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Summary 
 

Viscoelastic Flow Modeling for Polymer Flooding 

Non-Newtonian fluids, or so called “complex fluids”, behave significantly different 

compared to their Newtonian counterparts. Understanding viscoelastic flow is of 

primary importance for applications such as polymer extrusion, food processing, 

biological and agricultural applications, and enhanced oil recovery. Polymer liquids are 

used in the oil industry to improve the volumetric sweep efficiency and displacement 

efficiency of the oil from a reservoir. Surprisingly, is it not only the viscosity but also the 

elastic properties of the displacing fluid that determine the displacement efficiency. The 

objective of this thesis is to develop a combined numerical (simulation) and 

experimental methodology to study the flow of non-Newtonian fluids through porous 

media. 

On the numerical front, we have developed an in-house code to model an 

unsteady three-dimensional viscoelastic fluid flow through a porous medium, 

employing a finite volume methodology (FVM) with a staggered grid. Boundary 

conditions at the walls of the porous structures are imposed using a second order 

immersed boundary method (IBM), allowing for accurate simulations using a relatively 

coarse grid. We compared the viscoelastic stresses obtained using this new IBM 

technique with those published in literature and found good correspondence. Next, we 

have applied this methodology to model viscoelastic fluids with a FENE-P constitutive 

model flowing through different model geometries at low Reynolds number (Re). We 

started with viscoelastic flow simulations through relatively simple geometries 

consisting of an infinite array of cylinders, both with and without side walls. The 

simulations showed that the viscoelastic flow structure is symmetric for lower Deborah 

(De) number (Newtonian regime), but onset of an asymmetry occurs after a critical De 

number. In the presence of side walls, we observe that the onset of flow asymmetry 

happens at a much lower De, which can be related to higher viscoelastic stresses normal 

to the flow direction and larger extensional viscosities which affect the curved 

streamlines. The 3D flow characteristics for viscoelastic flow at higher De number 
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(strong viscoelasticity) are quite different in comparison with the Newtonian flow 

behavior. 

Next, we have investigated viscoelastic flow through symmetric and 

asymmetric pore configurations. The simulations provide detailed insight on how flow 

structure, viscoelastic stresses, and viscoelastic work change with increasing Deborah 

number. We observed completely different flow structures and different distributions 

of the viscoelastic work at high De in the two configurations, even though they have the 

exact same porosity. Moreover we found that even for the symmetric contraction-

expansion flow most energy dissipation is occurring in shear dominated regions of the 

flow domain, not in extension-dominated regions. 

We increased the complexity of pore structures, by modeling non-Newtonian 

flow through a three dimensional disordered porous media, consisting of monodisperse 

random arrangements of spheres of different porosities. The multiscale nature of the 

simulations revealed a transition of flow structure from a laminar regime to a 

nonstationary regime with increasing viscoelasticity. We found an increased flow 

resistance with increase in Deborah number even though the shear rheology is shear 

thinning in nature. By choosing a length scale based on the permeability of the porous 

media, a De number could be defined, such that a universal curve for the flow transition 

was obtained irrespective of geometry. A study of the flow topology showed how in 

such disordered porous media shear, extensional and rotational contributions to the 

flow evolved with increased viscoelasticity. We correlated the flow topology with the 

energy dissipation distribution across the porous domain, and found that most energy 

is dissipated in shear dominated regimes instead, even at high viscoelasticity. Next, we 

have investigated the viscoelastic flow structures for complex heterogeneous systems 

using mono- and bidisperse random arrangements of cylinders, resembling real rock 

structures. We show that normal stress differences play a crucial role to increase the 

flow resistance for viscoelastic flow through such porous media.  

On the experimental front we have used microfluidics to study the flow of non-

Newtonian fluids, as the length and time scales are similar to an oil reservoir. 

