
 

FLOW OF EMULSIONS THROUGH POROUS MEDIA 
 

 

 

 
Ph.D. THESIS 

 

 

 

 

 

by  

 

PARTHA KUNDU 

 

 

 

 

 

 

 
 

 

 

 

 
DEPARTMENT OF CHEMICAL ENGINEERING 

INDIAN INSTITUTE OF TECHNLOGY ROORKEE 

ROORKEE-247667 (INDIA) 

JANUARY, 2016 
 

 



FLOW OF EMULSIONS THROUGH POROUS MEDIA 
 
 

 

A THESIS 

 

Submitted in partial fulfilment of the 

requirements for the award of the degree  

of  

 

DOCTOR OF PHILOSOPHY 

 

in 

 

CHEMICAL ENGINEERING 

 

 

 

by 

 

PARTHA KUNDU  

 

 

 

 

 

 
 

 

 

 

DEPARTMENT OF CHEMICAL ENGINEERING 

INDIAN INSTITUTE OF TECHNLOGY ROORKEE 

ROORKEE-247667 (INDIA) 

JANUARY, 2016 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
©INDIAN INSTITUTE OF TECHNOLOGY ROORKEE, ROORKEE–2016 

ALL RIGHTS RESERVED 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  



 

INDIAN INSTITUTE OF TECHNOLOGY ROORKEE 

ROORKEE 

 CANDIDATE’S DECLARATION 

 

I hereby certify that the work which is being presented in this thesis entitled “FLOW OF 

EMULSIONS THROUGH POROUS MEDIA” in partial fulfilment of the requirement for the 

award of the Degree of Doctor of Philosophy and submitted in the Department of Chemical 

Engineering of the Indian Institute of Technology Roorkee, Roorkee is an authentic record of my 

own work carried out during a period from July, 2011 to January, 2016 under the supervision of 

Dr. Vimal Kumar, Assistant Professor, Department of Chemical Engineering, Indian Institute of 

Technology Roorkee and Dr. Indra Mani Mishra, Professor (Ret.), Department of Chemical 

Engineering, Indian Institute of Technology Roorkee.  

 

 The matter presented in the thesis has not been submitted by me for the award of any 

other degree of this or any other Institute. 

 

 

 

(PARTHA KUNDU) 

 

 This is to certify that the above statement made by the candidate is correct to the best of 

our knowledge. 

 

 

 
 

  

(Vimal Kumar) 

Supervisor 
(Indra Mani Mishra) 

Supervisor 

Dated:  



iii 

ABSTRACT 

 

Fluid transport in porous media has been an area of intense research due to its importance 

in a number of chemical and allied industries. Modeling flow through porous media at the 

engineering scale usually employs semi empirical equations which assume the medium to be 

a continuum. Only limited work is available on flow of emulsion (oil and water in different 

proportions) through porous media. Detailed experimentation is, therefore, needed to 

understand the single- and multi-phase (emulsion) flow phenomena through porous media. 

The dissertation reports on the preparation of oil–in–water (o/w) and water in oil (w/o) 

emulsions, and their stability and rheology. An in-depth study was carried out for flow of 

Newtonian and non–Newtonian (emulsion) fluids through porous media. Computational 

study of the single phase fluid flow through an isotropic porous media was carried out using 

viscous, Reynolds averaging Navier–Stokes (RANS) and large eddy simulation (LES) 

approaches. 

The mathematical and statistical approach was adopted to study the formation and 

stability of o/w emulsion with an integrated hybrid genetic algorithm (GA) coupled with 

feed-forward back-propagation artificial neural network (BPANN) and response surface 

methodology (RSM) based on Box–Behnken design (BBD). The hybrid GA model was 

found to be useful in the optimization of process parameters. The optimum condition 

predicted by the hybrid GA was 0.913 of emulsion stability index, ESI24, with 4.70% error for 

50% (v/v) o/w emulsion, 2% (w/v) surfactant, 5691 revolutions per minute (rpm) of stirring 

for 5 min time.  

The rheological behavior of o/w and w/o emulsions with varying internal phase 

concentrations (10–80%) and an anionic surfactant, i.e. sodium dodecyl benzene sulfonate 

(SDBS) varying in concentration from 0.5 to 2 w/v %. at different temperatures (25–50 
0
C) 

was studied. A controlled stress rotational viscometer is used with shear rates ranging from 1 

to 100 s
1

. The emulsions exhibited typical shear thinning behavior and described well by the 

power law relationship between shear stress and shear rate. Different viscosity models have 

been tested and fitted with the experimental rheological data using rigorous-linear/non-linear 

regression analysis. The Herschel–Bulkley model described the rheological data significantly 

well. It was observed that the emulsion viscosity and pseudoplasticity increased with an 

increase in oil concentration. The Herschel-Bulkley and power law models better represented 

the emulsion rheological behavior as compared to the Casson models.  

The rise in nonlinearity in Darcy law to describe the evolution of inertial effects in a 

porous medium has been investigated experimentally. The demarcation limit of the various 

flow regimes (pre-Darcy, Darcy, transition and non-Darcy) is highlighted, which enabled 

accurate determination of permeability (K) and form drag coefficient (FD) for different types 
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of porous media. It is observed that the flow changes from weak inertial regime to quadratic 

Forchheimer regime at critical Re in between 5 to 10 and the microscopic inertial effect is the 

governing factor which leads to the transition from the Darcy to non-Darcy flow regimes. 

The detailed microscopic pore hydrodynamics in the form of flow streamlines and velocity 

contours is observed over the Darcy and non-Darcy flow regimes, i.e. 0.02  ReD  30.  

Further, emulsion (o/w) flow behaviour is investigated for different oil volume fractions 

(10-80% v/v) and porous media, such as packed bed with four different sizes of glass beads. 

The rheological properties of emulsions flowing through the porous media have been studied 

on the basis of shear stress ( w ) versus shear rate (8us/Rh) relationship. It is observed that the 

emulsion volume fraction significantly influences the porous bed pressure drop. Pressure 

drop data  dLPd  across the porous bed for all sets of o/w emulsions increases with an 

increase in emulsion volume fraction, increases with a decrease in particle diameter (glass 

beads) and an increase in medium porosity. An increase in shear stress and volume fraction 

during percolation of emulsions through the porous bed is observed. Further, it is found that 

the effective viscosity of the emulsion for porous bed of different particle diameter decreases 

with an increase in shear rate and resistance factor (RF) for different porous bed increases 

with an increase in emulsion volume fraction and decreases with an increase in emulsion 

injection rate. The pressure drop across the core holder increased with emulsion injection 

flow rate for all three different sand pack core holders (S-A, S-B, and S-C) studied in the 

present work. Pressure drop also increases with an increase in emulsion volume fraction due 

to the increase in emulsion viscosity. It is seen that the permeability ratio across the core 

holder decreases with an increase in pore volume (PV) of emulsion injected. The 

Permeability reduction behaviour of porous media is investigated by observing the change in 

pressure drop across the core holder as a function of number of pore volume of emulsion 

injected. The permeability reduction across the core holder decreased largely with an increase 

in emulsion volume fraction and also with an increase in the number of pore volume injected.  

The laminar flow and turbulent characteristics of flow through an isotropic porous media 

was studied assuming it to be a representative elementary volume (REV) and comprising an 

array of square or circular cylinders. Both porous media porosity () and Reynolds number 

based on particle diameter (Rep), were varied over a wide range. Viscous, Low Re k– 

turbulence, standard k– turbulence, pseudo-direct numerical simulations (DNS), and large 

eddy simulation (LES) approaches were used in these studies. The turbulent parameters 

predicted using low Re k––LB turbulent model were found to be in good agreement with the 

LES as compared to that with v2f model and the predictions of the pressure gradient were 

found to be in good agreement with the Forchheimer-extended Darcy law. The low Re–k––

LB model was found to be valid only for flows with Rep > 300.  
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 GENERAL 

An emulsion is defined as a mixture of two immiscible liquids, where droplets of one 

liquid are encapsulated within the other liquid. The encapsulated phase is called the internal 

or dispersed phase, whereas the outer phase is called the external or continuous phase (Kundu 

et al. 2013). When an emulsion is prepared with oil and water, it may either be oil-in water 

(o/w) or water-in-oil (w/o) emulsion. The o/w emulsions are formed in the presence of 

emulsifying agents, which are more soluble in water, whereas emulsifying agents which are 

more soluble in oil are used for the preparation of w/o emulsions (Bancroft, 1913). Emulsions 

do not form spontaneously and are unstable. For the formation of an emulsion, an external 

source of energy, such as stirring, shaking and heating is required. An emulsifying agent, also 

emulsifier or surfactant, is used to increase the stability of emulsion systems. The emulsifying 

agents get adsorbed on the interface and change the characteristics to make the emulsion 

more stable. The stability of an emulsion system can be enhanced (for days, months, or even 

years) by the method of preparation or by adding other substances, such as co-surfactants, 

electrolytes, polymers, or particles. 

Emulsions are classified based on compositions of water/oil, emulsification methods, 

emulsion preparation using emulsifying agent, particle sizes. Typically, in produced oil fields 

emulsions are classified into three broad groups:  

 Water-in-oil (w/o) 

 Oil-in-water (o/w) 

 Multiple or complex emulsions  

o Water-in-oil-in-water (w/o/w)  

o Oil-in-water-in-oil (o/w/o) 

In case of w/o emulsions water droplets are dispersed in a continuous oil phase, while in 

o/w emulsions oil droplets are dispersed in a continuous water phase. Fig. 1.1 shows both w/o 

as well as o/w emulsions systems. Multiple or complex emulsions are comprised of tiny 

droplets suspended in bigger droplets that are dispersed in a continuous phase (Fig. 1.1c), e.g. 

in case of w/o/w emulsion system water droplets are suspended in larger oil droplets that, in 

turn, are suspended in a continuous water phase. Multiple emulsion systems can be either 

w/o/w (water-in-oil-in-water) or o/w/o (oil-in-water-in-oil) dispersions. Higher multiplicities 
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are also possible, e.g. o/w/o/w or w/o/w/o systems. However, as multiple emulsions have a 

variety of phases and interfaces, they appear even more unstable than common emulsions 

(Myers, 2006; Morais et al., 2009; Schmidts et al., 2009, 2010).  

 

  (a)    (b)         (c) 

Fig. 1.1: (a) Oil–in–water (o/w), (b) water–in–oil (w/o) and (iii) multiple emulsions. 

 

Based on the droplet size of the dispersed phase in continuous phase, an emulsion is 

referred to either as a macro- or micro- or nano-emulsion. The macro-emulsion is a 

kinetically stable system with uniformly dispersed droplets of size greater than 0.5 μm, 

whereas the micro-emulsion is a thermodynamically stable system with dispersed droplet size 

ranging from 0.01 to 0.1 μm (Schramm, 1922; Schubert and Armbroster, 1992). The micro-

emulsions are transparent in appearance, while macro-emulsions are milky-white or opaque. 

Further, for the preparation of micro-emulsions, high concentration of surfactants is required. 

In macroemulsions interfacial energy reduces due to droplets coalescence, and hence two 

phases separate with time. However, with a proper stabilization mechanism droplet 

coalescence can be reduced. The type of emulsions in produced oil fields belongs to 

macroemulsions. 

Microemulsions are thermodynamically stable and can be formed without use of any 

external energy input. The microemulsions have an approximate radius between 20 nm to low 

(2 nm). The micro-emulsions are either transparent or semitransparent. The color is blue-

white for particles ranging 0.1-1 µm, gray for 0.05-0.1 µm and transparent for emulsions with 

particle size < 0.05 µm. Microemulsions are also described with the help of Winsor regime 

(or Winsor phase diagram). According to Winsor (1948), there are four possible types of 

equilibria for a wateroilsurfactant (and co-surfactant) system. The schematic and 

composite representations of various Winsor regimes are shown in Figure 1.3.  
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Fig. 1.2: Classification of emulsions based on dispersed phase droplet size. 

 

Fig. 1.3: Schematic representation of different Winsor phases. Light gray and blue colors 

indicate the oil and water phase, respectively, while microemulsion is indicated by light green 

(Source: Paul and Moulik, 2001).  
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The various Winsor regimes (Pan et al., 2010) are described as follows: 

(i) Winsor I: the microemulsion coexists with an oil–rich region (top phase).  

(ii) Winsor II; the microemulsion coexists with an water–rich region (bottom phase).  

(iii) Winsor III: the microemulsion coexists with both oil– (top) as well as water– (bottom) 

rich regions.  

(iv) Winsor IV: there is no phase coexistence and only the microemulsified phase is 

observed, or a bicontinuous microemulsion. 

Microemulsions can be spontaneously formed, have good solubilizing characteristics and 

low interfacial tension, therefore are used in number of industrial applications, such as 

pharmaceuticals, food processing, cosmetics, cleaning technology, or soil remediation. 

However, for the formation of microemulsions large amount of surfactant is required, which 

is one of the disadvantages. 

 Further, dispersed phase with a droplet size varying from 10 to 100 nm in continuous 

phase are referred to as nanoemulsions, mini-emulsions, or ultrafine emulsions. In appearance 

nanoemulsions are transparent or translucent, due to very small droplet size (Tadros et al., 

2004; Solans et al., 2005). They are highly stable as compared to macro and micro 

emulsions. Due to very small droplet sizes, and thus Brownian motion, the diffusion rates in 

nanoemulsions is higher as compared to sedimentation (or creaming) rates, and therefore they 

are very stable. They are thermo-dynamically unstable, i.e they are non-equilibrium systems, 

and have high kinetic stability. For the formation of nanoemulsions very high energy input is 

required. The destabilization mechanism in nanoemulsions is mainly driven by the Ostwald 

ripening or molecular diffusion, which is due to the difference in solubility between the small 

and larger droplets and the polydispersity. Depending on the method of preparation and their 

droplet size, nanoemulsions can remain stable for several hours, days, or even years (Solans 

et al., 2005). 

 

1.2 SURFACTANT AND ITS ROLE AS AN EMULSIFYING AGENT 

 

Surfactant, derived from the term surface-active agent, which has the property to get 

adsorb onto the dispersed and continuous phases interfaces and significantly alter the 

interfacial free energy of those interfaces (fluid/fluid or fluid/gas interfaces). Surfactants 

usually reduce the interfacial free energy at the interface of the emulsion droplet, prevent re-

coalescence and facilitate droplet break-up (Bancroft, 1912; Finkle et al., 1923; Walstra, 

1993). Surface-active or emulsifying agents have a characteristic molecular structure, which 

is also termed as amphipathic structure. These structure consist of lyophilic (has strong 
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attraction for the solvent) and lyophobic (has little or no attraction for the solvent) groups. In 

case of aqueous media, the molecular structure is termed as amphiphilic structure, and the 

terms lyophobic or lyophilic groups are replaced with hydrophobic or hydrophilic groups, 

respectively. The hydrophilic and hydrophobic groups of an emulsifying agent are also 

commonly referred as head and tails, respectively. The nature of hydrophobic or hydrophilic 

groups of surfactants can be very different (Eastoe, 2005). In a surfactant the hydrophilic 

group can be small or a large polymeric chain, charged or neutral; whereas the hydrophobic 

group is usually a single or double, straight or branched hydrocarbon chain, may contain 

aromatic group(s) or may also contain a fluorocarbon or a siloxane. When a surface active 

agent is dissolved in a solvent, the presence of lyophobic group causes a distortion of the 

solvent liquid structure, increasing the free energy of the system. This means water molecule 

requires more work to be done than a surfactant molecule. The surfactant, therefore, 

concentrates at the surface. However, the lyophilic group present in a surfactant prevents it 

from being expelled completely as a separate phase from the solvent. The surfactants are 

classified based on the type of hydrophilic group, as follow:  

(i) Anionic: the head moiety bears a negative charge; 

(ii) Cationic: the head moiety bears a positive charge; 

(iii) Nonionic: the head moiety bears no apparent charge; 

(iv) Zwitterionic: the head moiety bears both positive and negative charges. 

 The surfactant molecules get adsorbed at the droplet interface and replace the oil and 

water molecules from the original interface. Therefore, the presence of surface active agent at 

the droplet interface increases the interaction between the dispersed and the continuous phase 

molecules, which results into the reduction in interfacial tension across the interface (Rosen, 

1989). Therefore, the surfactant concentration significantly influences the interfacial tension, 

either it may increase or it may decrease, and hence affects the droplet size and droplet size 

distribution. Surfactant concentration also affects the coalescence process in an 

emulsification process, i.e. if the concentration of surfactant is too low, the droplets will 

coalesce if they move towards each other (Wang et al., 2004). The prevention or reduction in 

coalescence in the droplets in an emulsion system is due to the Gibbs-Marangoni effect, and 

is described in Fig. 1.4 (Pichot et al., 2010). 

 The emulsions are also classified based on the presence of surfactant, as it alters the 

emulsion characteristics. Bancroft described the ability of a surfactant for the stabilization of 

o/w or w/o emulsion systems, whether it is soluble in oil or water. According to the Bancroft 

rule “oil soluble surfactant tends to stabilise w/o emulsion, while water soluble surfactant 

tends to stabilise o/w emulsion”. 
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Fig. 1.4: Schematic representation of the Gibbs-Marangoni effect acting on two 

approaching droplets during emulsification: (a) insufficiently covered droplets 

approaching to each other; surfactants dispersed in the water phase and the film is thin, 

and (b) droplets are not covered uniformly by the surfactants, inducing an interfacial 

tension gradient (bent arrows) responsible for the thin film. 

 

 The selection of surfactant is complicated due to the variable composition of both oil and 

water phases. Generally, it is determined experimentally which surfactant is suitable for a 

given system. The surfactants are classified according to their HLB values and ability to 

stabilize an emulsion system (Godwin, 2004; Griffin, 1949), and are depicted in Table 1.1. 

Sometimes, surfactants are mixed together to obtain the right HLB value for a given system, 

typically by considering Bancroft rule. The lower limit of HLB value (i.e. 0) describes a 

completely lipophilic/hydrophobic molecule, while a higher HLB value (i.e. 20 or more than 

that) describes a hydrophilic/lipophobic. 

 

Table 1.1: Classification of Surfactants on the basis of HLB 

Types HLB range 

lipid soluble <10 

water soluble >10 

anti foaming agent 4 to 8 

w/o emulsifier 7 to 11 

o/w emulsifier 12 to 18+ 

wetting agent 11 to 14 

Detergent 12 to 15 

Solubiliser 16 to 20 
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1.3 STABILITY OF EMULSIONS 

 

 In the absolute sense an emulsion is never stable, as the surface free energy is set by the 

interface between phases. When two droplets coalesce together, there is a net reduction in 

interfacial area and hence the surface free energy. Therefore, the coalescence of droplets is a 

thermodynamically spontaneous process, whereas, the reverse process requires energy, and 

is, therefore, not a spontaneous process. An emulsifying agent is used to stabilize the 

emulsion by getting adsorbed on the liquid-liquid interface, i.e. film between two phases. 

This results into the reduction of the interfacial tension between two liquid phases and thus 

decreases the coalescence rate of the dispersed liquid droplets by forming mechanical, steric 

and/or electrical barriers around them (Gaonkar and Borwankar, 1991; Pichot et al., 2012).  

In emulsion studies, an emulsion is considered stable, if it is resistant to physical changes 

over a practical length of time. Different emulsions exhibit different types of instability. The 

emulsion stability may be categorized in a number of ways that reflect the different 

mechanisms involved i.e. creaming or sedimentation, flocculation, coalescence and Ostwald 

ripening, and are shown schematically in Fig. 1.5. 

 
Fig. 1.5: Schematic representation of several types of instability in o/w emulsions. 
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1.3.1 Sedimentation 

 Sedimentation, the first phenomenon that relates to emulsion stability, is characterized by 

the formation of a droplet concentration gradient within the emulsion, while there is no 

change in the droplet size distribution (DSD). This can result in a, usually random, close-

packed array of droplets at one end of the system. The droplet concentration gradient is 

caused by external forces acting on the system (gravitational, centrifugal and electrostatic). In 

the "Creaming" process a concentrated layer is formed at the top of the emulsion due to the 

collection of droplets. The rate of sedimentation for non deformable, non interacting spheres 

of radius rp in a liquid of viscosity ɳ0 can be given by Stokes' law (1851), by equating the 

gravitational force with the opposing hydrodynamic force. In applying Stokes' law, the 

assumption is introduced that the spherical particles do not interact during settling: 

 )1.1(6
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where ν is the sedimentation rate and ρ is the difference between the particle and the bulk 

liquid densities. Thus, 
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 If other external, e.g. centrifugal forces are working on the system, the acceleration 

induced by this force must be substituted for g. Eq. 1.2 is thus only valid for very dilute 

emulsions. Most emulsions also show a wide variation in droplet size resulting in different 

sedimentation rates. In almost all practical cases the sedimentation rate v must be decreased 

to enhance the stability of the emulsion. The application of Eq. 1.2 however, depends on the 

validity of Stokes' law for the emulsion being considered. A liquid droplet moving within a 

second liquid phase may have an internal circulation imparted to it. Rybczynski (1911) 

treated this problem theoretically, resulting in an equation for the sedimentation rate in which 

the viscosity of the dispersed phase (ɳ) appears: 
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1.3.2 Flocculation  

 The emulsion stability is strongly affected by the droplet flocculation and is usually 

considered as an instability phenomenon for emulsion systems. In an emulsion system the 

creaming rate is influenced by the formation of droplet flocs (Pinfield et al., 1997; Robins, 

2000; Shields et al., 2001). In the emulsion, it is characteristic of the flocculation process that 

no change in the size of the primary droplets occurs, although large aggregates of droplets are 
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formed. The identity of individual droplets is retained within the aggregates. The flocculation 

process results from the existence of attractive forces between the droplets. In cases where 

these net attractive forces are relatively weak, reversible flocculation may be achieved. It can 

be shown that for a given system, a critical droplet number concentration exists, below which 

the emulsion is stable with respect to flocculation (Ash and Ash, 2008). For strongly 

interacting droplets this critical droplet concentration is so low as to be practically 

insignificant. For systems which are thermodynamically unstable, flocculation can be 

effectively prevented if a large enough free energy barrier exists between the dispersed 

(deflocculated) state and the flocculated state. The emulsion is then stable in a kinetic sense.  

The London-Van Der Waals forces, due to the electrical double-layer interactions, are the net 

interactive forces between the droplets. 

 In addition, steric interaction may be caused by the emulsifying agents adsorbed in the 

interface between the two liquid phases. Depending on the composition of the final product, 

flocculation can be controlled by several methods. The rate and extent of flocculation can be 

controlled by regulating the colloidal interactions (steric, electrostatic, hydrophobic, etc.) 

between droplets. 

1.3.2.1 London-Van Der Waals interactions 

 There exist two general approaches for the calculation of the interaction-energy between 

condensed phases. The first, de Boer (1936) and Hamaker (1937) assume pairwise additivity 

of the forces between the molecules. The other more general approach, initiated by Lifshitz 

(1955), considers the interactions in terms of macroscopic properties of the media. 

 Hamaker (1937) calculated the interaction energy by integrating the attractive energy for 

two infinitesimal volume elements dV1 and dV2 separated by a distance r, over the total 

volumes Vl and V2 of the two particles: 
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where λ is the London-Van Der Waals constant, determined by polarisability of the atoms, 

and q is the number of atoms per unit volume. Hamaker assumed that the parameter λ does 

not depend on the inter-atomic distance r. For large values of r this assumption is not valid 

and the attractive interaction is then called retarded. 

1.3.2.2 Electrical double-layer interactions 

 Emulsion droplets can possess an electrical surface charge due to adsorption of ions such 

as anionic surfactants. The electrical surface charge is compensated by a distribution of 

counter-ions in a diffuse layer around the particles. When two droplets, carrying such a layer, 

come close to each other, repulsion results from an overlapping of these diffuse layers. Due 
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to the gradient in electrical charges at the interface, one side of the interface acquires a net 

charge of a particular sign and the other side acquires a net charge of opposite sign, which 

results into a potential across the interface and is referred as the electrical double layer. 

Helmholtz proposed a theory about the distribution of these neutralizing charges in the 

solution. It was proposed that the electrical potential should fall rapidly to zero within a very 

short distance from charged surface. However, since thermal agitation must diffuse some of 

the counter-ions throughout the solution, the model was inadmissible. Gouy and Chapman 

reported that at first the concentration of counter-ions fall rapidly with distance from charged 

surface and then more and more gradually with distance (Hunter, 1989). Their model was 

adequate for planar charged surfaces with low charge densities; however it was inadequate 

for surfaces with high charge densities. Thereafter Stern modified this by dividing the 

solution of double layer into a layer of strongly held counter-ions in a manner corresponding 

to Langmuir type adsorption and a diffuse layer of counter-ions. The modified model 

suggested that the electrical potential decrease rapidly in the fixed portion (Stern Layer) 

while in diffuse portion it decreases more gradually. In the Stern layer, the fixed counter-ions 

may even change the sign of potential resulting from the charged surface. A schematic 

description of electrical double layer is shown in Fig. 1.6. 

 The mathematical analysis of the diffuse portion of the electrical double layer yields the 

concept of Debye length or the effective thickness (1/) of that layer. The effective thickness 

is defined as the distance from the charged surface into the solution where most of the 

electrical interactions with the surface can be considered to occur. The effective thickness is 

given by: 
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where, r (= /0) is relative static permittivity or dielectric constant of the solution, 0 is the 

permittivity of vacuum, R is the gas constant, T is the absolute temperature, F is the Faraday 

constant, Ci is the molar concentration of an ion in the solutions phase.  

An emulsion system is also characterized in terms of zeta or electrokinetic potential 

which is also associated with the electrical double layer, and is defined as the potential of a 

charged particle calculated from electrokinetic phenomena (electro-osmosis, electrophoresis, 

sedimentation potential). It is also referred as the potential of the charged surface at the plane 

of shear between the particle and the surrounding solution as the particle and the solution 

move with respect to each other. 

 

 



Chapter 1: Introduction 
 

11 

1.3.3 Coalescence  

Coalescence is an increase in the droplets size by joining two droplets which may 

eventually result in the separation of the oil and aquous phases. This process is irreversible 

unless the process is disrupted by an energy input (i.e. homogenization) and significantly 

influences the droplet size distribution. Due to coalescence, the emulsion is completely 

separated into two immiscible bulk liquids. Coalescence occurred due to rupture of thin-

liquid film and hence has major role in the removal of the thin liquid film between the two 

phases. Thus, the forces to be considered during coalescence are the forces acting within thin-

liquid-film systems.  When droplets approach each other, first they may deformed and the 

droplets surface may get flattened (van den Tempel, 1961; Walstra, 2003; Sanfeld and 

Steinchen, 2008). Due to deformation, the contact surface between droplets increases and the 

coalescence between droplets may take place. Therefore, in the prediction of coalescence the 

rate of thin film rupture is an important parameter (Borwankar et al., 1992; Marrucci, 1969). 

 

Fig. 1.6: The concept of electrical double layer. 
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 The droplets are surrounded by surfactant molecules and form a layer, also referred as 

interfacial membrane, which protects them from rupture.  In an emulsion system, the 

coalescence between droplets depends on (a) the hydrodynamic and colloidal interactions 

between the droplets, and (b) the continuous phase, and (c) the properties of an emulsifying 

agent used for the preparation of an emulsion. The thin film rupture mechanisms are very 

complex and almost unique for different emulsion systems (McClements, 2004). The 

following two aspects need to be considered for understanding the film rupture phenomena.  

a. the nature of the forces acting across the film, and 

b. kinetic aspects of local fluctuations in the film thickness. 

 

 The coalescence between droplets can be prevented by reducing (i) droplets contact, and 

(ii) thin film rupture (Kabalnov, 1998). The presence of an emulsifying agent in the thin film 

significantly affect (prevent or enhance) the droplet coalescence. The charged (positive or 

negative) emulsifiers in the thin film induce electrostatic attraction or repulsion between the 

droplets, which tends to enhance or reduce droplet contact. Therefore, an emulsifying or 

surface active agent (or surfactant) plays an important role in preventing contact between 

droplets and reducing interfacial tension at the droplet interface. An emulsifying agent form a 

thin protective interfacial film on the droplets interface and may provide strong electrostatic 

repulsive or attractive forces between droplets. 

1.3.4 Ostwald ripening or Disproportionation 

The Ostwald ripening, in an emulsion system, is the process of mass transport of soluble 

dispersed phase through the continuous phase resulted into gradual growth of larger droplets 

at the expense of smaller ones (Kabalnov and Shchukin, 1992; Taylor, 1995; Dickinson, 

2009). If the two phases of an emulsion are mutually miscible to some extent, the average 

diameter of the emulsion can increase. If the initial emulsion system is truly monodisperse no 

effect of this slight solubility will arise. However, in polydisperse systems there is formation 

of larger droplets at the expense of smaller ones. This so called Ostwald ripening arises as a 

consequence of the Kelvin effect, i.e. the growth of the particles' solubility in media with 

decrease in their size.  

Ostwald ripening depends on the diffusion of molecules in the disperse phase through the 

continuous phase from smaller to larger droplets. The pressure of dispersed material is greater 

for smaller droplets than larger droplets and is given by the Laplace equation:  
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where P is the Laplace pressure, γ is the interfacial tension at the interface and r is the droplet 

radius. This pressure difference between small and large droplets is the driving force for dif-

fusion. However, the diffusion rate depends on the solubility of the dispersed phase in the 

continuous phase. The higher the disperse phase volume, the greater is its relative vapor 

pressure (and thus the solubility), as described by the Kelvin equation: 

  )7.1(
2

ln 0
rRT

V
PP m


 

where P and Po are the vapor pressure of the liquid droplet and the bulk liquid, respectively, 

and V is the molar volume of the disperse phase.  The diffusion rate is also affected by the 

viscosity of the continuous phase, as given by the Stokes-Einstein equation: 
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where D is the diffusion coefficient of a droplet and η is the continuous phase viscosity. For 

larger the droplets size, the Ostwald ripening process gets slowed down, however, 

coalescence and flocculation of droplets are more likely to occur.  

 

1.4. INDUSTRIAL APPLICATION OF EMULSIONS  

Emulsions are widely used in various industrial applications and processes, such as foods, 

cosmetics, pharmaceuticals, and agricultural industries. In many of the applications the 

stability of the emulsion is of importance. In other applications in which emulsions occur, the 

flow properties are an important factor. Reservoir engineering deals with the flow of fluids 

and fluid mixtures through porous media since the advent of oil production, particularly in oil 

recovery processes. In produced oil fields, from petroleum recovery to processing, emulsions 

are encountered at all stages, e.g. drilling fluid, oil production from pores, and oil 

transportation. 

Emulsions are of great importance in enhanced oil recovery (EOR) techniques. The use of 

emulsions is critical and fundamental to the oil recovery process. Oil production occurs in 

three major stages:  

(a) In the first stage the oil is produced by just pumping it out of the production well.  

(b) After this stage, the oil has to be forced to the production well by injecting water in 

the oil field. This so-called water flooding results in a higher recovery, but still most 

of the crude oil (in some cases 65% to 70%) is left in the reservoir.  

(c) The final tertiary stage can be further classified into two groups as recovery by:  

(i) thermal processes (in-situ combustion, steam injection, wet combustion, etc.,) 

and  
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(ii) chemical flooding processes (caustic flooding, surfactant flooding, miceller-

polymer flooding, CO2 flooding etc.)  

After the water flooding, the residual oil is trapped in the pores of the rocks of reservoir 

and believed to be in the form of discontinuous oil ganglia or blobs. The two forces working 

on these oil ganglia are the viscous and the capillary forces, and the ratio of these two forces 

as expressed Capillary number,          (where u is the fluid velocity,  is the viscosity 

of the continuous phase and  the interfacial tension between the oil droplet and the 

continuous phase) determines the microscopic displacement efficiency. At the end of the 

water flooding process NCa is as low as lO
-6

. The Capillary number has to be increased to 10
–3

 

to 10
–2

 to further recover additional oil by a chemical flooding process. In a produced oil field 

the Capillary number can be increased by decreasing the interfacial tension at the oil/water 

interface. The occurrence of different type of desirable and undesirable emulsions, in 

petroleum industry, is shown in Table 1.2.  

Table 1.2: Typical emulsions in the petroleum industry (Schramm, 1992) 

Occurrence Typical emulsion types 

Undesirable emulsions  

 Well–head emulsions W/O 

 Fuel oil emulsions (marine) W/O 

 Oil sand floatation process, froth  W/O or O/W 

 Oil sand floatation process, dilution froth  O/W/O 

 Oil spill mousse emulsions W/O 

 Tanker bilge emulsions O/W 

Desirable emulsions  

 Heavy oil pipeline emulsion O/W 

 Oil sand floatation process slurry O/W 

 Emulsion drilling fluid, oil–emulsion mud O/W 

 Emulsion drilling fluid, oil–base mud W/O 

 Asphalt emulsion O/W 

 EOR in–situ emulsions O/W 

 

 In an oil field, an emulsion may be desirable in production and transportation process 

while it may be undesirable during processing at refinery. Further, from oil recovery process 

to wellhead a desirable emulsion (oil dispersed in water) created may be changed to an 

undesirable form of emulsion (water dispersed in oil). The emulsion obtained at the well head 

may have to be broken and converted into a new emulsion, which is suitable for 

transportation by pipeline to a refinery. The emulsion form of the crude oil has to be broken 

and water should be separated; otherwise the presence of water in the crude oil would cause 

problems during the refining processes. During transportation of heavy oil over larger 

distances, it is made to flow through pipelines by creating emulsions with water, which 
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reduce viscosity. The heavy oil is dispersed in water to create an emulsion for transportation 

through pipelines, which is very stable and less viscous as compared to the original crude oil 

during transportation and at the end of pipeline the emulsion form of heavy oil is then broken.  

 

1.5 FLUID FLOW THROUGH POROUS MEDIA 

 

According to Darcy (1856), a porous medium is “system ensembles of a solid matrix with 

its void space filled with fluids”. The voids are generally interconnected so as to allow fluid 

to flow through the porous medium. The solid matrix may either be rigid or deformable, and 

either consolidated or unconsolidated, with its structure being either ordered or disordered 

(Bear, 1972). The analysis of fluid flowing through porous media has applications in a 

number of industries such as chemical, mechanical, nuclear, petroleum, geological, 

environmental and especially in engineering systems based on fluidized bed combustion, 

enhanced oil reservoir recovery, combustion in an inert porous matrix, underground 

percolation of chemical waste and chemical catalytic reactors, etc. (Sahimi and Stauffer, 

1991).  

Generally, a close relationship exists between the pore structure of a porous medium and 

many of its macroscopic properties (porosity, permeability, and macroscopic homogeneity). 

Pore structure parameters describe the pore size, shape and connectivity between different 

pores, and represent the average behavior of a sample containing many pores. The porosity is 

defined as the ratio of relative fractional volume of the void space to the total volume while 

permeability refers to the conductivity of a porous medium with respect to fluid flow (Durst 

et al., 1990). A porous medium is macroscopically homogeneous when all samples of a size 

compared to the size of the medium have the same macroscopic properties such as porosity 

and permeability. Most natural porous media however contain areas with a spatial variability 

in the morphology, such as packing structure and particle size, and are thus macroscopically 

heterogeneous. Those media, which are homogeneous on a macroscopic scale, often show 

heterogeneity on a smaller scale. 

 Darcy (Darcy, 1856) was the first to study flows through porous media, setting up the 

famous Darcy Law for laminar Newtonian fluid flow through packed beds as follows: 
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with volumetric flow rate (Q) dependent on the packing cross-sectional area (A), packing 

length (L), pressure drop over the packing length (P), and packing permeability (K). The 

parameter ‘K’ correlates with packing characteristics, such as particles size and shape, 



Chapter 1: Introduction 
 

16 

particle size distribution (PSD) and the packed bed porosity (ɛ) (Fig. 1.7). Packing 

parameters, as introduced above, include the packing porosity, which is defined as the ratio of 

void volume to total packing volume. This parameter is widely used within porous media 

flow analysis. The volumetric flow rate (Q) is often expressed in terms of superficial fluid 

velocity based on an empty column cross-section (Vs). Fluid properties affecting porous 

media flow are fluid density (ρ) and dynamic viscosity (ɳ).  

In case of generalized non-Newtonian fluids the dynamic fluid viscosity is a function of 

shear rate (  ), as given by        . It has to be noted that viscosities of non-Newtonian 

fluids used within integral equations relating the volumetric flow rate to packing and fluid 

parameters, such as Darcy’s Law, are based upon averaged shear rates. Laminar flow through 

porous media, with packed beds of spheres randomly distributed being one example, are 

characterized by a well-balanced composition of domains dominated by shear and 

elongational flow, partially even periodically recurring. Porous media made of spheres can be 

either built up randomly or in the case of monodispersed spheres, structured packings such as 

cubically arranged or hexagonal-close packings (HCP) can be realized. 

 

Fig. 1.7: Porous medium of randomly arranged polydispersed spheres through which flows a 

fluid of density ρ and dynamic viscosity ɳ over cross-section area A. Further parameters are 

explained in the text. 
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According to Tsotsas (Tsotsas, 1992), flow patterns through porous media can be 

categorized into (i) microscopic, (ii) mesoscopic, and (iii) macroscopic, depending on the the 

length scale considered. As depicted in Figure 1.8 on the left (A), microscopic flow denotes 

the flow between individual spheres, which do not necessarily have to be regularly arranged 

as shown. Even in laminar flow, individual profiles at any cross-section depend strongly on 

the Reynolds number, not only quantitatively but also qualitatively due to the formation of 

jet-like flow with higher – still laminar – Reynolds-numbers as opposed to the flow pattern 

shown. Mesoscopic flow is due to bypass channels possibly forming within the porous media. 

This can be observed in improperly fixed packing's or in the case of dense packings, which 

partially rearrange under flow conditions forming areas with even lower porosity and 

likewise allowing for bypass channels to form. With less resistance to the flow in such bypass 

areas, flow rates within them are higher. 

The macroscopic flow profile over the whole porous medium cross-section depicted on 

the right of Fig. 1.8 (C) shows a somewhat unexpected flow profile compared to pipe flow in 

which highest flow rates occur along the centerline. In porous media flow, high flow rates 

close to the wall stem from a variation of porosity over the cross-section. 

 

Fig. 1.8: Microscopic, mesoscopic and macroscopic flow patterns within porous media 

according to Tsotsas (Tsotsas, 1992). Flow profiles are given qualitatively. 

 

Flow through such packing's can be expressed in terms of dimensionless numbers 

including the particle Reynolds-number (Rep), the friction coefficient and the packing 

porosity. Packing parameters comprise mean sphere diameter, packing porosity, and packing 

length. Fluid density and fluid dynamic viscosity function account for the fluid behavior. 

Pressure drop and volumetric flow rate account for the process parameters. 
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1.6 EMULSIONS FLOW THROUGH POROUS MEDIA 

 

 The emulsion flow through porous media is encountered in the produced oil fields (for 

recovering heavy oil from oil reservoirs) and chemical industries (processes involving two 

immiscible liquids). During heavy oil recovery from underground reservoirs, emulsions may 

either form naturally during simultaneous flow of oil and water in porous rock formations, or 

emulsion formation may be promoted by injection of external chemical flooding, or 

reservoirs are flooded with externally generated emulsions (Kokal et al., 1992). The fluid 

flow behavior is complicated as it involves a complex and unstable fluid flow through an 

extremely tortuous path (porous rock formations). For understanding and solving problems 

encountered during flow of an emulsion through porous media the nature and properties of an 

emulsion system, characteristics of porous media and the basic mechanisms involved for 

simple fluid flow through porous media are important. 

 The flow of an emulsion (o/w or w/o) system through porous media is a more 

complicated process, due to the complex nature of both an emulsion system as well as the 

porous medium. In an emulsion system the major challenge is whether to consider it as a 

homogeneous or heterogeneous fluid. When the droplets size is very small as compared to the 

flow channel, the continuum model approach is used for understanding the physics of flow. 

Both the fluids are considered similar and they are assigned with equivalent homogeneous 

properties. However, practically the droplet sizes of emulsion systems are comparable to pore 

sizes. Therefore, in real situations the emulsions cannot be treated as a pseudo-single-phase 

fluid. 

 While dealing with flow of an emulsion system, it is important to consider the similarities 

or differences with the simultaneous oil and water flow through the porous medium. In case 

of simultaneous flow of oil and water, both fluids flow separately and continuously through 

the flow channels. However, in case of o/w emulsion flow through pores, oil is dispersed in 

the water in the form of tiny droplets, which may be of similar sizes of pore sizes, and both 

phases occupy the flow channels in a porous medium. Further, in an emulsion flow system 

the relative permeabilities to oil and water are quite different for the same water saturations.  

 In process oil fields, oil droplets (also referred as ganglia) get trapped at pore throats 

during normal flow of oil and water by the snap-off process of oil filament (Mohanty et al., 

1987). However, during the o/w emulsion flow through rock formations the mechanism of 

straining capture is responsible for trapping of oil droplets at the pore throat, even though it is 

smaller than the oil droplets. Therefore, for an emulsion system to behave like an effective 

blocking agent the droplet size of the dispersed phase should be slightly bigger than the pore 
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throat size. Though, the constrictions of pore throat should not be very large. When an o/w 

emulsion is formed (or injected) in the pores, the permeable zones get flooded with the 

emulsions, which restrict the fluid flow in the more permeable zones. Therefore, the water 

(and emulsion) gets displaced into the less permeable zones and thus the sweep efficiency 

gets improved effectively. Sweep efficiency is defined as the displacement of oil volume 

from the reservoir by the injected fluid.  

 The emulsion flow through porous media is influenced by large number of variables. 

Typically, they are categorized based on the characteristics of emulsion and porous media, as 

summarized in Fig. 1.9. Emulsion characteristics such as quality, stability, drop size and drop 

size distribution, emulsifying agent properties, and dispersed and continuous phase 

viscosities. Emulsion quality is defined as the dispersed phase volume fraction (or percent) in 

and emulsion systems significantly influence the rheological behavior of the emulsion. Drop 

size in relation to pore throat size influence the flow through porous media, and it depends on 

oil type, brine composition, pH, interfacial properties, emulsifying agents, flow velocity, and 

nature of porous material.  

  

Fig: 1.9 Parameters influencing the emulsion flow through porous medium 

 

The emulsion flow through porous media is also affected by the characteristics of a porous 

medium, such as pore size and pore size distribution and wettability and fluid velocity 

through pores. The wettability controls the fluid distribution and flow location inside a 

reservoir, and directly influences relative permeability, capillary pressure, secondary and 

Emulsion flow through 
porous media 

Emulsions 
characteristic 

Stability 

Quality 

Average drop 
size and DSD 

Porous media 
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Average pore 
size and pore 
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tertiary recovery performances, irreducible water saturations and residual oil saturations 

(Craig 1971; Mohanty et al., 1987). The flow rate through porous medium influences the 

shear rate and for high-quality non-Newtonian emulsions it directly influences their rheology. 

The capture and breakup rates of oil droplets through the rock can be determined using flow 

velocity. Theoretically, the w/o emulsions flow in oil-wet media should be similar to the o/w 

emulsions flow in water-wet porous media. Hence, similar observation, or discussion in the 

preceding section for o/w can also be applied to the flow of w/o emulsions. 

 

1.7 MOTIVATION 

 

 Recently, with the advancement of soft computing, various artificial intelligence-based 

modeling studies have been proposed in a number of real-life engineering problems. 

However, research articles related to modeling and optimization of emulsification process 

using robust expert system with sophisticated artificial intelligence are scarce. From the 

detailed literature carried out, it was found that no study has so far reported on the 

implementation of an integrated RSM coupled resilient hybrid ANN-GA modeling and 

optimization approach for the formation of oil-in-water (o/w) emulsions and the prediction of 

emulsion stability. Therefore, a new adaptive modeling framework is considered as an 

interesting field of investigation to assess the stability of o/w emulsions and the optimization 

of process parameters by combining the advantages of RSM, ANN and GA methodologies.  

 The emulsion flow dynamics are of considerable importance from both theoretical and 

practical point of view. The o/w emulsions are usually characterized by a complex 

rheological behavior due to the collective interactions of surface charge, droplet size 

distribution, phase volume fraction, continuous-phase ionic strength, dispersed-phase 

viscosity, and the chemical structure of the emulsifier (Sanchez et al., 1998). In emulsion 

systems, three major properties of the continuous phase are important: (i) the viscosity of the 

medium which is influenced by the additives (emulsifiers and thickeners) for preventing the 

sedimentation or creaming to maintain the right consistency for application; (ii) the chemical 

composition, such as polarity and pH, which affect the electrostatic charge interaction among 

the droplets; and the ionic nature and concentration of the electrolyte in the system. Besides, 

the emulsion viscosity can be affected by surfactant concentration, dispersed phase volume 

fraction and temperature, etc. These effects can be altered by varying the pH of the emulsion 

which plays a significant role in enhanced oil recovery (EOR) mechanism, flow through 

porous media and ASP (alkaline-surfactant-polymer) flooding. The emulsion viscosity is an 

important parameter to meliorate the o/w mobility ratio and adjust the water intake profile, 
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which also makes an impact on the effectiveness of flooding (Zhang et al., 2005; Strand et al., 

2014). An alkaline chemical such as sodium hydroxide or sodium carbonate can be added to 

the injected water inside the reservoirs in order to alter the pH (Shiran and Skauge, 2013; 

Strand et al., 2014). Simultaneously, temperature significantly influences the viscosity of the 

emulsion during the thermal processes for the recovery of water flooding residual oil. Most of 

the existing emulsion viscosity models are based on the fact that the overall viscosity of the 

emulsion depends on the viscosity of the continuous phase, and are usually reported in terms 

of relative viscosity, r  (the ratio of the viscosity of the emulsion to that of the continuous 

phase). The viscosity of o/w emulsions is strongly influenced by the volume fractions of the 

oil and water phases, and temperature (Krieger and Dougherty, 1959) and electrostatic 

interactions. However, experimental data on the effect of temperature and pH (electro-

viscous effect) on viscosity of o/w emulsion systems are scarce. Therefore, the study of the 

effect of the pH and temperature on rheology of o/w emulsion is important. Also, for 

understanding and predicting the rheology of an emulsion system, it is essential to correlate 

their flow characteristics to the inter-particle interactions. 

 Fluid transport in porous media has been an area of intense research due to its importance 

in number of areas in chemical engineering and in enhanced oil recovery (EOR). Modeling 

flow in packed beds and porous media at the engineering scale usually employs semi 

empirical equations, such as the Ergun equation, Darcy’s law, or the Carman-Kozeny 

equation. These empirical approaches are backed by years of experimental validation, and are 

known to work well for single-phase flow of Newtonian fluids. Most of the researchers 

studied on non-Newtonian fluid (polymeric solutions, oil-water dispersion) flow through a 

section of pipe and packed bed. Flow of emulsions through porous media has attracted few 

researchers. Physics of emulsion flow through porous media is quite complex and interesting 

as they are non-Newtonian fluids. Therefore, a detail experiment study with model validation 

is necessary to understand the single phase and multiphase (emulsion) flow phenomena 

flowing through porous media. 

