-phase model is a substitute to overcome

the technological lock for the simulation of multiphase fluids, where the two-phase approach finds

its limits.

The present work and the results suggest many perspectives.

� First, regarding the analytical analysis, the losses comparison between the numerical solution and

analytical models yields more possible future work. It has been seen that some losses determined

from CFD depend on the viscosity of the fluid (e.g., impact losses or slippage), and that their

analytical counterpart does not consider. Therefore, an improvement of the loss models is needed

where the viscosity of the fluid is considered by replacing the empirical factors that appear in the

loss models with correlations that depend on the rheology of the fluid and the operating conditions

of the pump, in order to universalize the correlations and to allow the analysis of a larger number

of pumps and fluids with the same equation. Therefore, future work can focus on improving the

pump’s internal losses.

� Conduct experimental studies on two-phase oil-water systems with different compositions in a

volute centrifugal pump and assess the influence of the mixtures on the pump performance and

investigate the behavior and rheology of the emulsions.

� Carry out experimental studies on the centrifugal volute pump with stable emulsion systems, con-

sidering multiple surfactants and assessing the influence of the emulsion’s stability in the rheological

properties and the pump’s performance.

� Achieve a better understating of the inversion phenomenon within volute centrifugal pumps for

both stable and unstable emulsions through experiments and CFD modeling.

� Study multimodal distribution models that better represent the DSD within centrifugal pumps,

which are implemented in CFD codes through PBM to better model the emulsion numerically.

� Investigate mechanistic models that predict final average and maximum droplet sizes, taking into

account the effects of turbulence and shear to determine a relationship between droplet size and

pump operating conditions.

� Study the effect of temperature simultaneously with the operating conditions of the pump on the

rheological properties of the emulsions and their influence on the mesoscopic plane.
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Conclusion

� Conduct a visualization study on phase regimes developed when changing the phase composition

of the emulsion in the volute pump.

� Propose and develop computational models which can account for the emulsion’s rheology and

non-Newtonian characteristics in turbulent regimes together with / or depending on the two-phase

character and the different interactions between the phases.
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Lila ACHOUR

Modélisation du comportement
hydrodynamique des pompes pour des fluides

au comportement rhéologique complexe

Résumé : Les travaux de recherche de la thèse portent sur le pompage de fluides au comportement rhéologique complexe.

L’objectif de la thèse est d’effectuer une analyse exhaustive des performances et des caractéristiques d’écoulement interne

d’une pompe centrifuge à volute lors du traitement d’émulsions non newtoniennes complexes. Les applications industrielles

dans ce domaine sont nombreuses et peuvent inclure le pompage d’émulsions de pétrole brut, le pompage d’eaux usées, et les

émulsions cosmétiques et alimentaires. Deux éléments se combinent pour expliquer la complexité de ce problème scientifique

: le premier concerne la pompe et sa géométrie tridimensionnelle avec un fort couplage avec la boucle. Le second concerne le

comportement rhéologique non linéaire et instable du fluide pompé, en particulier lorsque la pompe transporte une fraction

réduite de la phase continue. Ces écoulements concernent des fluides au comportement non newtonien et particulièrement

instable. Les connaissances nécessaires à leur compréhension sont parfois à la limite de la chimie avec des approches à l’échelle

moléculaire. Dans ce travail, plusieurs approches ont été utilisées pour étudier le comportement hydrodynamique de la pompe

sous écoulement d’émulsion : une approche analytique, une simulation CFD monophasique et une simulation CFD diphasique.

L’approche analytique est basée sur un modèle mécaniste pour la détermination de la viscosité de l’émulsion en fonction

des conditions de fonctionnement de la pompe, qui est ensuite couplé à un modèle mécaniste basé sur les différentes pertes

rencontrées dans les pompes à volute. La simulation monophasique est basée sur une étude CFD dans laquelle le comportement

rhéologique des émulsions a été considéré en négligeant la nature diphasique du fluide, et l’étude diphasique qui considère les

deux fluides et les différentes interactions entre les phases. Les approches adoptées appartiennent à deux catégories distinctes

; l’approche analytique permet de différencier les pertes au sein de la pompe centrifuge, ce qui n’est pas le cas pour la CFD.

Cette lacune est toutefois compensée par l’analyse entropique, qui permet de localiser les pertes d’énergie. Enfin, la capacité

des deux approches CFD considérées à prédire avec précision les performances des pompes véhiculant des émulsions est éval-

uée en comparant les résultats numériques d’une pompe multicellulaire (ESP) avec les données expérimentales correspondantes.

Mots clés : pompe centrifuge, fluide complexe, modélisation hydrodynamique, CFD, non-Newtonian
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