Viscoelastic fluids exhibit elastic instabilities in simple shear flow and flow along curved 

streamlines. Surprisingly, we found in a porous medium such fluids show strikingly 
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different hydrodynamic instabilities depicted by very large sideways excursions and 

presence of fast and slow moving lanes. Particle image velocimetry (PIV) 

measurements through a pillared microchannel, provide experimental evidence of such 

instabilities at very low Reynolds number (< 0.01). We observed a transition from a 

symmetric laminar to an asymmetric flow, which finally transforms to a nonlinear 

aperiodic flow with strong lateral movements. The instability is characterized by a 

rapid increase in spatial and temporal fluctuations of velocity components and pressure 

at a critical Deborah number. Our experiments revealed the presence of a fascinating 

interplay between pore space and fluid rheology. 

Next we have performed multiphase flow experiments in the pillared 

microchannel to understand the mechanism of oil displacements by different fluids 

(Newtonian and non-Newtonian). We found the viscoelastic fluid can sweep the 

maximum oil out the porous structures. A detailed study revealed that one of the 

possible mechanisms of this enhanced recovery can be the elastic instabilities induced 

by the viscoelastic fluids.  

Overall, both numerical and experimental findings have led to new insights into 

the flow of viscoelastic fluids in porous media, and a possible mechanism for enhanced 

oil recovery. 
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Samenvatting 

Viscoelastische stromingsmodellering voor polymer flooding 

Niet-Newtonse vloeistoffen, of “complexe vloeistoffen”, gedragen zich heel anders dan 

hun Newtonse tegenhangers. Het begrijpen van viscoelastische stromingen is van 

primair belang voor toepassingen zoals polymeerextrusie, voedselverwerking, 

biologische en aggregarische toepassingen, en enhanced oil recovery. 

Polymeervloeistoffen worden in de olieindustrie gebruikt om de volumetrische 

verplaatsingsefficiëntie en verdringingsefficiëntie van olie uit het reservoir te 

verbeteren. Verrassend is dat niet alleen de viscositeit maar ook de elastische 

eigenschappen van de verdrijvingsvloeistof de verdringingsefficiëntie bepalen. Het doel 

van dit proefschrift is een gecombineerde numerieke (simulatie) en experimentele 

methodologie te ontwikkelen, waarmee de stroming van niet-Newtonse vloeistoffen 

door poreuze media bestudeerd kunnen worden. 

Aan de numerieke kant hebben we een in-huis code ontwikkeld om 

dynamische, driedimensionale viscoelastische stromingen door een poreus medium te 

modelleren, gebaseerd op een eindig volume methodologie met een versprongen grid. 

Randvoorwaarden aan de wanden van de poreuze structuren worden opgelegd via 

tweede orde immersed boundary methoden (IBM), welke nauwkeurige simulaties 

toelaten met een relatief grof grid. We hebben de viscoelastische spanningen, verkregen 

uit deze nieuwe IBM techniek, vergeleken met literatuurwaarden en een goede 

overeenkomst gevonden. Vervolgens hebben we de methodologie toegepast om 

viscoelastische vloeistoffen te modelleren, met een FENE-P constitutieve vergelijking, 

welke door verschillende model geometrieën stromen bij large Reynolds getallen (Re). 

We begonnen met viscoelastische stromingssimulaties door relatief eenvoudige 

geometrieën bestaande uit oneindige reeksen cylinders, zowel met als zonder 

zijwanden. De simulaties lieten zien dat de viscoelastische stromingsstructuur 

symmetrisch is voor lage Deborah (De) getallen (Newtons regime), maar dat een aanzet 

tot asymmetrie optreedt bij een critisch Deborah getal. In de aanwezigheid van 

zijwanden zien we dat deze aanzet tot stromingsasymmetrie optreedt bij veel lagere 
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De, wat gerelateerd kan worden aan hogere viscoelastische spanningen loodrecht op de 

stromingsrichting en hogere rekviscositeit welke de buiging van stroomlijnen 

beïnvloeden. De driedimensionale stromingskarakteristieken voor viscoelastische 

stroming bij hogere De getallen (sterke viscoelasticiteit) zijn heel anders dan die voor 

Newtonse stroming. 