In a porous media, voids are generally interconnected so as to allow fluid to flow through 

porous space. The solid matrix may either be rigid or deformable, and either consolidated or 

unconsolidated, with its structure being either ordered or disordered. Reservoir engineering 

deals with the flow of fluids and fluid mixtures through porous media since the advent of oil 

production, particularly in oil recovery processes. Various flow regimes are encountered 

during the fluid transport in porous media, based on the pore Reynolds number, ReD: (a) 

Darcy or creeping flow regime (ReD < 1); (b) Forchheimer flow regime (1 < ReD < 150); (c) 

post-Forchheimer flow regime (unsteady laminar flow, 150 < ReD < 300); and (d) fully 

http://pubs.acs.org/action/doSearch?action=search&author=Shaker+Shiran%2C+B&qsSearchArea=author
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turbulent flow regime (ReD > 300). Such flows can be analyzed by modeling the topology of 

the porous medium and resolving the microscopic flow equation in the fluid phase. The range 

of pore-size is large, and can vary over 8-order magnitude spanning Angstrom (ultra-micro-

pores) to centimeters (pebbles) or even larger. The conditions encountered in different 

applications are broad enough to cover a large range of Reynolds numbers. Due to lack of 

geometric information to model each and every pore, such systems are difficult to simulate 

with full geometric details. Despite the fact that it might be possible to describe some of these 

systems in an almost exact representation or a meaningful statistical approximation of the 

geometry, the computational effort required to solve the flow field in such geometries is still 

formidable. This motivates further research in the development of porous media 

approximation, representing the system composed of macroscopic homogenous pores with 

uniform properties. 

 

1.8 RESEARCH OBJECTIVE  

 

On overall basis, the objective of the PhD thesis is to pursue and describe the studies on 

stability and rheology of oil–in–water emulsions, and finally emulsion flow through porous 

media in an effective way and to find an application in enhanced oil recovery (EOR) as an 

alternative. Emulsion flow through porous media is the core element of this thesis. The 

specific objectives of the present work are as follows: 

 

1. To characterize the hydrocarbon petroleum oil. 

2. To prepare, characterize and carry out the stability analysis of oil-in-water (o/w) 

emulsions through measurement of the droplet size distribution (DSD), Zeta potential, 

electrophoretic mobility, surface tension (SFT) and interfacial tension (IFT). 

3. To study the influence of parameters, such as pH, oil and water volume fraction, 

surfactant concentration and temperature on the rheological characteristics of 

emulsions. 

4. To carry out experiments on the flow of single phase incompressible Newtonian and 

multiphase emulsion flow through porous media and to study the effect of particle 

size, flow rate etc. 

5. To carry out computational fluid dynamics (CFD) modeling and simulation of fluid 

flow through structured porous media, consisting of an array of square and circular 

cylinders.  
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1.9 ORGANIZATION OF THE THESIS 

Base on the motivations and objectives, the thesis has been organized into seven sections 

or chapters as follows: 

Chapter 1 introduces the theme of the thesis, which provides a summary of the 

background, and motivation of this thesis. The objectives and the thesis organization are also 

provided. 

Chapter 2 presents the detailed but critical literature review on incompressible single 

phase Newtonian and non–Newtonian fluid flow through porous media, and emulsion 

rheology. 

Chapter 3 deals with the experimental methodology; the materials/reagents used and the 

experimental and analytical methods used/applied for the experimentation. 

Chapter 4 presents the results and discussion of the experiments on emulsion stability, 

emulsion characterization and rheological behavior of o/w emulsion. Effect of phase volume 

fraction, pH, temperature and shear rate on the steady and dynamic rheological behavior of 

emulsions are discussed. 

Chapter 5 presents the single phase and emulsion transport phenomena through porous 

media for both Newtonian and non–Newtonian fluids. 

Chapter 6 presents the computational modeling of single phase fluid flow through an 

structured porous media, i.e. an array of square/circular cylinders, with detailed modeling 

approach. 

Chapter 7 states the overall conclusions drawn from the experimental work and possible 

recommendations for future research. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

The emulsion flow through porous media has found important application in left over 

(enhanced) oil recovery from reservoirs. In recent years, an extensive effort has been made to 

understand the various, and different, aspects of fluid flow of fluids through porous media. 

Both, emulsion systems and normal fluid flow through porous medium are complicated 

process, due to inherent complexities associated with them. There are number of variables 

associated in the description of both emulsion systems and porous media. An emulsion flow 

(oil–in–water or water–in–oil) through porous media make it further complicated process. An 

emulsion can be considered as a homogeneous fluid if droplets size is very small as compared 

to the pore size of a porous media. In such cases, a continuum approach can be taken for 

emulsion flow through porous media and it can be considered as fluid having equivalent 

homogenous macroscopic properties. However, in reality the size of the dispersed phase 

droplets are in comparison to the pore structure or the magnitude of the droplets size is not 

very different. Therefore, the homogeneous fluid assumption for emulsion would be 

inappropriate. 

In case of an oil–in–water (o/w) emulsion flow system, oil droplets are dispersed in water 

(continuous medium) and have comparable size as of pore structures. As oil is dispersed in 

water, both oil and water occupy the same flow channels. Further, for same water saturation, 

oil and water have different wettabilities in the porous medium, and the relative 

permeabilities for both oil and water flows through porous channels are different in case of 

emulsion flow (Schramm, 1992). Also, in case of normal fluid flow systems, both oil and 

water phases flow separately, due to the density differences. 

 

2.1 STABILITY OF EMULSION 

An emulsion system is prepared by dispersing a fluid into a continuous phase in the 

presence of an emulsifying agent (or surfactant). The stability of an emulsion depends 

entirely on the composition of dispersed and continuous phases, emulsifying agent and the 

energy required in the formation of an emulsion. The break-up of a droplet during the 

formation of an emulsion is opposed by the Laplace pressure (
L ).Laplace pressure is 
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defined as the difference in pressure between the concave and convex sides of the droplet 

interface, and is given by (Lucassen-Reynders, 1996; Tcholakova et al., 2004): 
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rr
L          (2.1) 

where r1 and r2 are the principal radii of the curvature and  is the interfacial tension. An 

external stress is required for the deformation of a drop, which involves a very large pressure 

gradient. In a fluid system, the stress can be either due to a velocity gradients (shear stress) or 

differences in pressure arising from the inertial effects (Schubert and Engel, 2004). For the 

deformation and breakup of droplets, energy is needed to be dissipated in the liquid. It can be 

seen from Eq (2.1), that the magnitude of the interfacial tension dictates the quantity of 

energy required for droplets deformation, and hence droplets break-up. The addition of a 

suitable surfactant in sufficient amount reduces the interfacial tension, which also prevents 

the immediate re-coalescence of the newly formed droplets (Dokic et al., 1990). A number of 

researchers investigated the stability aspect of emulsions at different process conditions.  

 

2.2 RHEOLOGY OF EMULSION 

Rheology (rheo "flow" and logia "study of") is the science of deformation and flow of 

matter under influence of an applied shear stress (Reiner, 1960). In an emulsion flow system 

the important properties of emulsions are their flow properties, or their rheological behavior. 

The understanding of rheology of an emulsion system has been of great interest for both 

fundamental scientific knowledge and industrial applications (Barnes, 1994; Tadros, 1994). 

Furthermore, the fluid rheology and morphology of the medium affect the flow behavior in 

porous medium. Many applications of flow in porous media involve Newtonian fluids, in 

which the viscosity is independent of shear rate. Any fluid that does not obey Newton’s law 

of viscosity is a non-Newtonian fluid. The rheological behavior of an emulsion can be either 

Newtonian or non-Newtonian depending upon its composition. At low to moderate values of 

dispersed phase concentration, emulsions generally exhibit Newtonian behavior. In the high 

concentration range, emulsions behave as shear-thinning fluids (Pal et al., 1992; Ahuja and  

Singh, 2009). The rheological properties of dilute, semi-dilute and highly concentrated 

emulsions have been reviewed in many studies (Choi and Schowalter, 1975; Aomari et al., 

1998; Medhi et al., 2011; Singh, 2013). Investigations revealed that increasing an emulsion 

concentration in excess of a critical value could considerably modify its structural and 

rheological properties (Fig. 2.2). This includes the yield stress appearance and a marked 

change in viscosity (Mason, 1996; Mason et al., 1999). 
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Table 2.1: Overview of studies related to emulsion stability. 

Author Study investigated Remarks 

Shinoda and Saito 

(1969) 

The stability of o/w emulsions at different temperatures and 

HLB of emulsifiers. 

The size of droplets is very small, however droplets were less 

stable towards coalescence close to the phase inversion 

temperature (PIT). 

Avranas et al. 

(1988) 

Developed an empirical correlation between demulsification 

rate and zeta potential as a function of surfactant concentration 

for dilute o/w emulsions of octane and iso-octane. 

The presence of micelles between adjacent droplets would 

favour desorption of surfactants and reduce emulsion stability. 

Stalidis et al. 

(1990) 

The effect of sodium dodecyl sulfate (SDS) on the stability of 

o/w emulsions stabilized with Tween 80, a non-ionic 

surfactant, at concentrations above and below the critical 

micelle concentration (CMC). 

The stability of emulsions prepared with a mixture of Tween 80 

and SDS was higher as compared to the stability of the 

emulsions prepared with SDS alone. This was probably due to 

the solubilization of SDS into the micelles of Tween 80. 

Velev et al. 

(1994) 

The emulsion stability of xylene (oil)-in-water emulsions 

stabilized with a non-ionic surfactant mixture (Tween 20 and 

Span 20) at different pH and the electrolyte concentrations. 

The surfactant film thickness and the emulsion stability 

decreases with an increase in the electrolyte concentration. 

Ahmad et al. 

(1996) 

The stability of palm o/w emulsions with reference to the type 

and concentration of oil and emulsifiers. 

Emulsions having different emulsifiers with the same HLB 

values had varying stability as indicated by the relative volume 

of the emulsion. 

Gullapalli and 

Sheth (1999) 

The stability of mineral oil (hydrocarbon)–water emulsions 

and olive oil (triglycerides)–water emulsions at an optimum 

HLB value with different emulsifier blends, 

The structural similarity of the emulsifier mixture to the 

dispersed phase is more critical than the resultant HLB of the 

mixture for obtaining stable emulsions. 
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Author Study investigated Remarks 

Song et al. (2000) Stability of water in diesel by varying HLB of the surfactants 

(blends of Span 80 and Tween 80), 

The stability of the emulsion system was maximum at a HLB 

value of 6. 

Orafidiya and 

Oladimeji (2002) 

The required HLB values of stable emulsions prepared for 

different essential oils with emulsifier blends using droplet size 

analysis and turbidimetric method.  

An increase in the mean oil droplet diameter results in a 

significant shift of +0.2 to +0.4 in the optimum HLB values.  

Chen and Tao 

(2005) 

The effect of sorbitan monooleate (emulsifier) concentration, 

oil to water ratio, stirring intensity, temperature and time of 

agitation on the stability of emulsions of commercial diesel in 

water. 

The optimum values for the maximum emulsion stability were 

reported for o/w ratio equal to 1:1, surfactant concentration of 

0.5% by volume, stirring intensity of 2500 rpm, and the stirring 

time of 15 min at a temperature of 30˚C. 

Hempoonsert et 

al. (2010)  

The aggregation characteristics and floc morphology of oil 

droplets was studied at different pH and temperatures in 

relation to effectiveness of destabilization of o/w emulsions, 

and quantifed the ability of flocs to capture and separate oil. 

Temperature had a significant effect on the aggregation number 

of flocs and droplets size, while floc size and aggregation 

number are significantly affected by pH. 

Kundu et al. 

(2013) 

The effect of an anionic surfactant (sodium dodecyl benzene 

sulphonate, SDBS) to oil ratio, various electrolytes and 

temperature on the o/w emulsion stability using phase 

inversion temperature (PIT) method. 

The PIT was found to decrease with an increase in surfactant to 

oil ratio. The narrowing of the DSD was observed with an 

increase in surfactant to oil ratio from 0.1 to 0.7 (w/w), and the 

initial average size of the droplets decreased from 26 to 14 μm.  

Korac et al. 

(2014) 

The colloidal structure, physical stability and formulation 

approach of the fast inverted o/w emulsions alternatively 

SWOP (Switch Oil Phase) emulsions. 

The samples of w/o emulsions were less stable as compared to 

the o/w emulsions and SWOP. 
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Author Study investigated Remarks 

Karbaschi et al. 

(2014) 

Studied the stability and kinetics of coalescence using a 

technique for tracking the process in the bulk phase. This 

technique was applied on various w/o systems at different 

mixing rates and emulsifying agent concentration for 

predicting coalescence rate. 

Developed a new semi-quantitative approach for estimating 

coalescence rate between drops, in concentrated emulsions. The 

colour intensity is affected by change in droplets size at the 

time of subsequent drop coalescence between drops in 

concentrated emulsions. The received light intensity also 

reflects the coalescence between droplets in the concentrated 

emulsions.  

Sanatkaran et al. 

(2014) 

Studied the physical properties (interfacial tension and droplet 

size distribution) of mixed binary surfactant of different co-

surfactant systems for stabilization of highly concentrated 

emulsions. 

The stability of the emulsions is mainly determined by degree 

of synergism between the surfactant and co-surfactant, which is 

also depend on the structure of the co-surfactant. Span structure 

is more sensitive towards stability as compared to the (oil 

soluble) Tween structure (water soluble).  

Ghosh et al. 2015 The impact of cooling rate and mixing on the long-term kinetic 

stability of wax-stabilized w/o emulsions was investigated. 

Four cooling/mixing protocols were investigated: cooling from 

45 °C to either 25 °C or 4 °C with/without stirring and two 

cooling rates – slow (1 °C/min) and fast (5 °C/min).  

The long-term stability of the present wax-stabilized W/O 

emulsions was highly-dependent on the concerted role of 

interfacial and network wax crystallization, with the 

combination of stirring and quench-cooling providing the 

highest kinetic stability.   
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Author Study investigated Remarks 

Leonardi et al. 

(2015) 

Formation and destabilization in bulk of silicone/vegetable oil, 

Janus emulsions stabilized by Tween 80, also examined the 

role of interfacial equilibria/relative volumes of the two oils 

(silicone/vegetable oil) in emulsion drops. 

The emulsions showed rapid creaming irrespective of the 

preparation method, but a few days storage did not significantly 

change the drop size in the creamed layer, nor was separation of 

the oils detected. The energy difference between a Janus and an 

engulfed drop becomes zero at a critical surfactant 

concentration which gives the silicone oil/aqueous solution 

interfacial tension equal to the sum of the remaining interfacial 

tensions. At this point the energy difference between the Janus 

drop and separate drops was maximal and gradually reduced 

with increasing surfactant concentration. 

Schulz et al. 

(2016) 

The emulsifier properties of aq. mixture of sodium oleate 

(NaOl)-hexadecyltrimethylammonium bromide (HTAB) using 

different proportions of the surfactants for the o/w and w/o 

emulsions formation. The behaviour of the emulsions in 

contact with a petrous substrate also studied in order to 

evaluate their possible use in pavement production.  

A very stable and concentrated o/w emulsions is formed with a 

mixture of 0.75 mole fraction of HTAB without considering the 

solvent formed. It has a narrow unimodal size distribution with 

smaller droplets which were destroyed via heterocoagulation by 

quartzite sand. These mixtures have high potential applicability 

in the asphalt emulsification for pavement production or sand 

fixation. 
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Fig. 2.1: Structure of droplets in emulsions within in a range of 0 to 1 volume fractions 

(Source: Mason, 1999). 

 

2.2.1 Factors Influencing Emulsion Rheology 

For the shear-thinning liquids, emulsions can be described by apparent shear viscosity  η, 

which is similar to that of pure fluids. From Newton’s law, η is the proportionality coefficient 

(or ratio) between shear stress (τij) and rate of strain (or shear rate, γij), η = τij / γij. The 

rheology of emulsions is also influenced by various factors associated with emulsions, such 

as (Sherman, 1968; Tadros, 1994): 

i. the continuous phase viscosity, 

ii. the dispersed phase volume fraction and viscosity, 

iii. pH and electrolyte concentration , 

iv. the average droplet size and droplet size distribution (DSD), 

v. shear rate, 

vi. the surfactant concentration and nature, and 

vii. temperature 

Various viscosity models used for emulsions and their special features are given in Table 

4.1. The earliest model given by Einstein (Einstein, 1906) is dependent on the dispersed 

phase volume fraction (< 2%). Most of the existing emulsion viscosity models are based on 

the fact that the overall viscosity of the emulsion depends on the viscosity of the continuous 

phase, and are usually reported in terms of relative viscosity, r  (the ratio of the viscosity of 

the emulsion to that of the continuous phase). The viscosity of o/w emulsions is strongly 

influenced by the volume fractions of the oil and water phases, and temperature (Krieger and 

Dougherty, 1959). However, experimental data on the effect of temperature on viscosity of 

o/w emulsion systems are scarce. Ronningsen (Ronningsen, 1995) developed a correlation for 

estimation of r  for stable water-in-crude oil emulsions.   
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Table 2.2: Various viscosity models for emulsions. 

 

Authors Models Remarks 

Einstein (1906)  5.21r  Valid only upto 2% volume fraction 

of dispersed phase.  

Taylor (1932) 
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4.0
5.21  

Incorporated the effect of viscosity of 

continuous and dispersed phases of 

w/o emulsions. 

Guth  and  Simha  

(1936) 

21.145.21  r  Considered a wide range of dispersed 

phase concentration and the 

interaction between droplets. 

Richardson 

(1950, 1953) 

 kr ln   
Taken into account the non- 

Newtonian behavior of the emulsions 

and non-linear relationship between 

r  on . 

Mooney  (1951)     Ma a 1/5.2ln   

with 1.35< aM  < 1.91.  
 

The non-Newtonian behavior of the 

emulsions was predicted by 

exponential relationship. 

Brinkman  

(1952)   
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 Valid for higher concentration of 

dispersed phase. 
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phase concentration and the 
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An empirical correlation for relative 

viscosity of o/w and w/o emulsions as 

a function of normalized dispersed 

phase concentration, which is valid 

only for   1
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Ronningsen 

(1995) 
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For shear rate: 150030  s  

Temperature:  5  T  40 
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C, and     
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Considered the effect of volume 

fraction of crude w/o emulsions and 

temperature. Correlation cannot be 

used for fluids other than the 

experimental oils. 

Phan-Thien and 

Pham (1997) 
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For concentrated emulsions using 

effective medium averaging approach. 

Only applicable for low capillary 
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numbers (Nc).  

Pal (1998)   For concentrated emulsions: 
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Valid for mono-dispersed emulsions, 

with similar phase densities and low 

interfacial tension based on mineral 

o/w and kerosene o/w emulsions 

neglecting the Brownian movement of 

droplets. 

Farah et al. 

(2005) 

For T > WAT: 
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Valid for w/o emulsions. Correlated 

the crude oil emulsions viscosity of at 

different concentrations of dispersed 

phase and temperatures (above and 

below WAT).  

Dan and Jing 

(2006)  
  5.2
1


  er K

 
Valid for dispersed phase 

concentration varying from 0.1 to 0.5.  

 

Rheological behaviour of emulsions has been studied by various researchers periodically 

which is shown in Table 2.3. 

 

2.3 POROUS MEDIA FLOW 

Darcy's law is the fundamental for fluid flow through porous media. For sufficiently “low 

Reynolds numbers” and single-phase fluid flow through porous media, Darcy established a 

linear relationship between the seepage velocity and the pressure gradient as (Darcy, 1856): 
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j

ij

D
x
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u







 

In the equation 2.2, non-linearity appears as the Reynolds number is gradually increased. 

This deviation from the Darcy's law is because of the increase in inertial forces (Chauveteau 

and Thirriot, 1967). However, differentiating between the linear laminar flow and the onset of 

non-linear flow regimes (non-Darcy) is still not clearly defined. The transition depends 

strongly on the pore geometry and the Reynolds number collectively, and it cannot be defined 

independently in a simple way from the flow parameters (Skjetne and Auriault, 1999). 

Various researchers proposed that the possible reasons for this deviation from the Darcy’s 

law may be the viscous boundary layer formation (Whitaker, 1966), non-homogeneity of the 

porous medium which causes higher local fluid velocity (McFarland and Dranchuk, 1976), 

microscopic inertial forces manifested in the interstitial drag force (Ma and Ruth, 1993), the 

interstitial pore space curvature (Hayes et al., 1995), macro-roughness of the pores (Hlushkou 

and Tallarek, 2006), kinetic energy losses in the constrictions and the restrictions, 
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Table 2.3 Literature overview on emulsion rheology 

 

Authors Parameter studied Remarks 

Pal (1992) Studied the rheological behavior of o/w emulsions prepared from 

concentrated non-ionic surfactant solutions (Triton X-100). Based on 

aqueous phase the surfactant concentration was varied up to 38.2% 

wt., while concentration of oil was varied from 0 to 70% vol. 

Highly flocculated nature of emulsions was observed and 

emulsions exhibited high degree of non-Newtonian, shear-

thinning type. Also, significant yield stress was observed 

even at low oil concentration. 

Pal (1993) Investigated the effect of concentration of surfactant on the 

rheological properties of w/o macro-emulsions. The surfactant and 

water concentrations were varied from 1 to 50 wt.% based on the oil 

phase and 0 to 75 vol.%, respectively. 

 

Highly flocculated nature of emulsions was observed at high 

surfactant concentrations. Emulsions exhibited non-

Newtonian yield-pseudoplastic behavior. The emulsions 

apparent and relative viscosities increased with an increase 

in surfactant concentration, for a given water concentration. 

However, relative viscosity was not influenced by surfactant 

concentration at higher shear stresses. 

Otsubo and 

Prud'homme 

(1994) 

Investigated the effect of DSD on flow behaviour of o/w emulsions at 

three different volume fractions ( = 0.5, 0.63 and 0.8). The effect of 

internal and external phase volume fraction and drop size on emulsion 

viscosity was studied by performing steady-state shear experiments. 

Emulsion having higher volume fraction exhibit elasticity 

due to the deformation of droplets. The emulsions also show 

dilatant behaviour because of the elastic responses of 

interfaces during the collision of the drops. 

Mason et al. 

(1995, 1996) 

Experimentally studied the effect of volume fraction and droplet size 

on bulk elasticity and yield transition of concentrated monodisperse 

emulsions. 

The surface elasticity of surfactant significantly influences 

the emulsion viscosity. 

Liu et al. 

(1996) 

Studied the anomalous viscoelastic behaviour of concentrated 

emulsions and proposed a model predicting the contribution of 

complex dynamic shear modulus. 

The model yields an anomalous contribution to the complex 

dynamic shear modulus that varies as the square root of 

frequency. 

Pal (1997) For o/w and w/o emulsions, reported the effect of droplet size and 

droplet size distribution (DSD) on the steady and oscillatory 

behaviour. 

The viscosity and storage modulus of fine emulsions were 

greater than corresponding coarse emulsions. Fine emulsions 

exhibited more shear-thinning behaviour as compared to 

course emulsions. 
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Authors Parameter studied Remarks 

Lee et al. 

(1997) 

The bulk rheological behaviour and morphology of w/o emulsions 

was experimentally studied for steady and dynamic shear flow. 

During the shear rate sweep, the flocculation–deflocculation 

transition was observed, which results in instant dilatancy of 

viscosity near the critical shear rate ( 1210  s ). Also, with 

an increase in volume fraction of dispersed phase, the 

rheological property is predominated by the secondary 

morphological effects by the flocculated state.  

Guerrero et 

al. (1998) 

Studied the influence of composition (sucrose palmitate and oil 

concentrations, 60-80 wt.%) and temperature on linear viscoelasticity 

properties of highly concentrated o/w emulsions; and also reported 

relationship in linear viscoelasticity functions, DSD and stability. 

The linear viscoelastic properties of concentrated emulsions 

depend on the DSD, as well as on the consistency of the thin 

film of the continuous phase located among the droplets. 

Bower et al. 

(1999) 

Experimentally studied the rheology and microstructure of 

concentrated o/w emulsions stabilized by macromolecular and low-

molecular-weight emulsifiers. 

Concentrated emulsions appear to fall into a general 

rheological class of behavior characterized by a strain 

softening damping factor and a "plateau'' relaxation 

spectrum. Although concentrated emulsions have high 

viscoelasticity at small strain deformations, and also strain 

soften to give an essentially viscous fluid at large strain 

deformation. 

Jansen et al 

(2001) 

A new scaling parameter for the viscosity of surfactant stabilized 

emulsions was proposed, which is also referred as the depletion flow 

number, (Fld), (ratio between the viscous energy needed to separate 

the droplets and the depletion energy that opposes this separation.)  

A master plot between relative emulsion viscosity and Fld 

was reported. An overlap of data for systems with different 

components and surfactants but with similar volume fraction 

and viscosity ratio was observed. Almost all viscosity data 

for surfactant stabilized emulsions could be accurately 

predicted using a simple empirical model. 
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Authors Parameter studied Remarks 

Romero et al. 

(2002) 

Investigated the effect of mean droplet diameter and distribution, 

bitumen concentration, ethylene oxide chain length, presence of 

electrolytes, and storage temperature on the dynamic shear rheology 

of concentrated bitumen in water emulsions. The surfactant used for 

the preparation of o/w emulsion was nonyl phenol ethoxylated.  

A viscoelastic behavior was observed for the emulsion, for 

bitumen concentration higher than 60% (v/v). An increase in 

shear modulus was observed with a decrease in mean droplet 

diameter at a constant bitumen concentration, or with an 

increase in bitumen concentration at a constant mean droplet 

diameter. 

Dagreou et 

al. (2005) 

Developed a statistical model for describing the linear viscoelastic 

properties of o/w emulsions. 

The statistical mechanical approach gives a much better 

description of the viscoelastic behaviour of emulsion 

samples than purely hydrodynamic models. 

Saiki et al. 

(2007) 

Investigated the effect of droplet deformability on SDS-stabilized 

polydimethylsiloxane (PDMS) emulsions rheology for a wide range of 

volume fraction (=0.01–0.72). 

The droplet deformability dependent shear thinning behavior 

increases with the volume fraction. 

Torres et al. 

(2007) 

Studied the preparation and characterization of solid particle stabilized 

o/w (hexane-in-water) emulsion using oscillatory rheology. 

Based on rheological study, criteria were set to distinguish 

between physically stable and unstable emulsions. An 

emulsion is considered (a) stable if G'>G" and both G' and 

G" are independent on frequency, and emulsion exhibit gel-

like properties; (b) physically unstable if G">G' and both G" 

and G' are dependent on frequency, and emulsion behaves 

like a dilute solution. 

Santos et al. 

(2011) 

Investigated the rheology of concentrated o/w emulsions stabilized by 

mixtures of ethoxylated surfactants and normal alcohols. 

The droplet size had a direct impact on emulsion stability 

and apparent viscosity.  

Shu et al. 

(2013) 

Studied linear and nonlinear viscoelasticity of w and paraffin oil 

emulsion at different w/o phase volume ratio with the SAOS (small 

amplitude oscillatory shear) and LAOS (large amplitude oscillatory 

shear) methods. 

The emulsions changed from liquid-like state to solid-like 

state as the w/o volume ratio increased to 0.3. The droplet 

elasticity significantly contributes to the nonlinear 

viscoelasticity of the emulsions. 
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Authors Parameter studied Remarks 

Haj-shafiei et 

al. (2013) 

The isothermal rheological properties of w/o emulsions was studied at 

different continuous phase wax solidification and water fractions (10–

50 wt.%).  

W/O emulsion rheology is significantly influenced by water 

cut and continuous phase wax solidification, though this 

greatly depends on the emulsion aging. The yield stress of 

freshly-prepared emulsions also increased with water cut and 

time. The effects of the wax crystals on rheology became 

more evident with the formation of a more developed 

network and/or interfacially-bound crystals over time. 

Sun et al. 

(2014) 

Investigated, the viscoelastic and yield behaviours of waxy crude oil 

and water-in-waxy crude oil emulsion gel. 

The rheological behaviour is dramatically changed due to the 

existence and deformation of the dispersed water droplets in 

combination with the precipitation of wax crystals and also 

the formation of a structure with wax crystals and water 

droplets. The emulsion gels show different yield behaviors 

from the gelled waxy crude oil. First, the yield process 

shows that the emulsion gel becomes more ductile with 

increasing water cut, compared to the brittle-fracture-like 

yielding of the waxy crude oil gel. Second, the yield stresses 

of both crude oil and emulsion gels increase monotonically 

with an increase in precipitated wax and water cut, while the 

yield strains show different trends. 

Liu et al. 

(2016) 

Studied the influence of drop sizes on the rheology behaviour of w/o 

emulsions. 

With change in shear rates, the rheological behaviour of 

concentrated emulsions changes qualitatively from 

Newtonian to non–Newtonian flow. In Newtonian flow 

regime, higher viscosity was observed for smaller drop size, 

and further increase in viscosity was observed at high 

dispersed phase volume fractions. In non–Newtonian flow 

regime, shear thinning behaviour was observed for 

emulsions and it becomes stronger for smaller drop sizes.  
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the singularity of streamline patterns and/or the non-periodicity of the micro scale flow, and 

variation in integral viscous dissipation due to a deformation of streamline patterns (Panfilov 

and Fourar, 2006). Due to such factors, several flow regimes depending on the local fluid 

velocity were observed during the percolation of liquid through the porous space in the 

porous media. Chauveteau and Thirriot (1967) and Skjetne et al., (1999) classified the flow 

regimes for geometrically simple and complex porous media. For geometrically simple 

porous media, the flow regimes are characterized as: i) Darcy, ii) Weak inertia, iii) strong 

inertia, and iv) turbulence. For geometrically complex media, the flow regimes are 

characterized as: i) Darcy, ii) Weak inertia, iii) Transition from weak to strong inertia, iv) 

Strong inertia, v) Transition from strong inertia to turbulence, and vi) Turbulence. 

The Darcy and non-Darcy flow regimes have significant importance in the production oil 

fields as well as in processing. Flow regimes are key parameters in reservoir engineering both 

in understanding the flow behavior in the reservoirs as well as the in the prediction of 

production performances (Krishnamoorthy et al., 2011; Selvaraju and Pushpavanam, 2009; 

Swernath et al., 2010; Thirupathi et al., 2007). Typically, in gas wells nearly turbulent flows 

are attained when the fluids converge at the wellbore, which resulted into non-Darcy flow 

regimes (Macini et al., 2011). Therefore, the classical Darcy’s law cannot be used for 

pressure drop estimation around the wellbore, and it also leads inaccurate evaluation of the 

production performances. Therefore, it is necessary to investigate the limit of Darcy regimes 

and pinpoint the onset of non-Darcy flow regime to fully developed non-Darcy flow regime. 

Most of the reported works describe the pressure drop-friction factor relationship for 

relatively higher Reynolds numbers. There is lack of experimental data for fluid flow (single 

phase or emulsions) through porous media validating of Darcy's law, the breakdown of Darcy 

law and the non-Darcy flow. At low flow rates, the existing experimental data are scarce to 

test the validity of the Darcy’s law. Even the pre-Darcy flow regime has been overlooked due 

to lack of experimental data. 

 

2.3.1 Incompressible Single Phase Fluid Flow Through Porous Media 

A pioneering semi-empirical correlation was derived by Darcy (1856) for single phase 

fluid transport through packed beds. Carman and Kozeny (1937) reported an expression for 

pressure drop under viscous flow regimes. Further, an expression for change in pressure drop 

under turbulent flow regime was derived by Burke and Plummer in 1928. Thereafter, Ergun 

(1952) proposed a popular semi-empirical equation covering all flow types and conditions 

and packing materials by combining the Carman-Kozeny equation for laminar flow with the 
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Burke-Plumner equation for the turbulent flow. The Kozeny equation was further modified 

by Dullien et al. (1976) assuming pores with periodic step changes in their diameter. The 

Blake-Kozeny equation was further generalized by MacDonald et al. (1991) for different 

spherical particles sizes. The Ergun equation was modified in cylindrical coordinated system 

to represent the pressure drop in the packed bed Bey and Eigenberger (1997). 

Soni et al. (1978) experimentally studied the water flow through an unconsolidated 

porous media (sands and glass beads) for a broad range of flow velocities, including Darcy 

and non-Darcy flow regimes. Dybbs and Edwards (1984) performed experiments in fixed 

beds of arranged spheres and cylinders, and concluded that the inertial regime initiates for an 

interstitial Reynolds number of particle Rei somewhere between 1 and 10. Fand et al. (1987), 

Liu and Masliyah, (1996) experimentally reported the departures from Darcy's law at low 

flow rates.  

The complex departures from Darcy's law at low gas velocities was experimentally 

reported by Meyer and Krause (1998) for various pressure ranges in consolidated rock 

samples. Seguin et al. (1998a, 1998b) studied laminar and turbulent flow regimes in porous 

media by electrochemical technique using platinum cathode as an electrochemical probes. 

Chhabra and  Srinivas (1991), Srinivas and Chhabra (1992) and  Tiu et al. (1997), Comiti et 

al. (2000) Chhabra et al. (2001), were studied creep or Darcy flow regimes for both 

Newtonian as well as non-Newtonian fluids with different types of particles (spheres, 

cylinders, plates and polyhedorns). They characterized the Darcy flow regimes in terms of the 

particle Reynolds number (Rep), interstitial Reynolds number (Rei) and modified Reynolds 

number (Rem). Wen et al. (2003) adopted a generalized approach for pressure drop 

predictions in packed beds based on different packing geometry.  

Moutsopoulos and Tsihrintzis (2005) analytical studied transient and fully-developed 

turbulent flows through confined porous media. It was reported that inertial terms in the 

microscale (the non–linear terms) are dominant for relatively small times. However, the 

inertial terms were insignificant for larger times as the disturbance spread through the entire 

medium, and therefore the pressure gradient becomes low. In order to estimate the 

coefficients of non-Darcy flow, Sidiropoulou et al. (2007) assessed the validity of various 

empirical relations. 

Cheng et al. (2008) used quadratic and power law, formulations in terms of seepage 

Reynolds numbers for correlating the experimental results covering Darcy to non-Darcy 

flows through porous media. Moutsopoulos et al. (2009) experimentally investigated the 

hydraulic behavior of inertial flows in porous media and observed that both the Forchheimer 

and power law equations (Izbash equations) offer good descriptions of the flow process. A 
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discontinuity was observed in the velocity–hydraulic gradient curve for moderate values of 

the Reynolds number.  

Recently, Li and Ma (2011) experimentally studied the frictional pressure drops for fluid 

flow through porous beds comprised of non-spherical particles as porous media and 

examined the applicability of the Ergun equation for the assessment of flow resistance. 

Pamuk and Özdemir (2012) studied experimentally the oscillatory and steady flows of water 

through two different porous media consisting of mono-sized stainless steel balls. They 

concluded that for the same range of Reynolds number, the permeability and inertial 

coefficient of oscillating flows are greater than those of steady flows. Sedghi-Asl et al. (2014) 

performed laboratory experiments to investigate the effect of high flow velocities through 

granular materials. The experimental data was fitted with widely used non-Darcy equations 

and verified the well-known non-Darcy relationship. Bagci et al. (2014) characterized the 

flow regimes for fluid flow through a porous media of two different spherical particles (1 and 

3mm). 

  

2.3.2 Non-Newtonian Fluid Flow through Packed Bed and Porous Media 

An extensive literature is available for flow of a variety of non-Newtonian fluids through 

packed beds with uniform or different porous media. In the present work, an extensive 

literature is carried out and studied after 90's are summarized in Table 2.4. 

 

 2.3.3 Emulsion Flow through Porous Media 

McAuliffe (1973) proposed the concept of permeability reduction in a porous medium by 

using dilute emulsions as mobility control agents for oil recovery processes. They also 

studied the transient permeability behavior for a single droplet of an oil emulsion flowing 

through a pore throat smaller than the droplet (Fig. 2.2). From Fig. 2.2 it can be seen that the 

radius of curvature of the droplet is bigger at the trailing edge and smaller at the leading edge 

in the pore throat, which results into the lower capillary pressure at the leading edge as 

compared to the trailing edge of the droplet. Therefore, to move the droplet though the pore 

throat a certain amount of pressure is required. The pressure required to move the droplet 

through the constriction is referred as the Laplacian differential pressure, and is given by:  

      
 

  
 

 

  
  

2.2 

where P is the Laplacian differential pressure, r1 and r2 are the radii of curvature at the 

trailing and leading edges of the droplet, respectively, and σ is the interfacial tension. The 

emulsion droplet plugs the pore throat, if the actual pressure difference across the pore is less 

than that predicted d by Eq. 2.2. 
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Table 2.4: Representative studies of non-Newtonian fluid through porous media and packed bed 

Authors Type of fluid 

used 

Parameter studied Remarks 

Flew and 

Sellin, 

(1993) 

polyacrylamide 

(PAA) solutions  

Explored the extensional flow behavior of PAA solutions 

at different dilutions, similar to those used in oil fields (as 

viscosifying agents), in different flow geometries 

including hexagonal-rod arrays and glass-bead packs as 

regular porous media. 

PAA solutions developed extensional viscosity 

values many times those generated, for the same 

strain rate, under simple shear flow. 

Rodriguez 

(1993) 

Poly ethylene 

oxide (PEO) 

solutions 

The molecular mechanism for viscosity enhancement was 

studied for PEO solutions flow through porous media. 

A substantial increase in flow resistance was 

observed and the mechanism for increase in flow 

resistance was related to the formation of transient 

networks of polymer molecules in the flow field. 

Rao and 

Chhabra, 

(1993) 

Aq. solutions of 

CMC and a low 

molecular weight 

synthetic 

polymer 

(Alcomer 120). 

Reported pressure loss measurements for laminar flow of 

inelastic polymer solutions through packed beds 

comprised of uniform size spheres as well as mixtures of 

two different sizes. The significance of wall effects was 

demonstrated by using a range of column to particle 

diameter ratios (5.8 to 20). 

The wall correction for Newtonian fluids is also 

applicable for flow of power law fluids in packed 

beds. The applicability of mean of hydraulic radii of 

individual particles was experimentally confirmed to 

characterize a bed of mixed size spheres. 

Vorwerk 

and Brunn 

(1994) 

Surfactant 

solution of Cl 

6TMA-Br (hexa-

decyltrimethyla

mmonium 

bromide) and 

polymer solution 

of HPG (hydro-

xypropyl guar). 

Studied the effect of shear for the flow through a porous 

medium (packed bed of spheres) of cationic surfactant 

solutions and polymeric solutions. 

An analogous behavior for surfactant solutions was 

observed in porous medium flow, where friction 

coefficient suddenly decreases at constant hydraulic 

radius, irrespective of packed bed details. For the 

polymeric solution flow through porous medium, the 

onset of increased resistance coincides with onset 

point for drag reduction. Viscoelasticity in porous 

media flow contribute the shear wave, which causes 

possible disturbances in fluid. 
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Authors Type of fluid 

used 

Parameter studied Remarks 

Sabiri and 

Comiti 

(1995) 

Aq. solution of 

carboximethylcel

lulose (CMC) 

sodium salt 

Proposed an empirical model for pressure drop 

calculations for non-Newtonian purely viscous fluid flow 

through packed beds of different structures by taking into 

account the structural parameters of the porous medium 

(tortuosity, dynamic specific surface area and porosity). 

Satisfactorily predicted the pressure drop values by 

incorporating tortuosity and dynamic specific 

surface area in pressure drop correlation, over a 

large range of Reynolds number for non-Newtonian 

purely viscous fluid flow through porous media. 

Helmreich 

et al. 

(1995) 

Xanthan solution  Investigated the polysaccharide xanthan solution flow 

through porous media (glass bead packs). 

The flow resistance increases with an increase in 

xanthan concentration. The onset of increased non-

viscous resistance occurs at particular stress levels, 

at which viscous flows (shear stress) are dominated 

by elastic effects (first normal stress differences) and 

viscometric flows. 

Sabiri and 

Comiti 

(1997) 

Aq. solution of 

CMC, xanthan, 

and natrosol 

Experimentally validated the model proposed by Sabiri 

and Comiti (1995) for packed beds comprised of spherical 

and non-spherical particles over a wide range of Reynolds 

numbers, even when important wall effects exist. 

The model was successfully tested for different non-

Newtonian fluids, which can be used for predicting 

pressure gradients for flow through fixed beds over a 

large range of Reynolds number, without internal 

porosity.  

Tiu et al. 

(2001) 

Aq. solution of 

Separan AP30 

(polyacrylamide) 

Studied flow of viscoelastic polymer solutions through 

packed beds of mixed size spheres and uniform size 

spheres and cylinders for creeping flow. 

The hydraulic radius or equivalent diameter was 

estimated based on surface-mean particle diameter 

for mixed beds, which allows the fitting of pressure 

drop data, for non-Newtonian fluids, well for 

existing correlations. In case of viscoelastic polymer 

solutions the excess pressure losses were well 

correlated with the Weissenberg number. 

Basu 

(2001) 

CMC Experimentally studied non-Newtonian fluid flow through 

packed bed for different column to packing particle 

diameter ratio to study the wall effect. 

With an increase in CMC concentration and flow 

rate the pressure drop increases. 
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Authors Type of fluid 

used 

Parameter studied Remarks 

Dolejs et 

al. (2002) 

Polymer 

solutions (Bogar 

fluid, Separan 

AP-45, Polyox) 

Using corresponding relations for consistency variables 

proposed an approach, based on modified Rabinowitsch–

Mooney equation, for the calculation of pressure drop for 

viscoelastic fluid flow through fixed beds of particles. 

Suggested an approach for the solution of 

momentum transfer in viscoelastic fluid–particle bed 

interaction systems. 

Yilmaz et 

al. (2009) 

polyacrylamide 

solution 

Experimentally studied the Newtonian and non-

Newtonian fluid flows through porous media (Berea 

Sandstone core) and compared as pressure losses, flow 

rates and permeability coefficients. 

The characteristic of the flow curve for the 

polyacrylamide solutions were nonlinear in nature, 

whereas it was linear for Newtonian fluids. 

Kaur et al. 

(2011) 

CMC solution 

and  

Polyacrylamide 

(PAA) solution  

Experimentally studied the pressure drop-flow rate 

behaviour of Newtonian (water), non-Newtonian 

viscoinelastic (CMC in water) and viscoelastic (PAA in 

water) fluids flowing through packed bed and compared 

the pressure drop behaviour with existing models. 

The phenomenon of drag reduction and drag 

enhancement (under creeping flow limits) were 

observed for viscoinelastic and viscoelastic fluids 

 Dimitrios 

et al. 

(2015) 

HPAM polymer, 

3 630S 

Studied the influence of wettability on polymer flow 

behavior through porous media was investigated through a 

series of synthetic polymer floods conducted in water- and 

oil-wet Bentheim and Berea sandstone cores. 

In presence of residual oil, the oil-wet cores display 

the lowest degree of polymer retention (Berea) and 

the lowest inaccessible pore volume (IPV) 

(Bentheim). The largest wettability impact on the 

polymer flow behavior in porous media appears to 

be for the Berea formation; polymer retention in oil-

wet cores decreases 90% and IPV 52% compared to 

the corresponding amounts for the water-wet ones. 

CMC - carboxymethylcellulose sodium salt 
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Over a decade various researches proposed the relation between  bed friction factor and 

modified Reynolds number based on their studies which is summarized in Table 2.5.  

 

Table 2.5: Model equations for the prediction of bed friction factor proposed by various 

investigators. 

Authors Model equation Modified Reynolds number 
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Emulsions with different droplet sizes were injected into consolidated Berea sandstone 

under a constant pressure. A drastic reduction in water permeability of the sandstone (i.e., 

sometimes by up to 90%) was observed, with the larger reductions for larger droplets to 

initial permeability ratios. Further, it was observed that the rate and amount of permeability 

reduction decreases with an increase injection pressure. This behavior was referred as 

“pseudo" non-Newtonian, although the rheology of the dilute, bulk emulsion was found to be 

Newtonian. 

 

Fig. 2.2: Emulsion blockage mechanism (Jamin effect). 

Devereux, (1974) developed a model for flow of a stable emulsion through a porous solid, 

over a wide range of parameters. It was assumed that there is a linear relationship between 

fluid element velocities and driving force acting on an individual fluid element. Also, the 

contribution of compression and gravitational components was neglected. The contact angle 
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hysteresis and variation due to pore size were considered in defining the capillarity force. For 

emulsion flow through a porous media under constant pressure, saturated with continuous 

phase of the emulsion, invaded regions were reported. 

Basu et al., (1996; 2000) performed experiments on bitumen film rupture and 

displacement on model surfaces (glass plate) for understanding the real mechanism of oil film 

rupture and the displacement of oil by water on sand grain. 

Cartmill and Dickey (1979) experimentally studied the oil migration mechanism through 

reservoir sand stones for a stable crude oil-in-water emulsions flow with different 

permeability zones and also reported large permeability reductions. It was found that at the 

junction between two different permeability zones a considerable amount of oil drops were 

retained, with maximum retention at the front portion of the low permeability zone. 

Flow mechanism of dilute, stable emulsions in a porous media was studied by Soo and 

Radke (1984) in a fine grained porous media. They also investigated the transient 

permeabilities, drop and pore size distributions and droplet concentrations of inlet and 

effluent streams for constant volumetric flow rate. It was reported that when emulsions are 

introduced into porous media, permeability decreases and drops are retained in the pores.  

The droplet blocked the pores of throat sizes smaller than it, and also captured on pore walls 

and in crevices. The larger the droplet size higher is its capture probability. When all capture 

sites were occupied, a steady state was reached and local flow diverts to contiguous large 

channels.  

Thomas and Ali (1989) investigated the crude oil-in-water and water-in-crude oil 

emulsions flow through porous media consisting of Berea sandstone cores, Ottawa sand and  

glass bead packs. It was reported that the mobility of an emulsion is strongly dependent on 

emulsion quality and rheology and drop size distribution (DSD), for a given pore size 

distribution. Further, in pore entrainment of emulsion drops was reported, however, drops can 

be mobilized by increase in pressure gradients. 

A new correlation for non-Newtonian flow through porous media was developed by Al-

Fariss (1989) for wax containing oils, which exhibit Herschel-Bulkley flow behavior. A 

modified form of Blake-Koseny equation was used to describe non-Newtonian fluid flow 

through porous media. The fluids used were solution of paraffinic wax in oil and Saudi crude 

oil. The pressure drop was measured through a packed bed of glass beads by changing the 

flow rate over a wide range of temperatures. It was observed that, with an increase in 

temperature there is a decrease in yield stress until it vanishes off. Further, the yield stress 

increases with an increase in the wax-concentration and the crude oils viscosities decrease 

with an increase in shear rates at constant temperature. 
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The electrostatic repulsion and emulsion stability influences the permeability reduction 

caused during the emulsion flow through porous medium was investigated by Hofman and 

Stein (1991). Two different emulsions, stabilized by Na oleate and Aerosol OT were studied. 

The permeability reduction effected by a stable (Na oleate-stabilized) emulsion depends both 

on the droplet diameter and on the flow velocity of emulsion. The pronounced permeability 

reduction was reported for a larger emulsion droplet size and low velocity. Stable emulsions 

reduce the permeability of a porous media, and emulsions with low interfacial tension affects 

permeability more efficiently. It is due to a self reinforcing effect of easy adjustment of a 

droplet with the shape of the solid wall near a pore throat, and easy coagulation followed by 

coalescence.  

Al-Fariss (1994) further investigated the flow of o/w and w/o macroemulsion through 

porous media. A new model was developed to describe the emulsion flow through porous 

media that uses both capillary and core flow data. Results are presented in the form of 

modified friction factor and modified Reynolds number correlation. Newtonian behavior was 

observed for emulsion of 10, 20, 30 and 40% oil content. When the oil concentration was 

increased above 40%-60% oil, the emulsion behaved as non-Newtonian fluids (pseudo 

plastic) which was fitted by power law model. Finally, when oil concentration was increased 

above 60% (70%, 80%, 90%) oil, the non-Newtonian behavior becomes significant. Data 

were fitted to Hershel-Bulkley model. At high concentration of oil, the droplets reach the 

most crowded packing, then as further increase in the internal phase, the droplets begin to 

flatten and non -Newtonian behavior becomes remarkable. At this situation a yield stress was 

observed as a minimum stress needed to deform the fluid. 