Vervolgens hebben we viscoelastische stroming door symmetrische en 

asymmetrische porieconfiguraties onderzocht. De simulaties geven een gedetailleerd 

inzicht in hoe de stromingsstructuur, viscoelastische spanningen en viscoelastische 

arbeid veranderen met toenemend Deborah getal. We hebben compleet andere 

stromingsstructuren en andere verdelingen van viscoelastische arbeid waargenomen 

bij hoge De in de twee configuraties, ook al hebben ze precies dezelfde porositeit. We 

hebben tevens gevonden dat zelfs voor de symmetrische contractie-expansie stroming, 

de meeste energiedissipatie plaatsvindt in regio’s in het stromingsdomein welke 

gedomineerd worden door afschuifstroming, niet door rekstroming. 

We hebben de complexiteit van de poreuze structuren verhoogd door niet-

Newtonse stroming te modelleren door driedimensionale wanordelijke poreuze media, 

welke bestaan uit willekeurig geplaatste monodisperse bollen bij verschillende 

porositeit. De simulaties lieten met toenemende viscoelasticiteit een overgang zien van 

een laminair regime naar een niet-stationair regime. We vonden een verhoogde 

stromingsweerstand met toenemend Deborah getal, zelfs terwijl de viscositeit afneemt 

met toenemende afschuifsnelheid. Door een lengteschaal te kiezen gebaseerd op de 

permeabiliteit van het poreuze medium, kon een De getal worden gedefinieerd welke 

leidt tot een universele curve voor de overgang van laminair naar niet-stationair 

regime, onafhankelijk van de geometrie. Een studie van de stromingstopologie liet zien 

hoe in dergelijke wanordelijke poreuze media afschuifstroming, rekstroming en 

rotatiestroming zich ontwikkelen met toenemende viscoelasticiteit. We hebben de 

stromingstopologie gecorreleerd met de energiedissipatieverdeling in het poreuze 

domein, en gevonden dat de meeste energie wordt gedissipeerd in regio’s in het domein 

met afschuifstroming, zelfs bij hoge viscoelasticiteit. Vervolgens hebben we de 

viscoelastische stromingsstructuren onderzocht voor complexe heterogene systemen 
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door gebruik te maken van mono- en bidisperse willekeurige verdelingen van cilinders, 

welke op echte rotsstructuren lijken. We laten zien dat normaalspanningsverschillen 

een cruciale rol spelen in de toename in stromingsweerstand voor viscoelastische 

stromingen door dergelijke poreuze media. 

Aan de experimentele kant hebben we microfluïdica gebruikt om de stroming 

van niet-Newtonse vloeistoffen te bestuderen, omdat de lengte- en tijdschalen 

vergelijkbaar zijn met die in een oliereservoir. Viscoelastische vloeistoffen laten 

elastische instabiliteiten zien in simpele afschuifstroming en bewegen langs gebogen 

stroomlijnen. Een verrassende vondst was dat in een poreus medium dergelijke 

vloeistoffen heel andere hydrodynamische instabiliteiten laten zien, zoals heel sterke 

zijwaartse bewegingen en snelle en langzame lanen. Particle image velocimetry (PIV) 

metingen door een microkanaal met pilaren geven experimenteel bewijs voor deze 

instabiliteiten bij heel lage Reynolds getallen (<0.01). We hebben een overgang 

waargenomen van symmetrisch laminair naar een asymmetrische stroming, welke 

tenslotte omslaat naar een niet-lineaire aperiodieke stroming met sterke zijwaartse 

bewegingen. De instabiliteit wordt gekarakteriseerd door een snelle toename in 

ruimtelijke en tijdelijke fluctuaties van de snelheidscomponenten en de druk bij een 

kritisch Deborah getal. Onze experimenten hebben een fascinerend samenspel tussen 

poreuze ruimte en vloeistofreologie laten zien. 

Vervolgens hebben we meerfase-experimenten uitgevoerd in de microkanalen 

met pilaren om het mechanisme van olieverplaatsing door verschillende vloeistoffen 

(Newtons en niet-Newtons) te begrijpen. We vonden dat de viscoelastische vloeistoffen 

de meeste olie uit het poreuze medium konden verdrijven. Een gedetailleerde studie 

liet zien dat één van de mogelijke mechanismes voor deze verbeterde verdrijving de 

elastische instabiliteiten geïnduceerd door de viscoelastische vloeistoffen kan zijn. 

Gezamenlijk hebben de numerieke en experimentele vondsten geleid tot 

nieuwe inzichten in de stroming van viscoelastische vloeistoffen door poreuze media, 

en een mogelijk mechanisme voor verbeterde olieverdrijving. 
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 “In its efforts to learn as much as 

possible about nature, modern physics has found that certain things can never  be "known" 

with certainty. Much of our knowledge must always remain uncertain. The most we can 

know is in terms of probabilities”. 

                                                                                                                                 -   Richard Feynman
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Abstract 

In this chapter, we briefly introduce the current oil recovery techniques, with an 

emphasis on enhanced oil recovery (EOR), in particular polymer based recovery also 

known as polymer flooding. From the context of global energy demand, the necessity of 

EOR is discussed. The fundamental principles underlying polymer flooding technology, 

its advantages over other conventional recovery techniques are also described. The 

limitation of current literature to understand the complex interaction of polymeric 

fluids in flow through porous media, and its correlation to enhanced oil recovery is 

discussed. Finally the objective and scope of the thesis is provided. 

 

   

 

 

 

Introduction 
 



1.1 Oil recovery 
 

20 
 

1.1 Oil recovery 

The global energy market is in a transition phase, driven by a large energy demand by 

developing and developed countries, increased growth rate of population, improved 

standard of living, and volatile socio-economical and geo-political scenarios. To meet 

this energy demand, the energy consumption is projected to grow by more than 48 % 

by 2040 [1]. Despite the increased usage of renewable energy, oil is currently still one 

of the primary energy sources (more than 30 %), as shown in figure 1.1 [2].  Global oil 

consumption increased by 1.9% in 2015, which is above the historical average of 1% 

per year.   

 

 
 

 

Figure 1.1. World energy consumption (million tonnes oil equivalent) over the past 25 

years [2].  

 

A detailed breakup of oil production and consumption until 2016 by region 

(figure 1.2) shows a significant increase in oil consumption by the developing countries, 

especially in the Asia Pacific region. Future projections clearly show that the demand 

for fossil fuel will steadily increase (figure 1.3).  Current projections estimate sufficient 

reserves for the next 54 years but chances of finding new reserves prove to be 

unreliable [1] . With ageing oil reservoirs the extraction of oil becomes more difficult 

[3].  It has been estimated that 2 × 1012 barrels of conventional oil and 5 × 1012 barrels 

of heavy oil remain in reservoirs worldwide after the application of conventional 

Year 
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recovery methods [4]. As future oil extraction will increasing become difficult to bridge 

the gap between supply and demand, it is necessary to explore and optimize 

technologies like enhanced oil recovery (EOR), to extract more oil out of reservoirs.   

 

 

 
Figure 1.2. Oil production and consumption per region in million barrels per day [2]. 

 

 

 
 

Figure 1.3. Projections of future energy consumption [1]. 
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The conventional techniques for oil extraction consist of primary secondary 

and tertiary methods. Primary oil recovery is based on the natural pressure difference 

between the reservoir and surface driving the oil to the producer wellhead. The primary 

technique, depending on the nature of oil reservoir recovers on average between 5- 15 

% of the original oil in place [3,5]. 