Soma et al. (1995) experimentally study the flow of dilute, sub-micron emulsions through 

porous media for pH and ionic strength varying from 3.4 – 9.6 and 510
-4

 to 10
-1 

(M), 

respectively. In this study the average diameter of the droplets used was the order of 0.4 m, 

which was considerably smaller than the mean pore diameter. It was reported that the 

permeability of a porous medium can be substantially reduced even when the drop size is 

much smaller than the pore size. The droplets are captured mainly by interception, a 

mechanism primarily dictated by electrostatic interactions. The permeability was unaffected 

and there was no deposition at high pH and low ionic strengths. Soma and Papadopoulos 

(1997) further evaluate the effect of the cationic surfactant cetyl trimethyl ammonium 

bromide (CTAB) on the transport of emulsions in a model porous medium. 

Romero et al. (2011) developed a network model by assuming emulsion flow as an 

effective single phase fluids flow by incorporating empirical data from single capillary tube 

results. The behavior of emulsion flow through sandstone samples was captured qualitatively 
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by the proposed model. A parametric analysis was also conducted to study the effect of 

dispersed phase droplet size and permeability on the flow response to emulsion flooding in 

porous media. The predictions of network model were qualitatively compared with equivalent 

results obtained with experimental results in terms of mobility reduction, which was related 

to emulsion injection. Mineral oil (Shell Tivela 460) was used as the dispersed phase and its 

concentration was used as 10% for the preparation of the o/w emulsion. A solution of 70% 

glycerin and 30% distilled water was used as continuous phase and the surfactant used was 

Sodium dodecyl sulfate (SDS). The porous media was comprised of two sandstone cores, 

from Botucatu (Brazil).   

Arhuoma et al. (2009) experimentally determined the viscosities of w/o emulsions in a 

porous media (i.e. three different sandpacks) for volume fractions varied from 6.78% and 

33.48%. It was reported that emulsion quality is a significant parameter while DSD did not 

have a significant impact on the viscosity of the w/o emulsions. It was reported that the 

emulsion viscosity decreases with an increase in flow rate due to shear-thinning behavior. For 

emulsions with high emulsion quality the degree of reduction was higher as compared with 

lower quality emulsions. For low-permeability porous media the reduction was stronger due 

to high shear rate in lower-permeability porous media for the same flow rate.  

The mechanisms for pore-scale flow and the relative phase permeabilities (RPPs) for two-

phase flow in a pore network were experimentally reported by Khasanov et al. (2011). The 

conditions for forming and destroying emulsions in water-in-oil systems were determined 

seep through porous structures. The model described the nonlinear properties of non-

stabilized w/o emulsions, which allowed the consideration of the relaxation time in 

determining the permeability for immiscible displacement processes.  

Guillen et al. (2012) visualized recovery results in a semi-transparent porous medium to 

understand how pore-level mobility control leads to microscopic flow diversion and 

consequently reduced residual oil saturation. The improved macroscopic reservoir sweep was 

illustrated by emulsion injection. It was observed that the emulsion flooding affects the oil 

displacement by a water phase in a multi-scale manner. In the pore level, pore blockage by 

the dispersed phase diverts the flow path, which leads to change in the residual oil saturation. 

The mobilization of residual oil after slugs of o/w emulsion was visualized experimentally in 

a transparent porous media. The average mobility of the water phase affects the pore 

blockage and lead to more uniform sweep fronts. 

A dynamic capillary network model was developed which uses experimentally 

determined pore-level constitutive relationships between flow rate and pressure drop in 

constricted capillaries by Nogueira et al. (2013). The emulsion was described as a Newtonian 
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single phase which contains a low concentration of dispersed drops. The effect of dispersed 

phase droplet size and capillary number on the flow response was studied in both emulsion as 

well as alternating water/emulsion flooding. It was reported that the emulsion flooding 

changes the continuous-phase mobility, and consequently flow paths in the porous media. 

The transient flow behavior of emulsion flow through porous media was described 

qualitatively to prove the capillary driven mobility control mechanism. 

Baldygin et al. (2014) developed a new emulsion (o/w) core flooding experimental setup 

with unconsolidated sand packs as a porous medium. Two different strategies for emulsion 

flooding was demonstrated, direct injection of emulsion and water flooding followed by 

emulsion flooding. They found that the emulsion worked effectively as a substitute fluid after 

the water flooding. Comparison between these two runs suggested that the emulsion flooding 

was effective in terms of the time needed for the oil to be recovered from the porous media, 

whereas second strategy was effective in terms of the emulsion used for the oil recovery 

process.  

The capillary trapping of the drops in porous media as a function of drop to pore size ratio 

and capillary number was investigated experimentally by Moradi et al. (2014). The influence 

of emulsion flow on pressure drop oscillation was also reported.  It was reported that the oil 

drops can block the pore throats and divert the water flow toward unswept areas. The 

blockage phenomena caused by emulsion injection can be effective even when emulsion was 

displaced with water without any additives. The blockage mechanism was associated with the 

pressure drop oscillation, which speculated the collective effects of drops passage through 

pore-throats. Pressure drop data revealed the dependency of the blockage mechanism on the 

capillary number. It was also reported that the blockage-release mechanism of the trapped 

drops would occur at the higher capillary number. The pore-scale dynamics was depends on 

local capillary number and emulsion drop sizes. The critical capillary number, below which 

emulsion works as a mobility control agent increases with an increase in drop size to pore-

throat size ratio. 

Furthermore, Chakrabarti et al. (2006), De et al. (2010), Kaushik et al. (2012) Balakhrisna 

et al. (2010) extensively studied  two phase/multiphase flow (oil-water) in various pipe cross-

section relevant to  petroleum process industries. 

2.4 FLUID FLOW MODELLING 

Various flow regimes are encountered during the fluid transport in porous media, based 

on the pore Reynolds number, Rep, (Pedras and De Lemos, 2001):  

(a) Darcy or creeping flow regime (Rep < 1) 

(b) Forchheimer flow regime (1< Rep <150) 
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(c) post-Forchheimer flow regime (unsteady laminar flow, 150 < Rep < 300) and  

(d) fully turbulent flow regime (Rep > 300).  

Such flows can be analyzed by modeling the topology of the porous medium and 

resolving the microscopic flow equation in the fluid phase. The range of pore-size is large, 

and can vary over 8- order magnitude spanning Angstrom (ultra-micro-pores) to centimeters 

(pebbles) or even larger (Kaviany, 1991). The conditions encountered in different 

applications are broad enough to cover a large range of Reynolds numbers. Due to lack of 

geometric information to model each and every pore, such systems are difficult to simulate 

with full geometric details. Despite the fact that it might be possible to describe some of these 

systems in an almost exact representation or a meaningful statistical approximation of the 

geometry, the computational effort required to solve the flow field in such geometries is still 

formidable (Teruel and Rizwan-uddin, 2009). This motivates further research in the 

development of porous media approximation, representing the system composed of 

macroscopic homogenous pores with uniform properties. 

The porous media present a complex structural configurations. The pore scale flow inside 

a porous medium is characterized by a wide range of length scales, as shown in Fig. 1. The 

smallest scales, lF and lS, represent the average pore size and particle diameters of the pore-

like structures, while the largest scale is the characteristic macroscopic porous length L. In 

such cases, it is difficult to impose boundary conditions across the control volume. The 

geometric complexity of such porous matrix causes problems in simulating the detailed flow 

field inside each individual porous structure. The common practice is therefore, to smooth out 

the local complexity of the actual phenomena by concentrating on the mass and momentum 

conservation principles while treating the porous medium as a continuum. This approach 

allows one to define fluid quantities at every point, irrespective of whether it corresponds to 

the fluid or the solid phase. The local volume-averaging theory (VAT) has been widely used 

in the study of porous media flow since its introduction by Whitaker (1996). This technique 

considers only the macroscopic flow behaviour (Liu et al., 1994, Liu and Masliyha, 1996). 

Therefore, a small control volume V of radius r has been considered in a fluid-saturated 

porous medium in the present study (Fig. 1) and the governing equations (Navier-Stokes 

equations) have been averaged over V  for the volume averaged unknowns. A general 

assumption is that length scales are well separated, i.e. lS ~lF << r << L. Therefore, volume-

averaged quantities result vary smoothly and are free of small scale fluctuations (Whitaker, 

1999).  

 The volume averaging theory (VAT) is usually applied to treat the momentum 

equations of flows in porous media (Nield and Bejan, 2006). Vafai and Tien (1981) Du 
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Plessis and Masliyah (1988, 1991) derived the general equations for fluid flow through 

porous media using the volume-averaging technique. This technique is a rigorous 

mathematical procedure for deriving the governing mass, momentum and energy equations in 

porous media. Since flows become turbulent in porous media when the pore Reynolds 

number is larger than a few hundred (Dybbs and  Edwards, 1984), the two equations based 

k turbulence models have been used to represent the turbulence characteristics in the 

porous media (Nakayama and Kuwahara, 1999; Pedras, and de Lemos, 2001; Pinson et al., 

2006). Lee and Howell (1987) proposed an elaborated version of the general (porous 

medium) turbulence transport equations, by including a turbulence eddy diffusivity in the 

viscous diffusion term of the general momentum equation. However, the general momentum 

equation was not time averaged, therefore, their model neglects an additional contribution of 

the Reynolds stresses. 

 

Fig. 2.3: Schematic representation of porous medium with the hierarchy of various 

characteristic length scales and position vector ( S  and  F  are the solid and fluid phases, 

respectively). 

 

Travkin et al. (1993) developed the turbulence model for highly porous media along with 

statistical and numerical methodologies. Masuoka and Takatsu (1996) derived a zero-

equation turbulence model using the local volume-averaging technique. They modeled the 

effective eddy diffusivity as the algebraic sum of the eddy diffusivities estimated from two 
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types of vortices- the pseudo vortex and the interstitial vortex. Antohe and Lage (1997) 

derived the two-equation turbulence model for incompressible flow within a fluid saturated 

rigid porous medium by time-averaging the general (macroscopic) transport equations and 

closing the model with the classical eddy diffusivity concept and the Kolmogorov-Prandtl 

relation. Kuwahara et al. (2006) used large eddy simulations (LES) and compared their 

results with the conventional two equation model for turbulent flow through a porous media 

comprising of periodic array of square cylinders. It has been reported that the Darcy–

Forchheimer equation could be satisfactorily used to provide pressure losses. Teruel and 

Rizwanuddin (2009) formulated a new k- model by conjugating the spatial- and time 

fluctuations in to a single quantity. The space–time fluctuation in this model was treated as a 

unique quantity and a transport-diffusion equation has been derived for the entire kinetic 

energy filtered in the averaging process of the momentum equation. For rigid and isotropic 

porous media this approach leads to a natural construction of k and  equations, where all the 

kinetic energy filtered during averaging process was modeled. The methodology was further 

extended to understand the macroscopic turbulence behaviour at high Re in the porous REV 

(a 2D arrangement of staggered square rods). Drouin et al (2013)  proposed a macroscopic 

turbulence model, based on a two-scale analysis, and a calibration methodology for flows in 

stratified porous media with constant porosity. They considered clusters of flat plates and 

circular pipes as the stratified porous medium. 

 

2.5 OVERVIEW OF LITERATURE REVIEW 

 

The literature review illustrates studied related to emulsion formation and stability, 

emulsion rheology and porous media flow. For emulsion formation and stability, various 

researchers studied effect of different parameters on emulsion stability. There is very limited 

study is available for emulsion formation and optimization of processes parameters 

influencing the emulsification process. The study was focused on: 

 For emulsion rheology, study related to viscoelasticity, effect of temperature and 

electro-viscous effect on emulsion rheology were limited. 

 For porous media flow, most of study reported the flow of different polymeric and 

surfactant solution (non-Newtonian fluids) through porous media/packed or fixed bed. 

Study related to emulsion flow through porous media is also limited.  

Therefore, a detailed study including stability and formation of emulsions, rheological 

behaviour of emulsion and flow modeling and emulsion flow behaviour through porous 

media have been studied. 
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CHAPTER 3 

 

MATERIALS AND METHODS 

 

In this chapter, the materials and methods have been described which were used 

during the preparation and characterization of oil–in–water (o/w) emulsion system. The 

chapter has been divided into several sections, i.e., Experimental details for emulsion 

preparation, Petroleum oil and emulsion characterization, Experimental design and process 

modeling and Emulsion flow experimental set up. The section 3.2 deals with the materials, 

experimental procedures and the methods of analysis adopted to collect the experimental data 

and data analysis. 

 

3.1 EXPERIMENTAL DETAILS FOR EMULSION PREPARATION 

 

3.1.1 Chemicals 

 Deionized water was used throughout the experiments in the present work for the 

preparation of oil-in-water (o/w) emulsions. The chemicals used in the experimental work 

were procured from different sources: NaOH (RFCL, New Delhi), anhydrate Na2SO4 

(Rankem, New Delhi), sodium dodecyl benzene sulfonate, SDBS (Himedia, Mumbai), NaCl 

(SRL, Mumbai), Na2CO3 (NICE, Cochin), and were used as received. SDBS was used as a 

surfactant and its physico-chemical properties are shown in Table 3.1. Light petroleum oil 

was procured from the Indian Oil Corporation Ltd (IOCL) for preparing o/w emulsions. The 

petroleum oil was characterized by ASTM standards. The detail for various ASTM standards 

used for the characterization of petroleum oil is reported in ANNEXURE A. Table 3.2 shows 

the physico-chemical characteristics of oil.   

 

3.1.2  Preparation of Emulsion 

 Emulsions were prepared by rigorous shearing of known amounts of the continuous 

and dispersed phases in the presence of 1 % (w/v) of an anionic surfactant, sodium dodecyl 

benzene sulfonate, (SDBS) at room temperature, which is water soluble. Emulsions were 

prepared by dissolving the surfactant in water and then by a slow addition of oil while stirring 

the mixture vigorously. 
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Table 3.1: Physico-chemical properties of sodium dodecyl benzene sulphonate (SDBS).  

(Source: Kundu et al., 2013) 

 

Table 3.2: Properties of light petroleum oil. 

Property Values Standard method used 

Kinematic viscosity at 30 
o
C 5.81 St ASTM D88 

Dynamic Viscosity  at 30 
o
C 0.4772 Pa.s - 

Specific gravity 30 
o
C 0.8213 ASTM D1298 

Water content  3 - 4 % ASTM D95 

Pour point    (-) 18 
o
C ASTM D97 

Cloud point  (-) 3 ± 1 
o
C ASTM D2500 

Flash point  54 ± 1
o
C ASTM D93 

Fire point  58 ± 2 
o
C ASTM D92 

Aniline point 73 ±2 
o
C ASTM D611 

 

All o/w emulsions were prepared by an agent-in-water method (Sherman, 1968) using a high 

shear mixer at different stirring rates (RPM), oil and surfactant concentration and time. The 

Characteristics  

Type  Anionic surfactant 

Molecular Formula CH3(CH2)11C6H4SO3Na 

Molecular weight 348.48 

Critical micelle concentration 

(CMC) in water 

1.20 x 10
-3

 mM 

Equilibrium partition  

constant (Kp) 

29.3 dm
3
/mol 

Structural Formula 
 

 

 Appearance White or pale yellow powder 

Apparent density (g/ml) 0.18 

Minimum assay (%) 20.0 

Moisture content (%) 5.0 
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high shear mixer consisted a rotor-stator assembly (six pass) which was designed and 

fabricated indigenously in the workshop. The schematic diagram of the experimental set-up 

for emulsification is shown in Fig. 3.1. A series of different types of o/w emulsions were 

prepared by varying oil-water volume ratios, as shown in Table 3.3. All emulsions were 

allowed to age for 24 hours at room temperature (30
o
C) for attaining a stable physico-

chemical structure prior to the commencement of the viscosity measurements. For the effect 

of surfactant concentration on emulsion rheology, the surfactant concentration was varied 

from 0.5% to 2% (w/v).   

 

Fig. 3.1: Schematic diagram of  lab scale experimental setup for emulsification. 

Table 3.3:  Different types o/w emulsions used in the study. 

Emulsions set Oil : water volume ratio Type of emulsion 

Set 1 10:90 Dilute 

Set 2 30:70 Semi-dilute/Moderately concentrated 

Set 3 50:50 Concentrated  

Set 4 70:30 Highly concentrated 

Set 5 80:20 Highly concentrated 

 

3.2 EMULSION CHARACTERIZATION 

3.2.1 Emulsion Stability Measurements 

The relative volume method was used to estimate the stability of emulsions using two 

indices, namely the “creaming index (CI)” and “emulsification index (EI)”. The freshly 

prepared emulsion was immediately transferred into a graduated cylinder (150 ml, 

Borosilicate), sealed with a stopper and then stored for 72 h at 30
o
C. After storage, the 



Chapter 3:Materials and Methods 

 

56 

emulsions were separated into a thin “creamed” layer at the top and a turbid “serum” layer at 

the bottom. The initial volume of the emulsions (V0), the volume of the serum layer (VS) and 

the final volume of the emulsion (cream) layer (VE) were measured over a period of time. The 

extent of creaming of emulsions was estimated by a creaming index (CI) as given by 

100(%)
0


V

V
CI S      (3.1) 

The emulsification index (EI) is given as 

100(%)
0


V

V
EI E      (3.2) 

Both CI and EI provide indirect information about the extent of droplet aggregation and 

coalescence in an emulsion. Higher CI indicates more aggregation, larger the droplets faster 

the creaming (Perrechil and Cunha, 2010; Lovaglio et al., 2011). Higher EI indicates the 

higher stability of the emulsion. 

 

3.2.2 Droplet Size Measurement 

Mean droplet size and droplet size distribution (DSD) of the emulsion phase were 

determined by the dynamic light scattering (DLS) technique at room temperature (25 
o
C) 

using a Malvern Zetasizer (Malvern Nano ZS 90, UK). Each sample of the emulsion was 

analyzed three times and the average of three values is presented here. The average droplet 

size was characterized by volume weighted diameter (d43) as defined by the following 

equation: 

)3.3(
3

4
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where, ni is the number of droplets and di is the droplet diameter.  

 

3.2.3 Zeta Potential and Electrophoretic Mobility Measurements 

Zeta potential and electrophoretic mobility of the emulsions were measured by a Zetasizer 

(Malvern Nano ZS 90, UK) using Laser Doppler micro-electrophoresis (LDME) technique at 

25 
o
C. All experimental measurements were made in triplicate and the average values were 

used for further analysis.   

 

3.2.4 Surface Tension (SFT) and Interfacial Tension (IFT) Measurement of Emulsions 

The SFT and IFT of emulsions were measured by using a Tensiometer (Dataphysics, 

Germany) at atmospheric pressure and room temperature with Du Noüy ring method (du 
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Noüy, 1925). The ring was made of platinum-iridium. For each measurement, the platinum-

iridium ring was thoroughly cleaned and flame-dried (red hot). All SFT measurements were 

done in triplicate and the mean values are reported. The standard deviation of the 

measurements did not exceed ± 0.1 mN/m. 

 

3.2.5 Microscopy of O/W Emulsions 

Photomicrographs of all sets of o/w emulsion samples were taken with a Nikon (Eclipse, 

LV100, Japan) polarizing microscope equipped with a digital camera connected to a 

computer. The small quantity of a freshly prepared o/w emulsion sample was carefully placed 

on a glass slide and illuminated with transmitted light (50W halogen light source) from the 

bottom.  

 

3.2.6 Rheological Measurements 

The rheological measurement of o/w emulsions was carried out using a controlled-stress 

rheometer (Physica MCR 100, Anton Paar, Germany), which was equipped with an EC motor 

(electronically commutated synchronous motor). The rheological measurements were made 

under both controlled stress (CS) and controlled strain (CR) modes. A cone and plate sensor 

was used to make shear stress/shear rate rotation tests. A Peltier cylinder temperature system 

TEK150P was used for the precise temperature control of the sample compartment. The 

temperature of the sample compartment was controlled using a water bath/circulator 

Viscotherm VT2 Temperature Controller System (TCS) (Antoon Paar, Germany). The details 

of the measuring system are given in Table 3.4.  

Both steady shear and oscillatory measurements were performed. The steady shear 

viscosity measurements have been carefully performed for all emulsion samples over a shear 

rate range of 10
-3

–10
3
 s

-1
. In steady rate sweep measurement equilibrium time was set as 10s 

for each single data point ensuring viscosity data acquired under steady state conditions. At 

higher shear rates (
210 ) time required to reach the equilibrium is less as compared to low 

shear rates (
010 ). Thus, for better reproducibility of the viscosity data point 10 s was set 

as an equilibrium time within the shear rate range of 10
-3

–10
3
 s

-1
. During steady shear flow 

experiments, the shear rate was applied to the emulsion samples as a step function (stepped 

flow) with step time of 10 s and the shear rate was increased logarithmically. The resulting 

viscosity measurements were done when the sample has reached equilibrium, ensuring the 

steady shear flow and giving a single viscosity data point at a particular shear rate.  

Oscillatory measurements were made to study the viscoelastic behavior of the emulsions. 
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Initially, amplitude sweeps (AS) were performed to establish the linear viscoelastic range of 

emulsion samples. Then frequency sweeps (FS) were performed within the range of the 

angular frequency ( ) 1-10
2
 s

-1
 to characterize the viscoelastic behavior of the emulsion. 

Triplicate sample runs were taken. For each steady and oscillatory measurement, fresh 

sample was used. The plate and cone section of the rheometer was thoroughly cleaned with 

Millipore water and acetone between each measurement of different emulsion samples. 

All rheological measurements were carried out with fresh emulsions immediately after 

preparation. Emulsion samples were gently and carefully mixed before measurements to 

avoid phase separation and air entrapment, and results are shown as average value and mean 

percent deviation (lower than 10%).  

Table 3.4: Details of viscosity measuring system (Rheometer). 

Measuring geometry Dimensions 

Measuring system (Standard: ISO 3219) Cone and plate : CP50-1/Ti 

Cone diameter 49.95 mm 

Plate  diameter 60 mm 

Cone angle 0.998
o
 

Cone Truncation 51.0 µm 

Cone concentricity ± 5.0 µm 

Cone parallelity ± 4.0 µm 

Measuring cell TEK 150P-C 

Temperature controller Peltier 

 

3.2.7 Error Estimation 

Non-linear regression analysis was carried out for the rheological data and the analysis of 

variance (ANOVA), at alpha level (sensitivity of regression) of 0.05, was performed to 

establish the influence of different variables. The  best  fit to the model  was  selected  on  the  

basis  of correlation coefficient (R
2
), 

2 , standard error of estimate (SEE) and  predicted 

residual sums of squares (PRESS). All the regression factors were defined as follows (Allen, 

1974; Tarpey, 2000): 
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where, Υ is the experimental value, Y   is the calculated value for the fitted data point, and n is 

the number of observations. 

 PRESS   )6.3(
1

2

,



n

i

iii YY


   

where, Yi is the i
th

 value of the experimental data to be predicted, iiY ,


 is the predicted value 

of Yi. The statistical analysis was performed within 95% of confidence level. 

 

3.3 EXPERIMENTAL DESIGN AND EMULSIFICATION PROCESS MODELING 

3.3.1 Response Surface Methodology (RSM) 

Box-Behnken design (BBD) is a class of rotatable or nearly rotatable second-order design 

based on three-level factorial design (Box and Behnken, 1960). It is a spherical design with 

all points lying on a sphere of radius   , and no points at the vertices of the cube region 

created by the upper and lower limits for each variable (Kundu and Mishra, 2013). This could 

be advantageous when the points on the corners of the cube represent factor-level 

combinations that are prohibitively expensive or impossible to test because of physical 

constraints (Box and Behnken, 1957). The number of experiments (N) required for the 

development of BBD model is defined as: 

  cNkkN  12         (3.7) 

where k is the number of factors and Nc is the number of central points. In the present work, 

the three levels, four factors (oil concentration, surfactant concentration, mixing speed and 

mixing time) BBD model was chosen. Factors were designated as
1 ,

2 ,
3 ,

4  and 

prescribed into three levels, and successively coded, which was necessary due to the 

randomization of the experiments. The factor levels were coded as −1 (low), 0 (central point 

or middle) and 1 (high) (Montgomery, 2004). Three raw experimental data were applied to 

transform a real value ( i ) into a coded value (Xi) according to the following equation: 















i

ii
iX



 0

;   i=1,2,3,4     (3.8) 

where, Xi is the coded value of an independent variable; i is the actual value of an 

independent variable;
0

i is the actual value of an independent variable at the center point; and

i is the step change value of an independent variable. The process factors and factor levels 

of the emulsion stability are shown in Table 3.5.  
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Table 3.5: Levels and code of independent process variables chosen for BBD. 

Variables Factor Coded Levels (ά) 

  

 

-1 0 1 

Oil Concentration (v/v %) A 10 30 50 

Surfactant Concentration (w/v %) B 0.1 1.05 2 

Stirring Speed  (rpm) C 2000 4000 6000 

Stirring Time  (min) D 5 12.5 20 

 

The relationship between the response (Y) and input process parameters (Xk) is described 

as: 

)9.3(                    ),.......,,( 21  kXXXY  

where   is the real response function and   is the residual error to describe the 

differentiation that can be included by the function  . Data from the BBD were analyzed by 

multiple regressions to fit the following quadratic polynomial model: 
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(3.10)  

where, 0  is the constant, i the slope or linear effect of the input factor Xi, ii the linear 

interaction effect between the input factor Xi and Xj, ij  is the quadratic effect of input factor 

Xi and Xj, and   is the statistical error (Montgomery, 2004). 

The experimental design matrix, data analysis and optimization procedure were 

performed using the Design Expert
®
 (V7.1.6, StatEase Inc., Minneapolis, USA) statistical 

package.  

3.3.2 Artificial Neural Network (ANN)                          

 A typical computational neural network consists of three layers such as input, hidden 

and output layers. Each layer comprises several operating neurons, which are related with 

each other by parallel connections. The strength of these interconnections is determined by 

the weight associated with them. For every ANN, the input layers constitute independent 

variables and the output layers constitute dependent variables. The hidden layers with 

multiple neurons exist between input and output layers as an interface to fully interconnect 

input and output layers. The pattern of hidden layer to be applied in the hierarchical network 

can be either multiple layers or a single layer. Each neuron sums all of the inputs that it 

receives and converts the sum into an output value based on a predefined activation, or 

transfer function (Soleimani et al., 2013). The connection between neurons in separate layers 
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is defined in terms of weights and biases as shown in Fig. 3.2. If 
i

jW represents the weight 

connection from neuron i to neuron j, xi is the input at neuron i, j is the bias of neuron j, then 

the activation at the j
th

 neuron (j) is given by 

j

i

i

i

jj xW 







 

        

(3.11) 

  

Fig. 3.2: Mechanism of an artificial neuron. 

3.3.2.1 ANN model development 

 
The universal approximation theory suggests that a network with a single hidden layer 

and with a sufficiently large number of neurons can interpret any input-output structure 

effectively (Prinderre et al., 1998; Pareek et al. 2002). Therefore, a single layer of hidden-

neurons was used. The use of raw experimental data as the input causes convergence 

problem. Therefore, the data pre-processing is carried out and the data is normalized through 

min-max normalization technique using ‘PREMNMX’ function to make it in a range of        

[-1, 1]. This makes the neural network training more efficient. At the end of each algorithm, 

the outputs are denormalized back into the original data format to obtain the desired results. 

The feed-forward network with error back-propagation algorithm (BP-ANN) was used for 

the development of the network. The input variables to feed forward neural network were 

same as those for BBD under RSM. ESI24 was taken as the experimental response or output 

variable. An optimum number of neurons were selected on the basis of MSE and SSE. 

The optimized network parameters were determined on the basis of the MSE, SSE, R
2
 

and/or RPD obtained from a trial and error method, according to the following equations 

(Prinderre et al., 1998; Pareek et al., 2002): 
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where N is the number of data points, yi,pred is the network prediction, yi,exp is the experimental 

response, ym,exp is the average of the actual values, and i is the index of the data. The network 

having minimum MSE and maximum R
2 

was selected as the best ANN model. 

Sigmoid function was used for pattern recognition and to model the pattern (network), in 

which four parameters interact and determine the optimum stability. Hyperbolic tangent 

sigmoid function takes input from the entire domain of real numbers (-∞ to +∞) and returns 

an output between 1 and +1, which is differentiable, and neurons can only use a 

differentiable function. Thus, hyperbolic tangent sigmoid transfer function, f(x), was used for 

hidden layer activation function: 

     1
1

2
tan

2





 xe
xsigxf

      
(3.16)

 
 

Linear function was used to predict the output, which is differentiable. Therefore, the 

output layer activation function was assumed to be a linear transfer function, i.e. f(x) = x.  

3.3.2.2 Network training 

The developed network was trained for function approximation using experimental data 

and resilient back-propagation (BP) algorithm as the underlying training framework. BP-

ANN has the advantages of fast response and high learning accuracy (Soleimani et al., 2013). 

The superiority of a network function approach depends on the network architecture and 

parameters, number of data sets and the problem complexity (Maier and Dandy, 1998; 

Setoodeh et. al., 2012). Each neuron in the hidden layer is connected to each one in the input 

layer and also to each one in the output layer. Each of these connections has a distinct weight 

and bias (Fig. 3.2). All ANNs were trained by using the BP faster algorithm using standard 

numerical optimization (nonlinear regression) technique. In training the present network, a 

computational sequence was followed for the prediction of dependent variables from input to 

hidden layers and then from hidden to the output layer. The error value (computed from the 
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actual and predicted values of the dependent variables) was propagated backward (from 

output to hidden layers and then from hidden to input layer) in such a way that the new values 

of weights and the biases at the output and hidden layers could be established. During 

successive forward and backward computations with input–output data pairs, the resulting 

weights and the biases could be weighted in such a way that it can predict the correct values 

of output from an input data set. Levenberg–Marquardt (TRAINLM) algorithm was adopted 

for training the network. “Back-propagation trainlm (BP TRAINLM)” is a unique high 

performance algorithm that can converge from one to two orders of magnitude faster than the 

traditional BP algorithms (gradient descent, and gradient descent with momentum) (Hagan 

and Menhaj, 1994; Setoodeh et. al., 2012). The prime goal of training was to minimize MSE 

by searching for a set of connection weights and biases that caused the ANN to produce 

outputs, which were in the close proximity of target values. To assess the generalization of 

the selected BP-ANN model, it was run on a series of experimental data for different 

conditions. In order to study the effect of number of the data sets, the ANN was also trained, 

verified and tested with 120 data sets. The criteria for MSE, RPD and R
2 

were used to assess 

the predictability of the ANN model. The ANN model was developed to the desired level of 

precision. It was used in the following section for finding the optimal process conditions 

resulting in the maximum possible emulsion stability. 

 

3.3.3 Genetic Algorithm (GA) 

GA is essentially an iterative, population based, parallel global search algorithm that is 

widely used for solving optimization and approximation problems in a high dimensional 

space (Goldberg, 1989; Fogel, 1994). GA was constructed according to the following 

sequence of operations: encoding, fitness evaluation, selection, and genetic operations 

(reproduction, crossover and mutation) for each generation. A population of individuals was 

maintained at each generation in which each individual represents a possible solution to the 

problem. A fitness (or objective) function was used to determine the fitness of each candidate 

solution and the individuals with higher fitness values were selected. These individuals form 

pairs called parents. The selection policy employed herein is a combination of the rotating 

roulette wheel strategy and the elite strategy. The elite strategy can force the best surviving 

chromosomes of the current generation in the next generation. The selected chromosomes 

were undergoing genetic transformation by genetic operators such as crossover and mutation. 

Crossover is the main operator used for reproduction and it randomly combines two parent 

chromosomes to create two new individuals, called ‘off spring’. The mutation operator 

randomly selects one individual from the parent population and changes its internal 
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representation, and puts it in the child population (Izadifar and Zolghadri, 2007). The 

individual process parameters (A, B, C, and D) were selected as the parent chromosomes for 

GA, which were undergoing genetic simulations. For initializing the GA simulation, BP-

ANN network generated data were employed as initial population. The GA repeatedly 

modified a population of individual solutions. At each step, the GA selected individuals at 

random from the current population to be parents and used them to produce children for the 

next generation. Over successive generations, the population evolved toward an optimal 

solution. GA was used to determine the maximum emulsion stability at optimized conditions. 

In the present study, the optimization toolbox (GAOT) in MATLAB 7.6
®
 (Mathworks Inc, 

Natick, US) for genetic algorithm (GA) interface was used to search the optimal conditions. 

3.3.4 Integrated Modeling  

An integrated modeling approach was followed to effectively optimize the process 

parameters for emulsion stability under multi-response consideration. The proposed approach 

integrates BBD method, BP-ANN and GA optimization concepts. BBD used an orthogonal 

array to statistically arrange the experimental programme and reduce the number of 

experiments. The optimized data from BBD were applied for the generation of BP-ANN 

network. This network was effectively trained and tested by additional 120 experiments to 

map the relationship between the input control process parameters and the output responses. 

BBD model equation was used as a fitness function and BP-ANN data were employed as the 

initial population for GA to search for the optimal initial process parameter settings. Finally, 

confirmatory experiments were performed for the optimal process parameter settings.  

 

3.4 POROUS MEDIA 

3.4.1 Glass Beads as Porous Packing Materials 

The porous bed was made up of glass column packed with uniform size spherical glass 

beads. A porous bed core holder was fabricated by a plexi glass column of 37 mm of 

diameter and 200 mm of length. Details of the porous bed and the particles used are given in 

Table 3.6. A calming section (100 mm) below the test section and an exit section (100 mm) 

above the test section were provided to avoid the entrance and exit effects. Each section was 

joined together through flanges made from the acrylic sheet and PVC gasket to avoid any 

leakage. Core holder was packed with spherical glass beads to measure the pressure loss for 

flow through porous beds of spherical particles. 

The porosity (bed voidage) of the bed was estimated by measuring the volume of water 

needed to fill the void space for a known weight of packing in a tube of the same diameter as 
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the packed bed. The average of triplicate measurements which were within  2% of the mean 

value, were used in the calculations. The average values of the porosities were: 0.4174, 

0.3696, 0.3478 and 0.3913 and details are shown in Table 3.6.  

Table 3.6: Porous bed and particles details. 

Porous bed characteristics Dimensions 

Bed diameter DC, (mm) 37 

Bed height L, (mm) 200 

Porous bed PM-1 PM-2 PM-3 PM-4 

Diameter of particle, DP (mm) 2.5 3.5 5.0 3.25 

Bed type 
Homogeneous, 

Isotropic 

Homogeneous, 

Isotropic 

Homogeneous, 

Isotropic 

Mixed,  

Non-isotropic 

Sphericity of glass beads, s 1 1 1 1 

Bed porosity,  0.4174 0.3696 0.3478 0.3913 

Bulk density of bed (kg/m
3
) 2423.1 2422.0 2323.3 2371.3 

Characteristic coefficients of particles 

  71.26 55.21 49.55 96.67 

  1.199 0.615 0.580 1.038 

 

After characterizing the porous bed, emulsion flow experiments were performed with the 

same experimental set up. Glass beads were cleaned to reproducibly renew their surface. 

Glass beads were soaked for 24 hr in concentrated chromic acid, followed by washing with 

distilled water in several times. Next, the beads were dried at 100 
o
C followed by acetone 

rinsed, and again air dried to hot air oven drying at 100°C for 2-3 hr. Dry beads were then 

stored in sealed polyethylene containers for subsequent experiments. 

 All experimental and predicted values were compared in terms of mean relative 

quadratic error (M.R.Q.E) which is defined as below:  
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 The lower value of M.R.Q.E. indicates a better fit of the experimental data to the 

model prediction. 

 

3.4.2 Sand-pack Core Holder Details and Sand-pack Preparation  

 Fig. 3.3 shows the sand-pack core holder used for all emulsion flow tests. The core 

holder was segmented into different parts i.e., middle core section of which contains the 

porous media, upper and lower end caps, two distributors and two synthetic rubber O-rings.  
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The core holder was made of a stainless-steel pipe section with an internal diameter (ID) of 

45 mm, wall thickness of 15 mm and a total length of 186 mm. The distributors were 

equipped with a very fine screen to prevent sand production, and the O-rings offered a tight 

seal on both ends. Three major steps involved in preparing each porous medium included 

seizing the sand, packing the core holder, and determining properties of the porous medium.  

First, the silica sand was classified into three categories, namely, S-A, S-B, and S-C, each 

having different particle size range: 180-212, 250-355, and 425-500 m, respectively. The 

sieving process was done using a mechanical sieve shaker (Metrex, India) with different 

sieves sizing from 150 m to 500 m. Sieved sand particles were first washed by tap water in 

repeated manner. Then it was rinsed with distilled water in several times. Next the sand was 

treated with concentrated hydrochloric acid (12N HCl) and soaked for 24 hr. The sand was 

then decanted from the acid solution and rinsed several times with distilled water until the 

wash solution become clear. Finally, sand particles were dried in the hot air-oven at 100 
o
C 

and dried sand particles were stored in sealed polyethylene containers for use in experiments. 

 The porous bed was prepared to pack the core holder with fresh dried clean sand particles at 

the ambient temperature of 30 
o
C. The core holder was packed with sand particles by "tap-

and-fill" method. The porous bed was compacted with a packing rod.  

When the bed is fully packed, the porous medium fills the space between the two screens 

at the ends of the test section. The pore volume of the dry porous medium is then filled with 

liquid supplied from a burette to determine the porosity as the ratio of the required volume of 

liquid divided by the total volume of the bed. The same procedure is repeated several times 

for each medium and the mean value taken to represent the porosity of the medium. The 

properties of the packing materials and of the investigated fluids are given in Table 3.7. For 

each test, fresh sand was packed into the core holder to ensure the same wettability of 

particles for all tests. 

Table 3.7: Physical properties of core holder packing materials. 

Sand 

particle 

Particle size 

range, m 

Mean particle 

diameter, m 

Porosity 

() 

Pore volume 

PV (ml) 

Permeability 

(10
-11

m
2
)  

Bulk density     

( b ) kg/m
3
 

S-A 180-212 196 0.429 90 3.717 1573 

S-B 250-355 303 0.444 96 6.002 1519 

S-C 425-500 463 0.445 98 9.690 1505 
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Fig. 3.3: Design of the stainless-steel sand-pack core holder. 
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3.5 FLOW EXPERIMENTAL SET UP AND PROCEDURES 

The plexi glass column was tightly packed by conventional tap filling method. Three 

kinds of mean uniform particle sizes (i.e. 2.5 mm, 3.5 mm, and 5 mm) and mixed particle 

(combination of all three particles) mixture were selected to examine the flow characteristics 

under incompressible Newtonian laminar flow conditions. Thereafter non-Newtonian 

emulsion was passed through the porous media. A schematic diagram of the experimental set-

up is shown in Fig. 3.4. Distilled water was used as the incompressible test liquid which was 

circulated through the porous bed using a peristaltic pump by pumping water from a reservoir 

situated above the porous bed section. Water flows from the bottom to the top to ensure the 

absence of any dead volume and channeling of the flow through the porous bed. A pair of 

pressure tap was drilled just above and below the porous bed. Pressure drop across the bed 

for different flow rate was measured using U-tube manometers with carbon tetrachloride 

(CCl4) and mercury (Hg) as the manometric fluid.  

For sand-pack core holder similar experimental set up (Fig. 3.3) was used and plexi glass 

column was replaced by stainless steel sand-pack test section. After measuring the physical 

characteristics of sand-pack core holder, the distilled water was first circulated through the 

core holder in all the runs to saturate the core with water so as to replicate a water wet core 

condition. Then core was equilibrated by flashing 30 pore volume of water at the same ionic 

strength and pH as that of the experiment to be performed. After equilibration, emulsions 

were started injecting into the core at constant flow rate using a peristaltic pump. The flow 

rate is maintained till the steady and constant pressure drop attained across the core holder. 

The pressure differential across the porous bed was measured by manometer. Samples were 

collected both inlet and outlet section to analyzed the drop size distribution.  Once a constant 

pressure differential is obtained, flow rate is increased in next steps and flow rate maintained 

till a steady pressure is obtained. At each flow rate steps, samples were collected periodically 

to observe the droplet size distribution in relation to the original sample. Prior to running the 

experiment, care must be taken to ensure that all the pipe connections are fitted properly to 

prevent any fluid leaks and pressure losses. 
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Fig. 3.4: Schematic diagram of experimental set-up. 
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CHAPTER 4 

 

STABILITY AND RHEOLOGICAL BEHAVIOUR OF OIL–IN–WATER 

(O/W) EMULSIONS 

 

In this chapter, the formation and stability of oil-in-water emulsion was studied using 

mathematical and statistical approach. An integrated hybrid genetic algorithm (GA) coupled 

with feed-forward back-propagation artificial neural network (BPANN) and response surface 

methodology (RSM) based on Box–Behnken design (BBD) was adopted for optimization of 

input parameters. A detailed experimental finding for emulsion stability and rheological 

behavior of emulsions are discussed. The input parameters considered for the optimization of 

emulsion stability were oil concentration, surfactant concentration, stirring speed and stirring 

time and the output parameter was relative emulsion volume expressed as emulsion stability 

index (ESI24). Sections 4.2 and 4.3 are dedicated to statistical modeling of emulsion 

formation and stability and rheology of emulsions is reported in section 4.4. 

 

4.1 STATISTICAL MODELLING OF EMULSION FORMULATION AND 

STABILITY AND OPTIMIZATION OF PROCESS PARAMETERS 

A synchronized approach has been adopted in the present work. The significant 

parameters influencing the emulsification process and emulsion stability were identified and 

experiments were designed according to four levels of BBD matrix under RSM to find out 

the actual response (ESI24). Based on statistical analysis (analysis of variance (ANOVA)), a 

model was developed for predicting maximum emulsion stability and the model predictions 

were then compared with the actual experimental response. Thereafter optimization of 

process parameters was done using a newly developed hybrid ANN-GA framework assisted 

by RSM-BBD. 

 

4.1.1 RSM Modeling 

A three level-four factor BBD was employed to determine the simple and combined effects of 

four operating variables on the emulsion stability. The variation in emulsion stability (ESI24) 

under different conditions is presented in Table 4.1. Linear and second order polynomials 

were fitted to the experimental data to obtain the regression equations. The sequential F-test, 

lack-of-fit test and other adequacy measures were used in selecting the best model.  
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Table 4.1: A 3
4 

Box Behnken design (BBD) Matrix with the experimental and predicted 

responses of emulsion stability (ESI24). 

Standard 

run 

order 

A: Oil 

Conc. 

B: 

Surfactant 

Conc. 

C: 

Stirring 

Speed 

D: 

Stirring 

Time   

Response (Y),  

ESI24  
Error, ϵ 

  (v/v %) (w/v %) (rpm) (min) Yexperimental Ypredicted   

1 -1 -1 0 0 0.121 0.126 -0.005 

2 1 -1 0 0 0.072 0.133 -0.061 

3 -1 1 0 0 0.196 0.157 0.040 

4 1 1 0 0 0.781 0.797 -0.016 

5 0 0 -1 -1 0.372 0.326 0.046 

6 0 0 1 -1 0.382 0.450 -0.068 

7 0 0 -1 1 0.466 0.419 0.047 

8 0 0 1 1 0.069 0.136 -0.067 

9 -1 0 0 -1 0.120 0.083 0.037 

10 1 0 0 -1 0.704 0.665 0.039 

11 -1 0 0 1 0.168 0.232 -0.063 

12 1 0 0 1 0.235 0.296 -0.061 

13 0 -1 -1 0 0.162 0.183 -0.021 

14 0 1 -1 0 0.475 0.530 -0.055 

15 0 -1 1 0 0.132 0.104 0.029 

16 0 1 1 0 0.450 0.451 -0.001 

17 -1 0 -1 0 0.144 0.203 -0.059 

18 1 0 -1 0 0.570 0.527 0.043 

19 -1 0 1 0 0.175 0.124 0.051 

20 1 0 1 0 0.504 0.447 0.056 

21 0 -1 0 -1 0.165 0.192 -0.027 

22 0 1 0 -1 0.512 0.539 -0.027 

23 0 -1 0 1 0.168 0.082 0.086 

24 0 1 0 1 0.488 0.429 0.059 

25 0 0 0 0 0.481 0.476 0.005 

26 0 0 0 0 0.489 0.476 0.005 

27 0 0 0 0 0.466 0.476 -0.010 

28 0 0 0 0 0.468 0.476 -0.008 

29 0 0 0 0 0.475 0.476 -0.001 
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Statistical testing of various models was performed with the analysis of variance 

(ANOVA) to investigate and predict the desired model and to identify the significant factors. 

The ANOVA results are shown in Table 4.2. The FStatistics and p values were used in the 

analysis to test the significance level of the regression model and also for each coefficient, 

which indicated the interaction effects between each independent variable. The F-value of 

27.8 implies that the model is significant. There is only a 0.01% chance that an “F-value” 

could be large due to noise. If p > F-value is less than 0.05, the model is considered to be 

statistically significant. From Table 5, it can be seen that the coded parameters A, B, C, D, 

A
2
, B

2
, C

2
, D

2
 and AB, AD, CD are significant parameters, i.e. (p>F) < 0.05. The higher 

value of correlation coefficient (R
2
) showed the desirability of the model to describe the 

relationship between variables. The value of R
2
 was 0.9474 indicated that only 5.26% of the 

total variation could not be explained by the empirical model. Further, Adj-R
2
 and coefficient 

of variation (CV) were estimated to check the model adequacy. A higher adj-R
2
 demonstrated 

that non-significant terms were not included in the model. Generally, a low CV shows that 

the variation in the mean value is low and that a satisfactory and adequate response model 

can be developed. For the present model, Adj R
2  

was 0.9133 and CV was 16.92. The high Adj 

R
2 

(nearer to 1.0) and the low CV values for the proposed model indicated the precision and 

reliability of the experimental runs. Adequate precision (Adeq) measures the signal-to-noise 

ratio (S/N); with a ratio greater than 4 being desirable. For the proposed model, Adeq was ~ 

19, i.e. a very good S/N ratio (Table 4.2). The comparison between predicted and actual 

values for the response variables also indicated that the proposed quadratic regression models 

were suitable to determine optimum formulation for preparing o/w emulsions with maximum 

physical stability, as shown in Fig. 4.1.  

The adequate model for the emulsion stability was selected by Fisher’s F-value and the 

probability value (p<0.05) along with a correlation coefficient (R
2
). The linear, 2FI and 

quadratic models were suggested by the analysis of data reported in Table 4.3. However, a 

higher order model was selected. The fit summary statistics (Table 4.3) indicated that the 

quadratic model is statistically highly significant (R
2
= 0.9497). Fig. 5 confirmed the adequacy 

of the model in predicting the precise values. The following polynomial model for the 

stability of the o/w emulsion was used to correlate the dependent and independent variables 

(in terms of coded factors) within confidence interval, CI > 95%: 
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Model equation in terms of actual factors (units): 
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Fig. 4.1: Experimental results and Predicted responses of emulsion stability analysis. 
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Table 4.2: Analysis of variances (ANOVA) results for the RSM-BBD model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source Sum of Squares DF Mean Square F Value Prob> F Remark 

Model 1.0447 11 0.0950 27.8299 < 0.0001 Highly significant 

A- oil concentration 0.3140 1 0.3140 92.0193 < 0.0001 Highly significant 

B- Surfactant concentration 0.3609 1 0.3609 105.7660 < 0.0001 Highly significant 

C- stirring speed 0.0190 1 0.0190 5.5729 0.0304 Significant 

D- Stirring time 0.0364 1 0.0364 10.6541 0.0046 Significant 

A
2
 0.0440 1 0.0440 12.8820 0.0023 Highly significant 

B
2
 0.0532 1 0.0532 15.5823 0.0010 Highly significant 

C
2
 0.0304 1 0.0304 8.9134 0.0083 Significant 

D
2
 0.0364 1 0.0364 10.6655 0.0046 Significant 

AB 0.1001 1 0.1001 29.3233 < 0.0001 Highly significant 

AD 0.0671 1 0.0671 19.6686 0.0004 Highly significant 

CD 0.0415 1 0.0415 12.1694 0.0028 Highly significant 

Residual 0.0580 17 0.0034 - - - 

Pure Error 0.0004 4 0.0001 - - - 

Cor Total 1.1027 28 - - - - 

Model statistics 
      

R
2 
 0.9474 

 
Adeq Precision 19.010 

  
Adj R

2
 0.9133 

 
PRESS 0.23 

  
Pre  R

2
 0.7870 

 
C.V. 16.920 

  
Std. Dev. 0.058 
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Table 4.3: Selection of adequate model for optimization of emulsion stability process parameters. 