This natural pressure difference however does not sustain for a prolonged time 

period, thus water or gas is injected through strategically located wells in the oil 

reservoir. This stage is referred to as secondary recovery. The reservoir pressure is 

raised by the gas or water flooding. This contributes to around 15-25 % of additional 

oil recovery, compared to the primary stage [6]. A major limiting factor for water based 

recovery, generally termed water flooding, is that the recovery efficiency significantly 

varies depending on the permeability and the physiochemical properties of the rock 

(wettability) in the reservoir. The complex multiscale nature of the heterogeneous oil 

reservoir is shown in figure 1.4.  Oil reservoirs consist of several layers of rock, with 

varying physical properties. If the rock structure is highly heterogeneous, then water 

could not sweep the oil uniformly throughout the different layers. This results in early 

water breakthrough, i.e. the displacing water reaches the production well. When this 

happens, a large amount of oil remains un-displaced, the oil recovery efficiency 

decreases significantly, and excess water-oil separation leads to a higher operational 

costs [7]. 

 

Figure 1.4. Multiscale nature of an oil reservoir [8]. 
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This problem is reduced in the tertiary oil recovery stage. Several techniques 

are applied to improve the oil recovery after the water flooding. These fall in the class 

of improved oil recovery or enhanced oil recovery (EOR) [3]. Most of the EOR 

techniques have been developed in the twentieth century to deal with low oil 

production in combination with the oil crisis. However due to the low oil prices at that 

time, the EOR techniques were not fully developed and their application was limited. 

EOR provides an opportunity to extract an addition of 20 - 30% of the original oil 

reserve in the well. EOR is more expensive than water flooding thus its viability directly 

depends on the oil price. However, to optimize the output of existing oil reservoirs, EOR 

techniques have become popular in recent times [9]. Two main types of EOR technology 

exist; thermal and non-thermal. A detailed overview EOR techniques can be found in 

the literature [3,6] .    

 

1.2 Polymer flooding 

Non-thermal EOR methods use gas or chemicals to improve the recovery of oil. 

Chemical EOR consist of mainly polymer flooding and alkaline surfactant polymer (ASP) 

flooding [10]. Polymers are primarily used in oil reservoirs for chemical flooding. The 

polymer flooding projects have been performed for reservoir temperatures in the range 

of 10 – 110 °C and permeability values in the range of 1 – 15000 mD [5].  

In case of flooding, two different recovery efficiencies are important. The first 

one is volumetric sweep efficiency related to macroscopic sweep. The second one is 

displacement efficiency related to microscopic sweep.   

The volumetric sweep efficiency is the ratio of volumes of oil contacted by 

displacing fluid to the volumes of oil originally in place.  In case of water flooding, the 

viscosity of water is low compared to the oil, which leads to viscous fingering in the 

heterogeneous porous media. So, for water flooding the volumetric sweep efficiency is 

low. To improve the volumetric sweep the water oil mobility ratio (M) should be 

modified. The mobility ratio is defined as  M =
Kwηo

Koηw
 , where Kw and Ko are the 

permeability of the porous media with respect to water and oil, respectively, and ηw 
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and ηo are the viscosity of the water and oil phase. M ≤ 1 ensures a piston like 

displacement, leading to a higher volumetric sweep. For M>1 viscous fingering is 

observed, as shown in figure 1.5. To keep a low mobility ratio, the permeability of the 

porous medium can be altered or the viscosity of the displacing or displaced fluid can 

be changed. Using a high viscosity displacement fluid seems to be a natural choice. 

 

 

Figure 1.5. Viscous fingering and polymer flooding in a porous medium [11]. 

 

The displacement efficiency is defined as the ratio of the amount of oil 

displaced to the amount of oil contacted by the displacing fluid. Water soluble polymers 

are found to improve the displacement efficiency of the oil [12]. The higher viscosity of 

the polymer solution explains the increased volumetric sweep efficiency, but not the 

higher displacement efficiency.  

 

 

Figure 1.6. Residual oil (darker color) distribution after glycerin flood (left) and after 

polymer flood (right). Note that both displacing fluids have the same viscosity. 
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Figure 1.6 shows that polymers, having the same zero shear viscosity as 

glycerin, can decrease the residual oil saturation [3]. Lake et al. [13] has defined 

residual oil to be the part of the oil remaining behind in a certain region of a reservoir 

that has been thoroughly swept. After sweeping, residual oil can be present in different 

forms such as oil trapped in the rock surface, oil in dead ends, oil ganglia in pore throats 

retained by capillary forces, and large oil blobs trapped in heterogeneous portions of 

the porous media [11]. The topic of decreased residual oil saturation or microscopic 

sweeping by polymers is highly debated in the literature [12,14–17]. Some researchers 

claim this higher displacement efficiency is caused by viscoelastic effects, but the 

detailed mechanism still remains to be elucidated. Two important non-Newtonian 

properties have been posed. The first is a highly increased flow resistance due to 

extensional strain hardening, probably induced by the converging-diverging pore 

geometry [12].  A second mechanism is ‘pulling’ of viscoelastic liquids of oil out of dead-

ends [18,19]. Detailed insight in both of these mechanisms is still lacking.   

On a broader perspective, the practical application of viscoelastic flow through 

porous media is more versatile, such as blood flow, polymer processing, catalytic 

polymerization, bioprocessing, geology, filtration, environmental and many others 

[20,3,21]. However, a detailed insight of the interaction between fluid rheology and 

multiscale nature of the porous medium is still missing.  

 

1.3 The complexity 

This lack of detailed insight might be due to the complex fluid structure interaction for 

viscoelastic fluid flow. As nicely described by H.C. Öttinger [22]: “Complex matter is a 

complex matter”. In flow through porous media the complexity seems to increase. 

Viscoelastic fluids have a relaxation time. The ratio of the polymer relaxation time to 

characteristic time for the deformation process defined as Deborah number (De). This 

number will be used throughout this thesis in different forms. Poole [23] gives a nice 

description of the  origin of the De number: 
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As every good rheologist knows, the Deborah number owes its name to the prophetess 

Deborah who, in the Book of Judges, proclaimed “The mountains flowed before the lord”  

[24]. The definition is due to Reiner and we can do no better than to quote his original 

paper [25], 

“Deborah knew two things. First, that the mountains 

flow, as everything flows. But, secondly, that they 

flowed before the Lord, and not before man, for the 

simple reason that man in his short lifetime cannot see 

them flowing, while the time of observation of God is 

infinite. We may therefore well define a 

nondimensional number: the Deborah number 

De = time of relaxation/time of observation.” 

 

If the time of observation is long or the relaxation time of the material is short then “fluid-

like” behaviour is to be expected. Conversely, if the relaxation time of the material is large, 

or the time of observation short, then the Deborah number is high and the material 

behaves, for all practical purposes, as a solid. Materials which have relaxation times such 

that they can exhibit both fluid-like and solid-like characteristics on friendly time scales 

(i.e. on the order of the attention span of a human) are useful in illustrating these concepts. 

 

In case of EOR applications, the flow is in the creeping flow regime and length 

scales of the pores are in range of micrometers. The fluid relaxation time is usually such 

that the De number is of the order of 1. Thus to understand this complex fluid rheology 

and pore structure interaction, a robust computational and experimental framework is 

required. However, modeling viscoelastic flow through porous media is extremely 

challenging due to the nature of the constitutive models [26]. Several types of numerical 

methods have been used to model flow of non-Newtonian fluids through porous media, 

including extensions of Darcy’s law [27], capillary based models [28], and direct 

numerical simulations based on finite volume, finite element and particle based 

methods [29–37]. Unfortunately, extensions of Darcy’s law and capillary based models 

are found to be inadequate to accurately capture the complete physics of pore scale 
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viscoelastic flow through porous media [38–40]. Many numerical works focus on 

relatively simple geometries to uncover the essentials of non-Newtonian fluid flow 

through porous media [41–43]. Sometimes a full three-dimensional random porous 

medium is studied, which is already closer to a realistic pore geometry, but such studies 

are then usually limited to power-law fluids, which are the most commonly applied 

quasi-Newtonian fluids [14,44].  