 

Source Sum of Squares DF Mean Square F Value Prob> F Remark 

 

Sequential Model Sum of Squares 

    Mean 3.4548 1 3.4548 - - - 

Linear 0.7303 4 0.1826 11.7679 < 0.0001 Suggested 

2FI 0.2112 6 0.0352 3.9333 0.0109 Suggested 

Quadratic 0.1056 4 0.0264 6.6638 0.0032 Suggested 

Cubic 0.0489 8 0.0061 5.5761 0.0253 Not recommended 

Residual 0.0066 6 0.0011 - - - 

Total 4.5575 29 0.1572 - - - 

 

Model Summary Statistics 

    Source Std. Dev. R
2
 Adj.  R

2
 Pre R

2
 PRESS Remark 

Linear 0.1246 0.6623 0.6060 0.5094 0.5410 - 

2FI 0.0946 0.8539 0.7727 0.6902 0.3416 - 

Quadratic 0.0630 0.9497 0.8994 0.7116 0.3180 Suggested 

Cubic 0.0331 0.9940 0.9722 0.1883 0.8950 Not recommended 
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4.1.2 BP-ANN Modeling 

A total of 120 experimental data sets were used to feed the ANN structure (Appendix B, Table 

B1). These experimental data sets were apportioned into training (60 % of data sets), validation (20 

%) and testing (20 %) subsets that contained 72, 30, and 18 experimental data sets, respectively, to 

improve the accuracy of the model by eliminating the errors. In the present study, 4 neurons in the 

input layer, 24 neurons in the hidden layers and 1 neuron in the output layer (Fig. 4.2), were used.  

Thus, the ANN architecture is 4-24-1. A fully connected three-layer BP-ANN with the input, 

hidden, and output layers is shown in Fig. 4.2. 

In order to determine the optimum number of hidden neurons, a series of computations were 

performed, in which the number of neurons were varied from 1 to 30. An optimum number of 

neurons present in the hidden layer which ensure that there is no over-fitting of the experimental 

data were selected on the basis of MSE and SSE as shown in Table 4.4. A total of 24 neurons were 

used in the hidden layer. 

The variation of MSE of training, validation and testing data set with respect to the epoch (i.e. 

the number of cycles the network is presented with a new input pattern) is shown in Fig. 4.3. The 

MSE decreases very rapidly in the beginning, and the reduction rate slows down with an increase in 

the number of epochs, finally reaching a saturation point. The validation data set was used to stop 

the training process in early stopping criteria for providing better generalization. Fig. 4.3 shows that 

the validation error (MSE) is minimum at epoch 6. Therefore, the training was stopped at this point 

and the weights and biases were used to model ESI24. The associated network weights and biases 

were used for generating BP-ANN model, which were further used in GA is shown in Table 4.5. 

The correlation coefficient between the target (experimental value) and output (ANN output) of 

training, validation and testing is shown in Fig. 4.4. The ANN training was done for 1000 iterations 

for the best fit values using a feed forward scaled conjugate algorithm and the resilient BP 

algorithm which reduced the training iterations significantly.  The training data indicate a very good 

fit (R=0.9975). However, a global regression correlation coefficient value (R) of 0.8123 was 

obtained (Fig. 4.4) between the ANN-simulated output values and the actual experimental values, 

signifying the model with not very good predictive power. Scattered data points indicate that non-

linear parametric relationships are involved in the formation of these emulsions. The regression 

correlation coefficient of 0.9975 for training and 0.8123 for the overall model (Fig. 4.4) between 

the ANN-simulated output and the actual experimental data were obtained. These regression values 

concluded that there is satisfactory agreement between the experimental data points and the 

proposed model fit.  
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Table 4.4: Determination of optimum number of neurons for hidden layer in BP-ANN. 

No. of neurons in the hidden layer SSE
*
 MSE

**
 RPD

***
 

1 1.4139 0.0196 42.4 

2 0.8025 0.0111 41.9 

3 0.8402 0.0117 44.7 

4 0.3538 0.0049 26.6 

5 0.3449 0.0048 32.6 

6 0.5720 0.0079 33.1 

7 1.0723 0.0149 41.7 

8 0.5046 0.0070 30.9 

9 0.9160 0.0127 42.0 

10 0.4129 0.0057 27.6 

11 0.8332 0.0116 39.2 

12 0.8715 0.0121 17.3 

13 0.6131 0.0085 31.9 

14 1.1280 0.0157 30.1 

15 0.3483 0.0048 19.8 

16 0.4762 0.0066 29.9 

17 0.2542 0.0035 22.8 

18 0.4960 0.0069 35.5 

19 0.6590 0.0092 36.5 

20 0.4226 0.0059 28.1 

21 0.1962 0.0027 16.6 

22 0.8983 0.0125 35.6 

23 0.3565 0.0050 20.9 

24 0.1372 0.0019 11.7 

25 0.6761 0.0094 31.3 

26 2.5050 0.0348 64.1 

27 0.4019 0.0056 17.4 

28 1.7419 0.0242 60.3 

29 0.3679 0.0051 31.1 

30 0.8353 0.0116 22.8 

*SSE = Sum of square error; ** MSE = Mean of square error; ***RPD = Relative percent deviation. 
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Fig. 4.2: Pattern of optimized ANN architecture (4-24-1). 
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Fig. 4.3: The performance of the BP-ANN model (4-26-1) in the training phase showing 

performance value (MSE- 0.014751) after 6 epcohs. 
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Fig. 4.4: Regression plot showing regression coefficient of experimental data and BP-ANN  

(4-24-1) model simulated values. 
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Table 4.5: Network weights and biases for BP-ANN model. 

Neuron 

no. 

Weights from input layers to hidden layers 

Bias to 

hidden 

layers 

Weights 

from 

hidden 

layers to 

output 

layers 

Bias to 

output 

layers 

A: 

 Oil 

Concentration 

B: 

Surfactant 

Concentration 

C: 

Stirring 

Speed 

D: 

Stirring 

Time 
   

1 -1.1257 2.1398 3.7060 0.8470 2.2442 0.2841 

1.0235 

2 2.2821 1.2000 -1.5587 -0.6192 -2.8097 0.6445 

3 2.3110 0.3994 1.1309 -1.7821 -2.8616 1.0125 

4 -1.7211 -0.7713 1.5979 -2.5585 1.9393 -0.2174 

5 0.8582 0.4652 -3.3252 0.7471 -1.4605 0.0559 

6 1.9062 -0.2080 -2.8216 -2.2559 -1.9145 -0.9933 

7 0.9966 -0.1734 -2.4875 -1.9653 -1.2082 1.4229 

8 0.5570 -2.1592 2.3924 0.9110 1.7392 -0.0234 

9 1.9111 0.6332 -1.9769 1.4253 0.5915 0.0685 

10 -1.9962 0.6479 1.0797 0.1140 1.7175 0.8235 

11 -0.6826 2.7577 -0.3466 1.7228 -1.1971 0.3846 

12 0.1628 1.8386 1.1104 -2.6044 0.0965 0.1558 

13 -1.9451 -3.0334 -0.8859 -1.4257 0.0700 0.3855 

14 0.4749 0.9029 -2.1286 -2.2904 0.5862 0.1146 

15 0.8540 -1.7570 -2.6914 0.9351 -0.3475 0.2085 

16 -1.0599 -2.8120 2.0560 -1.0711 -1.7215 -0.8983 

17 0.0172 -2.8595 0.0241 -0.4856 -1.3963 0.3112 

18 -2.3689 -2.4126 1.0343 0.8641 -1.4886 -0.8574 

19 0.4027 -1.6645 0.6760 2.4744 1.6631 0.7024 

20 2.2570 0.8435 -2.0088 0.8680 2.1602 -0.2165 

21 -1.4654 -0.5637 1.9730 -1.6874 -2.2184 0.3447 

22 -3.3087 -1.6882 0.9718 0.8884 -2.5184 0.8774 

23 -2.6290 -0.3691 -1.9320 0.8932 -2.6429 -0.7018 

24 2.3235 -1.8168 0.5767 0.0854 2.6037 1.3169 
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4.1.3 Multi Objective Hybrid GA Optimization Model 

A hybrid multi objective optimization approach was adopted for optimizing emulsion 

stability process parameters. Fig. 4.5 illustrates the flow chart for the operation of the proposed 

hybrid GA to optimize the proposed problem. The RSM regression model, Eq. (4.1), was taken as 

the optimization objective function or fitness function and the BP-ANN network data were used as 

an initial population. The minimum and maximum process parameter values of the experimental 

design were used to define the GA optimization constraints as follows: 
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Before proceeding for the optimization of the emulsion stability parameters, the GA 

parameters, i.e. numbers of generations (Ng), cross-over rate (Cr) and mutation fraction (Mf) were 

selected by trial and error. These values were taken as the optimum simulation criteria of hybrid 

GA algorithm for the development of the hybrid GA model, as shown in Table 4.6. The weighted 

average change in the fitness function value over 200 generations was used as the criteria for 

stopping the algorithm. 

 

Table 4.6: Criteria of hybrid GA simulation leading to the optimal solution. 

 

Parameters Function type / values 

Population size 72 

Scaling function Rank 

Selection Function Roulette wheel 

Crossover Function Heuristic 

Crossover rate (Cr) 0.8 

Mutation Function Adaptive feasible 

Direction for migration Forward 

Migration fraction (Mf)  0.2 

Generation (Ng) 100 

 



Chapter 4: Results and Discussions 

 

84 

  

 

Fig. 4.5: Algorithm for hybrid GA (GA coupled with BP-ANN and RSM-BBD) to optimize the 

emulsion stability process parameters.  
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 In the present study, 29 experimental data sets were used for the RSM-BBD model, and 120 

experimental data sets were used for the Hybrid ANN-GA model. These models were compared 

and validated by performing confirmatory experiments (in triplicate) at the predicted optimal 

parametric conditions. The deviation between the predicted results from the hybrid GA and the 

BBD models and the averaged values of the experimental data are also shown in Table 4.7. It was 

observed that the optimal process parameter values, which lead to the maximum ESI24 value of 

0.913, were: 50% (v/v) oil concentration, 2% (w/v) surfactant concentration, 5691 rpm stirring 

speed and 5 min stirring time. The optimal solution was obtained at the 100
th

 generation. The best 

fitness value of the hybrid GA model, 1.0952  and the mean fitness value of 1.1324 are comparable 

(Fig. 4.6). This indicates the potential of the hybrid GA model to converge rapidly in a few 

generations. This signifies that copying an individual according to its fitness leads to a higher 

probability of it contributing a better offspring (having a higher fitness) in the next generation.  

 

 

 

Fig. 4.6: Hybrid GA model simulated Fitness function plot. Best and average fitness values show a 

gradual convergence towards the optimum value of 1.0952 after 100 generations. 
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4.1.4 Process Parametric Interactions 

The ANOVA results (Table 4.2) predicted that the response (ESI24) was affected by the oil 

and surfactant concentrations, stirring speed and stirring time (p<0.05). It also showed that the  

mutual interactions among all the parameters were also significant (p<0.05). The effect of oil and 

surfactant concentrations were highly significant (p<0.0001) as compared to stirring speed and 

time.  

Fig. 4.7 shows the effect of a single parameter on the emulsion stability at the optimized 

conditions. From Fig. 4.7(b), it was observed that as the surfactant concentration increases from 0.1 

to 1.2 % (w/v), the ESI24 increases sharply from 0.10 to 0.7 and thereafter, the increase in ESI24 

slows down. ESI24 increases steadily with an increase in oil concentration (Fig. 4.7a). ESI24 

increases with an increase in the stirring speed, reaches a maxima at ~4000-5000 rpm and then 

decreases (Fig. 4.7c). Further, the maximum ESI24 was attained at the stirring time of 5-8 min. ESI24 

decreases with an increase in the stirring time beyond 8 min (Fig. 4.7d). 

The mutual interactions of oil and surfactant concentration, stirring speed and time with 

ESI24 were found to be very significant (p<0.05), as shown in Table 4.2. Fig. 4.8-4.9 show the 3D 

and 2D surface plots for ESI24 of emulsions as a function of oil and surfactant concentrations. It 

was observed that at low oil concentrations (<30 % (v/v)) and low surfactant concentrations (<1 % 

(w/v)), the ESI24 is in the range of 0.10-0.25, which indicated that the emulsion is unstable and 

highly flocculating in nature. At low surfactant concentrations, the emulsion is unstable, mainly 

because of agglomeration of the oil droplets. In the oil concentration range of 10-25 vol%, an 

increase in the surfactant concentration from 0.8 to 2 wt% has little effect on ESI24 (ESI24 ~ 0.30). 

At high surfactant and low oil concentrations, the emulsion destabilization occurs probably because 

of the rapid coalescence. ESI24 increased significantly from ~ 0.40 to 0.65 as the oil concentration 

increased from 30% to 40% (v/v) with an increase in surfactant concentration. The most desirable 

stable region (ESI24 in the range of 0.66-0.86) was observed with oil concentration in the range of 

40-50% (v/v) and surfactant concentration in the range of 1-2% (w/v) (Fig.4.8-4.9). As the 

dispersed phase concentration (oil phase) increases in the continuous phase, more oil droplets were 

formed and an external layer of surfactant film was formed at the interface, increasing the steric 

repulsion potential between the oil droplets and reducing the rate of creaming over the storage time. 

The stability of emulsions is affected by the thickness of the interface layer as the surfactant 

concentration changes. 

For the emulsification process, stirring time and speed play an important role. 

Emulsification proceeds with an increase in the interfacial area between the immiscible phases 

because of rupturing of the larger droplets into smaller ones, when the intensity and the duration of 

the mechanical energy dissipation were varied. Effective rupturing of larger oil droplets can occur 
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with an increase in the local dissipation energy in the droplets breakdown zone.This can be 

achieved by increasing the circulation through the mixing zone (Graillat et al., 1990). For this 

purpose, a high shear, six pass rotar-stater mixer was used for the preparation of the emulsions. Fig. 

4.10 shows the variation of ESI24 as a function of stirring speed and time. Emulsion stability 

increases with an increase in stirring speed, which in turns reduced the redii of the oil droplets. 

Optimum ESI24 of 0.86 was obtained at a stirring speed of ~ 5000 rpm and for  a stirring time of ~7 

min. Fig. 4.7(d), shows that the ESI24  reaches a maxima at around ~5000 rpm and thereafter, it 

decreases. At a higher stirring speed (> 5000 rpm), the emulsifier gets detached from the oil-water 

interface. A range of 2500-5000 rpm for stirring speed and 5-12 min of stirring time helps in the 

formation of stable emulsions with ESI24 in the range of of 0.70-0.86. If the stirring time increases 

beyond 14 min, the ESI24  decreases rapidly with an increase in rpm. It was observed that for longer 

stirring time, low stirring speed improves the emulsion stability and that the stirring speed has no 

effect on the ESI24, if the time of stirring is more than 17 min. 

  

 

 

Fig. 4.7: Single factor plot showing the effect of (a) oil concentration; (b) surfactant concentration; 

(c) stirring time; and (d) stirring speed on emulsion stability (ESI24). 
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Fig. 4.8: 3D response surface plot showing the effect of oil concentration and surfactant 

concentration on emulsion stability index (ESI24). 

 

 

Fig. 4.9: 2D contour plot showing the variation of emulsion stability index (ESI24) with oil 

concentration and surfactant concentration. 
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Fig. 4.10: 2D contour plot showing the combine effect of stirring time and stirring speed on 

emulsion stability index (ESI24). 

Fig. 4.11-4.12 shows the mutual interactions of stirring time and oil concentration on 

emulsion stability. As the stirring time becomes longer, the oil-water interface is severely disturbed 

and the surfactant drops out from the interface, which lead to a decrease in the emulsion stability. 

From Fig. 4.10(a, b), it can be seen that the ESI24 increases with an increase in oil concentration and 

stirring time. At low oil concentration (< 20% (v/v)), stirring time has no effect on emulsion 

stability. Emulsion stability increases significantly (ESI24 > 0.5) for oil concentration > 30 vol% and 

stirring time ~ 5-11 min. For higher oil concentrations (40-50%(v/v)),  very stable emulsions were 

obtained (ESI24 > 0.7) upto stirring time of 12 min. Beyond 12 min, the emulsion stability decreases 

progressively mainly because of the dropping out effect of surfactant from the oil-water interface. 

4.1.5 Validation of Hybrid GA and RSM-BBD Models 

 The optimum combinations of emulsion stability process parameters obtained by the 

developed hybrid GA and RSM models (Table  4.7) were validated by performing confirmatory 

experiments at predicted optimized conditions. The confirmatory experiments were performed in 

triplicate, and the averaged values are shown in Table 4.7. The deviation between the hybrid GA 

and RSM-BBD model predicted results with the experimental data are in the percentage error range 

of ~ 5 %. This showed that the model predictions were satisfactory. Hence, the adequacy of 

hybrid GA and RSM models on emulsion stability was confirmed. 
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Fig. 4.11: 3D response surface plot showing the effect of oil concentration and stirring time on 

emulsion stability index (ESI24). 

 

 

Fig. 4.12: 2D contour plot showing the combined effect of stirring time and oil concentration on 

emulsion stability index (ESI24).   
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Table 4.7: Comparative results of confirmatory experiments for model validation. 

 

Models 

 

 

Process Parameters 

RSM-BBD model 
Hybrid GA model 

Solution criterion 1
*
 Solution criterion 2

#
 

Optimized 

values 

Experimental 

values 

Optimized 

values 

Experimental 

values 

Optimized 

values 

Experimental 

values 

A: Oil Concentration  

(vol %) 
49.13 49 50 50 50 50 

B: Surfactant 

Concentration (wt %) 
1.88 1.88 1.05 1 2 2 

C: Stirring Speed (rpm) 4962.60 4950 2000.73 2000 5691.33 5700 

D: Stirring Time (min) 7.1 7 5.0 5 5.0 5 

Response (Y): ESI24 

(vol. fraction) 
0.866 0.826 0.546 0.584 0.913 0.872 

Error  (%) 4.84 6.50 4.70 

  Criterion 1*: A, B, C, D are in range and ESI24 (response) maximize. 

                Criterion 2#: A is in range; B, C,D are minimize and ESI24(response) maximize.
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4.2 EMULSION STABILITY  

 

4.2.1 Effect of Volume Fraction on Emulsion Stability 

 The emulsion stability was assessed by CI and EI, and is shown in Fig. 4.13(a-b) as a 

function of storage time. Both CI and EI provided indirect information about the extent of droplet 

aggregation and coalescence in an emulsion. Higher CI indicates higher aggregation. Larger the 

droplets, faster the creaming (Perrechil and Cunha, 2010; Lovaglio et al., 2011). Higher EI 

indicates higher stability of the emulsion. 

 From Fig. 4.13(a-b) it can be seen that the dilute o/w emulsions i.e., set 1 and set 2 

emulsions, are flocculating in nature. Specially set 1 emulsion was highly flocculated, having a CI 

of ~85% and EI of ~15%. For these emulsions, the creaming process was much more pronounced. 

During the storage time, a turbid serum phase was separated at the bottom and a gel cream layer 

moved upward and settled at the top of the separating funnel. For set 1 emulsion, the creaming 

process was very fast and continued for 15 min. Thereafter, the creaming process became slow and 

the creamed emulsion layer became stable for about 3 days, without separating into oil and water 

phases individually. In comparison to set 1, set 2 and set 3 emulsions had lower CI, i.e. ~60% 

and35 %, respectively, and EI, i.e. ~40% and 65 %, respectively. The highly concentrated o/w 

emulsions, i.e. set 4 and set 5 emulsions, showed a very low creaming tendency. As the dispersed 

phase concentration increases, the creaming tendency of the emulsions decreases. As a result, the 

concentrated emulsion was formed with high EI (> 90%). Actually, for highly concentrated o/w 

emulsion (set 5), the CI and EI were ~2% and ~98%, respectively, which indicated no creaming. 

Thus, the highly concentrated emulsions were highly stable for a longer period of time. 

Photomicrographs of all sets of o/w emulsions were shown in Fig. 4.14.  

 

4.2.1.1 Droplet size distribution (DSD) of emulsions 

 DSD as determined by the zetasizer is shown in Fig. 4.15. It was observed that the average 

size of the emulsion droplets gradually decreases from 1.72 to 0.712 m with an increase in the oil 

concentration from 10% to 80% (v/v). For the set 4 and set 5 emulsions the droplet size 

distributions were within a narrow band. The distribution curve becomes broader and wider as the 

oil concentration decreases (set 3, set 2, set 1). DLS measurements showed a uni-modal droplet size 

distribution of emulsions with average droplets size increasing from 0.71 m (set 5) to 1.72 m  

(set 1). 
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Fig. 4.13(a): Variation of creaming index (CI) with time for different o/w emulsions. 

 

 

 

 

 

Fig. 4.13(b): Variation of emulsification index (EI) with time for different o/w emulsions. 

Set 5 (– –); set 4(– –); set 3(– –); set 2(–  –); set 1(– –).      
  

Set 5 (– –); set 4(– –); set 3(– –); set 2(–  –); set 1(– –).      
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Fig. 4.14: Photomicrographs of freshly prepared oil-in-water emulsions at 40X.  

 

 

Fig. 4.15: Droplet size distribution of o/w emulsions.  

 

 

 

 

Set 5 (– –); set 4(– –); set 3(– –); set 2(–  –); set 1(– –).      
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4.2.1.2 Electrophoretic characteristics of emulsions 

 Zeta potential and electrophoretic mobility of different sets of emulsions are shown in Fig. 

4.16. All the emulsions showed a characteristic stabilized behavior with an anionic surfactant. Both 

zeta potential and electrophoretic mobility progressively increased with an increase in the oil 

volume fraction (Fig. 4.16). This suggests that more and more oil droplets get attached to the 

interface and increase the stability of emulsions. For set 1 emulsion, the magnitude of zeta potential 

was smaller (52.87 mV) than that of set 5 emulsion (88.67 mV). This may be because of the fact 

that at lower zeta potential the steric repulsion between the dispersed oil droplets may not be high 

enough to overcome the attractive interaction between the droplets (i.e. van der Waals and 

hydrophobic attraction forces) and the energy barrier ( Zee et al., 2012; Kundu et al., 2013).  As a 

result, the emulsion becomes flocculating in nature and prone to aggregation of droplets which 

enhances the creaming rate. On the other hand, the emulsion with higher zeta potential, i.e. set 5 

and set 4 emulsions, (>70 mV) possess strong steric repulsive forces, which prevent coalescence of 

droplets (higher electrophoretic mobility). Thus, the emulsion becomes highly stable for a longer 

period of time, having a very low creaming rate.  

 

 

 

Fig. 4.16: Zeta potential and electrophoretic mobility of emulsions with oil volume fraction.  

Zeta potential ●; Mobility ▲. 
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4.2.1.3 Surface tension of emulsions 

The variation of surface tension (SFT) of emulsions is shown in Fig. 4.17 along with two 

extreme cases, i.e. the SFT of pure deionized water ( = 1.0) and pure oil ( = 0). The SFT of 

emulsions gradually decreases as the oil volume fraction increases. From  = 0.5 onwards, there is 

a sharp decrease in SFT, forming highly concentrated o/w emulsion. As the oil volume fraction 

increases (at a fixed surfactant concentration, 1 w/v %) successively larger number of oil droplets 

get attached onto the oil water interface. This increases the interfacial adsorption, reduces the SFT 

of oil and water phases and results in the formation of more stable emulsions with the large 

interfacial area and film strength. These results are also in agreement with those of Wang et al. 

(2000).   

 

Fig. 4.17: Variation of surface tension of emulsions with oil volume fraction. 

 

4.2.2 Effect of pH on Emulsion Stability 

 The emulsification index (EI) and the creaming index (CI) of the emulsions as functions of 

storage time are shown in Fig. 4.18(a)-4.18(b).  From this figure, it can be seen that all the sets of 

o/w emulsions are flocculating in nature. The creaming process is found to be dominating. During 

storage, a turbid serum phase separates at the bottom and a gel creamy layer moves upward and 

settles at the top of the fluid column in the separating funnel. The relative volume of emulsion 

phase changes with time logarithmically. The degree of flocculation is found to increase as the pH 

of the emulsion decreases. The emulsion at pH 2 was highly flocculated having a high CI of ~ 78 % 

and an EI of ~ 22.4 % (after 24 h) as compared to pH 12 (CI~61 % and EI ~39 %, after 24 h). The 
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EI and CI values of all other emulsions at different pH (pH = 10, 8, 8, 4) lie in between. It is 

observed that for the first 20s, the creaming rate is rapid and, thereafter, it gradually slows down 

with time and becomes eventually steady after 500 s. After this times, the creaming process slows 

down and the creamy emulsion layer become stable for a long period of time without separating 

into oil and water phase individually except at the emulsion pH 2. 

 

Fig. 4.18: Influence of pH on o/w emulsion stability (a) Emulsification stability index (EI) plot   (b) 

Creaming index (CI) plot. pH: 12   ; 10   ; 8   ; 6   ; 4   ; 2    . 
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4.2.2.1 Droplets size distributions (DSD) of emulsions 

Droplets size distribution (DSD) of o/w emulsions for different pH is shown in Fig. 4.19. It 

is observed that the DSD for pH 12, 10 and 8 (i.e. basic emulsion) shows a monomodal shape. But 

for pH 6, 4 and 2 (i.e. acidic emulsion), the DSD shows a bimodal shape with the secondary 

maximum at a relatively high values of the droplet diameter and wider distribution with higher 

mean sizes. The DSD profiles for all emulsions get spreader and move to the right for the higher 

sizes as the pH of the emulsion decreases. The wide and bimodal DSD profile can be explained by 

the fact that the disruption of emulsion droplets is followed by a coalescence process as the pH of 

the emulsion decreases due to the charge neutralizations at the interface. The reverse will happen 

with an increase in pH favoring droplet-droplet collision and preventing coalescence. The average 

droplet size, expressed as d43, is an important structural parameter that dictates the flow behavior of 

emulsions (Otsubo and Prudhomme, 1994), and is also related to linear viscoelasticity parameters 

(Princen and Kiss, 1989; Partal et al.,1998; Romero et al.,2002). 

Under a steady macroscopic flow, the droplets of emulsions are subjected to two opposing 

effects: (i) a viscous stress of magnitude   
c , that tends to elongate the droplet, and (ii) a 

interfacial stress of magnitude  R/  that tends to minimize the surface energy and hence tends to 

maintain the droplet in a spherical shape. Therefore the realized morphology of a drop is 

determined by the ratio of these forces expressed through a non-dimensional scaling term referred 

to as capillary number (NCa). In the present study, modified capillary number ( mCaN , ) has been used 

by replacing viscosity of continuous phase ( c ) with viscosity of emulsion ( em ) (mean field 

viscosity) for generalizing the rheological data and expressed as (Derkach et al., 2009):  

 )4.4(,
R

N em

mCa


 
  

where   is the shear rate,   the interfacial tension and R is the mean droplet radius. This approach 

provided a possibility to present all experimental values of drop anisotropy as a function of shear 

rate for emulsions of different pH as a unique function of the mCaN , . 

The significance of deformation of the droplets under shear flow can be determined by the 

equation proposed by Torza et al. (1972), and is expressed by: 
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 where, r is the relative viscosity (i.e. cem  ) 

 Droplet size distribution of all freshly prepared emulsions were measured before 

commencing the rheological test. Droplet size measurement also performed at the end of each 
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rheological test to check the change in droplet size distribution of  emulsion samples. Eventually no 

significant change in droplet size distribution was observed. The capillary number ( mCaN , ) and the 

deformation (Dm) for the emulsions of different pH at three different shear rate (i.e. 

13002 10,10,10  s ) are summarized in Table 4.8. It was observed that  both mCaN ,  and Dm are 

small for o/w emulsions, where small dispersed droplets are suspended in a continuous aqueous 

phase. At low and high share rate, i.e.  302 1010   , mCaN ,   and Dm are very small 

 0;0,  mmCa DN  for all sets of emulsions. This indicates that the deformation of droplets is 

indeed negligible.  Therefore, droplets can be treated as spherical and assume to behave as rigid 

spheres under shear flow (Pal, 2001; Berli et al., 2002). In this case, droplets may form tight 

clusters and cannot be broken under low shear, which exhibit higher viscosity.  

 The viscosity ratio (r) along with capillary number (NCa,m) completely determines the 

dynamics of viscous drop (Stone, 1994).  Further, at a fixed shear rate there is a certain value of 

viscosity ratio above which it is difficult to break a viscoelastic drop (Varanasi et al., (1994)]. Also 

droplets, at a viscosity ratio of 3.4 or more, cannot be fragmented as a result of deformation in a 

steady shear flow (Ha and Leal, 2001). In the present study, r for all sets of emulsions is found to 

be greater than 5 (i.e. r> 5), even at high shear rate. Emulsion drops in viscoelastic matrix remain 

bounded at low capillary numbers where surface tension overpowers viscous stretching and at high 

viscosity ratios where motion inside the drop approaches a rigid body motion hindering stretching. 

 

 Table 4.8: Effect of pH on modified capillary number (NCa,m) and drops deformation  (Dm) in  

         the emulsions. 

 

pH 
IFT 

(mN/m) 

dav 

(m) 

  0210, mCaN

10
6
 

  010, mCaN

10
5
 

  310, mCaN

10
3
 

  0210mD

10
6
 

  010mD

10
5
 

  310mD

10
3
 

2 5.648 5.51 0.109 0.561 1.531 0.129 0.658 1.749 

4 5.056 5.30 0.787 2.307 3.261 0.933 2.730 3.787 

6 3.443 1.69 1.423 2.258 3.117 1.690 2.677 3.656 

8 2.593 1.71 4.091 5.939 4.916 4.857 7.046 5.766 

10 1.526 1.77 17.45 23.18 11.59 20.69 27.41 13.34 

12 1.143 1.27 34.11 48.57 14.90 39.73 53.45 16.44 
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Fig. 4.19:  Evolution of droplet size distribution (DSD) of o/w emulsions with pH. 
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4.2.2.2 Electrophoretic characteristics of emulsions 

Fig. 4.20, shows the Zeta potential and the electrophoretic mobility of o/w emulsions.  It is seen 

that both the zeta potential and the electrophoretic mobility progressively increase with an increase 

in the pH of the emulsion. This suggests that the electrostatic repulsion among the charged droplets 

progressively increased with an increase in pH. This behaviour enhances the stability of the 

emulsions at higher pH (pH 12; ζ = -64 mV). 

The magnitude and sign of the electrical charge on an emulsion droplet depends on the type of 

emulsifier, the concentration of the emulsifier and the prevailing medium conditions. All the 

droplets in an emulsions are usually stabilized by the same type of emulsifier and therefore have the 

same electrical charge. The electrostatic interaction between similarly charged droplets is repulsive 

in nature, and so electrostatic interactions play a significant role in preventing droplets from coming 

close enough together to aggregate. The concentration of counter-ions near a charged surface is 

always greater than the concentration of co-ions, and so a charged surface can be considered to be 

surrounded by a cloud of counter-ions (Hiemenz and Rajagopalan, 1997; Hunter, 2001). The 

distribution of ions close to a charged droplet surface is referred as the "electrical double layer". 

The characteristic Debye length (κ
-1

) is a measure of the thickness of the electrostatic double layer 

and it is related to the properties of the electrolyte solution. The characteristic Debye length is given 

by Hunter (1992):  
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where, NA is Avogadro's number, e is the charge of an electron, ɛ is the dielectric constant of the 

medium, ɛ0 is the permittivity of the free space, and zi and ci are valence and molar concentration of 

the electrolyte, respectively, in the bulk solution. The factor (1−oil) accounts for the reduced 

volume available to electrolyte due to the presence of the oil phase. In the present study NaCl was 

used as an electrolyte of 0.061(M) concentration. Therefore, the characteristic Debye length for the 

o/w system was calculated as 1.03 nm. This corresponds to the distance from the charged droplet 

surface where the electrical potential has fallen to 1/e of its value at the droplet surface. Thus, the 

electrostatic interactions has an important consequences for the stability and rheology of an 

emulsion systems. 

When ionic surfactant molecules are adsorbed at the oil-water interface, the electrostatic double 

layer can extend up to a few tens of nanometers. Emulsion droplets constitute as a 'kinetic unit' 

which moves when the interface is set into motion. As the interface (surfactant monolayer) begins 

to move, this imparts a force on the counter-ions of the double layer and induces motion. The 

motion of the counter-ions gives rise to a body force on the liquid in the double layer, and setting it 

in motion. The presence of the electrostatic double layer at the liquid-liquid interface makes the 
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interface appear to have an enhanced viscosity (Banik and Ghose, 2013). In addition, the distortion 

of electrostatic double layer by the application of shear leads to energy dissipation, and the net 

effect of this phenomenon is an increase in the viscosity of the dispersion, due to the primary 

electro-viscous effect (Hiemenz  and Rajagopalan, 1977). 

 

Fig. 4.20: Zeta potential and electrophoretic mobility of o/w emulsions with different system pH. 

 

4.3 RHEOLOGICAL BEHAVIOR OF O/W EMULSION 

In the present work, the effect of internal phase (oil) concentration,  pH, temperature and an 

anionic surfactant concentration on the rheological properties and flow characteristics of dilute to 

highly concentrated o/w emulsions were investigated.  

 

4.3.1 Steady Shear Rate Analysis  

Typical shear flow (shear rate versus shear stress) and viscosity curves of emulsions at different 

temperatures are shown in Fig. 4.21(a-b). It can be seen that all the five sets of emulsions exhibit 

non-Newtonian behavior. All sets of emulsions showed the characteristic shear-thinning/ pseudo-

plastic non-Newtonian behavior. The viscosity of emulsions decreases with an increase in the shear 

rate.  The shear rate versus shear stress profile is in good agreement with the typical shear-thinning 

plot. A decrease in the viscosity of emulsion with an increase in shear rate (shear stress) occurred 

due to continuous rupture of microstructure, i.e., aggregation of oil droplets (Pal, 1997).  The rate 

of viscosity change decreases non-linearly with an increase in the shear rate up to a certain shear 

rate (< 60 s
-1

) and becomes constant at high shear rate (> 60 s
-1

). Non-linearity of rheograms for 

sets 5-3 are much more pronounced than sets 2 and 1.  
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Fig. 4.21(a): Rheograms (shear rate vs shear stress plots) of different o/w emulsions. 

 

 

 

4.3.2 Modeling of Emulsion Flow Behavior 

It can be seen from Fig. 4.21(a-b), that all sets of emulsions exhibit non-Newtonian flow 

behavior in the shear rate range (1-100 s
-1

). Thus, non-Newtonian models (Ostwald-de-waele power 

law, Casson and Herschel-Bulkley) were evaluated to represent the emulsion rheological 

experimental data.  

The power law model (Eq. 4.7) is two parameter model containing flow consistency index (K) 

and the flow behavior index (n). The non-linear flow behavior of an emulsion can be described by 

Set 5 ( ); set 4( ); set 3( ); set 2( ); set 1( ).   



Chapter 4: Results and Discussions 

 

104 

the Herschel-Bulkley (HB) model and Casson model (Eqs. 4.8 and 4.9). These models combine the 

characteristics of both power law and Bingham plastic models (Pedersen and Rønningsen, 2000).  

Ostwald-de-waele power law:  )7.4(nK    

HB model:    )8.4(n

HBy K  
  

Cason model:           )9.4( 
cy K

   

When the yield stress ( y ) = 0, both Eq. (4.8) and Eq. (4.9) reduce to the power law Newton’s 

law, respectively. When n = 1, Eq. (4.8) reduces to the Bingham model. The different models were 

fitted to the experimental data through regression analysis. It was found that the power law fit is the 

best amongst the three models. The power law fit is shown in Table 4.9, the fits for HB and Casson 

models are given in Table 4.10 and Table 4.11 respectively. 

 

Fig. 4.21(b): Shear rate vs apparent viscosity of different o/w emulsions. 

 

 

Set 5 ( ); set 4( ); set 3( ); set 2( ); set 1( ).   
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Table 4.9: Power law model fitting parameters for o/w emulsions at different temperature. 

Emulsions set/ 

Temperature(
o
C) 

K 

(Pa.s
n
) 

n R
2
 Adj R

2
 SEE 

PRESS 

 

Set 5 (80 %)       

25  1.6192±0.0346 0.5036±0.0052 0.9980 0.9980 0.1973 1.6307 

30  1.6870±0.0526 0.4375±0.0076 0.9938 0.9937 0.2394 2.4426 

40  1.7390 ±0.0729 0.3770±0.0103 0.9844 0.9840 0.2810 3.4231 

50   1.3662±0.0513 0.3609±0.0092 0.9854 0.9850 0.1894 1.5441 

Set 4 (70 %)       

25   1.4476±0.0542 0.5068±0.0090 0.9937 0.9935 0.2962 3.7248 

30  1.3364±0.0424 0.4647±0.0077 0.9945 0.9944 0.2083 1.8515 

40  1.2991±0.0554 0.4184±0.0104 0.9874 0.9870 0.2388 2.4350 

50   0.7924±0.0287 0.4706±0.0088 0.9929 0.9927 0.1434 0.8635 

Set 3 (50%)       

25   0.8567±0.0176  0.5677±0.0049 0.9989 0.9989 0.1022 0.3287 

30   0.6867±0.0150 0.5740±0.0052 0.9988 0.9988 0.0889 0.2457 

40   0.6486±0.0130 0.5420±0.0048 0.9989 0.9988 0.0694 0.1550 

50  0.4020±0.0079 0.5967±0.0047 0.9991 0.9991 0.0499 0.0778 

Set 2 (30%)       

25   0.9640 ±0.0259 0.5042±0.0065 0.9975 0.9974 0.1201 0.4598 

30   0.8875±0.0205 0.4777±0.0056 0.9980 0.9979 0.0907 0.2619 

40   0.5361±0.0174 0.5678±0.5678 0.9973 0.9972 0.1008 0.3277 

50   0.3705±0.0048 0.5936±0.0031 0.9995 0.9995 0.0346 0.0497 

Set 1 (10%)       

25   0.7708±0.0173 0.5144±0.0054 0.9980 0.9998 0.0897 0.2973 

30   0.5526±0.0091 0.5585±0.0040 0.9991 0.9991 0.0556 0.1137 

40   0.4487±0.0131 0.5937±0.0070 0.9977 0.9976 0.0888 0.2921 

50   0.3243±0.0042 0.6036±0.0031 0.9995 0.9995 0.0315 0.0415 
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Table 4.10: Casson model fitting parameters for o/w emulsions at different temperatures. 

 

Emulsion set / 

Temperature(
o
C) 

y  

(Pa)
 

Kc 

(Pa.s
n
) 

R
2
 Adj R

2
 SEE PRESS 

Set 5 (80 %)       

25  1.1221±0.0695 0.5519±0.0098 0.9619 0.9609 0.1511 1.0951 

30  1.1490±0.0714 0.4870±0.0101 0.9356 0.9339 0.1552 1.1601 

40    1.1625±0.0720 0.4375±0.0102 0.9030 0.9005 0.1564 1.1689 

50  1.1206±0.0511 0.3894±0.0072 0.9206 0.9185 0.1110 0.6117 

Set 4 (70 %)       

25  1.0734±0.0765 0.5303±0.1080 0.9468 0.9454 0.1659 1.3003 

30  1.0725±0.0686 0.4850±0.0097 0.9394 0.9378 0.1487 1.0611 

40  1.0722±0.0667 0.4414±0.0094 0.9191 0.9170 0.1445 0.9894 

50  0.9610±0.0479 0.4239±0.0068 0.9489 0.9475 0.1038 0.5235 

Set 3 (50%)       

25  0.9491±0.0568 0.5126±0.0080 0.9745 0.9736 0.1080 0.4530 

30  0.8910±0.0517 0.4913±0.0073 0.9750 0.9741 0.0983 0.3711 

40  0.9021±0.0466 0.4560±0.0066 0.9727 0.9717 0.0885 0.0885 

50  0.7899±0.0355 0.4416±0.0050 0.9819 0.9812 0.0674 0.1793 

Set 2 (30%)       

25  0.9946±0.0596 0.4664±0.0084 0.9597 0.9582 0.1133 0.4940 

30  0.9755±0.0581 0.4452±0.0082 0.9541 0.9524 0.1105 0.4768 

40  0.8793±0.0339 0.4473±0.0048 0.9842 0.9836 0.0645 0.1679 

50  0.7850±0.0250 0.4283±0.0035 0.9861 0.9857 0.0543 0.1426 

Set 1 (10%)       

25  0.9444±0.0478  0.4484±0.0068 0.9640 0.9629 0.0976 0.4118 

30  0.8741±0.0354 0.4474±0.0050 0.9798 0.9792 0.0722 0.2317 

40  0.8366±0.2850 0.4461±0.0040 0.9866 0.9862 0.0583 0.1525 

50  0.7517±0.0238 0.4221±0.0034 0.9866 0.9862 0.0518 0.1287 
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Table 4.11: Herschel-Bulkley (HB) model fitting parameters for o/w emulsions at different 

temperatures. 

 

Emulsion set / 

Temperature 

(
o
C) 

0  

(Pa)
 

m  

(Pa.s
n
) 

n  R
2
 Adj R

2
 SEE 

PRESS 

 

Set 5 (80 %)        

 25  0.921 1.2027±0.0471 0.5682±0.0094 0.9949 0.9948 0.3152 4.0987 

30  0.876 1.2244±0.0615 0.4928±0.0121 0.9884 0.9881 0.3282 4.5161 

40  0.864 1.2245±0.0781 0.4344±0.0155 0.9854 0.9848 0.3522 5.2947 

50  0.778 0.8732±0.0477 0.4353±0.0133 0.9811 0.9806 0.2155 1.9685 

Set 4 (70 %)        

25  0.688 1.1349±0.0609 0.5441±0.0129 0.9896 0.9893 0.3790 6.0247 

30  0.648 1.0139±0.0496 0.5130±0.0118 0.9900 0.9897 0.2809 3.3109 

40  0.636 0.9509±0.0590 0.4712±0.0150 0.9806 0.9801 0.2958 3.6887 

50  0.442 0.5717±0.0282 0.5287±0.0119 0.9903 0.9900 0.1676 1.1659 

Set 3 (50%)        

25  0.571 0.6353±0.0249 0.6232±0.0093 0.9970 0.9969 0.1718 0.9077 

30  0.452 0.5149±0.0215 0.6278±0.0099 0.9967 0.9966 0.1500 0.6883 

40  0.441 0.4651±0.0169 0.6033±0.0087 0.9972 0.9971 0.1094 0.3643 

50  0.302 0.2932±0.0096 0.6560±0.0077 0.9982 0.9981 0.0731 0.1617 

Set 2 (30%)        

25  0.612 0.6802±0.0340 0.5557±0.0120 0.9937 0.9935 0.1899 1.1255 

30  0.524 0.6342±0.0295 0.5375±0.0112 0.9941 0.9939 0.1562 0.7583 

40  0.491 0.3465±0.0128 0.6499±0.0088 0.9975 0.9975 0.0964 0.2847 

50  0.324 0.2547±0.0066 0.6642±0.0061 0.9984 0.998 0.0597 0.1439 

Set 1 (10%)        

25  0.504 0.5427±0.0229 0.5678±0.0101 0.9949 0.9947 0.1432 0.7396 

30  0.427 0.3833±0.0111 0.6267±0.0069 0.9981 0.9980 0.0833 0.2438 

40  0.404 0.3024±0.0096 0.6684±0.0075 0.9980 0.9979 0.0822 0.2408 

50  0.278 0.2280±0.0066 0.6700±0.0069 0.9981 0.9981 0.0610 0.1523 
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 All sets of o/w emulsions were found to exhibit pseudoplastic behavior with the flow 

behavior index (n) within the range of 0.44  n  0.55. The pseudoplastic (shear-thinning) behavior 

may be because of the droplet aggregation and structural breakdown of emulsions during shearing. 

The pseudoplasticity of the emulsions is affected by temperature, as shown in Fig. 4.22. With an 

increase in temperature, the flow behavior index (n) for sets 5 and 4 decreases, with an increase in 

the pseudoplasticity, i.e. shear thinning behavior, of the o/w emulsions. Set 1 and set 2 emulsions 

have higher flow behavior index (n) than set 4 and set 5. For these emulsions, the flow behavior 

index (n) increases with an increase in temperature, and the emulsion behavior approaches the 

Newtonian behaviour. The flow behavior index of emulsion set 3 is not affected much with 

temperature, and showed n = 0.57. The flow consistency index (K) of emulsions decreases with 

increase in temperature, as shown in Fig. 4.23. 

 

 

 

Fig 4.22: Effect of temperature on flow behavior index (n) of o/w emulsions. 

 

 

 

Set 5 ( ); set 4( ); set 3(  ); set 2(  ); set 1(  ).   
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Fig 4.23: Effect of temperature on flow consistency index (K) of o/w emulsions. 

 

 

4.3.3 Effect of Temperature on Emulsion Rheology 

 Temperature plays an important role on the rheological characteristics of emulsions. The 

effect of temperature is shown in Fig 4.24. From the rheograms, it can be seen that the viscosity of 

emulsions decreases with an increase in temperature. The effect of temperature on the apparent 

viscosity of emulsions at a specified shear rate of 50 s
-1

 was also investigated.  

  

 The Arrhenius model was used to study the effect of temperature on apparent viscosity, 

which is given by 

 )10.4(exp 








 


RT

E
A




  

 The Arrhenius plot (ln  versus 1/T) for all five sets of emulsions is shown in Fig. 4.25.  It 

was observed that the apparent viscosity of all the emulsions decreases with increase in 

temperature.  The parameters obtained from Arrhenius model by curve fitting are reported in Table 

4.5. 

 

Set 5 ( ); set 4( ); set 3(  ); set 2(  ); set 1(  ).   
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Fig. 4.24: Effect of temperature on the rheograms of o/w emulsion. 

 

 

 

 It can be seen that the apparent viscosity data of all sets of emulsions are adequately and 

satisfactorily represented by Eq. (4.10). The R
2
 values for the  emulsions of sets 1-4 were greater 

than 0.98, while for set 5, the R
2
 value was 0.9763, which may be due to increased shear thinning 

behavior of the emulsion. 

 Table 4.12 shows that the activation energy increases with an increase in the oil 

concentration of the emulsion (i.e. from set 1 to set 5). The emulsions of sets 4, 5 (highly 

concentrated) and 3 (moderately concentrated) exhibited higher viscous activation energy ( E ) as 

compared to emulsions of sets 1 and 2 (dilute and semi-dilute emulsions), which indicated 

relatively higher sensitivity of temperature on the apparent viscosity of concentrated emulsions as 

compared to dilute o/w emulsions. 

25 
o
C ( ); 30 

o
C ( ); 40 

o
C ( ); 50 

o
C ( ).   
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Table 4.12: Arrhenius model parameters for temperature dependency on apparent viscosity of 

different sets of o/w emulsions. 

 

Emulsion 

set 
A (Pa.s) 

E  

(kJ/mol) 
R

2
 adj. R

2
 SEE PRESS 

Set 5 1.4510
-05

 23.9910 0.9763 0.9645 0.0634 0.0264 

Set 4 1.4610
-05

 23.6282 0.9828 0.9741 0.0531 0.0188 

Set 3 3.6810
-05

 20.6698 0.9909 0.9863 0.0336 0.0073 

Set 2 1.2110
-04

 17.2842 0.9944 0.9916 0.0220 0.0041 

Set 1 2.5610
-04

 15.0287 0.9836 0.9755 0.0329 0.0073 

 

 

 

 

Fig. 4.25: Arrhenius plot for apparent viscosity of different o/w emulsions. 

 

 

 

 

 

 

Set 5 (– –); set 4(– –); set 3(– –); set 2(–  –); set 1(– –).      
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4.3.4 Modelling of Temperature Dependency on Emulsion Rheology  

In order to give an overall picture of the flow behavior of different types of o/w emulsions with 

temperature, the master-curve technique was used to model the rheological behavior of the 

emulsions for the entire range of temperature and shear rate. This technique is useful for reporting 

the rheological behavior of emulsions with respect to any temperature, and hence allows convenient 

comparison of o/w emulsions of different volume fractions. The master-curve was developed 

through the determination of shift factor (aT) at a reference temperature of 30 
o
C. The results of the 

modified power law model fitting of the master-curve data displaying modified consistency 

coefficient( K  ) and flow behavior index ( n  ) is shown in Table 4.13. The shift factor (aT) was 

calculated as given below (Ferry, 1980):            

    )11.4(
11

ln















ref

T
TTR

E
a

   

Eq. (4.11) is similar to the Arrhenius equation. Shift factor for five different sets of emulsions 

were plotted at different temperatures as shown in Fig. 4.26. The master-curve was plotted using 

original shear rate versus reduced shear stress obtained by dividing the actual shear stress with the 

dimensionless shift factor. The shifting of data causes the data to overlap on a single curve. Master 

curves for reduced shear stress and reduced viscosity are shown in Figs. 4.27(a-b). Finally the 

master-curves for all five sets of emulsions at various oil concentrations and temperatures are 

represented in a single plot and are fitted to the original power law equation to present a single 

description of flow behavior in terms of K  and n  .  

 Multiple regression analysis indicated that the Master-Curve presents a good agreement for 

o/w emulsions at all oil concentrations, with R
2
 > 0.98. The value of n  decreases with 

concentration, thus confirming the earlier analysis suggesting that all the five sets of emulsions are 

pseudoplastic in nature, and that the pseudoplasticity increases with an increase in oil volume 

fraction.   

Table 4.13: Parameters from master-curve for power law equation fitting into master curve at 

various temperatures (
o
C). 

Emulsion 

sets 
K   (Pa.s

n
) n   R

2
 Adj R

2
 PRESS 

Set 5 2.3582 ± 0.0987 0.3869 ± 0.0102 0.9844 0.9840 6.2640 

Set 4 1.4163 ± 0.0512 0.4711 ± 0.0088 0.9929 0.9927 2.7585 

Set 3 0.8431 ± 0.0168 0.5425 ± 0.0048 0.9989 0.9988 0.2618 

Set 2 0.6674 ± 0.0216 0.5680 ± 0.0078 0.9973 0.9972 0.5080 

Set 1 0.5429 ± 0.0158 0.5940 ± 0.0070 0.9977 0.9976 0.4275 
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Fig. 4.26: Shift factor plot for master curve for different o/w emulsions. 

 

 

4.3.5 Effect of Volume Fraction on O/W Emulsion Rheology 

In order to observe the effect of volume fraction on emulsion viscosity, the apparent viscosity 

of emulsions at four shear rates (20 s
-1

, 40 s
-1

, 80 s
-1

 and 100 s
-1

) was plotted against volume 

fraction of the oil in Fig. 4.28. It was observed that the apparent viscosity of the emulsion increases 

with a gradual increase in the volume fraction of oil, and the maximum apparent viscosity was 

obtained at an oil volume fraction of 0.8. 

The apparent viscosity of highly concentrated emulsions (set 5 and set 4) is much higher in 

comparison to that of the dilute o/w emulsions (set 1 and set 2).  From the previous rheograms, it 

can be seen that the highly concentrated (set 5 and set 4) emulsions tend to be more shear-thinning 

in comparison to dilute (set 2, and set 1) emulsions, at different temperatures and different shear 

rates, especially at low temperature (25 
o
C). The increase in viscosity and shear-thinning property 

with an increase in volume fraction of the dispersed phase (oil) was attributed to the size reduction 

of the droplets and an increase in the droplet-droplet interactions, which causes the 

aggregation/flocculation of the droplets (Schramm, 1983). As the volume fraction of the dispersed 

phase increases, the size of droplets decreases and the number density of droplets (number of 

droplets per unit volume of emulsions at a given dispersed phase volume fraction) increases. As a 

consequence, the mean distance of separation between the droplets decreases where London-van 

der Waals forces of attraction between the droplets are dominant.  

Set 5 (– –); set 4(– –); set 3(– –); set 2(–  –); set 1(– –).   
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Fig.4.27:  Master-curve showing  superimposition on (a) shear stress–temperature (b) emulsion 

apparent viscosity–temperature with shear rate for different o/w emulsions at different temperature 

(Tref = 30 
0
C). 

 

 
Set 5 (– –); set 4(– –); set 3(– –); set 2(–  –); set 1(– –).      

  

(a) 

(b) 
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This facilitates the droplet–droplet collisions and flocculation of emulsion droplets. The 

flocculated droplets immobilize a significant amount of the continuous phase within them. As the 

shear rate (or shear stress) increases the size of the flocs decreases releasing some amount of the 

continuous phase, that was originally immobilized within the flocculated droplets. As a result, the 

effective dispersed-phase concentration decreases, which causes a decrease in the viscosity, and the 

shear-thinning effect (Pal and  Rhodes,  1985, 1997). 

 

 

 

Fig. 4.28: Variation of emulsions apparent viscosity with internal phase (oil) volume fraction with 

temperature as a parameter at different  shear rates.                                                                                                 

 

 

 

 

25 
o
C (– –); 30 

o
C (– –); 40 

o
C (– –); 50 

o
C ( ).      
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In order to provide a general correlation between the apparent viscosity and the volume fraction 

of oil in the emulsion at a particular temperature, an exponential model and a polynomial model 

were proposed, as follows:  

Exponential model:   )12.4(exp  PVMa KKY 
 

 

Polynomial model:   )13.4(3

3

2

21  CCCa 
  

These two models were fitted to the experimental data using nonlinear regression analysis and 

the plots are shown in Fig. 4.29. In the above models the coefficients 
321 ,,,,,, CCCKKK pVM  are 

model constants, which are functions of shear rate and volume fraction. The values of the model 

constants are reported in the Appendix B (Table B2 and Table B3). The thermal effect on the 

apparent viscosity of emulsions can be described by an equation of the type: 

   )14.4(exp10 TAEE pa   

The combined effect of temperature and dispersed phase volume fraction on the apparent 

viscosity of emulsions can be illustrated by combining the Eqs. (4.12) and (4.14), as follows: 

 
 

  )15.4(ln

,

4321 TpTppp

Tf

a

a








 

Eq. (4.15) was used to fit the experimental data as shown in Fig. 4.29. It was observed that the 

proposed correlation represents the experimental data significantly well with R
2
 = 0.9739 and a 

mean deviation of   0.116.  

 

Fig. 4.29: Parity Plot of predicted viscosity with experimental viscosity of o/w emulsions at 

140  s . 
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4.3.6 Effect of Surfactant Concentration on O/W Emulsion Rheology 

 The effect of surfactant concentration on the rheology of o/w emulsions is shown in Fig. 

4.30. The emulsion viscosity increases with an increase in the surfactant concentration in the range 

of 0.5 - 2 % (w/v). The plots of apparent viscosity versus shear rate for emulsions having different  

surfactant concentrations indicates a decrease in viscosity ( a ) with an increase in shear rate   . 

Emulsions (o/w) at different surfactant concentrations exhibited non-Newtonian behavior, i.e. the 

shear thinning pseudoplastic behavior. This may be because of the progressive breakdown of the 

emulsion flocculated microstructure with an increase in shear rate. At high values of  , the 

emulsion becomes relatively unflocculated. The emulsion with a low surfactant concentration (0.5 

wt %) exhibited a linear behavior with an insignificant low yield stress value and described well by 

Power law model. At surfactant concentration higher than 1% and highly concentrated (70 % o/w, 

(v/v)) emulsion the rheological data exhibited appreciable amount of yield stress. The yield stress  

may be attributed to the formation of interconnected network structure between the flocculated 

emulsion droplets (Pal, 1997). The yield stress depends upon the number of the dispersed droplets 

and the degree of flocculation of these droplets, and increases with an  increase in the degree of 

flocculation and the number of droplets, for high surfactant  (> 1% w/v) and the dispersed phase 

(oil) concentrations (> 50 % v/v). A plateau region was observed for moderately concentrated 

(50%, v/v) and highly concentrated (70%, v/v) emulsions having higher SDBS concentration (2 % 

w/v) on the rheogram. This may be due to the flocculating nature of emulsions and “slip flow” 

phenomena (Dzuy and Boger, 1983; Barnes, 1995; Pal, 2000).  

 To account for the non-Newtonian behavior and yield stress in the emulsions,  experimental 

data was fitted with the well-known Ostwald-de-Waele power law, HB and Casson  models. The 

values of the model parameters for the present experimental data are  given in Table 4.14. It was 

observed that the HB model represents the emulsion rheological behavior for 2 % (w/v) surfactant 

concentration well (R
2 

~ 0.99) as compared to power law and Casson model.  
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Fig. 4.30: Effect of surfactant concentration on the rheograms of o/w emulsions.  

 

 

 

Surfactant concentration (wt %): 0.5% ( ); 1% ( ); 2% ( ). 
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Table 4.14: Various model fitting parameters of o/w emulsions at different surfactant 

concentrations. 

Surfactant 

concentrati

on (% w/v) 

0  
(Pa)

 
m  

(Pa.s
n
) 

n  R
2
 Adj R

2
 SEE 

PRESS 

 

Power law model 

O/W (70%) 

2  - 1.8845 ± 0.0838 0.3618 ± 0.0225 0.9300 0.9275 0.1764 1.2295 

1  - 1.3364 ± 0.0424 0.4647 ± 0.0077 0.9945 0.9944 0.2083 1.8515 

0.5  - 0.6267 ± 0.0195 0.5986 ± 0.0154 0.9831 0.9831 0.0613 0.1650 

O/W (50%) 

2  - 1.2356 ± 0.0416 0.4671 ± 0.0169 0.9760 0.9751 0.0979 0.3542 

1  - 0.6867 ± 0.0150 0.5740 ± 0.0058 0.9988 0.9988 0.0889 0.2457 

0.5  - 0.4774 ± 0.0049 0.6392 ± 0.0047 0.9988 0.9988 0.0240 0.0183 

O/W (30%) 

2  - 1.3773 ± 0.0684 0.4084 ± 0.0250 0.9347 0.9323 0.1511 0.8698 

1  - 0.8875 ± 0.0205 0.4777 ± 0.0056 0.9980 0.9979 0.0907 0.2619 

0.5  - 0.2352 ± 0.0027 0.7124 ± 0.0051 0.9990 0.9989 0.0138 0.0056 

Herschel-Bulkley model 

O/W (70%) 
2  1.526 30.3506 ± 8.5221 0.1542 ± 0.0237 0.9928 0.9923 0.3575 5.1549 

1 % 0.648 1.0139 ± 0.0496 0.5130 ± 0.0118 0.9900 0.9897 0.2809 3.3109 

0.5  0.408 0.2196 ± 0.0388 0.7162 ± 0.0352 0.9920 0.9915 0.1525 1.0923 

O/W (50%) 
2  0.847 1.4927 ± 0.3790 0.4691 ± 0.0459 0.9847 0.9837 0.4073 8.8790 

1  0.452 0.5149 ± 0.0215 0.6278 ± 0.0099 0.9967 0.9966 0.1500 0.6883 

0.5  0.238 0.2883 ± 0.0260 0.5958 ± 0.0163 0.9988 0.9987 0.0752 0.2076 

O/W (30%) 
2  0.725 26.5192 ±11.3116 0.0775 ± 0.0271 0.9905 0.9898 0.2760 8.4875 

1  0.524 0.6342 ± 0.0295 0.5375 ± 0.0112 0.9941 0.9939 0.1562 0.7583 

0.5  - 0.0587 ± 0.0082 0.7014 ± 0.0096 0.9996 0.9996 0.0149 0.0082 

Casson model 
 

y
 

(Pa)
 

Kc 

(Pa.s
n
) 

R
2
 Adj R

2
 SEE PRESS 

O/W (70%) 
2  4.328± 

0.1507 

0.0561±0.0213 0.8155 0.8090 0.2864 3.1880 

1  1.072± 

0.0686 

0.4850±0.0097 0.9394 0.9378 0.1487 1.0611 

0.5  0.412± 

0.0265 

0.0363±0.0037 0.9855 0.9852 0.5750 0.1548 

O/W (50%) 
2  1.752± 

0.0825 

0.0580 0.0117 0.9384 0.9362 0.1568 0.9971 

1  0.891± 

0.0517 

0.4913±0.0073 0.9750 0.9741 0.0983 0.3711 

0.5  0.201± 

0.0190 

0.0251±0.0020 0.9915 0.9912 0.0642 0.1349 

O/W (30%) 
2  2.265± 

0.1277 

0.0450±0.0180 0.8314 0.8254 0.2428 2.2601 

1  0.975± 

0.0581 

0.4452±0.0082 0.9541 0.9524 0.1105 0.4768 

0.5  0.039± 

0.0077 

0.0098±0.0012 0.9964 0.9962 0.0231 0.0222 

 



Chapter 4: Results and Discussions 

 

121 

 

4.3.7 Effect of pH on Rheological Behavior Under Steady Shear Flow  

Fig. 4.19 shows that the emulsions exhibit a shear-thinning behavior, with a clear tendency of 

both a zero-shear rate-limiting viscosity (0), at low shear rates and a high-shear rate-limiting 

viscosity (), at high shear rates. This kind of flow behavior is observed in flocculated emulsions 

due to droplet-droplet deflocculation mechanism (Otsubo and Prudhomme, 1994; Franco et al., 

1998). A hump is observed at the low shear rate (   ~ 10
-3

 s
-1

) for pH 12 and pH 10. At a shear rate 

of 0.002 s
-1

, a yield point is observed and thereafter, shear-thinning behavior is seen. The shear-

thinning behavior is manifested because of the gradual break-up of inter-particle fluid structure 

(flocculated droplets) (Lee et al., 1997). For pH 12 and pH 10, the dilatant behaviour is observed at 

  < 0.002   s
-1

.This shear rate of 
 

c  = 0.002 s
-1 

may be seen as the critical shear rate below which 

no structural deformation occurred due to very low applied shear stress against the strong 

flocculation force. As the pH decreases (pH < 10), the yield point gets diminished and no hump is 

observed in the low shear rate region. From Fig. 4.7, it is seen that the DSD profile shifts right 

toward the larger droplet size as the pH of the emulsion decreases, and the mean d43 also increases. 

Thus the droplet size of the emulsion is large is large as compared to that for pH 12 and 10. 

Therefore, the structural deformation of the emulsions occurred continuously from flocculated to a 

deflocculated state under applied shear rate even at lower values overcoming the weak flocculation 

force. 

Fig. 4.31 (a-b) shows that the o/w emulsions at different pH exhibit non-Newtonian flow 

behavior within the measured range of shear rate (10
-3

 - 10
3
 s

-1
).  The emulsion flow spectra 

showed three distinct flow regimes, i.e. low shear rate, intermediate and high shear rate regime. 

Various non-Newtonian rheological model: (Ostwald-de Waele, Cross, Carreau, and Sisko) are, 

therefore, used to evaluate their applicability to satisfactorily represent the non-Newtonian behavior 

of the o/w emulsion.   

Sisko model:
   

)16.4(1

  n

a K 
 

Cross model:  )17.4(1

1

0




































m

c

a









 
Carreau model: 

 

)18.4(1

2

0

N

c

a












































 

The power law model given in Eq. (4.7), is frequently used to describe the time-independent 

shear rate- shear stress relationship for non-Newtonian fluids. It is a two parameter model 

containing flow consistency index (K) and flow behavior index (n). The Sisko model (Eq. 4.16) is a 
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three parameter model including the parameter . The Sisko model is used to describe the emulsion flow in 

the upper shear rate regions.  

 

 The rheograms for emulsions at pH 12 and pH 10 show a complex behaviour. Fig. 4.31 

clearly shows that the power law model cannot represent the shear stress-shear rate data over the 

entire range of shear rate. At low shear rate region (   < 0.1 s
-1

), the power law model did not fit 

well. However, the power law model is satisfactory for the intermediate shear rate region

 131 1010   ss  , for all the sets of o/w emulsions  122  pH . The Results of regression 

analysis are shown in Table 4.15. It is observed that the average flow behavior index (n) for all o/w 

emulsions lies in between 0.55 and 0.89, which exhibit the shear-thinning pseudoplastic nature of 

the emulsion. These may be due to the droplet aggregation and the structural breakdown of the 

emulsions for the hydrodynamic force generation during shearing.  It is also seen that the flow 

behavior index (n) decreases, with an increase in pH of the emulsions. Thus, the pseudoplasticity of 

o/w emulsions increases with an increase in pH and becomes more shear thinning in nature. The 

flow consistency index (K) of emulsions also increases with an increase in pH.  

 The Sisko model does not exactly represent the experimental data in the low shear rate 

region with a lower value of correlation coefficient than that of the power law model. However, 

both the Power law model and Sisko model cannot describe the overall rheological behavior of o/w 

emulsion within the shear rate range of 10
-2

-10
3
 s

-1 
studied for all emulsions. Therefore, the 

rheological data encampusing the upper and lower shear rate regimes coupled with an intermediate 

power law regime, were described by following four parameter complex rheological models.  

 

Table 4.15:  Flow parameters of o/w emulsions determined by power law and Sisko model. 

Power law model (Two parameter) 

pH  (Pa. s) K (Pa.s
n
) n 

2  R
2
 

pH12 - 0.8832  0.0155 0.5483  0.0115 4.54 × 10
-4

 0.9923 

pH 10 - 0.3991  0.0145 0.5631  0.0059 3.67 × 10
-2

 0.9988 

pH 8 - 0.2064  0.0104 0.6301  0.0077 6.99 × 10
-4

 0.9979 

pH 6 - 0.0935  0.0006 0.7267  0.0011 6.59 × 10
-4

 0.9999 

pH 4 - 0.0456  0.0029 0.7190  0.0098 1.27 × 10
-2

 0.9975 

pH 2 - 0.0068  0.0002 0.8880  0.0049 5.57 × 10
-4

 0.9995 

Sisko model (Three parameter) 

pH12 0.0269 0.8689  0.0217 0.5074  0.0177 8.24 × 10
-4

 0.9860 

pH 10 0.02 0.4284  0.0090 0.4963  0.0166 1.66 × 10
-4

 0.9882 

pH 8 0.0149 0.1746  0.0025 0.5072  0.0084 1.15 × 10
-5

 0.9904 

pH 6 0.0127 0.0883  0.0024 0.5314  0.0145 1.07× 10
-5

 0.9676 

pH 4 0.00622 0.0396  0.0008 0.5564  0.0107 1.27× 10
-5

 0.9831 

pH 2 0.00314 0.0099  0.0004 0.5540  0.0200 3.03× 10
-5

 0.9317 
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Fig. 4.31: Evolution of steady-state rheograms of o/w emulsion for different pH.  

 (a) Shear stress-shear rate plot (b) Apparent viscosity-shear rate plot. 

pH: 12   ; 10   ; 8   ; 6   ; 4   ; 2    ; surf 1 wt%  . 
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Table 4.16:  Flow parameters of o/w emulsions determined by Cross and Carreau model. 

 

Both the Cross model (Eq. 4.17) and Carreau model (Eq. 4.18) takes account the two limiting 

viscosities, zero shear viscosity, 0 and infinite shear viscosity,  over the entire range of shear 

rate studied. The characteristic parameters of the Cross and Carreau models from their fit to 

experimental data are shown in Table 4.16. The experimental rheological data well describe by 

both this model with the average R
2
 value of 0.99 for  82  pH . But the rheological behaviour 

of the emulsions at pH 10, and pH 12 are very complex to model due to high non-linearity in the 

rheograms. For pH 10 and pH 12, two shear thinning regimes are observed: one at low shear rate 

zone (3×10
-3 

- 4×10
-2

 s
-1

), and the other at a relatively higher shear rate zone (10
0
-10

3
 s

-1
). In 

between these two zones, a plateau region is observed, which gets diminished at lower pH.  

It can be observed from the Fig. 4, that for pH of 8 and below the curves reach a zero-shear 

plateau with a steadily increasing zero-shear viscosity. However we see a departure of this for pH 

10 and 12 with a sudden jump to a larger value. This is an indication of a liquid-solid (sol-gel 

transition) due to the electrostatic repulsion which enhances the stability of the emulsion and may 

even form a weak crystalline solid. These shear induced phenomena also termed as Shear banding 

(SB) which observed in variety of other complex fluids, such as lamellar surfactant phases (Roux et 

al.,1993; Salmon et al., 2003), wormlike micelles (Mair and Callaghan, 1997; Miller and Rothstein, 

2007; Helgeson et al., 2009),  suspensions (Ragouilliaux et al., 2006) and polymeric solutions 

(Ravindranath et al., 2008; Boukany and Wang, 2009). SB phenomena is the stratification of the 

Cross model (Four parameter) 

pH 0 (Pa. s)  (Pa. s) c  
(s 

-1
) m 

2  R
2
 

pH 12 49.39221.9041 0.83220.5153 0.00420.0003 2.92710.5291 10.6 0.9486 

pH 10 16.52440.5704 0.49740.1830 0.00490.0002 4.90491.4526 1.37
 

0.9460 

pH 8 2.75450.0980 0.02410.0044 0.00830.0011 0.63240.0232 9.02 × 10
-4

 0.9958 

pH 6 0.84090.0217 0.01910.0021 0.02670.0028 0.73780.0330 2.10 × 10
-4

 0.9937 

pH 4 0.17880.0029 0.00740.0006 0.12460.0102 0.59780.0219 7.58 × 10
-6

 0.9968 

pH 2 0.029470.0012 0.00170.0002 0.23560.0575 0.35840.0191 7.03 × 10
-8

 0.9973 

Carreau model (Four parameter) 

pH 0 (Pa. s)  (Pa. s) c (s 
-1

) N 
2  R

2
 

pH 12 50.65952.041 0.73380.5543 0.00590.0027 1.76691.1352 11.778 0.9462 

pH 10 16.83040.7189 0.40880.2142 0.01530.0220 6.294816.494 1.8111 0.9331 

pH 8 2.15400.0140 0.01280.0025 0.00350.0001 0.22700.0033 2.0 × 10
-4

 0.9990 

pH 6 0.74610.0044 0.01220.0011 0.00720.0003 0.22790.0040 3.81 × 10
-5

 0.9989 

pH 4 0.16040.0008 0.00280.0005 0.02160.0011 0.17070.0040 2.41 × 10
-6

 0.9990 

pH 2 0.02210.0002 0.00310.0003 0.03590.0033 0.09270.0035 5.49 × 10
-8

 0.9980 
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flow into regions of high and low shear rate,  , connected by an “interface” of sharp   change  in 

which this homogeneous velocity gradient profile becomes unstable to heterogeneous perturbations 

and splits into high and low shear rate bands that coexist in the cell, so that the local shear rate 

varies spatially  y   .  Thus a characteristic stress plateau was observed in the flow curve at low 

shear rate regime. It occurs in homogeneously sheared systems when there is a range of shear rates 

where the stress apparently decreases with increasing shear rate, before it resumes its ascent 

(Huseby, 1966).  The molecular origin of this double-valuedness in the constitutive behavior is 

usually the existence of at least two separate relaxation mechanisms, each being prevalent at a 

disparate region of the   spectrum (Tsenoglou and Voyiatzis, 2008).   

  

4.3.8 Scaling Analysis of Rheological Response of Emulsions 

The apparent viscosity of emulsions is a function of following  ten variables: such as, shear rate 

( ), time (t), continuous-phase viscosity ( c ), dispersed-phase viscosity ( d ), continuous-phase 

density ( c ), dispersed-phase density ( d ), droplet radius (R), concentration of droplets ( ), 

interfacial tension ( ) and thermal energy (kT).  

   )19.4(,,,,,,,,, kTRtf dcdc    

According to degree of freedom analysis non-dimensional relative viscosity of emulsions is 

represented as a function of 7 dimensionless groups. Therefore, 

   )20.4(,,,,,, Re,pCaPerrrr NNNf    

where, r is relative viscosity (= c ), r is relative density (= cd  ), r  is reduced time (=

)( 3 kTRt c ), r is viscosity ratio (= cd  ),   is volume fraction, PeN  is Peclet number (=

kTRc

3  ), CaN is capillary number (=  Rc
 ), and pNRe, is particle Reynolds number (=

cc R  2 ). 

 As average emulsion droplets quite large (>1 m), the Brownian motion has  little 

significance, i.e., the effect of the Peclet number can be neglected. Under steady-state ( r ).  

The capillary number for oil-in-water emulsions is also very small ( 0CaN ) and can be neglected 

(Table 4.8). It should be noted further that the presence of surfactant at the surface of the dispersed 

particles inhibits internal circulation (Sherman, 1983). Thus the effect of internal circulation is 

neglected. Therefore, the relative viscosity of oil-in-water emulsions can be expressed as:   

   )21.4(, Re,pr Nf    

Hence, rheological data of all sets of emulsions for different pH can be scaled in terms of PNRe, , 

which includes emulsion droplets size shown in Fig. 4.32(a). However, master curve cannot be 
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obtained due to variation of droplet size with different pH. Master curve was constructed by 

superposition method using a dimensionless viscosity and shear rate by using an empirically 

calculated shift factor. Values of the shift factors for the different emulsions studied, as a function 

of pH, are shown in Fig. 4.32(b). A dimensionless viscosity, including both the zero-shear rate and 

the high-shear rate-limiting viscosities, obtained from the fitting of the Carreau model, was used. 

Thus, redpHred  . vs.   leads to an empirical master curve that describes the flow behavior of 

these emulsions in the range of pH studied, where  pH  is the empirical shift factor (Fig. 4.32), 

which is equal to 1 for the reference flow curve (pH = 12) and       0red . However, 

pH dependence of the shift factor must provide information about the influence of emulsion pH on 

viscous behavior. This parameter gives information about the resistance of the emulsion 

microstructure to a shear induced breakdown process in the shear-thinning region.  

 

4.3.9 Electro-viscous effect on emulsion rheology 

The behavior of colloidal dispersions/emulsions depends to a large extent on the surface charge 

of the suspended colloidal particles, which are surrounded by a diffuse electrical double layer and 

contains a net charge per unit volume. Therefore, the fluid in double layer can be considered as an 

electrically charged fluid, which is subject to an electric field generated by the surface potential of 

the particles. When the dispersions or emulsions are subjected to flow, a coupling arises between 

the hydrodynamic flow field, and the electro-kinetics arising from the flow of a charged fluid 

relative to a charged surface (M van de Ven, 2001). 

Electroviscous phenomena significantly influence the emulsion rheology as the dispersed phase 

volume fraction is determining emulsions viscosity. The viscosity of the emulsion is directly related 

to the magnitude of the repulsive forces. The influences of charge and repulsion on the interaction 

between droplets in an emulsion are sometimes referred to as electro-viscous effects. Due to the 

presence of electrical charge on the colloidal dispersions, three kinds of contribution may affect the 

viscosity behavior (Masliyah and Bhattacharjee, 2006). The primary effect refers to enhanced 

energy dissipation caused by electrostatic forces that oppose the distortion of the diffuse double 

layer of counter-ions around the molecule during the flow. The secondary effect is an enhancement 

of energy dissipation during flow that arises from inter-molecular repulsion between double layers 

and mutual repulsion of charged particles (Conway, 1960). The ‘tertiary effect’ that may arise if the 

inter-molecular repulsion affects the shape of macromolecule. These three are collectively known 

as the ‘electro-viscous effects’. 
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Fig. 4.32:  (a) Relative viscosity ( r )  as a function of particle Reynolds number (NRe,p) and (b) 

pH-Reduced master flow curve and evolution of the shift factor for 30% (v/v) oil-in-water 

emulsions with 1 wt% surfactant concentration. 

                                          pH: 12   ; 10   ; 8   ; 6   ; 4   ; 2    .  
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The increase in effective viscosity of dispersions is due to the electro-viscous effect and is 

expressed by a modified Einstein's model as expressed below: 

    )22.4(,1
2

5
10









 a  

Waiterson and White (1981) theoretically derived the electro-viscous coefficient  a , , as a 

function of the zeta potential  of the suspension, as follows: 
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where   is the effective viscosity of a suspension,  is the volume of the suspension, a is the 

dimensionless Debye inverse length , 0  is the viscosity of the pure dispersions medium,  is the 

zeta potential, 

in , Zi and i are the properties of the electrolyte ions (viz. bulk number density, the 

electronic charge, hydrodynamic drag coefficient of an ion of type i, respectively), ɛ is the 

permittivity of the medium, kB is the Boltzman constant and  T  is the absolute temperature. This 

suggests that the electro-viscous effect play a significant role in increasing the viscosity  of 

emulsions. The magnitude of the electro-viscous effect is proportional to 2 . Thus, this effect can 

cause a large increase in the viscosity of emulsions mainly for the case of pH 12 and 10.  

Droplet agglomeration/flocculation also increases the emulsion viscosity, which is attributed to 

retardation of flow of continuous phase fluid entrapped in the interstices of  cluster of droplets 

(Sherman, 1968). The extent of agglomeration/flocculation is a function of the shear rate of 

measurement and the balance of attractive and repulsive inter-particle forces. At higher pH 

emulsions are more flocculated in nature having relatively higher viscosity and agglomeration 

gradually decreases with a decrease in emulsion viscosity due to charge neutralization leading to 

coalescence of dispersed droplets. The observed behavior suggests that the viscosity should 

increase with an increase in pH due to the additional resistance to flow offered by the electro-

viscous effects. 

The chemical nature of the emulsifier has an effect on the relative viscosity. The nature of the 

emulsifier, in particular its solubility and distribution in both phases, also has a significant effect on 

the rheology of the system. The emulsifier molecules adsorb at the oil–water interface and reduce 

the interfacial tension, thereby favoring emulsification and forming a protective barrier around the 

oil droplets . This charge is also responsible for columbic interaction forces between different 

particles and between particles and continuous phase electrolytes. These forces lead to electro-

viscous effects, which increase the emulsion viscosity above the viscosity normally obtained in 

uncharged, concentrated dispersions where only hydrodynamic interactions are present (Conway, 
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1960).  This induces a reduction of droplet size that increase inter droplet interactions and provides 

enhanced stability against coalescence. An extensive flocculation of droplets to form a weak gel-

like particulate network, depending on the nature and concentration of the emulsifier (Dickinson, 

1989). The extensive flocculation process provides enhanced stability to the emulsion because the 

creaming rate is significantly decreased due to immobilization of the continuous phase (Franco et 

al., 1995). This also facilitate the electro-viscous effect and increase the emulsion viscosity. 

The increase in pH with an increase in NaOH concentration results in ionization of more 

charged ions, and the effective surfactant concentration in the emulsion increases. As a result, 

interfacial tension is reduced and particle size decreases (Table 4.8). At the same time, there is an 

increase in the surface charge densities of the dispersed emulsion droplets, which intern increase 

the strength of electro-viscous effect in the vicinity of charged droplets. The decrease in particle 

diameter and the increase in surface charge density contribute to the increase in emulsion viscosity. 

The increase in zeta potential and electrophoretic mobility with an increase in emulsion pH support 

this fact (Fig. 4.20).  

 

4.4 VISCOELASTIC BEHAVIOUR OF EMULSIONS 

Rheological measurements (steady state, controlled stress and oscillatory measurements) 

provide information on physical stability and micro-structure of the emulsions. Dynamic 

(oscillatory) measurements are used to investigate the viscosity of the emulsions. In oscillatory 

measurements, the response in stress of a viscoelastic material (emulsions) subjected to a 

sinusoidally varying strain is monitored as a function of the amplitude and frequency of the strain 

(Tadros,1993). The phase angle shift ( ) between stress and strain, is given by  

 )24.4( t   

where,  is the frequency (rad. s
-1

) (  2 , where   is the frequency (s
-1

)). From the 

measurement of the angular deflection (using a transducer) and the resulting torque on the detector 

shaft used for monitoring the stress, the phase angle shift and stress and strain amplitudes are 

determined, so that  the rheological parameters- the storage modulus ( G ), the loss modulus ( G  ), 

the complex modulus (
*G ) and the complex viscosity (

* ) can be determined. The modulus G  is 

the measure of the energy stored elastically in the system, whereas G   is a measure of the energy 

dissipated as viscous flow (Barnes, 1994; Bui et al., 2012). The viscoelasticity originates from the 

energy stored at the o/w interface of droplets. At lower volume fractions, the sphericity of droplets 

controlled and ensured by interfacial tension. But at higher packing densities (high volume 

fractions) droplets shape deformation occurred due to the volumetric constraints force which 

causing an increase in surface area and resulting in energy storage (elastic energy) (Lacasse et 
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al.,1996). The viscoelastic properties of the emulsions depend on the state of flocculation. Un-

flocculated or weakly flocculated emulsions show a crossover point between G  and G  , which 

signifies the characteristic relaxation time for the specific emulsion system (Tadros, 1993). 

 

4.4.1 Rheological Behavior of O/W Emulsion Under Dynamic Oscillatory Shear Flow  

The viscoelastic behavior of o/w emulsions were assessed by dynamic oscillatory measurement 

in terms of dynamic moduli G  and G   as a function of frequency. The G  is asses the energy 

stored, and recovered per cycle of deformation reflecting the elastic part of the emulsion. The loss 

modulus is a measure of the energy lost per cycle and reflects the liquid-like component of the 

emulsions.  

The linear viscoelastic region of o/w emulsions was established by an amplitude sweep (AS) 

test. Thereafter, the frequency sweep (FS) tests were performed for all emulsions at a constant 

stress (0.5 Pa) in the linear viscoelastic region. Oscillatory rheological measurements of storage 

modulus and loss modulus indicate that the emulsion system is associated strongly or weakly. The 

evolution of the storage modulus ( G ), loss modulus (G  ), complex viscosity (
* ) and loss 

tangent (tan ) with frequency ( ) for all emulsions at different pH are shown in Fig. 4.33. From 

this figure, it can be seen that G  and G   increase with an increase in frequency. Both G  and G   

are functionally dependent on frequency, which indicates that the o/w emulsions are flocculating in 

nature. It is observed that in the lower frequency regime (  40 s
-1

), G  is greater than G  and 

attains a certain characteristic frequency (
* ), which is referred to as the cross-over frequency. At 

the cross-over frequency (
* ),G  equals G  . Above this frequency, G   decreases and G  

becomes greater than G  . This kind of behaviour was observed for the emulsion system (Tadros, 

1994). This also shows that the emulsion behaves more like an elastic fluid. 

Below the cross-over frequency (
* ), in the lower frequency regime (  < 40), G  > Gand 

the o/w emulsions show more viscous behavior than elastic behavior. At the lower frequency 

regime, the emulsion behaves like the systems intermediate between cross linked gels and 

physically entangled systems, showing a decrease in G  at lower frequencies (Ross-Murphy and 

McEvoy, 1986). At the higher frequency (  > 
* ), the emulsion behaviour is predominantly 

elastic. This means that in the linear viscoelastic range (LVR), under relatively slow deformation, 

the emulsion is more viscous, whereas it is elastic during relatively fast deformation. Elastic 

response is basically because of the presence of the weak macromolecular network structure 

between dispersed phase droplets. 
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Fig. 4.33: The dynamic oscillation spectra of o/w emulsions at different emulsion pH. 

                                                          G    ;G  ; *   . 
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The pH plays a prominent role in the changing flow behaviour of the emulsions. With a 

decrease in the pH, the emulsion stability decreases with the consequent decreases in G , and the 

emulsion behaves more like a viscous fluid than an elastic fluid.  The emulsion is more stable at pH 

12 than that at pH 2 (Figs. 4.18 and 4.20). The presence of repulsive force among the charged 

droplets at the water (high dielectric fluid) and oil (low dielectric fluid) interface helps stabilize the 

emulsion. This arises because of an asymmetric distribution of counter-ions at the interface, 

creating a dipole normal to the fluid/fluid interface (Aveyard et al., 2000). This prevents the 

droplet-droplet coalescence. As the pH increases, zeta potential of the emulsion increases, 

enhancing the repulsive force at the interface (Fig. 4.18).  At a higher pH (pH 12), the surfactant 

produces a thin viscoelastic film at the o/w interface. This hinders coalescence of droplets, and the 

emulsion droplets behave like hard spheres. As a consequence, the emulsion shows elastic 

behaviour (Saiki et al., 2008).  As the pH decreases, the charges at the interface get gradually 

neutralized and the surfactant separates out from the o/w interface, causing the film drainage and a 

gradual decrease in emulsion stability. Thus, the emulsion shows an increasing viscous behavior 

with a decrease in the pH of the emulsion. From Fig. 4.33, it is observed that G  decreases with a 

decrease in the emulsion pH. The gap between G  and G  also increases with a gradual shift in
*  

to the higher side. 

The loss tangent (tan ) is also an important parameter to describe the  viscoelastic behaviour of 

the emulsions. The loss tangent in the range of 0.1 < tan  <1, indicates a weak gel-like behaviour 

(Lapasin et al., 2001), whereas, at tan  >1, the emulsion shows a liquid-like behaviour (Madsen et 

al.,1998; Pereira et al., 2008). The inset of Fig. 4.33 shows the mechanical spectra of tan  for 

different emulsions. It is observed that the viscous behaviour of the emulsions gets enhanced with a 

decrease in the pH of the emulsions accompanied by the dampening of the elastic behaviour. The 

overall viscoelastic response of the emulsions can be obtained from the phase angle () spectra as 

shown in Fig. 4.34.  For an o/w emulsion system, the phase angle lies in the range of 0 <  < 90
0
. 

For the purely elastic networks,   is zero, whereas for purely viscous liquids,  =90
o
. As discussed 

earlier, the influence of pH has significant influence on the viscoelastic properties of the emulsions.  

 

4.4.2 Modeling he Dynamic Viscoelastic behavior of O/W Emulsions  

 The dynamic rheological data (frequency versus G  and G  ) of different emulsions can be 

described  by a power-law type model as shown below: 

     )25.4(
n

KG


 
    

   )26.4(
n
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Fig. 4.34: Evolution of phase angle (tan) as a function of angular frequency at different pH. 

pH: 12   ; 10   ; 8   ; 6   ; 4   ; 2    . 

  

where K  , K  , n  and n  are estimated from the rigorous non-linear regression of Eq. 4.24-4.25. 

The model parameters are shown in Table 4.17. The loss modulus shows a shear-thinning behavior 

( n   < 1) due to shear induced structural breakdown of the viscous emulsions. Mechanical spectra 

of the elastic moduli show highly non-linear behaviour and exhibit shear-thickening behaviour        

( n  >1) due to the macro-molecular aggregation.  It is found that G  is a strong function of 

frequency, and the ( G - G  ) crossover frequency leads to the inference that the emulsion behaves 

like a weak gel (Gunasekaran and Mehmet Ak, 2000). 

The mechanical spectra of the dynamic moduli (Fig. 4.33), shows the variation of G  and G   

with frequency. In the experimental frequency range, a plateau region is observed. This may be 

ascribed to the extensive flocculation of the surfactant molecules at the o/w interface under shear 

(Dickinson, 1989). In the plateau region tan  passes through a minimum which can be 

characterized by the plateau modulus (
0

PG ).The plateau modulus is a viscoelastic parameter which 

is obtained by the extrapolation of the entanglement contribution to G  at higher frequencies 

(Baumgaertel et al., 1992). 
0

PG   can be estimated by the following relation: 

   )27.4(mintan

0

imumP GG 
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The cross over frequency is also characterized by the cross over moduli ( CG ) which is defined as 

   )28.4(
GGC GG


   

The variation in the value of 
0

PG  and CG  with the pH of the emulsion is shown in Fig. 4.35. It 

is found that both these moduli increase logarithmically with an increase in the emulsion pH as the 

viscoelasticity of the emulsion increases. The steady-state apparent viscosity at zero shear ( 0,a ) is 

less reliable than the value at the low shear (
101.0  s ). The low-shear apparent viscosity is given 

as: 

   )29.4(01.001.0   aa
 

The evolution of low-shear steady-state viscosity  01.0a  with emulsion pH is also shown in Fig. 

4.35.  01.0a  Increase logarithmically with an increase in the emulsion pH. A similar tendency is 

found for linear viscoelasticity functions,
0

PG  and CG  of these emulsions.  

 

 

Fig. 4.35: Influence of pH on the steady-state viscosity at 0.01 s
−1

, the plateau modulus  

(
0

PG  ) and with cross over moduli ( CG ) of o/w emulsion.  

a(0.01)     ; 
0

PG     ; CG
 
   . 
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Table 4.17:  Dynamic shear parameters of power-law functions describing storage and loss moduli of o/w emulsions at different pH and temperature. 

 

 

 

 

 

 

 

 

pH 
 n

KG


    n
KG


   

K   (Pa.s
n
) n  2  R

2
 K   (Pa.s

n
) n   2  R

2
 

pH12 0.15000.0177 1.30290.0271 2.4938 0.9932 6.44630.6978 0.20920.0279 3.8366 0.6921 

pH 10 0.02790.0031 1.60700.0249 0.7406 0.9963 5.0429  0.6061 0.21610.0308 2.9723 0.6617 

pH 8 0.00630.0007 1.88790.0248 0.3906 0.9972 3.64510.5037 0.16330.0353 1.7035 0.4080 

pH 6 0.00110.0002 2.21770.0324 0.3165 0.9963 3.0696  0.5053 0.13780.0422 1.5458 0.2593 

pH 4 0.00020.0001 2.57200.0352 0.1745 0.9969 2.5140  0.4445 0.11700.0456 1.1010 0.2078 

pH 2 

2.946×10
-5 
 

7.468×10
-6

 

2.90810.0567 0.1981 0.9938 1.6640  0.3233 0.21850.0489 0.8934 0.4226 

Temperature (
o
C) 

20 0.39000.0260 1.13200.0155 1.7819 0.9963 8.3635  0.8658 0.21430.0261 6.1548 0.6906 

30 0.15000.0177 1.30290.0271 2.4938 0.9932 6.4463  0.6978 0.20920.0279 3.8366 0.6921 

40 0.11530.0073 1.27740.0145 0.4162 0.9974 4.9845  0.5082 0.20630.0257 2.0459 0.6785 

50 0.03540.0031 1.48630.0203 0.3698 0.9964 4.0324  0.4859 0.20320.0304 1.8436 0.5974 
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From the droplet size evolution (Fig. 4.19), it is observed that the mean droplet diameter decreases 

with an increase in the emulsion pH. This explains the increase in viscous and viscoelastic 

functions. The droplet size distribution (DSD) is an important structural parameter which influences 

the emulsion rheology significantly (Otsubo and Prudhomme, 1994). Specially, in the structured 

macromolecule-stabilized systems (at higher pH), in which inter-droplet interactions may play a 

key role. 

 

4.4.3 Cox–Merz Rule  

The dynamic and steady shear rheological properties of emulsions are correlated by Cox-Merz 

empirical relationship at equal values of angular frequency ( , s
-1

) and shear rate  ( , s
-1

) (Cox 

and Merz, 1958;  Snijkers and Vlassopoulos, 2014):  

 

      )30.4(*

 
 a  

 

The applicability of the Cox-Merz rule on o/w emulsions were verified by plotting apparent 

viscosity ( a ) and complex viscosity (
* ) of o/w emulsion against shear rate ( ) and angular 

frequency ( ) in a single plot.  Fig. 4.36 shows the Cox-Merz plot for o/w emulsions at different 

values of pH.  It is observed that the magnitude of 
* are higher than the a  value for all 

emulsions. It is also observed that the difference between a  and 
*  increases as the pH of the 

emulsion decreases. This indicates that the o/w emulsion does not obey the Cox-Merz rule over the 

range of   and   studied. The deviation may be explained due to the weak-gel like structure of 

emulsions (Ndjouenkeu et al.,1995). The emulsion structural decay depends on the extent of the 

applied strain (Rochefort and Middleman, 1987). For a small-amplitude oscillatory shear (SAOS) 

measurement, the applied strain is low in the linear viscoelastic region (LVR). But it is relatively 

high enough for the breakdown of the structured inter and intermolecular droplet aggregation in 

steady shear measurement (Gunasekaran and Mehmet Ak, 2000; Karaman et al., 2011).  In the 

present study, it is found that the emulsion pH has significant influence on the droplet aggregation, 

as the degree of flocculation increases with a decrease in pH. Thus the deviations from the Cox–

Merz rule imply that the o/w emulsion exhibits a weak gel viscoelastic structure which is sensitive 

to system pH. 
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Fig. 4.36: Comparison of dynamic oscillatory and steady-state shear viscosities (Cox–Merz rule) of 

all the o/w emulsions at different pH. a    ; *    . 
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4.4.4 Time-Dependent Flow Behavior of O/W Emulsions 

The time dependency and the structure recovery of o/w emulsions are shown in Fig. 4.37. The 

time-dependency of o/w emulsions was tested in three intervals under controlled shear rate (CSR). 

The performed tests are simulated using the following shear conditions: rest (pre-shear)-high 

shearing (structure decomposition)-rest (structure regeneration/recovery). 

In the first interval a constant, but low shear rate (1 s
-1

) was applied to the emulsion for 50 s. In 

the second interval, a constant but high shear rate (100 s
-1

) was imposed for 50 s on the emulsion 

which caused the internal structural decomposition of the emulsions. Thereafter, the imposed high 

shear rate was withdrawn and the emulsions were allowed to recover their structure under constant 

low shear rate (10
0
s

-1
) for a long period of time of about 300 s. During the whole shearing period, 

the resulting change of emulsion apparent viscosity was observed with time as shown in Fig. 4.37. 

It was observed that the emulsions exhibit viscoelastic behaviour confirming the earlier 

observations. The effect of emulsion pH in changing the viscoelastic nature of emulsions is 

significant. The t curve (Fig. 4.37) shows that the emulsion with different pH exhibit 

thixotropic behaviour.  

 

 

Fig. 4.37: Time dependent behavior ( t  plot) of o/w emulsions at different pH. 
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Emulsions having pH 12 and pH 10 exhibit very good regeneration of the complete structure which 

decomposed during the high shearing process. As the pH decreases, the structure regeneration 

tendency of the emulsions also decreases. This indicates that the viscoelasticity of the emulsions 

decreases with a decrease in its pH. For the emulsion having pH 8 and pH 6, the decomposed 

structure regenerates very slowly. For the emulsions having pH 4 and pH 2, the viscosity data 

showed a wide scatter over the regeneration period. For these emulsions, a transient or unsteady 

state behavior was observed during the regeneration period. Thus, it can be inferred that the 

emulsions with pH 4 and pH 2 exhibit poor structure recovery and are not able to regenerate their 

internal structure over a prolonged regeneration period. 