It is now commonly agreed that viscoelasticity is found to introduce profound 

effects and complex phenomena such as enhanced pressure drop and elastic 

instabilities (sometimes referred to as elastic turbulence) [45–48]. However, the exact 

mechanism of such flow resistance is not understood [45,49]. Current experimental 

techniques mostly deal with non-Newtonian flow through periodic arrays of cylinders 

or curved channels [50–54]. A detailed study of such instabilities in porous media flow 

and its correlation to enhanced recovery in multiphase flow is still missing. So it is 

necessary to develop an advanced numerical and experimental technique to 

characterize such flows in model porous geometries. 

 

1.4 Research objective of this thesis 

The primary objective of the research described in this thesis is to obtain insight into 

the interaction between the viscoelastic fluid flow and the porous medium, using 

numerical and experimental techniques. Understanding single phase viscoelastic flow 

through porous media is likely to provide us with in-depth knowledge about the 

primary mechanism of elastic instabilities in porous media flow, which in turn will help 

us to envisage the cause of viscoelastic effects pertaining to polymer flooding.  This will 

aid the design of ‘smart’ polymeric flooding agents. Moreover, the concepts obtained 

from this study can be employed in various other fields where complex fluid flow is 

encountered.  
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1.5 Outline of the thesis 

In chapter 2 we report development of a new simulation technique to model an 

unsteady three dimensional viscoelastic fluid flow through a model porous medium 

using direct numerical simulations. This is done by employing a finite volume 

methodology (FVM) for the fluid phase and imposing a second order immersed 

boundary method (IBM) to model the fluid-solid interface. The viscoelastic part is 

modeled with an Oldroyd-B or FENE-P constitutive model. Next, this new methodology 

is applied to study viscoelastic fluids flowing through closely spaced cylinders. 

In chapter 3 we show the application of the newly developed finite volume 

immersed boundary methodology, to study the flow of viscoelastic fluids through 

symmetric and asymmetric arrays of cylinders constituting a model porous medium. 

We show the presence of elastic instability at high viscoelasticity. 

In chapter 4 we apply our methodology to investigate creeping flow of a 

viscoelastic fluid through a three dimensional random porous medium made of 

monodispersed spheres. We find an increased flow resistance with increase in Deborah 

number, even though the bulk shear rheology of the fluid is shear thinning, and explore 

the mechanism of this flow resistance.   

In chapter 5 we simulate viscoelastic fluid flow through two dimensional 

porous media consisting of random arrangements of monodisperse and bidisperse 

cylinders, using the same technique. We show that normal stress differences plays a 

crucial role to instigate the flow resistance for viscoelastic flow through such porous 

media. 

In chapter 6 we experimentally investigate the flow of viscoelastic fluid 

through porous media using microfluidics. We found the existence of strikingly strong 

elastic instabilities characterized by very large transversal excursions and presence of 

fast and slow moving lanes.  

In chapter 7 we compare the flow behavior of viscoelastic surfactant (VES) 

solutions through two different model porous media having similar permeability: (a) a 

3D random packed bed and (b) a microchannel with periodically spaced pillars. 

Visualization of the flow profile in the microchannel shows that strong spatial and 
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temporal flow instabilities in VES fluids appear above a critical shear rate, 

corresponding well to the onset of increased flow resistance. 

In chapter 8 we investigate the displacement mechanism of viscoelastic fluids, 

by performing experiments with different fluids used to displace a resident oil phase in 

a pillared microchannel.  We found a close link between enhancement of oil recovery 

and appearance of elastic instabilities. 

At the end of thesis, in chapter 9, we summarize our findings. We also discuss 

the advantages and disadvantages of our numerical and experimental techniques, and 

provide an outlook to recommended future investigations. 
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Abstract 

We report on simulations of an unsteady three dimensional viscoelastic fluid flow 

through a model porous medium, employing a finite volume methodology (FVM) with 

a staggered grid. Boundary conditions at the walls of the porous structures are imposed 

using a second order immersed boundary method (IBM), allowing for accurate 

simulations using a relatively coarse grid. We compare the viscoelastic stresses 

obtained using this new IBM technique with those published in literature and find good 

correspondence. Next, we applied this methodology to model viscoelastic fluids with a 