 

4.4.5 Effect of Temperature on Steady and Dynamic (Viscoelastic) Rheological Behavior of    

O/W Emulsions 

The effect of temperature on the rheological behaviour of the emulsions (pH = 12, 30 % v/v o/w 

emulsion) is shown in Fig. 4.38. It is found that the o/w emulsion exhibited temperature-dependent 

viscous behaviour. The apparent viscosity of the emulsions decreases with an increase in 

temperature. It was observed that the viscous behaviour becomes highly non-linear at lower shear 

rates.   

 

Fig. 4.38: Rheogram of o/w emulsions at different temperature.  

      20 
o
C   ; 30 

o
C     ; 40 

o
C   ; 50 

o
C    .   
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The emulsions exhibited the characteristics of non-Newtonian, shear-thinning (pseudoplastic) 

fluids over the studied temperature range (20-50
o
C). Various non-Newtonian viscosity models are 

fitted with the experimental data (Table B4 and Table B5). The non-Newtonian behaviour increases 

strongly with a decrease in temperature. From the power low model, it was observed that the flow 

behaviour index, n < 1, and that it decreases with an increase in temperature. This shows inferred 

that the shear thinning behaviour of o/w emulsion increases with a decrease in temperature as also 

the pseudoplasticity of the emulsions. Evolution of droplet size distribution (DSD) of o/w 

emulsions at different temperatures is shown in Fig. 4.39. All DSD curves show a uni-modal 

distribution characteristic. It is observed that as the temperature increases, the DSD curve shifts 

towards the higher droplet size range with an increase in average droplet size. As the in-situ 

temperature of the o/w emulsion increases, the disruption of emulsion droplets gets enhanced, and 

facilitating the droplet coalescence process. This results in the evolution of comparatively larger 

droplets with a wider DSD spectrum. 

 

Fig. 4.39: Effect of temperature on evolution of droplet size distribution (DSD) of o/w emulsions. 
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From the rheogram (Fig. 4.38), it is observed that the o/w emulsion exhibits two limiting 

viscosities over the range of studied:  the zero shear viscosity ( 0 ) at low shear rate and the infinite 

shear viscosity (  ) at high shear rate. It is very difficult to model the overall rheological behavior 

of the emulsions over a wide range of shear rate. In addition to power law model, the rheological 

data were also fitted to four different viscosity models. The model fitted parameters are shown in 

Tables B4 and B5. The Carreau model represents the rheological behavior of the o/w emulsion very 

well over the entire range of shear rate as compared to Cross and Sisko models, with high R
2
 value 

and low error. 

The effect of temperature on viscoelastic properties ( G ,G   and 
* ) of the emulsions in the 

whole range of applied frequency is shown in Fig. 4.40.  From the mechanical spectra of o/w 

emulsions at different temperatures, it is found that the viscoelastic parameters are temperature 

dependent. G , G   and 
*  decrease with an increase in temperature. It is also found that G   > G  

at lower frequency (below
130~ s ) and G> G   at higher frequency range (above 

150~ s ) 

with a characteristic crossover frequency ( c ). The mechanical spectra showed a viscous response 

of the emulsion at lower frequency and an elastic response at a higher frequency. As the 

temperature of the emulsion increases, the c shift towards the higher frequency and the emulsion 

shows viscous behavior at the higher frequency. A power-law type model (Eq. 4.25-4.26) describes 

well the variation of viscoelastic parameters with temperature (Table 4.17). All the o/w emulsions 

at different temperatures can be characterized as a weak gel like viscoelastic fluid as the slope ( n

and n  ) of G  and G   spectra were positive (Ross-Murphy and McEvoy 1986; Karaman et al. 

2011). The viscoelasticity of the emulsion decreases with an increase in temperature as both K 

(0.390-0.0354 Pa.s
n
) and K  (8.3635-4.0324 Pa.s

n
) decrease with an increase in temperature (20-50 

o
C). Furthermore, the exponent of G  and G   varied as n= 1.1320-1.14863 and n  = 0.2143-

0.2032, (Table 4.17). From these results, one can infer that the o/w emulsion behaves like a 

structured liquid over the studied temperature range (20-50 
o
C) (Sanchez et al., 2002). The 

temperature dependency of a  and 
*  can be described by an Arrhenius-type relationship, as given 

below: 
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Steady state and dynamic rheological data for 
110  s  were fitted to Eqs. (4.31-4.32) and the 

best-fit model parameters are shown in Table 4.18. It is observed that the complex viscosity  *  is 

always greater than the steady state shear viscosity  a  over the temperature range (20-50
o
C).  

Both a  and 
*  decrease with an increase in temperature from 20 to 50 

o
C due to an increase in 

the intermolecular distances for thermal expansion.  The magnitude of viscous activation energy,  

* EE  , implies that the steady-state shear viscosity of o/w emulsion samples are more sensitive 

to temperature than the complex viscosity. Therefore, the viscosity of emulsions decreases with an 

increase in temperature accompanied by an increase in mean droplet diameter.  

 

 

Fig. 4.40: Influence of temperature on the dynamic oscillatory mechanical spectra of o/w   

emulsions. (a) Gversus   plot ; (b) G   versus   plot ; (c) *  versus   plot. 

 

 

20 
o
C  ; 30 

o
C  ; 40 

o
C  ; 50 

o
C  . 
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Table 4.18 :Arrhenius model temperature dependency parameters of o/w emulsions. 
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20 0.568 

7.4349 × 10
-08 

 0.4089 
38.5545 0.9978 

1.28 

1.270 × 10
-04

 

  0.9210 
22.5435 0.9680 

30 0.320 1.06 

40 0.20 0.71 

50 0.130 0.562 
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CHAPTER 5 

 

FLUID FLOW THROUGH POROUS MEDIA 

 

In the process oil fields both Darcy and non-Darcy flow regimes estimation of is often 

a critical issue. Flow regime estimation is a key parameter for understanding the behavior of 

petroleum reservoirs and also in the prediction of production performance. In this chapter, at 

first the pressure drop evolution in the various flow regimes, viz. from pre-Darcy to Darcy 

and inertial non-Darcy regimes including transitional flow domain in different types of 

porous media for Newtonian fluid was investigated and discussed in section 5.1. A new set of 

data for different types of porous media is presented which were obtained from rigorous 

steady flow experiments. The flow behavior and the localization of the transition from one 

flow regime to the next regime are also discussed. Thereafter the emulsion flow through 

different type of porous media (packed bed with different size of particle diameter and sand 

pack core holder packed with different mesh of sand particles) was studied. Effect of 

emulsion volume fraction, flow rate and number of PV injected on bed pressure drop and 

permeability reduction for different types of porous media have also been studied and 

discussed in section 5.3. 

 

5.1 NEWTONIAN FLUID FLOW THROUGH POROUS MEDIA 

 

5.1.1 Pressure Drop-Velocity Relationship  

The relationships between the pressure gradient and the average velocity in the porous 

bed with different particle sizes have been investigated. It can be seen from Fig. 5.1 that the 

pressure gradient increases nonlinearly with the average velocity over the entire velocity 

range studied.  It was observed that the pressure drop across the bed increases with a decrease 

in the particle size. The bed becomes denser as the particle size decreases, and offer large 

resistance to the flow due to reduction in flow passages in the bed. The pressure loss-velocity 

relationships are found to be nonlinear in nature, deviating from the linear relationship as 

predicted by Darcy’s law (Eq. 5.1). The characteristics of the pressure drop-velocity plot for 

porous media were evaluated by fitting the experimental data to various model equations 

(cubic, quadratic and power law model):  

 )1.5(. Du
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Fig. 5.1: Relationship between the Pressure gradient per unit length versus average velocity 

across the porous bed with different particle sizes.  

Porous media ( dp (mm)= 2.5 ; 3.2 ; 5 ; Mix ) 

 

The Darcy’s law is valid for flow with sufficiently small velocity. As the velocity 

gradually increases non-Darcy effects will appear. Increased flow velocity, pore 

irregularities, and excessive momentum transfer perturb the Darcy flow. It is, therefore 

desirable to introduce some corrections to Darcy’s law and further propose a general relation 

that can be used to include non-Darcy effects. The relation consists of two terms: a viscous 

loss term and an inertial loss term, which are shown below (Coulaud et al. 1988; Rojas and 

koplik, 1998; Zimmerman et al., 2004; Lage et al., 1997; Chai et al., 2010).  

Type-I: Quadratic Forchheimer equation:  
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Type-IV: Power law equation:  

 )5.5(.
m

Du
dL

Pd
  

It can be seen from Fig. 5.1 that the pressure gradient across the porous bed increases 

with an increase in velocity and exhibit better quadratic relationships, when compared to 

power law model equation for different particle sizes. More specifically, the pressure 

gradient-velocity plots for different particle sizes are best represented by Type-I, Type-II and 

III flow model equations (R
2
 ~ 0.999). Type-I and Type-IV model equations describe the 

non-Darcy flow with strong inertial effect. In this regime, the inertial effect is more 

significant than viscous effect, and the flow behavior is mainly governed by the inertial force. 

Type-II and III model equation represent the transitional inertial regime. The non-linear 

effects arise from the inertia-viscous cross effect resulting from the streamline deformation 

(Panfilov and Fourar, 2006). In this regime, the inertial force is comparable to viscous force 

and its effect becomes more pronounced with an increase in fluid velocity. Boundary layers 

begin to develop near solid boundaries inside the porous medium and they become 

pronounced, and an inertial core appears (Dybbs and Edwards, 1984). Thus the experimental 

results reveal that the flow within the porous media does not confirm to purely viscous fluid 

flow (Darcian flow) and that the inertial effect exists simultaneously. 

The coefficients of different model equations are listed in Table 5.1. It can be seen that 

the medium permeability and the inertial resistance factor are affected significantly by the 

particle size. Permeability of the porous media can be defined as the ability of the media to 

transmit the fluid (i.e. how easily fluid can flow through a porous media). It was found that 

the permeability of porous media increases with an increase in the particle size. As the 

particle size gradually decreases, the fluid passage path becomes more and more constricted 

and complex, offering more resistance to the flow. In the experiment, the relation of the 

inertial resistance factor B with the particle size Dp reflected more clearly than that of the 

permeability K . From Fig. 5.1, it is evident that as the particle diameter decreases, the 

pressure gradient-velocity plot becomes more asymptotic in nature. Thus, it is necessary to 

correlate the bed permeability and the inertial resistance with particle size in terms of a 

particle characteristic coefficient.  

The pressure drop in porous media can be represented in terms of bed porosity, particle 

diameter and velocity as (Nield and Bejan, 1999; Zhang et al. 2013): 
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Table 5.1: Coefficient of different types of flow correlation equations between the pressure gradient and velocity in porous bed with various particle 

diameters 

 

Model equations Type-I Type-II Type-III Type-IV 

Porous 

media 

Mean 

Particle 

Size, dp 

(mm) 

Porosity 

 

K
×10

08
 

(m
2
) 

  

(m
-1

) 
R

2
 

K
×10

08 
 

(m
2
) 

2  

 
R

2
 

K
×10

08
 

(m
2
) 

1  

 

2  

 
R

2
 

  

×10
-04

 
m R

2
 

PM1 2.5 0.4174 1.879 3842 0.9981 3.284 0.067 0.9977 5.077 1862.4 0.0025 0.9998 38.796 1.499 0.9987 

PM2 3.5 0.3696 2.819 2194.4 0.9973 1.353 0.147 0.9996 1.400 447.41 0.1306 0.9997 71.694 1.441 0.9936 

PM3 5.0 0.3478 4.990 1799.1 0.9998 1.662 0.110 0.9994 1.799 798.63 0.0801 0.9995 49.811 1.411 0.9950 

PM4 3.25 0.3913 2.253 2873 0.9986 2.115 0.086 0.9996 2.024 370.70 0.0994 0.9996 36.833 1.398 0.9928 
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On comparing Eq. (5.2) and Eq. (5.6), the permeability ( K ) and inertial resistance factor 

() can be expressed as follows:                               
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where  and  are the characteristic coefficients of the particles in the porous bed and can be 

evaluated from Eqs. (5.7) and (5.8) and are listed in Table 3.6 in Chapter 3.  

 

5.1.2 Various Flow Regimes in the Porous Media 

In the previous section, it was confirmed that the non-Darcy type flow was observed 

during the passage of fluid through porous media over the studied range of flow rate. The 

various flow regimes encountered during the flow through porous media were identified and 

characterized by extended Darcy-Forchheimer equation (also known as the Hazen-Dupuit-

Darcy equation) (Eq. 5.9) modifying the Darcian velocity when the pressure drop-velocity 

relationship deviates from linearity and enters the inertial regime through transition regimes 

(Oun and Kennedy, 2014; Boomsma and Poulikakos, 2001; Dukhan and Minjeur, 2011; 

Bagci et al., 2014): 
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The left side of Eq. (5.9) is the reduced pressure drop. Graphical demarcation of the pore 

flow regimes can be done by observing the change in slope of the reduced pressure drop-

velocity (RPD) plot. If RPD plot yields a constant gradient horizontal line to x- abscissa of 

0












x

y
 will ensure typical Darcy flow regime and plot having positive slope, 0













x

y
 

characterize the non-Darcy Forchheimer inertial regimes. The RPD plot for different sized 

particles is shown in Fig. 5.2. 

From RPD flow map plot, four different pore flow regimes were identified as: (i) pre-

Darcy regime, (ii) transition to Darcy regimes, (iii) Darcy regimes, and (iv) Forchheimer 

inertial regimes.
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Fig. 5.2: Reduced pressure drop (RPD) plot for flow regime demarcation of different types of porous media. pre-Darcy ( ); transition to Darcy ( ); 

Darcy ( ); weak inertia ( ); non-Darcy Forchheimer regime (  ).
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 (i) Pre-Darcy regime: A pre-Darcy regime was observed at very low velocity for three 

different sized particles and mixed particles system.  In pre-Darcy regimes the slope of RPD 

plot 












x

y
being negative. The pre-Darcy regime exists only for velocities in the range of 

0405 1090.11088.2   Du m. s
-1

. Very limited information is available regarding the pre-

Darcy regime (Fand et al. 1987; Kececioglu and Jiang, 1994; Bagci et al. 2014). The 

magnitude of the reduced pressure gradient in this regime was relatively very high as 

compared to preceding flow regimes.  In this regime, the pressure drop increases nonlinearly 

with velocity, and the fluid shows non-Newtonian flow behaviour. Pressure drop across the 

porous bed varies inversely to the Reynolds number (Kececioglu and Jiang, 1994). This may 

be attributed due to the electro-osmotic and capillary-osmotic forces acting on porous media. 

The streaming potential generated due to these hydrodynamic forces produces small counter 

currents along the pore walls in a direction opposite to the main flow direction (Fand et al. 

1987; Bagci et al. 2014). The effect of hydrodynamic forces became more pronounced as the 

particle size decreased. It was observed that the pre-Darcy effect increases with a decrease in 

particle size (Fig. 5.2). For mixed particles, the pre-Darcy effect is higher than the isotropic 

porous media (Dp = 3.5 and 5 mm).       

(ii) Transition to Darcy regime: There is a transition regime between the pre-Darcy regime 

and the next Darcy regime. This regime is short and transient with scattered reduced pressure 

drop data points having relatively less  DuLP /  values.  

(iii) Darcy regime: The Darcy regime persists for steady slow creeping flow. The viscous 

drag solely contributes to the pressure drop because of low velocity and low momentum fluid 

stream masked over the solid surface without formation of any wakes and inertial cores like 

fluid structure. The purely viscous Darcy regime was identified by the horizontal line with a 

constant  DuLP / value. In Darcy regime, the second term on the right hand side of Eq. 

(5.9-5.10) becomes zero. Thus, for purely viscous fluid Eq. (5.9 and 5.10) becomes: 
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where K is the permeability of the porous media which characterized the internal morphology 

of the porous media. The onset of Darcy flow regime depends on the particle size. Details of 

Darcian velocity  Du range for different sized particles are shown in Table 5.2. 
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(iv) Forchheimer inertial regimes: As the velocity gradually increases, deviation starts from 

Darcian relationship. It should be mentioned that the flow within the porous media remains 

steady and laminar. Kinetic energy degradation begins due to the pore constrictions and 

changes in flow direction around the solid phase. Hence, the flow energy dissipation becomes 

the sum of the viscous and inertial drags. The contribution of the inertial drag can be captured 

by a second-order velocity dependent term in the Darcy equation (Eq. 5.9). From RPD plot it 

was observed that the inertial regime starts from 05.0Du m.s
-1

 for uniform isotropic 

particles, but for mixed particles, the inertial regime starts early from  03.0Du  m.s
-1

. This 

indicates that the flow resistance offered by the mixed anisotropic particles is more as 

compared to uniform isotropic particles. Panfilov and Fourar (2006) suggested that the non-

Darcy flow behaviour in the porous media arises due to inertial-viscous and purely inertial 

effects.  At the beginning of the Forchheimer regime inertia-viscous cross effect plays 

significant role in the deformation of the streamlines, thereby creating non-Darcy flow 

regime. As the velocity gradually increases to higher values, this effect becomes more and 

more pronounced with purely inertial effect dominating the flow. For mixed particles, the 

inertial-viscous cross effects substantially altered the flow regime to non-Darcian flow due to 

pore blockage, internal pore size heterogeneity and highly tortuous flow path. 

 

5.1.3 Pressure Gradient-Flow Rate Behaviour  

The pressure gradient-flow rate behaviour along the porous bed as a function of particle 

size and porosity can be described by following non-dimensional relationship:  

 

Kozney-Carman correlation: 
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Table 5.2: Flow regimes boundaries of different porous media for incompressible Newtonian fluid 

Flow regime Pre-Darcy Darcy Non-Darcy Forchheimer 

 
K

Re  ReD ReP 
K

Re  ReD ReP 
K

Re  ReD ReP 

Kececioglu 

and Jiang 

(1994) 

 3mm 

- - - 
0.013 < 

K
Re < 

0.025 
- - 

0.07 < 
K

Re  

< 0.48 
- - 

Fand et al. 

(1987) 3mm  
- - - - ReD < 2.3 - - 

5< ReD < 

80 
- 

Bagci et al., 

(2014) 3mm K
Re  < 0.02 

ReD < 

0.72 
- 0.02 < 

K
Re < 0.59 

0.92 < ReD < 

22.45 
- 

1.81 < 
K

Re

< 6.21 

68.0 < ReD 

< 232.5 
- 

Bagci et al., 

(2014) 1mm K
Re < 0.25 

ReD < 

9.65 
- 

0.29 < 
K

Re  < 

0.77 
11.0 < ReD < 29.3 - 1.28 < 

K
Re  48.7 < ReD - 

Present study 

2.5 mm 

 = 0.4174 
01.0Re 

K
 ReD  

0.485  

Rep  

0.202 
5.0Re01.0 

K
 2.0ReD 18.1  

0.8 Rep  

7.15 
7.0Re 

K
 ReD  20  Rep  7.55 

3.5 mm 

 = 0.3696 
02.0Re 

K
 ReD  

1.48  

Rep  

0.55 
7.0Re02.0 

K
 5.28ReD 27.07  

2.0 Rep  

10 
8.0Re 

K
 ReD  28.6 Rep  12.25 

5 mm 

 = 0.3478 
005.0Re 

K
 ReD  

2.37  

Rep  

0.54 
2.0Re006.0 

K
 4.86ReD 27.34  

1.27 Rep  

6.21 
3.0Re 

K
 ReD  28 Rep 7.82 

Mixed 

 = 0.3913 
02.0Re 

K
 ReD  

1.01  

Rep  

0.40 
3.0Re02.0 

K
 2.7ReD 11.63  

1.14 Rep  

5.0 
4.0Re 

K
 ReD 14.67 Rep  5.74 
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Fig 5.3: Friction factor-Reynolds number plots for Newtonian fluid flow through different 

types of porous media. Kozney-Carman (-----); Ergun (-----) equation. 

 

According to Dupuit–Forchheimer equation (Nield and Bejan, 1999), the superficial or 

seepage velocity in the porous media can be expressed as follows: 

)14.5(. Ds uu 
 

Fig. 5.3 shows the friction factor versus Reynolds number plot, of the experimental data, 

for four different sets of porous media. A total of 148 experimental runs has been represented 

by this plots. 

Experimental data show a typical friction factor-Reynolds number pattern according to 

Eq. (5.12-5.13). In general, for isotropic porous media, the pressure drop data agreed well 

with the Kozney-Carman equation than that with the Ergun equation. The experimental data 

generally lie above the Ergun prediction. The flow regimes are also identified from these 

plots. For isotropic porous media, a deviation from linearity was observed at very low 

Reynolds number, 2.0Re P , which is characterized by the pre-Darcy regime. The next 

deviation occurred at 8Re P   which is characterized as the non-Darcy Forchheimer regime. 
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In the Reynolds number range of 8Re2.0  P , better agreement with the Kozney-Carman 

and Ergun equations was observed. This regime is characterized as the Darcy regime. The 

flow regime demarcation obtained using the friction factor plot were compared with those 

obtained using the RPD plots of Fig. 5.2, and were found to be consistent. However, a 

transition regime before the Darcy regime was identified from the RPD plot which cannot be 

traced from friction factor-Reynolds number plot. Similar pattern was observed for mixed 

particles, however, the non-Darcy Forchheimer regime is found to begin at 5Re P , i.e. 

earlier than the isotropic porous media. The flow regime demarcation obtained using the 

friction factor-Reynolds number plot were contrasted with those obtained using the RPD plot 

of Fig. 5.2 and were found to be consistent.  

Further, pressure drop variation in the porous media was analyzed through the modified 

friction factor and modified Reynolds number which includes permeability  K  as porous 

media characteristic length scale (Beavers and Sparrow, 1969; Venkataraman and Rao, 1980; 

Papathanasiou et al., 2001). The Forchheimer equation (Eq. 5.10) can be rewritten and 

expressed as: 
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where FD in Eq. (5.15) represents the influence of inertial force in the porous media. 

Permeability of the porous media changes in different flow regimes. According to Dybbs and 

Edwards (1984) in the purely viscous Darcy regime, the exact nature of the flow field was 

determined by the local internal structure of the porous medium. In the non-Darcy inertial 

regimes, the actual internal structure of the porous medium is masked by various effects such 

as boundary layers on solid surfaces, inertial cores, and wake formations (Bagci et al., 2014). 

Thus, the permeability obtained in the Darcy regime represents the actual internal structure of 

the porous medium most accurately (Kececioglu and Jiang, 1994). Therefore, the 

permeability obtained from the Darcy flow regime was used in the Forchheimer equation (Eq. 

5.15). Permeability and Forchheimer coefficient for different porous media are given in Table 

5.3. From Fig. 5.4 it can be seen that 
K

f
 
varies inversely with 

K
Re . 

Three distinct zones can be seen from Fig. 5.4 by comparing the experimental data with 

the projected 
K

Re1  plot. A deviation from 
K

Re1 was observed at a lower 
K

Re  

 01.0Re 
K

 which is classified as the pre-Darcy regime. Another deviation was observed 
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at 04.0Re 
K

, which is classified as non-Darcy Forchheimer regime. In between, where 

experimental data depart from the 
K

Re1 plot, signifies the end of the Darcy regime. Darcy 

regime exists within the range of 5.0Re01.0 
K

. The demarcation, 
K

Re , range for 

different flow regimes varies with the particle size and the type of porous media. A 

comprehensive flow regime range based on 
K

Re for different types of porous media is given 

in Table 5.2.  

Table 5.3. Parameters of Forchheimer equation for different porous media. 

 

5.2.4 Variation of Medium Permeability at Different Pore Flow Regimes 

Medium permeability has a significant influence on the fluid percolation through the 

porous media.  Fluid percolation through porous media is the result of physical interaction 

between the solid structure and the fluid. The relation between the medium permeability and 

the Reynolds number has been derived from Eq. (5.2) and Eq. (5.4) for Darcy and non-Darcy 

flow regimes. The medium permeability is represented as the reciprocal of the normalized 

permeability (RNP).      
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Porous 

media 

Type of 

porous 

media 

Mean 

Particle 

Size, dp (mm) 

Porosity, 

 

Permeability,  

K × 10
8
 (m

2
) 

Forchheimer 

coefficient, FD 

PM 1 Uniform 

isotropic 
2.5 0.4174 5.488 0.902 

PM 2 Uniform 

isotropic 
3.5 0.3696 7.202 0.964 

PM 3 Uniform 

isotropic 
5.0 0.3478 1.417 0.594 

PM 4 Mixed non-

isotropic 
3.25 0.3913 6.775 1.346 
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Fig. 5.4: Permeability based modified friction factor versus Reynolds number plot for different porous media.
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In the Darcy regime, the RNP of the porous media remains constant with ReP whereas in 

the non-Darcy Forchheimer regime, the RNP increases with an increase in the ReP. The RNP 

plots for different porous media are shown in Fig. 5.5. It was found that the experimental 

results were well correlated by Eq. 5.16 at low ReP (ReP  < 5), i.e. in the Darcy regime, this 

was also identified in the previous section. In this regime, the viscous force dominates over 

the inertial force, and RNP becomes independent of ReP. Thus only the local geometry or 

pore structure influences the flow behavior. The extended Darcy regime covers the range of 

0.5< ReP <5. As the ReP gradually increases (ReP > 5) permeability becomes a function of 

ReP,, and RNP increases with an increase in ReP. Under the same pressure gradient, the larger 

the increase in flow velocity, the more easily fluid percolates through the porous media. This 

signifies the end of the Darcy regime and the beginning of non-Darcy flow regime. At ReP  > 

5, the curve is characterized by a typical inflexion towards x-axis. In the range of 5< ReP  <10, 

a transition regime was seen where a small change in permeability with ReP was found. This 

regime is characterized by a weak inertial regime where the inter play of both the viscous and 

inertial effects is seen. With a further increase in ReP  (ReP > 10), RNP increases steadily.  

 

Fig. 5.5: Variation of reciprocal of normalized permeability of different porous media with 

ReP. 
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This is the region of transition from weak inertial regime to quadratic Forchheimer regime. 

The flow in porous media in this regime is than governed by the Forchheimer equation unlike 

flow in the Darcy regime, and hence by the inertial force. An anomalous behaviour was 

observed in the pre-Darcy regime, where RNP value was quite high and was a function of 

ReP. Therefore, the variation of permeability in pre-Darcy regime (ReP < 0.5) was not 

considered here. 

 

5.2 FLOW OF EMULSIONS THROUGH POROUS MEDIA 

 

5.2.1 Emulsion Flow Modeling 

The capillary tube bundle approach together with the mean hydraulic diameter concept 

has been extended for modeling emulsion flow through porous media. According to 

generalized capillary flow model the porous media or granular bed of solid particles consists 

of irregularly shaped channels provided by the space between the particles in the bed. These 

channels are considered as large numbers of capillary tubes running parallel to the direction 

of flow. The laminar flow of a fluid was considered flowing through a bed of solid particles 

contained in a cylindrical column of diameter Dt, bed length L and particle diameter dp. The 

tortuous path of the channel is le, traversed by the fluid elements, and it is more than the bed 

length, L. For porous media flow parameters used were as follows: 
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Typically, an emulsion behaves like non-Newtonian fluid. The general form of 

constitutive power-law equation for non- Newtonian fluid is given as follows: 
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The momentum flux or shear stress was obtained by  momentum balance over cylindrical 

fluid element in a capillary of radius r as follows: 
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The fluid velocity become zero (i.e., 0RrV ) at the tube wall and at the particle surface. 

Thus, shear stress becomes 
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The average velocity through the capillary is written as: 
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The volumetric flow rate through capillary is expressed as: 
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On integrating Eq. (5.27), we have 
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Rearranging Eq. (6) and Eq. (7) in Eq.(10), we get 
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Eq. (5.29) becomes, 
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After integration and rearranging, we have 
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The effective viscosity is defined as 
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Therefore, substituting Eq. (5.32 or 5.33) in Eq. (5.34), yields the expression of 'effective 

viscosity' for emulsions behaves as a non-Newtonian fluid. 
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 5.2.2 Pressure Drop in Packed Bed of Different Porous Media for o/w Emulsion Flow 

Pressure drop data  DuvsdLPd  of all o/w emulsions at different volume fraction 

(10-80%v/v) were obtained for different porous bed at ambient conditions (30
o
C). The 

observed pressure data are represented in Fig. 5.6. It was observed that, with an increase in 

average velocity (Darcy velocity), there was an increase in the pressure drop. The observed 

pressure drop increases with an increase in emulsion volume fraction at the same velocity, 

which could be due to increase in consistency index (K) and emulsion viscosity. It was also 

observed that the emulsion volume fraction significantly influence the porous bed pressure 

drop. As the emulsion volume fraction gradually increases, viscosity of emulsions increases 

and emulsion become more pseudoplastic (n<1) with a decrease in flow behaviour index (n) 

and an increase in consistency index (K). The increase in emulsion pseudoplasticity 

contribute the enhancement of bed pressure drop. Similar pressure drop trend was observed 

with porous bed of different particle diameter (dp). Pressure drop across the bed increases 

with a decrease in dp as the pore space becomes constricted and free area available for fluid 

propagation gradually reduced. 

 

5.2.3 Modified Friction Factor-Reynolds Number Relation in porous media flow 

For non-Newtonian power-law fluids, Darcy-Forchheimer can be written as follows 

(Shenoy, 1993):  
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Fig. 5.6: Relationship between the Pressure gradient per unit length versus average velocity across the porous bed for different emulsion volume 

fraction. Emulsion vol. fr. (v/v) = 10%   ; 30%   ; 50% ; 70% ; 80%   . 
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For laminar flow the second term in Eq. (5.37) is neglected. Therefore, the modified 

friction factor and modified Reynolds number can be expressed as: 

  

 

The tortuosity factor, Ct, has been defined differently by various authors as follows: 

Christopher and Middleman (1965) and Mishra et al. (1975) : 

 

 

Kemblowski and Michniewicz (1979):  

 

 

Pascal (1983):  

 

 

Dharmadhikari and Kale (1985):           
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Table 5.4: Variation of Ct given by Eq. (5.39-5.42) for different emulsion volume fraction. 

Volume 

Fraction 

(% v/v) 

n Christopher 

and 

Middleman 

(1965) 

and Mishra 

et al. (1975) 

Kemblowski 

and 

Michniewicz 

(1979) 

Pascal 

(1983) 

Dharmadhikari 

and Kale 

(1985) 

10 0.559 2.083 1.945 1.772 0.979 

30 0.4977 2.083 1.878 1.733 0.847 

50 0.504 2.083 1.885 1.737 0.860 

70 0.4647 2.083 1.843 1.712 0.778 

80 0.4375 2.083 1.815 1.695 0.822 

 

The variation of Ct with emulsion volume fraction estimated by Eq.( 5.39-5.42) is shown 

in Table 5.4. Experimental pressure drop results for different porous media were compared 

with Eq. (5.38) using Ct as predicted by Eq. (5.39-5.42), and shown in Fig. 5.7. Experimental 

results showed good agreement with the other models. The deviation was observed at 

Reynolds number 
03* 10Re P  but better agreement was observed at 

03* 10Re P . It was 

observed that as the oil volume fraction increases the deviation at higher Reynolds number 
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gradually decreases. Experimental pressure drop data for 50-70% v/v emulsion showed 

overall good agreement with the model predictions as compared to other emulsions. A 

comparison between the experimental results and predicted values were presented in terms of 

M.R.Q.E and are shown in Table 5.5. It was observed that Pascal (1983) and Dharmadhikari 

and Kale (1985) model resenably fit the pressure drop data for the entire range of emulsion 

volume fraction and 
*ReP . Christopher and Middleman (1965) , Mishra et al. (1975)  and 

Kemblowski and Michniewicz (1979) model over predicted the experimental data at 

03* 10Re P .                 

Furthermore, experimental pressure drop results were compared with other model 

equation proposed by various researches is given in Table 5.6. On comparing the M.R.Q.Es 

the  model predicted by Hayes et al. (1996) and Dharmadhikari and Kale (1985) best fit the 

emulsion pressure drop data among others.  

The modified friction factor ( *

mf ) and modified Reynolds number (
*ReP ) was calculated 

according to Eq. (5.22). Fig. 5.8 represents the *

mf -
*ReP  plot for emulsion with different 

volume fractions flowing through porous bed. It was observed that for all sets of emulsions, 

the *

mf  decreases with an increase in 
*ReP . Further it was observed that all data points for 

different emulsion volume fraction superimposed in a single curve at 
03* 10Re P . However, 

at 
03* 10Re P volume fraction alter the *

mf  with 
*ReM .  

Effect of particle diameter on *

mf -
*ReP  plot is shown in Fig. 5.9. Variation of *

mf  with 

particle diameter (dp) was observed at 
04* 103Re P . Modified friction factor increases with 

an increase in particle diameter varying from 2.5 to 5 mm, where friction factor for mixed 

particles lies among them. But at 
04* 103Re P  no significant effect of dp on *

mf -
*ReP  plot 

was observed. 

 

5.2.4 Rheological Behavior of Emulsions Flow through Porous Media 

The rheological properties of emulsions flowing through a porous media were studied on 

the basis of shear stress versus shear rate relationship. The shear stress ( w ) versus shear rate 

( hs Ru8 ) curves for different emulsions quality in porous bed of different particles is shown 

in Fig. 10.  It was observed that the shear stress increases with an increase in shear rate during 

percolation of emulsions through the bed. The bed shear stress progressively increases with 

an increase in emulsion volume fraction. Similar trend was observed for different particle 

diameters. 
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The effective viscosity of emulsions have been calculated from the derived model (Eq. 

5.35) and is shown in Fig. 5.11, as a function of shear rate for porous bed of different particle 

sizes. The effective viscosity of emulsions is decreases with shear rate as flowing through the 

porous bed. It was also found that the effective viscosity of emulsions increases with an 

increase in oil volume fraction in the o/w emulsion when flowing through a porous media at a 

specified shear rate. 

 

Fig. 5.7: Modified friction factor-Reynolds number plot and model compression for o/w 

emulsion flowing through PM-1at different volume fraction. 
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Table 5.5: Statistical comparison (MRQE) of various model predictions (Eq. 5.39-5.42) and 

experimental results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

 

 

 

 

 

 

Porous 

media 

Christopher 

and 

Middleman 

(1965) 

Kemblowski 

and 

michniewicz  

(1979) 

Pascal 

(1983) 

Dharmadhikari 

and Kale (1985) 

PM-1     

10% 1.346 1.198 1.015 0.285 

30% 1.971 1.776 1.535 0.450 

50% 0.723 0.571 0.461 0.335 

70% 1.161 0.919 0.788 0.242 

80% 0.758 0.542 0.447 0.406 

PM-2     

10% 1.545 1.384 1.183 0.342 

30% 1.631 1.376 1.197 0.176 

50% 0.572 0.439 0.346 0.395 

70% 0.895 0.684 0.571 0.319 

80% 0.853 0.622 0.520 0.370 

PM-3     

10% 0.830 0.720 0.587 0.281 

30% 0.945 0.759 0.628 0.241 

50% 0.203 0.148 0.149 0.532 

70% 0.473 0.313 0.229 0.453 

80% 0.426 0.255 0.185 0.508 

PM-4     

10% 1.055 0.926 0.769 0.239 

30% 1.648 1.475 1.259 0.298 

50% 0.508 0.382 0.294 0.411 

70% 0.903 0.691 0.576 0.312 

80% 0.739 0.521 0.425 0.399 



Chapter 5: Fluid Transport through Porous Media 

 

167 

Table 5.6: Statistical comparison (MRQE) of various model predictions for o/w emulsions as 

test fluid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Porous 

media 

Kumar and 

Upadhyay 

(1981) 

Al Fariss 

(1990) 

  

Hayes et al. 

(1996) 

Sabiri and 

Comiti (1997) 

PM-1     

10 % 1.131 2.465 0.969 0.745 

30 % 1.318 1.779 1.048 0.715 

50 % 0.554 0.915 0.395 0.807 

70 % 0.925 0.976 0.667 0.761 

80 % 0.562 0.440 0.337 0.804 

PM-2     

10 % 1.314 2.852 1.113 0.733 

30 % 1.361 1.869 1.061 0.716 

50 % 0.428 0.794 0.286 0.830 

70 % 0.693 0.779 0.456 0.795 

80 % 0.648 0.525 0.390 0.800 

PM-3     

10 % 0.674 0.776 0.535 0.803 

30 % 0.747 0.318 0.525 0.785 

50 % 0.146 0.300 0.175 0.867 

70 % 0.320 0.310 0.148 0.835 

80 % 0.274 0.434 0.113 0.841 

PM-4     

10 % 0.869 1.997 0.729 0.775 

30 % 1.067 1.431 0.825 0.745 

50 % 0.369 0.662 0.246 0.832 

70 % 0.697 0.709 0.471 0.789 

80 % 0.543 0.367 0.311 0.806 
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Fig. 5.8:  Modified friction factor-Reynolds number plot different emulsion volume fraction. 

Emulsion vol. fr. (v/v) = 10%  ; 30%    ; 50%  ; 70%  ; 80%   . 
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Fig. 5.9:       Vs          plot for different particle diameter (50% o/w emulsion). 

PM  ; PM2    ; PM3     ; PM4 
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Fig. 5.10: Rheological behavior of emulsions in different type of porous media. 

Emulsion vol. fr. (v/v)= 10%     ; 30%     ; 50% ; 70% ; 80%   .  
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Fig. 5.11: Effective viscosity of emulsions with volume fraction at different shear rates in porous media. 

Emulsion vol. fr. (v/v) = 10%    ; 30%     ; 50% ; 70% ; 80%  .
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5.2.5 Quantification of Emulsion Flow Resistance Factor in Porous Media 

The flow resistance or flow restriction in porous media due to passage of emulsion was 

evaluated by introducing resistance factor (RF). The RF is a measure of mobility reduction in 

porous media due to fluid seepage, and it is expressed as follows: 

)43.5(

rateflowsameatwater

emulsion

P

P
RF 














  

Fig. 5.12 shows the variation of RF with volumetric flow rate of emulsion injected at 

different oil volume fraction. Initially, when the emulsion was injected, it percolate through 

high permeablity zones due to low resistance in the flow. It was observed that RF decreases 

with an increase in flow rate. It varies exponentially. The interaction between emulsion and 

grains particles leads to altering the RF profile. As the oil volume fraction increases viscosity 

of emulsions gradually increases and consequently RF increases. Fig. 5.13 shows the 

variation of RF with emulsion volume fraction for different porous media. It was observed 

that the RF increases exponentially with emulsion volume fraction. It was also observed that, 

as the porosity of bed decreases RF increases. The low porous media offered much more 

resistance to flow as compared to relatively high porous media, which was observed from 

Fig. 5.13. Further, Fig. 5.13 also depict that PM3 shows high RF variation with emulsion 

volume fraction as compared to PM1. The RF profile of PM4 (bed of mixed particle) lies 

between profile of PM1 and PM2, respectively. Thus, the porous bed characteristics and 

emulsion volume fraction significantly affect the mobility reduction or RF of porous media. 

 

5.2.6 Emulsion Flow through Sand Pack Core Holder 

5.2.6.1 Pressure drop-flow rate relation of emulsion flow 

Variation of pressure drop along the three different sand pack core holders (S-A, S-B, and 

S-C) with emulsion volume fraction is shown in Fig. 5.14. The details of core holder and 

packing materials were tabulated in Table 3.7 in Chapter 3. The emulsion quality/volume 

fraction significantly influence  the  pressure drop along the core. It was observed that 

pressure drop across the core holder increases with emulsion injection flow rate for all three 

core holders. Pressure drop also increases with an increase in emulsion volume fraction due 

to an increase in emulsion viscosity. Pressure drop for water flow through the core holders 

are shown in Fig. 5.15, which follow linear relationship with flow rate. As the emulsion 

volume fraction gradually increases flow curve deviates from linearity.   
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Fig. 5.12: RF versus injected flow rate of emulsion with different volume fraction in porous media. 

Emulsion vol. fr. (v/v)= 10%    ; 30%     ; 50%   ; 70% ; 80%   . 
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Fig. 5.13: Effect of emulsion volume fraction on the RF for different porous media 

(Emulsion flow rate 510
-6

 m
3
/s). 
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Fig. 5.14: Relationship between the Pressure gradient per unit length versus injection flow 

rate across the sand pack core holder for o/w emulsions and water.  

Emulsion vol. fr. (v/v)= 10%    ; 30%    ; 50% ; 70%  ; water 

 

The effect of sand particle size on the flow rate versus pressure drop traces for 30 %v/v 

o/w emulsion is shown Fig. 5.15. It was observed that the pressure drop for small particle (S-

A) is more as compared to large particle (S-B and S-C). Pore space becomes constricted and 

pore space becomes more tortuous and effective flow area decreases with decrease in sand 

particle size, which in turns reduced the permeability of the porous media. As a consequence, 

for the same flow rate the higher pressure drop was observed. 
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Fig. 5.15: Plot of pressure gradient per unit length versus injection flow rate for 30 % O/W 

emulsions. Porous media: S-1    ; S-B    ; S-C    

 

5.2.6.2 Permeability reduction  

The Permeability reduction behaviour of porous media was investigated by observing the 

change in pressure drop across the core holder as a function of number of pore volume of 

emulsion injected. The Permeability reduction across the porous bed was quantified as the 

reduced permeability or permeability ratio (K/K0), which is defined as the ratio of transient 

permeability to initial permeability of porous media. The reduced permeability plot versus 

number of pore volume (PV) of emulsion injected in water saturated porous media is shown 

in Fig. 5.16. It was observed that the permeability ratio across the core holder decreases with 

an increase in PV of emulsion injected. A similar trend was observed for three different 

porous media. For the porous media S-A and S-B at 10% emulsions, a comparatively small 

reduction was observed, and suggested the free flow of emulsion through the porous media. 

Moreover for 30%, 50% and 70% emulsions large permeability reductions was observed. For 

porous media S-C large permeability reduction was observed for all set of emulsions. It was 

observed that for a sharp change in permeability, the change was observed within 5 pore 

volumes for all three types of porous media as well as for different emulsion qualities. 

Thereafter, a smooth change in permeability ration was observed. Initially free pore space are 

occupied vary quickly by the emulsion droplets which causes sharp change in permeability of 
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media. Further, emulsion moves to saturation with gradual change in permeability and 

become constant. 

 

Fig. 5.16: Permeability reduction of different porous media versus number of pore volume of 

emulsion injected at different emulsion quality (Flow rate= 15 ml/min). 

Emulsion Vol. fr. (v/v): 10%    ; 30%    ;30:     ; 50% 

 

 Emulsion volume fraction and number of PV injected significantly alter the medium 

permeability. As the emulsion volume fraction increases  pore plugging occurs more rapidly 

and consequently the change in permeability ratio decreases more rapidly which can be seen 

from Fig. 5.17. It can also be seen that the variation of permeability decline for emulsion 

fractions at different number of pore volumes injected in porous media. It was observed that, 

the permeability ratio decreases with an increase in the number of pore voluems injected.  
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Fig. 5.17: Variation of emulsion volume fraction on permeability reduction of porous media 

as a function of different pore volume of emulsion injected. 

No. of PV injected: PV-1   ; PV-5     : PV-50    
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CHAPTER 6 

 

MODELING OF FLUID FLOW THROUGH ISOTROPIC POROUS 

MEDIA 

 

6.1 GENERAL 

The flow through porous media is encountered in many areas of engineering such as 

chemical, mechanical, geophysical, environmental, hydraulics, etc. In all cases, the 

understanding of flow interaction with the intrinsic structures of the porous medium and the 

momentum transfer across the porous matrix are very important. In most of the engineering 

applications, a wide range of porosity and flow rates (or Reynolds numbers) are encountered 

in the porous materials, e.g. Darcy/Stokes type flows are observed in ground water flows 

while turbulent flows are found in applications such as heat exchangers, nuclear reactors, 

catalytic convertors, petroleum reservoirs, etc. (Kaviany, 1991; Kinjal et al., 2013). In case of 

ground water flows and oil reservoirs, generally fluid flows through a tortuous interconnected 

pores with very little geometric information, and hence pose challenges in pore scale 

modeling with full geometric information. The geometric complexity of such complex 

structural configurations causes problems in simulating the detailed flow field inside each 

individual porous structure. The common practice is, therefore, to smooth-out the local 

complexity of the actual phenomena by concentrating on the mass and momentum 

conservation principles while treating the porous medium as a continuum. This approach 

allows one to define fluid quantities at every point, irrespective of whether it corresponds to 

the fluid or the solid phase. 

In this chapter, the flow and turbulent characteristics of flow through a structured porous 

media has been studied assuming a porous media as a representative elementary volume 

(REV). It is assumed that the result is independent of the size of the representative elementary 

volume. The length scale of the REV is much larger than the pore scale, but considerably 

smaller than the length scale of the macroscopic flow domain. The fluid flow and turbulence 

characteristics have been predicted in a REV assuming it as an array of square or circular 

cylinders. Both porous media porosity and Reynolds number, based on particle, were varied 

over a wide range.  For porous media comprising of square cylinders the flow and turbulence 

characteristics were modeled using low Re k– turbulence, standard k– turbulence and 

pseudo-direct numerical simulations, while in case of porous media comprising of circular 
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cylinders flow and turbulence behavior was modeled using laminar, standard k– turbulence 

and large eddy simulation (LES) approaches. 

 

6.2 GOVERNING EQUATIONS FOR POROUS MEDIA FLOW MODELING 

Fluid flows are described by homogeneous volume–average mass and momentum balance 

equations within representative elementary volumes (REV) in case of turbulent flow. The 

steady state flows are often encountered in porous media flow as the forces that drive the 

flow change very slow with time. The flow is assumed to be steady state, incompressible and 

isothermal with no chemical reaction are described in following sections. 

 

6.2.1. Laminar Flow Model 

For laminar stokes flow simulations, the continuity and N-S equations are numerically 

solved in the REV for different porosities: 

Mass conservation (continuity) equation:  

 )1.6(0
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Momentum conservation equation: 
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6.2.2. Turbulence models  

6.2.2.1. Reynolds averaged Navier–Stokes (RANS) turbulence models  

The continuity and Reynolds-averaged N-S (RANS) equations for the turbulent flow of an 

incompressible viscous fluid are given as follows:  

Continuity equation: 
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RANS equation:  
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6.2.2.2. The standard k- turbulence model  

k equation:  
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 equation:   
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In equations (3) and (4), Gk represents the generation of turbulence kinetic energy due to the 

mean velocity gradients, and is defined as follows:  

)7.6(2SG tk 

where S is the modulus of the mean rate-of-strain tensor and is defined as 
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1C , 2C , 3C   are constants, and k  and   are turbulent Prandtl numbers for k and  

respectively. The turbulent (or eddy) viscosity, t  is computed by combining k and  as 

follows:  

)10.6(
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6.2.2.3. The Low Re-k- turbulence model  

Near-wall treatment is very important in wall-bounded flows. The standard k- model is 

modified to extend its applicability to the low-Reynolds number flows. This allows 

calculations right up to the wall. In the present study, low Re k-ε model with Yang-Shih 

algorithm was used which incorporates the modified damping function. The modification 

improves the model prediction capability of the low Re k-ε model for near-wall flow and 

effectively captures the non-linear wall effects.   

k equation:   
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By adopting the Boussinesq approximations for the eddy viscosity, the Reynolds stresses 

are expressed as: 
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where the turbulent viscosity is defined as 

         (6.14) 

where f1, f2 and f are the low Re k- (Yang-Shih) damping functions. The damping functions 

account for the low Reynolds number and the enhanced wall effects and are given as follows 

(Yang and Shih, 1993): 
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The values of the model constants used for the numerical simulation are taken as follows: 

1C = 1.44, 2C =1.92, C = 0.09, Ck = 1, k =1.0,  =1.3 

6.2.3. Large Eddy Simulation (LES) Modeling Approach 

LES is based upon the application of a spatial filtering operation (denoted by a bar) to 

three dimensional (3D) unsteady N-S equations (Adam et al., 2011). The governing equations 

employed for LES are obtained by filtering the time-dependent N-S equations in either 

Fourier (wave-number) space or configuration (physical) space (Tajallipour et al., 2009, 

2013; Xu et al., 2010). The filtering process effectively filters out eddies whose scales are 

smaller than the filter width or grid spacing used in the computations. The resulting equations 

thus govern the dynamics of large eddies.   

A filtered variable by the finite-volume discretization method is defined as: 
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where V is the volume of a computational cell. The filter function,  xx  , is given as 
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Therefore, the filtered N-S equation is: 
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where 
ij is the stress tensor, defined as 
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and 
ij  is the subgridscale stress and  is defined as 


)21.6(jijiij uuuu    

Based on the Boussinesq’s hypothesis and the Smagorinsky model (Smagorinsky, 1963), 

the subgridscale turbulent stresses are expressed as 
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where, t  is the subgrid-scale eddy viscosity. ijS  is the filtered strain rate tensor for the 

resolved scale defined by  
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The subgrid-scale eddy viscosity, t can be estimated by the Smagorinsky model as follows: 

    )24.6(2 5.02

ijijst SSC    

where, Cs is the Smagorinsky coefficient, and  is the characteristic sub-grid length scale 

given by (Tutar and Oguz, 2002): 

  )25.6(3
1

zyx   

The Smagorinsky constant ensures the accounting of the near-wall behaviour of the 

turbulent viscosity, which does not include wall damping functions.   

 

6.3 SIMULATION FRAMEWORK AND GRID TOPOLOGY 

 

6.3.1 Computational Domain 

In the present study, the porous media is considered to be formed by an infinite periodic 

array of square or circular cylinders (Dp) arranged in a regular pattern (center to center 

distance between the particles being H). The physical model for the porous medium is shown 

in Figs. 6.1 and 6.2. Fig. 6.1(b) shows the schematic representation of a 2D square 

representative elementary volume (REV) consisting of a fixed solid phase saturated with a 

continuous fluid phase. Therefore the solid phase does not change randomly if different 

ensembles are considered. The volume of the REV is constant (no space dependence) and is 

equal to the sum of the fluid and the solid volumes inside. Only one structural unit is chosen 

for the calculation domain, and along its boundaries, the periodicity of the flow is assumed. 

Therefore, the flow is solved only through the domain as shown in Fig. 6.1(b).  
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(a) 

 

 (b) 

Fig. 6.1: Conceptual porous media flow domain for numerical computations (a) periodic 

  array of square cylinder, and (b) representative enetry volume (REV) for array 

of square cylinders. 

 

Computations were carried out by using the transport equations based on the absolute 

value of the Darcian velocity and the longitudinal center-to-center distance 2H as reference 

scales. For carrying out a series of numerical calculations, it may be convenient to use the 

Reynolds number based on pore diameter (D). The Reynolds number ReH = uDH/ν based on 

the center-to-center distance H (H is set equal to unity), is converted to a Reynolds number 

based on D i.e., ReD = ReH × HD . ReD is varied between 100 and 40000.  The value of D 

was varied between 0.4 and 0.84 (i.e., D = 0.4, 0.6, 0.71. and 0.84). In case of porous media 

comprising array of square cylinders, the porosity of the domain,  = [1 - (D/H)
2
], was varied 

between 0.84 and 0.3 (i.e. 0.3, 0.5, 0.64 and 0.84). 

The physical model of the porous medium comprising 3D periodic array of circular 

cylinders is shown in Fig. 6.2(a). The fully developed macroscopic turbulent flow 
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(incompressible Newtonian fluid) was assumed to be uniform and parallel to the xdirection. 

Due to symmetry (in y and z directions) and periodicity (in x direction) of the model, only 

one structural array cell (representative elementary volume, REV) with dimensions of 

2H×1H×0.5H  was chosen as the computational domain (Fig. 6.2 (b)). Fluid is flowing along 

the x-axis and perpendicular to the y-axis of the flow domain (REV1234) (Fig. 6.2b). A 

symmetry boundary condition was considered along the z-axis of the REV1234. In order to 

reduce the computational effort and, thereby, the cost, the width of the REV1234 was taken as 

0.5H instead of H. The microscopic turbulent flow inside the REV was considered to be fully 

developed. Therefore, the flow problem was solved only through the domain as shown in Fig. 

6.2(b). The Reynolds number based on the tube diameter (D), i.e.,   DuDD Re  was 

varied from 100 to 40000. In case of porous media comprising array of circular cylinders the 

porosity of the domain, 





















2

4
1

H

D
 , was varied between 0.3 and 0.8 (i.e., D = 0.94, 

0.87, 0.80, 0.71 and 0.51). Laminar and RANS simulations were carried out with two–

dimensional while LES simulations were carried out with three–dimensional domains. All 

simulations have been carried out using same methodology using ReD. 

6.3.2 Grid Topology 

The 2D computational domain for array of square cylinders was constructed of non-

uniformly spaced staggered mesh system consisting of 88418 hybrid quadrilateral cells while 

array of circular cylinder was having 1,60786 (i.e. 16,588 nodes) hybrid quadrilateral cells 

(Figs. 6.3 and 6.4). A very fine mesh was considered near the walls. For LES modeling and 

simulation, the computational domain was constructed of non-uniformly spaced staggered 

mesh system consisting of 1083700 nodes and 1035950 hexahedral cells. The 3D grid 

topology is shown in Fig. 6.2(b). Very fine mesh resolution is used in the vicinity of the 

curved wall. Boundary layers were imposed near the wall surface, with the aim of enhancing 

resolution on the complex geometrical boundary so as to achieve a better solution in the 

nearwall region. 

Computations were carried out using structured grid systems, which ensured that the grid 

spacing close to the wall is small enough to satisfy the Kolmogorov length scale (Eq. 6.26).  

Quality of the grid size for the computational cell was examined by comparing with the 

Kolmogorov scale, i.e. 
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The cell volume to Kolmogorov scale ratio was always kept below 10 for all 

simulations. This is valid for all cells in the computational domain. 

 
 

 
 

Fig. 6.2: Conceptual porous media flow domain for numerical computations (a) periodic  

 array of circular cylinder, and (b) representative enetry volume (REV) for array of 

circular cylinders. 

(a) 

(b) 
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Fig. 6.3 (a) Grid topology of REV of array of (a) square cylinders, and (b) 3D porous 

representative elementary volume (REV) of circular cylinders. 

 

 

(a) 

(b) 
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6.4. NUMERICAL APPROACH AND BOUNDARY CONDITIONS 

 

6.4.1 Numerical Approach 

The control volume finite difference method (CVFDM) was used for all simulation runs. 

The flow characteristics were obtained by solving the governing flow equations using 

ANSYS


14. Four different approaches were used to compute the porous flow field: laminar 

fluid flow, steady RANS formulation with two distinct turbulence models (i.e. standard k 

and low Re k models) and the unsteady LES approach. The flow governing equations on 

the computational domain were discretized using second-order finite-volume schemes. For 

the time integration, a central second-order implicit differencing scheme was employed. The 

pressure and velocity field coupling was done by the SIMPLE algorithm. The RANS flow 

calculations were performed with k- turbulence model using enhanced wall functions and 

with low Re-k- formulation. Unsteady LES calculations were performed using the 

Smagorinsky–Lilly SGS model (Smagorinsky, 1963; Lilly, 1966). 

All simulations were performed with a pressure-based solver and a specified mass flow 

rate. The time step for the LES approach was estimated by Courant–Friedrichs–Lewy (CFL) 

condition (Pope, 2005). The time step was set small enough to satisfy the CFL condition as 

follows: 

)27.6(1
31







V

tu
CFL

 

 where V
1/3

 is the characteristic length of the mesh volume. The time-step used for all 

the simulation runs was (t =) 10
-4 

s.  Simulations were initialized with an isotropic turbulent 

flow field to set the fully developed flow within the computational domain. After attaining 

the fully developed flow, the turbulent statistics were collected over a period of time until the 

solutions became stable. The convergence criterion was set to 10
-4

 for all simulations. The 

relaxation parameters for all variables ),,,( kpu  were kept equal to 0.8. 

 

6.4.2 Boundary Conditions For The Computational Domain 

6.4.2.1 Array of square cylinders 

In case of structured porous media comprised of array of square cylinders, with an 

assumption of macroscopic fully developed uni-dimensional flow, the following boundary 

conditions for the periodic cells were adopted:  

At the solid walls no slip boundary condition was applied: 

 ,0u   k = o, and  )28.6(
2

2

n

k
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Periodic boundary conditions were considered at x =0 and x = 2H: 

HxxHxx
vvuu

20,20 


                     (6.29)                                       
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Symmetry boundary conditions were considered at y = 0 and y = H: 
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6.4.2.2 Array of circular cylinders 

The periodic boundary conditions were applied over REV1234 for relevant variables. These 

conditions were adopted to achieve the fully developed flow regime without the involvement 

of the entrance region. The periodic boundary conditions for the REV1234  are as follows: 
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Thus the components of the velocity vectors and the turbulence quantity were set to be 

periodic as shown in Eqs. 6.31-6.32. In that case, the pressure function, P(x, y), behaves in a 

periodic manner, as shown in Eq. 6.33. The resulting pressure field is the sum of a flow-

direction-dependent function (the macroscopic pressure drop) and a periodic function

    yxPyHxP ,,2  . P/L is the driving force or pressure gradient that is responsible for 

the motion of the fluid resulting in a corresponding ReD.  

In the present study, a given fixed mass flow rate (or fixed Re) is considered, and hence 

the pressure-drop through the REV has been calculated as part of the solution. This matter is 

resolved by considering a fixed pressure-drop (P) in the x-direction as indicated in Eq. 

(6.33). A constraint of constant mass flow rate provides an additional equation needed to 

calculate the pressure-drop (P). The quantity P must take a value such that the non-
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dimensional streamwise velocity averaged over the fluid inlet section is equal to unity (a 

normalized value), which can be expressed as:  

  )34.6(            1





inlet

xu
y

  

The equation (6.34) was solved for P together with the x-momentum equation ensuring 

that the mass flow rate was fixed at each time step. The implementation of the periodic 

boundary conditions on the top and bottom faces of the REV1234 is relatively simple since no 

net pressure gradient exists in the vertical direction. 

The symmetry boundary conditions were applied at the front and back surfaces of the 

REV1234 along the z-axis which are the mirror images of each other and the predicted flow 

fields have mirror symmetry. Since the LES required relatively high CPU time as compared 

to RANS calculations in 3D porous computational domain, the symmetric boundary 

conditions reduce the computational effort and time. Symmetry boundary conditions were 

considered at z = 0 and z = H/2: 
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Stationary wall (no-slip) boundary conditions were used for the arc-shaped corner 

boundary and the center cylinder (particle) walls: 

 ,0 wvu   k = o, and 
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2

n

k






                                    
   (6.36)  

All fluid properties, including density and viscosity, are assumed constant for all 

simulations. 

 

6.5 MICROSCOPIC LAMINAR PORE SCALE FLOW SIMULATION  

The simulation results were compared with the experimental pressure drop data as also 

with the three different correlations, namely Kozney-Carman, Ergun and Zhavoronkov et al. 

(1949). The pressure drop simulation results were represented in the form of dimensionless 

pressure gradient (DPG) given as follows: 
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)40.6(
s

P

u

D

dL

Pd


  

It can be seen from Fig. 6.4 that the simulation results agree well with the results obtained 

from the correlations, but were somehow underestimated. Numerically predicted  DPG for 

flow in the modeled porous media agreed  very well with Kozney-Carman, Ergun and 

Zhavoronkov as well as with the experimental results for lower porosity ( = 0.3478). 

Deviations were observed with an increase in the porosity. The experimental results lie above 

the simulation results due to the fact that the viscous effect was more prominent in the real 

randomly arranged particles than the simulation model of simulated packing with specially 

ordered particle arrangement. In real porous media the particles are actually touching each 

other and the fluid propagation pathways becomes much more tortuous in nature. Therefore, 

the viscous dissipation plays more direct role in the real porous media (Coulaud et al., 1988).  

To further understand the nonlinear effect, numerical simulations were also performed to 

visualize micro-flow phenomena confined in the pore space. At low Reynolds number, inertia 

forces are negligible as compared to the viscous forces, and the streamlines follow the solid 

particle in the porous matrix. The streamline for the porosity of 0.3478 (DP = 5mm) is shown 

in Fig. 6.5. The flow around the particles is perfectly symmetrical and this flow corresponds 

to Darcy’s regime.  

As discussed in the previous section, for Rep < 5, the fluid flow behavior is characterized 

by pure Darcy flow, i.e. the momentum transport through porous media is governed by the 

viscous force only. With an increase in ReP, the inertial forces are no longer negligible 

compared to viscous forces and the flow becomes asymmetric. Solid –fluid interaction comes 

into the play and the countercurrent flow occurred close to the solid. As a consequence 

smaller eddies formation should take place which will lead to the reduction of the flow 

section and a modification of velocity fields may be necessary. For Rep = 9.44, a pair of 

smaller eddies are formed at the downstream of the particle surface and the streamlines are 

more concentrated at the pore-throat section. This flow corresponds to the transient flow 

regime with weak inertia which is characterized at ReP > 5 in the earlier section. As the ReP 

gradually increases (ReP > 10), the size of the eddies in the upstream and downstream face of 

the particles also increases (in Fig. 6.5 ReP = 15). Eddies become elongated, coalesce and 

occupy the whole porous region. Thus, the flow-section is considerably reduced and detached 

from the solid surface. For ReP = 30, the streamlines are more homogeneous in the y-

direction, and  more complex around the particles; vortices appear behind the particles due to 

an increase of the inertial effect and traverse down through the porous matrix. This flow 

corresponds to the strong inertial regime (non-Darcy). From the analysis presented above, we 
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can see that the deviation from Darcy law is attributed to microscopic inertial effect, which is 

also responsible for different flow regimes encountered during flow through the porous 

media. 

The contours of the velocity fields within the porous matrix are shown in Fig. 6.6. It can 

be seen that the average velocity magnitude (relative high shear flow zone) in the near 

particle surface and pore constriction (converging-diverging section) was higher than the 

center region of porous medium. Near the wall and at the contact points, fluid flow is less 

than other points in the particle. Fluid layers close to the wall tend to move faster resulting in 

a flattened velocity profile. 

 

 

 

Fig. 6.4: Plot of dimensionless pressure gradient (DPG) versus ReP for different isotropic  

 porous media (Experimental ( ); Simulation ( ); Kozney-Carman (); Ergun 

(); Zhavoronkov ()). 
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Fig. 6.5: Evolution of Streamlines for the case (three REV) of  = 0.3478 wih different ReP. 

 

As ReP increases the more homogeneous and concentrated velocity spectra developed in 

the porous matrix. The recirculation zone increases gradually at the front and back face of the 

particles with an increase in ReP due to increasing inertial effects (Fig. 6.6). This signifies that 

the pore flow transition occurred gradually from the creeping Darcy flow regime to inertial 

non Darcy regime. The high-shear flows and recirculation zones are dissipative in nature and 

are responsible for the development of the non-Darcy flow (nonlinear inertial effects) (Cheng 

et al. 2008). The change in the flow structure and a transition from linear to non-linear regime 

occurs mainly because of the inertial effects which can be seen from the simulated micro-

flow phenomena. 
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Fig. 6.6: Contours of velocity magnitude for the case (three REV) of  = 0.3478 wih different 

ReP. 
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6.6 TURBULENT FLOW MODELING IN POROUS MEDIA 

 

6.6.1 Microscopic Streamlines and Velocity Field 

The simulated results of streamlines for different porosity and ReD values are shown in 

Fig. 6.7(a)-6.7(b). The steady periodic nature of flow is observed across the square cylinder. 

The flow accelerates in the upper and lower passages around the square cylinder and 

separates at the downstream section. As a consequence, wake appears in the downstream of 

the square cylinder. As expected, a larger wake region is formed at the front of the square 

cylinder. At low ReD (ReD = 100), the intensity of wake formation is low due to the smooth 

fluid flows over the square cylinder. The turbulence increases with increase in ReD, in the 

downstream of the square cylinder, and the intensity of large wake region is generated in the 

form of eddies. Complete flow separation at the downstream section and two upstream corner 

sections were observed at higher ReD (ReD = 40000). Eventually larger eddy formation takes 

place in these sections. For porosity,  =0.84 and 0.64, a small recirculation zone is generated 

at the upper and lower face of the square cylinder which ultimately traverses down to the 

downstream with vortices separated from the square cylinder at higher ReD (ReD > 10000). 

From the computed streamline contours in the vicinity of the square cylinder, it was observed 

that the size of the vortex in the downstream of the cylinder gets compressed gradually with 

decrease in porosity, as the passage for fluid flow narrows down. 

Fig. 6.8(a)-6.8(b) shows the computed velocity vector contours in the vicinity of the 

square cylinder with different ReD and porosity values. For a particular porosity value, it was 

observed that the velocity magnitude was maximum at the centre of the upstream section and 

diverged to the upper and lower section of the square cylinder, as the fluid approached the 

surface of the cylinder. A stagnation point was formed at the centre of the upstream face of 

the cylinder. It was observed that the flow separation occurred mainly at the corner of the 

upstream face of the cylinder and at the downstream corner section of the wall where the 

velocity magnitude was very high. Due to flow separation, wake region was created with 

eddies in front of the square cylinder.  This phenomenon gets more and more pronounced at 

high ReD (ReD > 10000). 
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Fig. 6.7(a): Streamline contours in porous media at porosity ( ) = 0.84 and 0.64. 
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Fig. 6.7(b): Streamline contours in porous media at porosity ( ) = 0.5 and 0.3. 
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Fig. 6.8(a): Velocity contours in porous media at porosity ( ) = 0.84 and 0.64. 
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Fig. 6.8(b): Velocity contours in porous media at porosity ( ) = 0.5 and 0.3. 
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6.6.2 Macroscopic Turbulent Kinetic Energy and Dissipation Rate 

 A series of computations were performed for different values of porosity and 

Reynolds numbers and the results are presented in terms of the normalized macroscopic 

turbulent kinetic energy. The normalized macroscopic turbulent kinetic energy was obtained 

by dividing the macroscopic turbulent kinetic energy by the square of Darcian velocity

 2

D

f
uk . 

 The normalized macroscopic turbulent kinetic energy and the dissipation rate against 

ReD with porosity as a parameter is shown in Figs. 6.9 and 6.10, respectively. It was found 

that the normalized 〈k〉f
 increases with ReD, upto ReD = 1000, and stays constant thereafter for 

large ReD (ReD > 1000). The normalized 〈k〉f
 decreases gradually with an increase in porosity. 

As the porosity decreases at a given ReD, the fluid flow passage reduced, which lead to an 

increase in the local fluid velocity gradient. The velocity gradient actually dictates the rate at 

which the mean flow mechanical energy transferred into turbulent energy, which causes the 

larger production rates of k within the fluid and as a result 〈k〉f
 increases. It was also found 

that turbulence may appear at a comparatively low Reynolds number, especially for low 

porosity. The Darcian velocity,  22 f

D uu  , is small and the normalized 〈k〉f
 exceeds unity 

for comparatively low porosity (Kuwahara et al., 2006).  

 The simulated contours of turbulent kinetic energy and dissipation rate in the flow 

domain for different porosity and Reynolds number are shown in Fig. 6.11 (a–d). It was 

observed that, the spectra of turbulent kinetic energy and dissipation rate are concentrated 

near the wall of the square cylinder. Kuwahara et al. (2006) also observed that, the turbulent 

kinetic energy is produced exclusively with in the shear layer above and at the lateral surface 

of the cylinder, where the mean strain rate is quite high, due to flow separation. For higher 

porosity ( = 0.84, 0.64) values, the gradient of turbulent kinetic energy is high at the upper 

and the lower faces of the cylinder and at the downstream corner walls. Consequently, the 

dissipation rate grows gradually from the square cylinder wall and the downstream corner 

walls. Further it can be seen that with decrease in porosity, the magnitude of turbulence 

gradient increases.  
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Fig. 6.9: Variation in normalized 〈k〉f 
with ReD for different porosities 

( ): 0.84 ―●―; 0.64 ···○···, 0.5 ▼; 0.3 –··Δ–··. 

 

 

 

Fig. 6.10: Variation in normalized 〈e〉 f with ReD for different porosities  

( ): 0.84 ―●―; 0.64 ···○···; 0.5 ▼; 0.3 –··Δ–··. 
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Fig. 6.11(a): Turbulent kinetic energy and dissipation rate contours in porous media at 

porosity () = 0.84. 
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Fig. 6.11(b): Turbulent kinetic energy and dissipation rate contours in porous media at 

porosity () = 0.64 
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Fig.6.11(c): Turbulent kinetic energyand dissipation rate contours in porous media at 

porosity () = 0.5. 
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Fig. 6.11(d): Turbulent kinetic energyand dissipation rate contours in porous media at 

porosity ()= 0.3. 

 

 

 

 

 

 



Chapter 6: Modeling of fluid flow through isotropic porous media 

 

206 

6.6.3 Comparison of Turbulence Model 

The normalized macroscopic turbulent kinetic energy data for the present low Re k-ε 

model are compared with the results obtained using LES model (large eddy simulation 

model) (Kuwahara et al., 2006) and  v2f model (Kazerooni and Hannani, 2009). The model 

comparisons are shown in Figs. 6.9 for different porosities (0.84, 0.64 0.5, and 0.3). The low 

Re k-ε model shows a good logarithmic pattern similar to that given by the LES model. For 

higher porosity (0.84 and 0.64), the normalized 〈k〉f
 values lie between the LES and v2f 

models. However, for lower porosity values (0.5 and 0.3), in the high ReD range (i.e., ReD > 

1000), the normalized 〈k〉f
 values are somewhat greater than that obtained from the LES and 

v2f models. This is because of the overestimation of the k production term. At high ReD, the 

decelerating flow around the front stagnation point is large, yielding an extremely high 

production rate of k (Kuwahara et al., 2006). Qualitatively, the present low Re k-ε model 

shows the normalized 〈k〉f
 data reasonably well compared to v2f model. From Figs. 6.12- 

6.15, all the three models are found to show a constant value of normalized 〈k〉f
 at large ReD.  

For ReD < 1000, the present low Re k-ε model shows better predictions as compared to LES 

model than to v2f model. The deviations occur because these models incorporate different 

turbulent model constants exhibiting appreciable non- uniformity in the low Reynolds 

number range (ReD < 1000) (Hannani and Stanislas, 1999, 2000). 

Fig. 6.16 shows the normalized macroscopic turbulent kinetic energy as a function of  

  2
1

1    for the three models. The present low Re k-ε shows a reasonably close 

correspondence with the LES and v2f models, although closer to the LES model at   < 0.5. 

For high porosity (  > 0.5), the simulated data from low Re k-ε model seemed to be greater 

than both the models. The deviation arises due to the overestimation of the turbulent k 

production term near the stagnation point which is inherent in the k-ε model.  

The normalized dissipation rate of macroscopic turbulent kinetic energy for different 

porosities considered in the present study is shown in Fig. 6.17. The simulated data of the 

present low Re k-ε model are compared with the LES and v2f model. The normalized 

dissipation rates of macroscopic turbulent kinetic energy of the present low Re k-ε model was 

in good agreement with the simulated results of the other two models. 
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Fig. 6.12: Variation of normalized macroscopic turbulent kinetic energy with ReD at porosity,   

  () = 0.84: Low-Re k-ε-LB model (present work) ―●―; LES (Kuwahara et al., 

2006) ···▼···; v2f (Kazerooni and Hannani, 2009) –-■--. 

 

 

Fig. 6.13: Variation of normalized macroscopic turbulent kinetic energy with ReD at porosity, 

  () = 0.64: Low-Re k-ε-LB model (present work) ―●―; LES (Kuwahara et al., 

2006) ···▼···; v2f (Kazerooni and Hannani, 2009) –-■--. 
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Fig. 6.14: Variation of normalized macroscopic turbulent kinetic energy with ReD at porosity, 

 ( ) = 0.5: Low-Re k-ε-LB model (present work) ―●―; LES (Kuwahara et al., 

2006)···▼···; v2f (Kazerooni and Hannani, 2009) –-■--. 

 

 

 
 

Fig. 6.15: Variation of normalized macroscopic turbulent kinetic energy with ReD at   

        porosity,( ) = 0.3: Low-Re k-ε-LB model (present work) ―●―; LES (Kuwahara 

et al., 2006) ···▼···; v2f (Kazerooni and Hannani, 2009) –-■--. 
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Fig 6.16: Normalized macroscopic turbulent kinetic energy versus

 

(1 – )/1/2
 (Low-Re k-ε-

 LB model (present work) ―●―; LES (Kuwahara et al., 2006) ···▼···; v2f 

(Kazerooni and Hannani, 2009) –-■--.) 

 

 
 

Fig. 6.17: Normalized macroscopic dissipation rate versus (1 – )/1/2
 (Low-Re k-ε -LB 

model (present work) ●; v2f (Kazerooni and Hannani, 2009) ▼).  
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6.6.4 Direct Numerical Simulations (DNS) 

The direct numerical simulations (DNS) require large memory usage and CPU time. DNS 

Computational cost also very high compared to RANS and it is limited for the Reynolds 

numbers, less than 10,000 (Lai and Yang, 1997). From Fig. 6.12– 6.15 it can be seen that at 

low ReD (< 500) the numerical predictions of low Re k- deviate from both v2f and LES 

results. Therefore following the referee’s suggestions we have carried out simulations using 

direct numerical simulations (DNS) at ReD =100 for different porosities (  = 0.3, 0.5, 0.64, 

and 0.84). The normalized kinetic energy predictions using DNS, LES and low Re k- model 

are shown in Fig. 6.18, which is also included in the modified manuscript.  

 
 

Fig. 6.18: Comparison of different turbulence model at ReD=100 (Low-Re k-ε-LB model 

(present work) ···▼···; DNS (present work) ―●―; LES (Kuwahara et al., 2006)–-■--.) 

 

From Fig. 6.18 it can be seen that, DNS and LES results fitted close well. Both DNS and 

low Re k- results show a consistent and smooth pattern. Fig. 6.19 also shows that the 

normalized kinetic energy decreases linearly with porosity, however the LES results of 

Kuwahara et al. (2006) fluctuates at different porosities. In DNS and LES the REV is three-

dimensional which is inconsistent with the low Re k- predictions, where the simulations 

were carried out on 2D assumption. The complex three dimensionality of flow domain (REV) 

effectively capture the flow characteristics and velocity distribution as compared to 2D 

simulations at the onset of turbulence (ReD =100). Thus the 2D simulations (low Re k- 
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model) results differs from those 3D DNS and LES results at low ReD. However, the 

numerical prediction from the low Re k- model shows a very good agreement with the LES 

results at higher ReD (ReD  500). Therefore from the present analysis it can be concluded 

that the low Re k- model does not give accurate results for very low Reynolds numbers (i.e. 

ReD  100). This has been an advantage in understanding the turbulence modeling in porous 

media over a wide range of porosity and ReD.  

 

6.6.5 Computation of Macroscopic Pressure Gradient                                            

Fig. 6.19 represents the pressure distribution in the simulation domain. In the previous 

section, it was observed that the flow accelerates in the upper and lower passages around the 

square cylinder and separates at the upstream face. A larger wake region was formed at the 

front of square cylinder which may contributed the larger pressure drop for the same mass 

flow rate through the porous media. It was also observed that the pressure increases at the 

front of square cylinder and decreases at the upper and lower faces. In the present work, the 

simulated macroscopic pressure gradient over the flow domain is represented in terms of 

dimensionless pressure gradient.  

The effect of ReD on dimensionless macroscopic pressure gradient is shown in Fig. 6.20. 

It was observed that the pressure drop across the flow domain increases linearly with ReD and 

increases with decrease in porosity. As the porosity decreases, the passage for flow is reduced 

and the seepage velocity increases significantly. However, the size of the wake region is 

gradually reduced.  As a consequence, the overall pressure drop increases with decrease in 

porosity. 

At ReD >10 Darcy law is no longer valid, and non-Darcy flow may occur. As the inertial 

effect dominates the flow field in comparison to viscous effect (Teitel, 2011), accurate 

prediction of pressure drop cannot be made by the Darcy equation. In order to account for 

this high velocity inertial effects at pore scale level, an inertial term is included which 

represents the kinetic energy of the fluid in the Darcy equation. The modified Darcy law for 

ReD > 10 is known as the Forchheimer equation: 
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Fig. 6.19: Pressure contour in porous media at ReD = 40000. 
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Fig. 6.20: Macroscopic pressure gradient versusReD  for different porosities  

(  = 0.84 –●–; 0.64 –▼–; 0.5 –■–; 0.3 –♦–). 

 

The second term in the above equation (Eq. 6.41) represent the form drag (Forchheimer 

drag), which arises due to fluid inertial effects. For fully turbulent flow, form drag 

predominates over the Darcian term. Hence, at higher Reynolds number (ReD > 3000), Eq. 

(6.41) reduces to following form: 
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In order to investigate the above relationship, the dimensionless pressure gradient is 

plotted against porosity   31  . Fig. 6.21 shows the functional relationship of the 

Forchheimer drag with porosity. As expected, non-dimensional pressure gradient varies 

linearly with porosity. The non-dimensional pressure gradient results as obtained from the 

low Re k-ε model are found to be in good agreement with the results obtained from the LES 

and v2f turbulence models. In order to validate the reduced Forchheimer equation (Eq. 6.42), 

the dimensionless pressure gradient is plotted against porosity   31  . From Fig. 6.22 it 

can be seen that the non-dimensional pressure gradient predictions, as obtained from the low 

Re k-ε model, shows good agreement with the results obtained from the LES and v2f models 

in the porosity range 5.09.0  . For the considered porosity range the present numerical 

predictions shows a good linearity (R
2
=0.97) with a coefficient of 1.50 which is 

approximately equals to empirical value, i.e. 1.75. As the porosity decreases,   0.5, the 
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numerical predictions deviate from linearity. It may be due to the fact that at lower porosities 

the friction factor grows very slowly as compared to the high porosities (Teruel and Rizwan-

uddin, 2009). As a result drag and pressure drop across the porous media does not varies 

linearly. Therefore a correlation (Eq. 6.43) for Forchheimer drag with porosity has been 

proposed which justifies the present simulation results for the porous media approximation 

(Fig. 6.23). 
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Fig. 6.21: Macroscopic pressure gradient versus (1 – )/
3
  for Forchheimer drag (–) (Low-

Re k-ε -LB model (present work) ―▼―; LES (Kuwahara et al., 2006) –●–; v2f (Kazerooni 

and Hannani, 2009) ––.) 

 

Pressure gradient across the porous media is represented in terms of friction factor (f) and

eqDRe , and is shown in Fig. 6.23. The friction factor was computed in the transition zone 

from laminar flow regime (
eqDRe =1) to fully turbulent flow regime (

eqDRe =80000) and the 

effect of porosity and Reynolds number with in REV was investigated. The computed friction 

factor (f) was plotted with
eqDRe , which is shown in Fig. 6.23. It was observed that the 

friction factor strongly depend on the medium porosity. As porosity of the porous media 

decreases the friction factor increases, which is also in good agreement with the work of 

Teitel, (2011). It was found that, for a fixed porosity friction factor of the media was 
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significantly high at laminar flow regimes (
eqDRe < 20) and then exponentially decreases with 

eqDRe  and become almost constant in fully turbulent regimes (
eqDRe >1000). It may be 

concluded that, at laminar flow regimes friction factor strongly depends on 
eqDRe  and 

become independent in turbulent flow regimes.  

 

 
Fig. 6.22: Dimentionless macroscopic pressure gradient versus (1 – )/ fitted with Eq. 6.43. 

 
 

Fig. 6.23: Friction factor (f) versus Redeq for different porosity ( )  
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(  = 0.84 –♦–; 0.64 –■–; 0.5 –▲–; 0.3 –●–). 

6.6.6 Macroscopic Turbulence Modeling 

In the present study the methodology reported by Pedras and Lemos (2001) was adopted 

for macroscopic modeling of fluid flow through the isotropic homogeneous porous bed. A 

volume averaging procedure is applied to couple the turbulence modeling with porous 

approximation. According to Dupuit-Forchheimer relationship turbulent transport equations 

(k and  equation) are modified and proposed. 

k equation: 
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In above equations a generation terms (third term on the right side) were introduced for 

production of  
f

k  inside the bed due to the presence of porous matrix. The generation term 

contains a constant, ck where ck is a characteristic and unique constant for the macroscopic 

model of a homogeneous isotropic porous matrix. The value of the constant ck is determined 

by using the limiting condition (1; K ). Under this limiting condition Eq. (6.44) and 

Eq. (6.45) reduced to Eq. (6.47), where the turbulence production and dissipation rate 

becomes equal.  
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 The simulated volume average results of the macroscopic solutions are fitted to Eq. 

6.47 for the calculation of constant, ck. In Fig. 6.24 the numerical prediction of   3

DuK    

are

 

Plotted with    
2

Duk   for different porosity and ReD. From Fig. 6.24 the values of ck were 

found to be 0.292 which is close to the value 0.28 as reported by Pedras and Lemos, (2001) 
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for circular cylinder.  The present simulation results showed a good agreement and provide a 

generalized methodology for porous media modeling.  

 

Fig. 6.24: Plot for the determination of constant ck using simulation data for different 

porosity and ReD (  = 0.84 ––; 0.64 □; 0.5 ––; 0.3 ). 

 

6.7 FLOW THROUGH ISOTROPIC ARRAY OF CIRCULAR CYLINDERS 

 

6.7.1. Spanwise Microscopic Turbulent Flow Fields 

The simulated results of spanwise velocity, pressure and turbulent kinetic energy contours 

for different  (0.3 and 0.8) and ReD values are shown in Figs. 6.25(a-d), in the computed 

REV. The fluid passes through the upper and lower surfaces of the cylinder having higher 

velocity, and flow separation takes place at the downstream region  behind the cylinder. A 

larger wake region is formed at the front face of the circular cylinder. The vortex or eddy 

formation is also observed at the corner circular surface in the upstream direction, where flow 

separation also takes place. The size of the vortex increases with an increase in ReD and  the 

vortex is dissipated upon travelling through downstream. At low ReD (ReD=100), the intensity 

of wake formation is low due to the fluid flowing smoothly over the entire circular cylinder. 

Turbulence increases with an increase in ReD at the downstream region of the cylinder. 

Consequently, an intense wake region is generated with the formation of eddies. At higher 

Reynolds number (ReD=40,000), complete flow separation takes place in the downstream 

section and at the front face of the cylinder. The size of the vortex at the front face of the 
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circular cylinder in the downstream gets compressed gradually with a decrease in porosity, as 

the passage for the fluid flow narrows down. 

Fig. 6.25 shows that the maximum velocity magnitude is observed at the centre of the 

upstream section and the upper and lower faces of the circular cylinder at a fixed value of . 

However, the flow is separated from the back of the circular cylinder. A pair of stagnation 

points was formed at the centre of the upstream and the downstream face of the circular 

cylinder.  A larger wake region is formed at the front of the circular cylinder which will 

contribute to a larger pressure drop for the same mass flow rate through the porous media. In 

the remaining fields, it is observed that the pressure increases at the front of the circular 

cylinder and decreases at the upper and lower faces.  

The RANS simulations showed the excessively smooth turbulent structures within the 

REV, near the wall and around the cylindrical surface. The turbulent structures (vortex shape 

and eddy structure) are overestimated. LES captures the turbulent flow features significantly 

well especially the near-wall turbulent characteristics. The velocity and turbulent spectra are 

fluctuating in nature. From LES results, the spectra of instantaneous streamwise velocities 

shows that a large region of  low velocity is detached from the surface of the cylinder into the 

wake and transported towards the stagnation point. The high magnitude velocity blobs 

occasionally entered this region. These eddies are largely affected by the pore diameter and 

the curvature of the wall. 

It seems that the turbulent kinetic energy is produced exclusively within the shear layers 

above the lateral surfaces of the cylinder, where the mean strain rate was quite high. This is in 

contrast with the result of the RANS model. This is because of the fact that the conventional 

k–ε model involves a k production term (Pk) (Eq. 6.12), which is coupled with the effective 

viscosity formulation. For a decelerating flow around the front stagnation point, an extremely 

high production rate of k is observed, which leads to overestimation of the level of turbulent 

kinetic energy (Pedras and de Lemos, 2001). This limitation can be overcome by the LES 

approach which provides a reasonable turbulent kinetic energy distribution within the REV.  

The improvement is brought about by the significant reduction of the turbulent kinetic 

energy produced in the back surface of the cylinder, as can be seen from the k-contours of 

LES computations given in Fig. 6.25(b). The excessive kinetic energy in the back surface of 

the cylinder was also absent in the LES results which indicate strong turbulence generation in 

the separated shear layer. More kinetic spectra were observed at the upper and lower surfaces 

of the cylinder. As a consequence, the LES computations exhibit more turbulence sweeping 

around the cylinder.  The RANS and LES computations for 3D simulations at ReD=10000 
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were carried out for the visualization of  pore flow hydrodynamics in the modeled porous 

matrix which can be seen in the animation file. 
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Fig. 6.25 (a): Contours of pressure, velocity and turbulent kinetic energy from RANS 

simulations at  = 0.8. 
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Fig. 6.25(b): Contours of pressure, velocity and turbulent kinetic energy from LES 

computations at  = 0.8. 
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Fig. 6.25(c): Contours of pressure, velocity and turbulent kinetic energy from RANS 

simulations at  = 0.3. 
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Fig. 6.25(d): Contours of pressure, velocity and turbulent kinetic energy from LES 

computations at  = 0.3. 
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6.7.2. Solid fluid interactions and 3D flow structures 

Turbulent flow is inherently three-dimensional, therefore it is interesting to investigate the 

coherent fluid structure generated in the porous matrix due to solid surface-fluid interactions. 

The iso-contours and iso-surfaces of the velocity vector field are presented to illustrate the 

fluid flow structures and the three dimensionality of the flow field. The perspective view of 

computed 3D flow field of different porosities for RANS and LES calculations are shown in 

Fig. 6.26.  

The flow field is divided into the two regions, which show the most important physical 

phenomena, such as the flow separation at the upstream of the cylinder, the reattachment at 

the downstream of the cylinder and the formation-evolution of eddies within the separated 

region. The RANS computations show steady and smooth iso-contours (Fig. 6.26a). Flow 

separation occurs behind the cylinder, leading to a separation region at the downstream  

region. The evolution of the wake region transition from attached to separated wake and 

leading to flow separation was determined by monitoring the stagnation points around the 

cross-section of the cylinder.  

A single upstream stagnation together with a single downstream stagnation indicates fully 

attached boundary layers around the cylinder surface. The recirculation zone is clearly visible 

downstream of the cylinder cross-section, and the flow field is steady. The generation of 

eddies and flow structure at the separation region were not captured well. The RANS models 

over-predicted the extent of the separation region at the corner and frontal regions of the 

cylinder. The coherent flow structures were captured more realistically by LES computed iso-

contours and the flow was fully axisymmetric (Fig. 6.26b). The recirculation region 

continuously contained several streamwise structures and, in addition, vortex loops were also 

observed. The circumferential variation occurred within the recirculation region. These 

structures constantly impinged on the shear layer and thereby generated turbulence. The 

turbulence  experienced amplification in the streamwise direction, which, most probably, 

resulted in the generation of additional structures. A significant azimuthal modulation of the 

fluid structure could be observed at the upper and lower surfaces of the cylinder, which 

pushed the fluid toward the shear layer through induction of radial velocity. The resolution of 

large-scale unsteady motions in LES calculations seemed to produce the correct effect, while 

RANS calculations do not account such effects, explaining possibly the over prediction of the 

separation region. 
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Fig. 6.26(a): 3D pore flow iso-contours of RANS computed velocity magnitude for different 

porosities at ReD=10000. 
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Fig. 6.26(b): 3D pore flow iso-contours of  LES computed velocity magnitude for different 

porosities at ReD=10000. 
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Fig. 6.27 presents the instantaneous iso-surfaces for different idealized pore geometry to 

show the three dimensionality of the flow field, the formation of eddies within the separated 

region and also the evolution of the random vortical structures. The complex behaviour of the 

pore flow hydrodynamics were well captured by the LES calculations. Strong solid-fluid 

interactions were observed at the front and back surfaces of cylinder and the corner region. 

As the fluid propagated across the REV, the breakdown of the fluid volume, rapid stretching 

and initiation of small scale structure were observed. Fluid structure became constricted as 

the porosity decreased.  

 

 

Fig. 6.27: 3D perspective view of mean velocity iso-surfaces of different porous enclosures 

 for LES computations at ReD=10000 ( : (a) 0.8; (b) 0.6; (c) 0.5; (d) 0.4; (e) 0.3). 

 

Fig. 6.27 also reveals a significantly larger number of small-scale structures generated at 

the corner region where solid fluid interactions were intense. The perspective view of the iso-

surface at the wake region (front and back surfaces of the cylinders) shows the break-down of 

the streamwise structure and the formation of small vortex structures. A cloud or mushroom-

shaped fluid structure can be observed in the wake region due to the presence of  the 

streamwise vortices within the shear layer. As the porosity gradually decreased, the available 
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flow path became narrower, pore space mostly occupied by the solid surfaces. Thus fluid 

volume within the porous matrix decreased and the size  and volume of the cloud structure 

got reduced. 

 

6.7.3. Mean flow statistics 

The velocity distributions predicted by the LES and RANS models are compared in Fig. 

6.25 at the selected xcenter (x =1.5) and ycenter (y = 0.5) locations. The spanwise mean 

velocities were normalized by the approaching free stream velocity (U) and are shown in 

Fig. 6.28. The distribution of the streamwise component of the mean velocity along the wake 

center line provides information about the recovery of the streamwise mean velocity in the 

REV downstream section as well as the wake zone generated at the front face of the 

cylindrical particles. The simulation results showed that the LES and RANS low Re k- 

models predict similar mean velocity profiles at both the specified locations. The standard k- 

model predictions of mean velocity are underestimated and cannot capture the structure of the 

wake region in front of the cylinder as compared to low Re k-  and LES predictions. The 

discrepancy might be attributed to the insensitivity of the standard k- model to streamline 

curvature. 

  The flow field obtained from LES is not smooth and exhibits random fluctuations as 

compared to RANS flow fields (Fig. 6.25(a-d)) and low Re-k-ɛ model damps the normal 

turbulent fluctuations which are over-estimated. Both these models show excessively smooth 

fluid structures near the wall. The high frequency oscillations, which are characteristics of 

turbulent flows field at solid surface due to solid-fluid interactions, were being well captured 

by LES simulations. The streamwise mean velocity profile obtained from LES calculations 

were oscillatory in nature as compared to RANS calculations. The contours of velocity and 

mean velocity profile (Fig. 6.29) reveal this fact. There was a good agreement between the 

predictions of  RANS and LES in the streamwise velocity profile, specifically at the upstream 

surface of the cylinder at higher porosity ( = 0.8, 0.6, 0.5) and the deviation was observed at 

the downstream of the cylinder where velocity fluctuations were more prominent due to 

formation of eddies. The turbulent flow oscillations at the downstream of the cylinder 

increased with an increase in the porosity due to significant solid-fluid interactions with an 

increase in the porous space. 
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Fig. 6.28: Comparison of normalized streamwise mean velocity profiles predicted using  

  different turbulence models at centerlines in x– and y– directions, respectively. 

LES (); low Re-k- (); Std. k- (). 



Chapter 6: Modeling of fluid flow through isotropic porous media 

 

229 

The profiles of the mean velocity are found to be affected by the medium porosity. The 

LES predictions showed that most of the fluctuations were due to an oscillation of the flow 

around the cylinder caused by the generation of small scale eddies near the solid surface. The 

overall agreement of the mean velocity between the low Re k- , and the LES seemed to be 

satisfactory over the entire range of , which further validated the simulation results. 

 

6.7.4. Computation of macroscopic turbulent kinetic energy and dissipation rate 

LES and RANS simulated results are shown in Fig. 6.29 for different values of . It is 

found that the normalized 
f

k increases with an increase in ReD and a decrease in . For  < 

0.6, the increment is greater than unity even at a lower ReD. As the porosity decreases at a 

certain ReD, the fluid flow passage gets reduced leading to an increase in the local fluid 

velocity gradient. This dictates the rate at which the mean flow mechanical energy transferred 

into the turbulent kinetic energy. This causes the larger production rate of k within the REV. 

As a consequence, the normalized kinetic energy (
f

k ) increases. It is also found that the 

turbulence gets intensified at a comparatively low ReD, especially for low porosity. 

It is observed that the LES and low Re k- models show similar logarithmic patterns as 

compared to standard k- model, which shows a flat increment with ReD. The relative 

deviation of low Re k-ɛ and standard k-ɛ model predictions with respect to LES predictions 

are presented  in Fig. 6.29. The low Re k-ɛ, and the LES predictions agreed reasonably well 

as the mean relative deviation  15.0x  was less than that of standard k-ɛ model 

predictions  30.0x . The deviation seemed to be significantly reduced  09.0x  at 

higher ReD (ReD > 10
3
) between low Re k-ɛ and LES predictions. But the standard k- model 

under predicted the normalized
f

k for all values of . The normalized 
f

k for LES and low 

Re-k- model agreed significantly well in the higher ReD region (> 10
3
). 

The variation of turbulent kinetic energy with medium porosity is shown in Fig. 6.30(a). 

The simulated normalized 
f

k predicted by LES and low Re k- model showed good 

agreement for  < 0.8. However, the results deviated from each other at lower porosity        

(=0.8). The normalized dissipation rate 
f

 for different porosities is shown in Fig. 6.30(b). 

At higher values of  ( = 0.6 and 0.8) the predicted values of normalized 
f

  by all the 

three different models followed similar trends. However, the results deviated at lower 

porosity (  0.5). Even at  lower porosity, the low Re-k- results were closer to LES results. 
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Fig. 6.29: Normalized turbulent kinetic energy versus ReD at different porosities                

 ( = 0.3, 0.4, 0.5, 0.6, and 0.8) using various turbulence models.          

LES (); Low Re k (); Std k (). 
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Fig. 6.30(a): Normalized turbulent kinetic energy versus (1)/1/2
 using different turbulence 

models. LES (); Low Re k (); Std k (). 

 

 
 

Fig. 6.30(b): Normalized energy dissipation versus (1)/1/2
 using different turbulence 

models. LES (); Low Re k (); Std k (). 
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6.7.5. Computation of pressure drop across the REV 

The pressure distribution within the porous matrix is significantly influenced by the pore 

diameter. The pressure contours predicted by LES and RANS low Re k model are shown in 

Figs. 6.25(a-d). It is observed that the pressure magnitude is high at the upstream face of the 

cylinder near to the stagnation point and at the downstream corner section. The macroscopic 

pressure gradient across the porous media as calculated using RANS low Re k , and LES 

methods are non-dimensionalized and are presented as a function of ReD and  in Fig. 6.31(a-

b). It is seen that the dimensionless pressure gradient (DPG) increases with an increase in ReD 

and a decrease in . As  decreases, the effective flow area within the porous media 

decreases, and the free fluid flow passage gets constricted, thereby causing an increase in 

DPG. The variation of DPG with ReD for  = 0.8 is shown in Fig. 6.31(a). The RANS and 

LES results show good agreement with each other at higher ReD ( 10
3
). However, the results 

show deviation at lower ReD (ReD = 100).   

The pressure drop across the porous REV can be estimated by the Ergun’s equation. The 

Ergun’s equation including the Forchheimer drag in the porous matrix with pore diameter 

being  Dp, is given as: 
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The first term of the right hand side of Eq. (6.48) accounts for low velocity situations 

(creeping flow) and the second term accounts for the effect of turbulence and/or inertia, 

which depends on the property of porous media. At higher ReD, the viscous term becomes 

insignificant and the fluid inertial effect dominates. Therefore, at ReD > 3000, Eq. (6.48) is 

reduced to  

)49.6(
1

75.1
32 






 















 D

p

f

u

D

dx

pd

 

The variation of DPG with porosity, is shown as a linear relationship in Fig. 6.31(b). 

The best-fit value of the coefficient  is found to be 2.2, instead of 1.75, as envisaged in Eq. 

(6.49).  The numerical results of the LES and RANS models agree well with the extended 

Forchheimer-Darcy’s law within the porosity range, 0.8    0.5, but at lower porosity, large 

deviations are observed. 

The DPG relevant to the present porous media configuration can be fairly described by a 

power-law formulation. A correlation for DPG with medium porosity is proposed by re-

scaling the porosity as (1-)/, as follows:  
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Fig. 6.31: Dimensionless macroscopic pressure gradient versus (a) ReD, (LES ();  

  Low Re k (); Std k ().) and (b) (1)/3
 (LES ();  

Low Re k (); Std k ()). 
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6.7.6. Computation of permeability and Darcy-Forchheimer co-relation for porous REV 

The permeability appearing in the porous REV was estimated at low ReD (ReD = 10) in the 

Darcy flow regime. Flow streamlines for different porosities at ReD=10 are shown in Fig. 

6.32. A fully developed steady laminar flow was observed within the REV. The streamlines 

are seen to start from the inlet section, travel as a continuum across the REV and finish at the 

outlet section. The flow is found to be symmetric about the center x-axis with no eddies or 

recirculation zone being observed. This signifies that the flow is fully developed steady 

laminar flow. 

For permeability calculation, the N-S equation was solved inside the REV to determine 

the microscopic flow quantities (Darcy velocity  and pressure gradient). The microscopic 

results are converted into macroscopic quantities using the volume average operator within 

the REV: 
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The permeability within the REV is calculated using the Darcy’s law as given below. 
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The estimated permeability is compared with the permeability as calculated using the 

equation proposed by Kuwahara et al. (1998): 
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The permeability as estimated for different values of  are shown in Table 6.1. It is seen 

that the permeability of the porous REV decreases with a decrease in the medium porosity. 

The estimated values agree well with the values calculated using Eq. (6.52), however, the 

estimated values deviate from the calculated results at lower porosities (  0.4 ). 
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Table 6.1: Computed permeability, K for different porosity at ReD = 10. 

 

Particle size, Dp (m) Porosity,  KSimulated (m
2
) Kestimated (Eq. 36) (m

2
) 

0.51 0.8 2.51× 10
-2

 2.31× 10
-2

 

0.71 0.6 4.49× 10
-3

 4.73× 10
-3

 

0.80 0.5 1.26× 10
-3

 2.22× 10
-3

 

0.87 0.4 4.16× 10
-4

 9.34× 10
-4

 

0.94 0.3 1.41× 10
-4

 3.38× 10
-4

 

 

 

 

 

 

 

 
 

Fig. 6.32: Streamlines in porous REV at ReD = 10 at different porosities ( = 0.8, 0.6 and 0.4 

from top to bottom diagonally. 
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The porous matrix is characterized by the permeability and porosity. There is no 

general correlation relating permeability with porosity. A relation can, however, be obtained 

using Kozney-Carman equation and the Darcy’s law for the REV as given below : 
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The dimensionless permeability is plotted against   13 , as shown in Fig. 6.33(a). 

The best-fit value of the  Kozney constant using Eq. (6.54) with the experimental data is 

111.11,  which is lower than 141.3. This disagreement is ascribed to the fact that the Kozney 

constant in Kozney-Carman equation is porositydependent (Kaviany, 1991). Therefore, the 

simulated permeability results are plotted as a function of , as shown in Fig. 6.33(b). The 

functional dependency of the medium permeability with porosity for the present REV can be 

represented by the following equation: 

)55.6(097.0 057.6
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 The best numerical fit (R
2 

= 0.999) of the simulated data with  Eq. (6.55) represents 

the permeability over the entire range of porosity.  

At high ReD, the fluid inertial effects become significant. In order to capture the influence 

of inertia during the flow through porous media, the Darcy’s law can be extended with a 

power law term, which is termed as Darcy-Forchheimer equation. The Darcy-Forchheimer 

equation for the flow through isotropic and homogeneous porous media is given as follows 

(Papathanasiou et al., 2001):  
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This equation models the viscous and inertial behaviour of flow through porous media 

describing the macroscopic pressure gradient along the REV. The first term on the right hand 

side is for viscous behaviour and the second term is for Forchheimer correction for inertial 

effect. Eq. (6.56) is non-dimensionalized with the square root of permeability and the square 

of Darcy velocity. Hence, the empirical Darcy-Forchheimer equation can be expressed  in the 

form of a non-dimensional modified friction factor  
K

f , and a modified Reynolds number 

 
K

Re  as shown below: 
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(6.57)                                               
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The numerically determined medium permeability from macroscopic simulation results 

have been used to calculate the 
K

f   and 
K

Re . The friction factor is computed for both 

laminar flow  7.0Re 
K

 and the fully developed turbulent  flow  3105Re 
K

, within 

the REV. The Darcy-Forchheimer plot for different turbulence models is shown in Fig. 6.34. 

All the three turbulence models show asymptotic behaviour. The modified friction factor 

decreases  gradually with an increase in the modified Reynolds number. A linear variation of 

friction factor with modified 
K

Re , up to 
110Re 

K
, is observed within the Darcy flow 

regime. Thereafter, 
K

f  shows a non-linear relation with 
K

Re . This indicates the existence 

of inertial effect. The results of the LES and low Re k- show a similar trend for the variation 

of the friction factor with 
K

Re  as compared to the standard k-  model. However, the results 

of the low Re k-  model are marginally higher than those obtained from the LES predictions. 

In general, it may be concluded that the present simulation results showed very good 

agreement with the Darcy-Forchheimer relationship.  
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Fig. 6.33(a): Numerically computed permeability for the porous REV fitted to Kozney-

Carmen equation. 

 

Fig. 6.33(b): Numerically computed permeability as a function of porosity fitted to the 

proposed correlation (Eq. 42). 
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Fig. 6.34: Darcy-Forchheimer plot in terms of modified friction factor and 
K

Re  for  

 different turbulence models. LES (); Low Re k (); Std. k (). 
 

 

6.7.7. Effect of Medium Morphology on Porous Media Flow 

The morphology of the medium plays an important role in the modeling of flow through 

porous media. In the present study, a morphology-based closer was used for mathematical 

modeling of flow through porous media by resolving the microscopic flow equations within 

the computational domain, regardless of the porous structure. For that, a characterization of 

the medium topology is necessary in order to reveal the microscopic flow field. In a previous 

study (array of square cylinder) , the porous media was modeled as a specially  periodic array 

of square cylinders. In the present study, the porous media is modeled as a periodic array of 

circular cylinders. The computations of flow behavior for the two types of porous structures 

are compared in Fig.6.35. 

From the Fig. 6.36, it is observed that the shape of the porous media significantly alters 

the flow pattern inside the porous matrix. The difference in the flow pattern becomes 

prominent in the computed streamline spectra and the velocity contour of the two different 

porous matrices (Fig. 6.35). The flow separates at the front surface and corner walls of the 

square cylinder. A large separation region develops behind the square cylinder which 

interacts with the vortex.  Some predominant wake regions with vortex are traced at the 

downstream face and the top and bottom surfaces of the square cylinder. The flow field for 
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circular cylinders are different. Fluid propagates smoothly across the circular cylinder. Flow 

separation is observed behind the cylinder with the formation of relatively small wake region. 

The separation region behind the  square media is wider and spread than the circular media. 

The size of the vortices are relatively small as compared to square media. A similar 

difference is observed for the case of velocity contours.  There is a similarity between the 

isobar spectra for both kinds of porous media- one of square cylinders and the other of 

circular cylinders. Pressure gradient also varies in a similar fashion across both the REVs. But 

the turbulent kinetic energy spectra are different for the two REVs. For the square media, the 

kinetic energy is exclusively generated at the corner wall and the upper and lower surfaces of 

the cylinder. In the case of circular media, the kinetic energy spectra are produced at the front 

surface and the downstream corner surface of the cylinders. The turbulence swept around the 

front and the upper and lower surfaces of the square media is more than that for the circular 

media, leading to a longer flow separation region behind the cylinder.  

 

Morphology of the porous media can be characterized by evaluating a characteristic 

macroscopic model constant, Ck.  For macroscopic fully developed flow in isotropic porous 

media, Ck is expressed by the following non-dimensional relationship as shown in Eq. (6.47). 

The k - ɛ  plot was constructed by calculating the corresponding limiting values of  k  and ɛ  

for different porosities and ReD used in this study, and is shown in Fig. 6.36. The value of  Ck  

was found to be 0.32 from the slope of the best-fitted line (R
2
 = 0.971) for the 3D porous 

matrix comprising circular cylinders. It should be noted that the value of  Ck  is unique for a 

particular shape of the porous media. The macroscopic turbulent quantities of our earlier 

simulation results for 2D square media are compared with the simulation results of the 

present 3D circular media. For square media, the  Ck  value was 0.29 as compared to 0.32 

obtained for 3D circular cylindrical media. Thus, the  morphology of the porous media 

significantly influences the macroscopic model constant. 
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Fig. 6.35: Simulated microscopic results of different porous matrix at ReD=40000. 
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Fig. 6.36: Normalized k - ɛ  plot for different media morphology. 

   (Filled legend: 3D circular cylinder; Unfilled legend: 2D square cylinder.) 
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CHAPTER 7 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

7.1 CONCLUSIONS 

On the basis of work carried out in this thesis for the preparation and characterization, in 

terms of stability and rheology, of emulsions and Newtonian and emulsion flow through 

porous media, following conclusions were made: 

 

7.1.1 Emulsion Formation, Stability and Characterizations 

A statistical modelling and optimization of process parameters for emulsification and 

characterization was carried out using an integrated modelling approach of GA–BPANN 

coupled with RSM–BBD model. BBD model was developed by using data of 29 

experimental runs and a hybrid GA (GA-BPANN coupled with RSM-BBD) model was 

developed by using a set of 120 experimental data sets. The emulsion stability was assessed 

by creaming (CI) and emulsification (EI) indexes. Response surface plots provided an 

efficient way of visualizing the parametric interactions with emulsion stability and the 

resulting model explained the effects of process parameters on the emulsion stability. Surface 

plots suggested that the oil and surfactant concentration and stirring time influenced the 

emulsion stability significantly. The following conclusions were made: 

 The optimized conditions for maximum emulsion stability (ESI24 = 0.866) predicted 

by the hybrid ANN-GA model coupled with RSM-BBD were: oil concentration – 

50% (v/v), surfactant concentration – 2% (w/v), stirring speed – 5700 rpm and stirring 

time – 5 min. The percentage error between the model predictions and the 

experimental values was found to be approximately 5%, thereby showing the 

advantage of the multi objective hybrid ANN-GA technique over other optimization 

methods. 

 The stability of an o/w emulsion increases with an increase in oil volume fraction (10-

80% v/v).  

 The average size of the emulsion droplets gradually decreases from 1.72 to 0.712 m 

with an increase in the oil concentration from 10% to 80% (v/v). 

 Both zeta potential as well as electrophoretic mobility increases with an increase in  

o oil volume fraction, and suggested that more and more oil droplets get 

attached to the interface and enhance the emulsion stability. 

o pH of the medium, and prevent coalescence phenomena 
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 The interfacial tension of o/w emulsions gradually decreases as the oil volume 

fraction increases. 

 Stability of o/w emulsion increases with an increase in pH of the bulk medium and 

with decrease in droplet size. 

 

7.1.2. Effect of Oil Volume Fraction, Surfactant Concentration, pH and Temperature on 

 Emulsion Rheology 

The rheological behaviour of five sets of o/w emulsions having varying dispersed phase 

(oil) volume fractions (1080%) at different temperatures (2550 
o
C), surfactant (SDBS) 

concentrations (0.52%, w/v) and four shear rates (20 s
-1

, 40 s
-1

, 80 s
-1

 and 100 s
-1

) was 

studied. The oil volume fraction and temperature dependency of rheological characteristics 

were determined for different types of o/w emulsions (dilute, semi-dilute, concentrated and 

highly concentrated). The rheological behaviour of emulsions was modeled using a master-

curve approach. The effect of temperature on emulsion rheology was described by using the 

Arrhenius model, on the apparent viscosity at a constant shear rate. It was concluded that: 

 The emulsion viscosity decreases with an increase in temperature, and the 

pseudoplasticity increases with an increase in oil volume fraction.  

 The emulsion viscosity and pseudoplasticity increases with an increase in oil volume 

fraction of the emulsions with 1% (w/v) SDBS. 

 The power law model indicated that all five sets of emulsions have pseudoplastic 

(n<1) characteristics. The analysis of the apparent viscosity curve for highly 

concentrated o/w emulsions (set 4 and set 5) showed highly shear thinning behaviour, 

due to the high oil concentration (internal phase) in the emulsions contributing to the 

lubricating effect between the oil droplets. 

 The magnitude of activation energy increases with an increase in oil volume fraction. 

Highly concentrated o/w emulsions were more sensitive to temperature due to high 

shear thinning characteristics as compared to other sets of emulsions. 

 A correlation was proposed to describe the combined effects of temperature and oil 

volume fraction of emulsions which fitted well to the experimental data (R
2 

~ 0.9739).  

 As the surfactant concentrations increases, the apparent viscosity of the emulsions 

also increases, with a yield stress at higher oil fractions. Herschel-Bulkley model 

fitted the rheological data for 2% (w/v) surfactant concentration very well as 

compared to Casson model.  

 The rheological behaviour of o/w emulsions (different pH and temperature at fixed oil 

volume fraction 30% v/v) was tested by Ostwald-de Waele, Sisko Cross and Carreau 

models. The four parameter Cross and Carreau model described the emulsion 
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behaviour reasonably well over the entire shear rate range (10
-3

– 10
3
 s

-1
) as compared 

to other two models. 

 The electro-viscous effect plays a significant role in increasing the viscosity of 

emulsions. The magnitude of the electro-viscous effect is proportional to 
2
. Thus, 

this effect can cause a large increase in the viscosity of emulsions mainly for the case 

of pH 12 and 10 as compared to emulsion with pH8 to pH2. 

 The shear thinning property and the pseudoplasticity of the emulsions decreased with 

a decrease in pH and an increase in temperature with a corresponding larger average 

droplet size and a wider DSD.  

 The dynamic moduli (G’ and G”) decreased with an increase in temperature and a 

decrease in pH. 

 The steady shear viscosity of o/w emulsions is more sensitive to temperature than the 

complex viscosity (E>E*). 

 The viscoelastic properties (G’, G”, * and tan) were found to be a strong function 

of angular frequency and exhibited a characteristic cross over frequency (c). For 

<c, the viscous response is predominating (G”>G’) and for >c, the elastic 

response (G’>G”) is predominating. Thus o/w emulsion can be characterized as a 

flocculated structured liquid or weak gel.  

 The values of the oscillatory shear parameters and the steady shear parameters 

revealed that the o/w emulsions do not obey the Cox–Merz rule as *> over the 

range of steady shear rate (
0304 1010   ) and angular frequency ( 20 1010  ) 

studied. 

 

7.1.3 Newtonian Fluid Flow through Porous Media 

Experimental investigated the rise in nonlinearity in Darcy law to describe the evolution 

of inertial effects in a porous medium. The present study highlights the demarcation limit of 

the various flow regimes (pre-Darcy, Darcy, transition and non-Darcy) which enable accurate 

determination of the permeability (K) and form drag coefficient (FD) for different types of 

porous media. It was concluded that: 

 The first pre-Darcy's flow regime represents the surface-interactive flow which is 

strongly dependent on the porous media and the flowing fluid. 

 The Darcy regime was characterized by purely viscous effect and governed by local 

pore structure. 

 The weak transition and inertial regimes were characterized by the fact that inertial 

effects are not negligible compared to viscous effects. 

 The inertial effects lead to the formation of eddies in the pore constrictions depending 

on the Reynolds number. The presence of these eddies reduces the actual flow area 
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with an increase in total viscous dissipation. The maximum of energy dissipation 

occurs in the regions of small flow section (pore constrictions) and mainly due to the 

friction of solid-fluid interactions at the solid walls.  

 The flow changes from weak inertial regime to quadratic Forchheimer regime at 

critical Re in between 5 to 10. 

 The microscopic inertial effect is the governing factor which leads to the transition 

from the Darcy to non-Darcy flow regimes in porous media. 

 The detailed microscopic pore hydrodynamics in the form of flow streamlines and 

velocity contours were reported over the Darcy and non-Darcy flow regimes, i.e. 0.02 

 ReD  30.  

 The flow structure evolution significantly captures well which correspond to Darcy’s 

regime, the transition regime (weak inertia) and the strong inertia non-Darcy regime.  

 

7.1.4 Emulsion Flow through Porous Media 

Emulsion (o/w) flow behaviour was investigated with different oil volume fraction (10-80% 

v/v) for different porous media, such as packed bed with four different sizes of glass beads 

(PM1, PM2, PM3 and PM4). The rheological properties of emulsions flowing through the 

porous media were studied on the basis of shear stress ( w ) versus shear rate ( hs Ru8 ) 

relationship. The Permeability reduction behaviour of porous media was investigated by 

observing the change in pressure drop across the core holder as a function of no of pore 

volume of emulsion injected. Following conclusions were made: 

 Emulsion volume fraction significantly influences the porous bed pressure drop. 

Pressure drop data  dLPd  across the porous bed for all sets of o/w emulsions 

increases with increase in emulsion volume fraction, increases with decrease in 

particle diameter (glass beads) and an increase in medium porosity. 

 Modified friction factor for emulsion with different volume fraction decrease with an 

increase in modified Reynolds number for different porous media. 

 The shear stress increases with an increase in shear rate and volume fraction during 

percolation of emulsions through the porous bed. 

 The effective viscosity of the emulsion for porous bed of different particle diameter 

decreases with an increase in shear rate.   

 Resistance factor (RF) for different porous bed increases with an increase in emulsion 

volume fraction and decreases with an increase in emulsion injection rate.  

 The emulsion quality/volume fraction significantly influences the pressure drop along 

the sand pack core holder. 
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 The pressure drop across the core holder increases with emulsion injection flow rate 

for all three different sand pack core holders (S-A, S-B, and S-C) studied in the 

present work. Pressure drop also increases with an increase in emulsion volume 

fraction due to the increase in emulsion viscosity. 

 The pressure drop for small particle (S-A) is more as compared to large particles (S-B 

and S-C).  

 The permeability ratio across the core holder decreases with an increase in pore 

volume (PV) of emulsion injected. 

 Emulsion volume fraction and number of PV injected significantly alter the medium 

permeability.  

 The Permeability reduction across the core holder decreases largely with an increase 

in emulsion volume fraction and also with an increase in the number of PV injected.  

 

7.1.5 Modeling of Fluid Flow through an Isotropic Porous Media 

Porous media was modeled by representative element volume (REV) approach using an 

infinite spatial periodic array of both square and circular cylinders. A detailed numerical 

study was performed for different porosities (0.3 0.8) and particle Reynolds numbers (10 

ReD40000) on pore hydrodynamics, pressure gradient across the modelled porous media 

and turbulence statistics. It was concluded that: 

7.1.5.1 Array of square cylinder: 

 The macroscopic turbulent kinetic energy and dissipation rate increases with a 

decrease in porosity.  

 The present low Re k-ε turbulence model and DNS predictions (square cylinder) were 

compared with the simulation results obtained from v2f  (Kazerooni and Hannani, 

2009) and LES turbulent models (Kuwahara et al., 2006). The numerical predictions 

of low Re-k- turbulence model form present work was in good agreement with the 

results of LES models available in the literature. 

 The simulation results satisfactorily visualized the flow filed, pressure variation and 

distribution of turbulent kinetic energy within the porous media.  

7.1.5.2 Array of circular cylinder 

 A series of computations in Darcy flow regime were performed at ReD =10 for 

different porosity (0.3    0.8) and a steady streamline flow was observed within the 

computational REV without any trace of eddy formation.  

 At higher porosity values the numerical predictions agreed well with the semi-

empirical equations of Kozney-Carman and Kuwahara et al. (1998). However, a 

deviation was observed at lower porosity (0.4) values.  
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 A correlation was proposed for permeability of porous media as a function of 

porosity, which describe the simulation results significantly well over the entire range 

of porosity (0.3  0.8). 

 The predicted flow-fields and TKE were strongly influenced by porosity and ReD.  

 Flow over the circular cylinder undergoes strong attenuation and enhancement of 

turbulence and leads to flow separation and vortex formation.  

 The pressure fields predicted by both RANS and LES were in good agreement. 

However, there was deviation in velocity and TKE fields.  

 The anisotropic turbulent flow physics was not predicted by RANS simulation 

because of the unsteady nature of wakes formed within the REV, however, 

unsteadiness was effectively captured using LES technique. The low Re k- results 

agreed well with the LES predictions.  

 The Darcy-Forchheimer relationship was tested with simulation results obtained by 

LES and RANS models. The RANS model predictions were somewhat over predicted 

the friction factor values as compared to LES predictions. 

 

7.2 RECOMMENDATIONS 

On the basis of the present study, the following recommendations can be made for the future 

study: 

 The rheological behaviour of water-in-oil (w/o) emulsion with different water volume 

fraction and surfactant concentration. 

 Flow behaviour of w/o emulsion having different volume fractions through porous 

media. 

 The thermal effect on emulsion flow behaviour in porous media. 

 Flow behaviour of o/w emulsion stabilized with different type surfactants such as 

cationic, non-ionic and zwitterionic surfactants through porous media.  

 Effect of pH and ionic strength on permeability reduction of porous media. 

 Rheological and flow behaviour of emulsions stabilized with fine solid particles 

through porous media. 

 The existing experimental set-up need to scale-up and upgraded which mimic the 

actual process condition. 

 A detailed understanding of actual flow physics occurring in real porous media using 

advance X-ray topographic techniques. 
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APPENDIX A 

 

ASTM Standards for Characterization of Petroleum Oil 

 

A.1 Kinematic Viscosity (ASTM D88) 

This test method covers the standard procedures for determining the kinematic viscosities of 

petroleum products at specified temperatures between 21 and 99°C (70 and 210°F). The efflux 

time in seconds of 60 ml of sample, flowing through a calibrated orifice, is measured under 

carefully controlled conditions. This time is corrected by an orifice factor and reported as the 

viscosity of the sample at that temperature. A cork stopper was inserted, having a cord attached 

for its easy removal, into the chamber at the bottom of the viscometer. About 60 ml of sample 

was poured into the viscometer until the level is above the overflow rim. The sample was stirred 

in the viscometer with the appropriate viscosity thermometer equipped with the thermometer 

support. A circular motion was used at 30 to 50 rpm in a horizontal plane. The sample was 

heated in its original container to about 50°C (122°F), with stirring. When the sample 

temperature remains constant within 0.03°C (0.05°F) of the test temperature during 1 min of 

continuous stirring, the thermometer was removed. Immediately, the tip of the withdrawal tube is 

placed in the gallery at one point, and applied suction to remove oil until its level in the gallery is 

below the overflow rim. It was checked that the receiving flask is in proper position; then 

snapped the cork from the viscometer using the attached cord, and started the timer at the same 

instant. The timer was stopped when the bottom of the oil meniscus reaches the graduation mark 

on the receiving flask. The efflux time recorded in seconds.  

 

A.2 Dynamic viscosity (ASTM D1298) 

This test method covers the determination, of the density, relative density (specific gravity), 

or API gravity of crude petroleum, petroleum products using a glass hydrometer. The sample 

was transferred to the clean, temperature stabilized hydrometer cylinder without splashing, to 

avoid the formation of air bubbles, and minimize evaporation of the lower boiling constituents of 

more volatile samples. Any air bubbles formed on the surface of the test portion was removed by 

touching them with a piece of clean filter paper before inserting the hydrometer. The cylinder 
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containing test portion was placed in a vertical position in a location free from air currents and 

where the temperature of the surrounding medium does not change more than 2°C during the 

time taken to complete the test. The appropriate thermometer or temperature measurement 

device was inserted and stirred the test portion with a stirring rod, using a combination of vertical 

and rotational motions to ensure uniform temperature and density throughout the hydrometer 

cylinder. Recorded the temperature of the sample to the nearest 0.1°C and removed the 

thermometer/temperature measuring device and stirring rod from the hydrometer cylinder. 

Lowered the appropriate hydrometer into the liquid and released when in a position of 

equilibrium, taking care to avoid wetting the stem above the level at which it floats freely.  

The hydrometer was allowed to settle slowly into the liquid. Sufficient time was taken for the 

hydrometer to come to rest, and for all air bubbles to come to the surface. Recorded the 

hydrometer reading as the point on the hydrometer scale at which the principal surface of the 

liquid cuts the scale by placing the eye slightly below the level of the liquid and slowly raising it 

until the surface, first seen as a distorted ellipse, appears to become a straight line cutting the 

hydrometer scale. Immediately after recording the hydrometer scale reading, carefully lifted the 

hydrometer out of the liquid, and inserted the thermometer or temperature measurement device 

and stir the test portion vertically with the stirring rod. The temperature of the test portion was 

recorded to the nearest 0.1°C.  

 

A.3 Water content (ASTM D95) 

This test method covers the determination of water in the range from 0 to 25 % volume in 

petroleum products. 100 ml of sample to an accuracy of  1% measured in a graduated cylinder 

and transferred to the properly dried still. Glass beads or boiling chips were added to reduce 

bumping. The components of the apparatus and trapping was assembled and making all 

connections vapor and liquid tight. The condenser tube and trap were cleaned with acetone to 

ensure free drainage of water into the bottom of the trap. A loose cotton plug was inserted in the 

top of the condenser to prevent condensation of atmospheric moisture inside it. Cold water was 

circulated through the jacket of the condenser. Apply heating to the still, adjusting the rate of 

boiling so that condensed distillate discharges from the condenser at the rate of two to five drops 

per second. Distillation continued until no water is visible in any part of the apparatus except in 
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the trap and the volume of water in the trap remains constant for 5 min. When the evolution of 

water was completed, the trap and contents were allowed to cool to room temperature. Any 

residual drops of water adhering to the sides of the trap was dislodged with a glass or 

polytetrafluoroethylene (PTFE) rod or other suitable means and transferred them to the water 

layer. The volume of the water in the trap read to the nearest scale division. The water content in 

the sample was calculated, volume percent, as follows: 

100
,

),(),(
)/(%, 




mlsampletestinVolume

mlblanksolventinWatermltrapwaterinVolume
VVWater   (A.1) 

 

A.4 Colud Point (ASTM D2500) 

The sample was poured into the test jar to the level mark. The test jar was closed tightly by 

the cork carrying the test thermometer (a cloud thermometer). Adjusted the position of the cork 

and the thermometer so that the cork fits tightly, the thermometer and the jar were coaxial, and 

the thermometer bulb was resting on the bottom of the jar. The disk, gasket, and the inside of the 

jacket were checked for clean and dry. The disk was placed in the bottom of the jacket. The disk 

and jacket was placed in the cooling medium a minimum of 10 min before the test jar is inserted. 

The use of a jacket cover while the empty jacket is cooling is permitted. The gasket was placed 

around the test jar, 25 mm from the bottom. The test jar was inserted in the jacket. The 

temperature of cooling bath was maintained at −181.5°C. At each test thermometer reading, i.e. 

a multiple of 1°C, the test jar was removed from the jacket quickly but without disturbing the 

specimen, inspected for cloud, and replaced in the jacket. This complete operation required not 

more than 3 s. The cloud point was report, to the nearest 1°C, at which any cloud is observed at 

the bottom. 

 

A.5 Pour point (ASTM D97)  

Similarly for pour point measurement the sample was poured into the test jar to the level 

mark. The test jar was closed with the cork carrying the thermometer. After the sample was 

cooled to allow the formation of paraffin wax crystals, care was taken not to disturb the mass of 

specimen nor permit the thermometer to shift in the sample, any disturbance of the spongy 

network of wax crystals will lead to low and erroneous results. Pour points are expressed in 
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integers that are positive or negative multiples of 3°C. At each test thermometer reading, i.e. a 

multiple of 3°C below the starting temperature, the test jar from the jacket was removed. To 

remove condensed moisture that limits visibility wipe the surface with a clean cloth moistened in 

alcohol (ethanol or methanol). The test jar was tilted just enough to ascertain whether there is a 

movement of the specimen in the test jar. If movement of sample in the test jar is noted, then 

replace the test jar immediately in the jacket and repeat a test for flow at the next temperature, 

3°C lower. Typically, the complete operation of removal, wiping, and replacement required not 

more than 3 s. If the sample in the jar does not show movement when tilted, hold the jar in a 

horizontal position for 5 s, as noted by stopwatch, and the sample was observed carefully. If the 

sample shows any sign of movement before 5 s has passed, replace the test jar immediately in the 

jacket and repeat a test for flow at the next temperature, 3°C lower. Continued in this manner 

until a point was reached at which the sample shows no movement when the test jar is held in a 

horizontal position for 5 s and recorded the observed reading of the test thermometer. 

 

A.6 Flash point (ASTM D93) 

This flash point test method is a dynamic test method which depends on specified rates of 

heating to be able to meet the precision of the test method. The Pensky-Martens test cup was 

filled with the sample to the filling mark inside of the test cup. 

The test cover was placed on the test cup and the assembly was placed into the apparatus. The 

temperature measuring device (thermometer) was inserted into its holder. Lighted the test flame, 

and adjusted it to a diameter of 3.2 mm to 4.8 mm (0.126 in. to 0.189 in.), or switched on the 

electric igniter and adjusted the intensity. The heat was applied at such a rate that the 

temperature, as indicated by the temperature measuring device, increased 5 °C to 6 °C (9 °F to 

11 °F) ⁄min. The stirring device turned at 90 r ⁄min to 120 r ⁄min, and stirring in a downward 

direction. The ignition source was applied when the temperature of the sample close to the 

expected flash point and each time thereafter at a temperature reading that is a multiple of 1 °C 

or 2 °F. The stirring of the sample was discontinued and applied the ignition source by operating 

the mechanism on the test cover which controls the shutter so that the ignition source is lowered 

into the vapor space of the test cup in 0.5 s, left in its lowered position for 1 s, and quickly raised 

to its upward position. The observed flash point was recorded as the reading on the temperature 
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measuring device at the time ignition source application causes a distinct flash in the interior of 

the test cup. The sample was deemed to have flashed when a large flame appears and 

instantaneously propagates itself over the entire surface of the test specimen. The apparatus was 

cooled down to a safe handling temperature, less than 55 °C (130 °F), the test cover was 

removed and both the test cup and  apparatus was cleaned.  

 

A.7 Fire point (ASTM D92) 

The sample was filled in the test cup (Cleveland open cup) exactly at the filling mark, and the 

test cup was placed on the center of the heater. The test flame was lighted and adjust mounted on 

the apparatus. Heat initially applied at such a rate that the temperature as indicated by the 

temperature measuring device increased 14 to 17°C (25 to 30°F)/min. When the sample 

temperature was 56°C (100°F) below the expected flash point, the heat was decreased so that 

the rate of temperature rise during the last 28°C (50°F) before the flash point was 5 to 6°C (9 to 

11°F)/min. The test flame was applied when the temperature of the test specimen was 28°C 

below the expected flash point and each time thereafter at a temperature reading that is a multiple 

of 2°C. The test flame was passed across the center of the test cup at right angles to the diameter, 

which passes through the temperature measuring device. With a smooth, continuous motion, the 

test flame was applied either in a straight line or along the circumference. The observed flash 

point was recorded as the reading on the temperature measuring device at the time the test flame 

causes a distinct flash in the interior of the test cup. When a flash point was detected on the first 

application of the test flame, the test was discontinued, and the test was repeated with a fresh test 

sample. 

 

A.8 Aniline point (ASTM D611) 

The Aniline Point apparatus was cleaned and dried. 10 ml of Aniline and 10 ml of sample 

were added into the test tube fitted with stirrer and thermometer. The thermometer was centered 

in the test tube so that the immersion mark is at the liquid level, making sure that the 

thermometer bulb does not touch the side of the tube. The mixture was stirred rapidly using a 50-

mm (2-in.) stroke, avoiding the introduction of air bubbles. The aniline-sample mixture is not 

miscible at room temperature, applying the heat directly to the jacket tube so that the temperature 
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rises at a rate of 1 to 3°C (2 to 5°F)/min by removing or reducing the heat source until complete 

miscibility is obtained. Continued stirring and allowed the mixture to cool at a rate of 0.5 to 

1.0°C (1.0 to 1.8°F)/min. Cooling was continued to a temperature of 1 to 2°C (2.0 to 3.5°F) 

below the first appearance of turbidity, and recorded as the aniline point the temperature at which 

the mixture suddenly becomes cloudy throughout. The observation of aniline point temperature 

was repeated by heating and cooling continuously for accuracy. 
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Appendix B 

 

Table B1: Experimental data sets used for generating BP-ANN and hybrid GA model. 

Experimental 

run no. 

A: Oil 

concentration 

(vol %) 

B: Surfactant 

concentration 

(wt %) 

C: Stirring 

intensity  

(rpm) 

D: Stirring 

time  

(min) 

ESI24 

1 -1 0 0 1 0.18 

2 0 1 0 -1 0.525 

3 1 0 0 -1 0.714 

4 0 0 -1 1 0.48 

5 0 0 -1 -1 0.386 

6 0 1 1 0 0.464 

7 0 0 0 0 0.495 

8 0 -1 0 -1 0.177 

9 0 0 0 0 0.48 

10 -1 1 0 0 0.209 

11 1 1 0 0 0.788 

12 -1 -1 0 0 0.131 

13 0 -1 -1 0 0.174 

14 0 -1 0 1 0.18 

15 0 0 1 -1 0.396 

16 -1 0 -1 0 0.155 

17 1 0 -1 0 0.582 

18 0 1 0 1 0.502 

19 1 -1 0 0 0.08 

20 0 1 -1 0 0.489 

21 -1 0 0 -1 0.13 

22 0 0 0 0 0.489 

23 0 0 0 0 0.503 

24 0 0 1 1 0.076 

25 1 0 0 1 0.248 

26 0 -1 1 0 0.143 

27 1 0 1 0 0.517 

28 -1 0 1 0 0.187 

29 0 0 0 0 0.482 

30 -0.5 -1 -1 0 0.212 

31 -0.5 0 -1 0 0.257 

32 -0.5 1 -1 0 0.221 

33 -0.5 -0.5 -1 0 0.244 

34 -0.5  0.5 -1 0 0.274 

35 -0.5 0 -1 1 0.26 

36 -0.5 0 0 1 0.257 

37 -0.5 0 1 1 0.286 
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38 -0.5 0 -0.5 1 0.244 

39 -0.5 0 0.5 1 0.258 

40 0.5 -0.5 0 -1 0.453 

41 0.5 -0.5 0 0 0.467 

42 0.5 0 0 1 0.523 

43 0.5 0 1 0.5 0.533 

44 0.5 0.5 0 0.5 0.6 

45 0.5 1 -1 0 0.473 

46 0.5 1 1 0 0.609 

47 0.5 0.5 -1 -1 0.422 

48 0.5 0 -1 -0.5 0.426 

49 0.5 0 1 -1 0.605 

50 -1 0 0 -1 0.119 

51 -1 -1 -1 -0.5 0.137 

52 -1 0 0 0 0.121 

53 -1 -1 -1 0.5 0.141 

54 -1 0 -1 1 0.091 

55 0 -0.5 1 -0.5 0.376 

56 0 0 1 0.5 0.38 

57 0 0.5 1 0.5 0.433 

58 0 1 1 -0.5 0.449 

59 -1 -1 -1 -0.5 0.124 

60 -0.5 -1 -1 -0.5 0.219 

61 -0.5 -1 -1 -0.5 0.315 

62 0.5 -1 -1 -0.5 0.443 

63 1 -1 -1 -0.5 0.0833 

64 1 0 -1 0 0.567 

65 1 0 -0.5 0 0.436 

66 1 0 0 0 0.372 

67 1 0 0.5 0 0.5 

68 1 0 1 0 0.596 

69 -1 -0.5 -0.5 -1 0.141 

70 -1 -0.5 -0.5 -0.5 0.117 

71 -1 -0.5 -0.5 0 0.12 

72 -1 -0.5 -0.5 0.5 0.114 

73 -1 0.5 -0.5 1 0.108 

74 -0.5 0.5 -1 0.5 0.187 

75 -0.5 0.5 -0.5 0.5 0.215 

76 -0.5 0.5 0 0.5 0.236 

77 -0.5 0.5 0.5 0.5 0.261 

78 -0.5 0.5 1 0.5 0.356 
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79 0 1 -0.5 -0.5 0.473 

80 0 1 0 -1 0.389 

81 0 1 -0.5 -0.5 0.409 

82 0 1 0 -1 0.365 

83 0 1 0.5 0 0.33 

84 0 1 -1 -1 0.275 

85 0 1 -1 1 0.338 

86 0.5 1 -1 -1 0.435 

87 0.5 -1 -0.5 -1 0.138 

88 0.5 0 -1 -1 0.412 

89 0.5 0 -1 0 0.533 

90 0.5 0 -1 1 0.447 

91 0.5 0.5 0 -0.5 0.495 

92 0.5 0.5 0 0.5 0.108 

93 0 -0.5 -1 -1 0.275 

94 0 -0.5 1 0 0.359 

95 0 -1 1 -1 0.272 

96 0 -0.5 1 -1 0.354 

97 0 0 1 -1 0.411 

98 0 0.5 1 -1 0.414 

99 0 1 1 -1 0.425 

100 1 0 0 0 0.397 

101 0 0 1 -1 0.365 

102 0 0 1 -0.5 0.41 

103 0 0 1 0 0.104 

104 0 0 1 0.5 0.079 

105 0 0 1 1 0.076 

106 0 0.5 1 0.5 0.395 

107 0 1 1 0.5 0.436 

108 -0.5 -0.5 -1 -1 0.2 

109 -0.5 -0.5 -0.5 -1 0.163 

110 -0.5 -0.5 0 -1 0.326 

111 -0.5 -0.5 0.5 -1 0.177 

112 -0.5 -0.5 1 -1 0.247 

113 -1 -1 0.5 1 0.114 

114 -1 0.5 1 1 0.121 

115 -1 0.5 -1 1 0.108 

116 -1 1 0 1 0.144 

117 1 -0.5 -0.5 1 0.074 

118 1 0.5 0 0 0.595 

119 1 0.5 0.5 -0.5 0.723 

120 1 1 1 -1 0.733 
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Table B2. Proposed polynomial model fitting parameters for apparent viscosity of o/w emulsions at different temperatures. 

Shear rate 

(SR)/ 

Temperature

(
o
C) 


 

 
C1 C2 C3 R

2
 adj R

2
 SEE 

PRESS 

 

SR- 40 s
-1

         

 25  0.1084 ± 0.0131 0.1459 ± 0.1315 (-)0.1824 ± 0.3431 0.3145 ± 0.2547 0.9984 0.9937 0.0048 0.0036 

30  0.0930 ± 0.0138 0.1728 ± 0.1389 (-)0.3147 ± 0.3624 0.3560 ± 0.2691 0.9964 0.9854 0.0051 0.0040 

40  0.0935 ± 0.0140 0.0399 ± 0.1409 (-)0.0740 ± 0.3676 0.1942 ± 0.2729 0.9942 0.9767 0.0052 0.0041 

50  0.0702 ± 0.0038 0.0393 ± 0.0377 (-)0.0623 ± 0.0983 0.1223 ± 0.0730 0.9989 0.9957 0.0014 0.0003 

SR- 20 s
-1

          

25  0.1543 ± 0.0327 0.2959 ± 0.3277 (-)0.6615 ± 0.8552 0.8141 ± 0.6349 0.9949 0.9798 0.0121 0.0221 

30  0.1190 ± 0.0483 0.3793 ± 0.4845 (-)0.9255 ± 1.2642 0.9590 ± 0.9385 0.9838 0.9354 0.0179 0.0484 

40  0.1284 ± 0.0135 0.0884 ± 0.1358 (-)0.2201 ± 0.3545 0.4125 ± 0.2632 0.9980 0.9922 0.0050 0.0038 

50  0.0825 ± 0.0094 0.1891 ± 0.0941 (-)0.5183 ± 0.2457 0.5975 ± 0.1824 0.9986 0.9943 0.0035 0.0018 

SR- 80 s
-1

         

25  0.0772 ± 0.0116 0.1222 ± 0.1165 (-)0.1632 ± 0.3041 0.2389 ± 0.2258 0.9975 0.9900 0.0043 0.0028 

30  0.0767 ± 0.0028 0.0395 ± 0.0283 0.0007 ± 0.0738 0.0698 ± 0.0548 0.9996 0.9984 0.0010 0.0002 

40  0.0710 ± 0.0043 0.0720 ± 0.0430 (-)0.1760 ± 0.0021 0.1885 ± 0.0832 0.9971 0.9882 0.0016 0.0004 

50  0.0565 ± 0.0010 0.0019 ± 0.0105 0.0626 ± 0.0274 (-)0.0298 ± 0.0203 0.9997 0.9987 0.0004 0.000023 

SR- 100 s
-1

         

25  0.0659 ± 0.0124 0.1566 ± 0.1248 (-)0.2729 ± 0.3256 0.2977 ± 0.2417 0.9960 0.9839 0.0046 0.0032 

30  0.0756 ± 0.0079 -0.0225 ± 0.0792              0.1477 ± 0.2067 (-)0.0565 ± 0.1535 0.9950 0.9801 0.0029 0.0013 

40  0.0690 ± 0.0008 0.0082 ± 0.0079 0.0225 ± 0.0207 0.0129 ± 0.0154 0.9998 0.9993 0.0003 0.000013 

50  0.0494 ± 0.0001 0.0260 ± 0.0013 (-)0.0072 ± 0.0033 0.0173 ± 0.0024 0.9999 0.9999 0.000046 3.2e-07 
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Table B3. Proposed exponential model fitting parameters for apparent viscosity of o/w emulsions at different temperatures. 

 

Shear rate 

(SR)/ 

Temperature

(
o
C) 

YM
 

KV KP R
2
 adj R

2
 SEE 

PRESS 

 

SR-20 s
-1

        

 25  0.1599 ± 0.0206 0.0147 ± 0.0106 3.3974 ± 0.8191 0.9925 0.9849 0.0104 0.0012 

30  0.1383 ± 0.0274 0.0100 ± 0.0130 3.6114 ± 1.4941 0.9765 0.9530 0.0152 0.0025 

40  0.1255 ± 0.0072 0.0064 ± 0.0031 3.8884 ± 0.5586 0.9969 0.9937 0.0045 0.0004 

50  0.0934 ± 0.0057 0.0032 ± 0.0019 4.4510 ± 0.6971 0.9957 0.9914 0.0043 0.0002 

SR-40 s
-1

        

25  0.0905 ± 0.0136 0.0248 ± 0.0095 2.4645 ± 0.3970 0.9978 0.9957 0.0040 0.0002 

30  0.0877 ± 0.0160 0.0167 ± 0.0110 2.4970 ± 0.6892 0.9935 0.9871 0.0048 0.0003 

40  0.0888 ± 0.0078 0.0054 ± 0.0039 3.4927 ± 0.8145 0.9927 0.9854 0.0041 0.0003 

50  0.0671 ± 0.0027 0.0049 ± 0.0016 3.0832 ± 0.3598 0.9984 0.9969 0.0012 1.85e-05 

SR-80 s
-1

        

25  0.0643 ± 0.0121 0.0196 ± 0.0087 2.3449 ± 0.4551 0.9971 0.9942 0.0033 0.0002 

30  0.0630 ± 0.0028 0.0142 ± 0.0021 2.1806 ± 0.1450 0.9997 0.9994 0.0007 5.76e-06 

40  0.0753 ± 0.0024 0.0016 ± 0.0010 3.9175 ± 0.7372 0.9946 0.9891 0.0015 6.99e-05 

50  0.0371 ± 0.0078 0.0177 ± 0.0071 1.1941 ± 0.2999 0.9985 0.9969 0.0006 7.93e-06 

SR-100 s
-1

        

25  0.0592 ± 0.0158 0.0171 ± 0.0114 2.3101 ± 0.6789 0.9935 0.9870 0.0041 0.0004 

30  0.0580 ± 0.0120 0.0131 ± 0.0093 2.0204 ± 0.6889 0.9929 0.9859 0.0025 7.92e-05 

40  0.0623 ± 0.0014 0.0061 ± 0.0011 2.1496 ± 0.1704 0.9996 0.9991 0.0003 2.17e-05 

50  0.0306 ± 0.0029 0.0193 ± 0.0027 1.0238 ± 0.0951 0.9998 0.9997 0.0002 6.86e-07 
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Table B4: Flow parameters of o/w emulsions at different temperature determined by power law and Sisko model. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Power law model (Two parameter) 

Temperature 

(oC) 
 (Pa. s) K (Pa.s

n
) n 

2  R
2
 

20 - 1.6497  0.0704 0.4573  0.0071 0.4653 0.9955 

30 - 1.0459  0.0223 0.4681  0.0035 0.0423 0.9991 

40 - 0.4596  0.0277 0.5276  0.0098 0.1211 0.9939 

50 - 0.2355  0.0206 0.5879  0.0141 0.1097 0.9903 

Sisko model (Three parameter) 

20 0.0387 1.1141  0.0445 0.6233  0.0110 0.0515 0.9828 

30 0.0269 0.6170  0.0330 0.6030  0.0154 0.0226 0.9749 

40 0.0192 0.3760  0.0150 0.7560  0.0120 0.0066 0.9426 

50 0.0149 0.2698  0.0138 0.7643  0.0154 0.0057 0.9046 
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Table B5.  Flow parameters of o/w emulsions at different temperature determined by Cross and Carreau model. 

 

Cross model 

Temperature 

(oC) 
0 (Pa. s)  (Pa. s) c (s 

-1
) m 

2  R
2
 

20 5.88  0.01 0.0387  0.01 0.1098  0.01 0.7736  0.0530 0.1447 0.9517 

30 3.73  0.011 0.0269  0.01 0.0782  0.0104 0.6271  0.0547 0.0716 0.9204 

40 1.0936  0.0189 0.0192  0.01 0.4710  0.0333 0.57963  0.0134 2.4617 × 10
-04 

 0.9979 

50 0.6999  0.01301 0.0149  0.01 0.7713  0.0662 0.7077  0.0293 4.0136 × 10
-04 

 0.9934 

Carreau model 

Temperature 

(oC)  
0 (Pa. s)  (Pa. s) c (s 

-1
) N 

2  R2 

20 6.5279  0.3116 0.0881  0.0613 0.0135  0.0028 0.2200  0.01445 0.0367 0.9883 

30 3.730   0.01 0.0269  0.010 0.0115  0.0016 0.1978  0.0120 0.0338 0.9624 

40 0.9706  0.001 0.0192  0.001 0.0801  0.006 0.1809  0.0060 9.1912 × 10
-04 

 0.9920 

50 0.662  0.001 0.0149  0.001 0.1363  0.0091 0.2098  0.0069 3.5770 × 10
-04 

 0.9939 
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