FENE-P constitutive model flowing through closely spaced cylinders. Using periodic 

boundary conditions, we modeled the flow behavior for Newtonian and viscoelastic 

fluids for successive contractions and expansions. We observe the presence of counter-

rotating vortices in between the closely spaced cylinders. The viscoelastic flow 

structure is symmetric for lower Deborah (De) number, but onset of an asymmetry 

occurs after a critical De for an infinite array of cylinders. In the presence of side walls, 

we observe that the onset of flow asymmetry happens at a much lower De, which can 

be related to higher viscoelastic stresses normal to the flow direction and larger 

extensional viscosities which affect the curved streamlines. The three-dimensional flow 

characteristics for viscoelastic flow at higher De number is quite different in 

comparison with Newtonian flow behavior.   

A coupled finite volume immersed 

boundary method for simulating 3D 

viscoelastic flows in complex geometries 

http://www.sciencedirect.com/science/journal/03770257/232/supp/C
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2.1. Introduction 

Understanding viscoelastic flow is of primary importance for applications such as 

polymer extrusion, food processing and enhanced oil recovery. It is also of fundamental 

interest to the scientific community because of the additional complexity as a 

consequence of the non-Newtonian rheology. 

A large amount of experimental studies has been performed to obtain the flow 

characteristics of viscoelastic fluids in model porous media. These studies used 

different model geometries, which are mostly contraction-expansion geometries, 

cavities and slits. Flow past a single sphere, cylinder or an array of cylinders in a two 

dimensional environment has also been of interest in recent studies [1,2]. Chmielewski 

and Jayaraman [3] studied the flow of an elastic liquid through arrays of cylinders with 

a triangular or rectangular pitch. Their experiments were performed for a porosity of 

0.70. Talwar and Khomami [4] experimentally observed the viscoelastic flow behavior 

around a periodic array of cylinders and found a flow transition from stable 2D to 

unstable 3D flow after a critical Deborah number. Microfluidic devices have also found 

their application in studying the flow dynamics of complex fluids in porous media [5,6].  

Because of the severe computational demands, numerical simulations of 

viscoelastic flows are often limited to two dimensional systems. For example, 

viscoelastic flow around an infinitely long cylinder (represented by a circle in a two 

dimensional simulation) has been studied in detail [7,8]. Alves et al. [8] performed finite 

volume method (FVM) simulations for flow past a cylinder with a collocated grid 

arrangement and high resolution schemes (MINMOD and SMART) to represent the 

convective terms. Oliveira et al. [9] studied two dimensional viscoelastic flow past a 

bounded single cylinder at very low Reynolds number. A numerical and experimental 

study of viscoelastic flow past a confined cylinder was conducted by Ribeiro et al. [10] 

for different aspect ratios of the cylinder. Also finite element methods (FEM) based 

simulation of viscoelastic flows have been performed for flow around a cylinder [11–

13]. Liu et al. [11] used the FEM technique with an elastic viscous split-stress gradient 

(EVSS-G) methodology to study viscoelastic flow behavior around a linear periodic 

array of cylinders using FENE type of constitutive equation. Though experimentally 
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[12] for a non-Newtonian flow a higher pressure drop is observed after a certain De 

number, it is still very difficult to numerically reproduce the results with the present 

constitutive models [13]. Smith et al. [14] performed a linear stability analysis for a 

linear array of cylinders. They used a FEM-based algorithm for an Oldroyd-B fluid and 

reported a transition in flow behavior from steady 2D flow to an unsteady 3D flow after 

a critical Deborah number. Keunings et al. [15] applied FEM based method to simulate 

viscoelastic fluid through a contraction geometry. Hulsen et al. [16] implemented log 

conformational approach on FEM platform to model viscoelastic fluid flow at higher 

Weissenberg number. Choi et al. [17] applied an extended finite element method to 

model viscoelastic fluid with suspended particles. A comparison of different FEM based 

methods to solve viscoelastic fluid problems is shown in the work of Baaijens et al. [18]. 

Richter et al. [19] numerically studied three dimensional viscoelastic flow past a 

cylinder but their focus was mostly on hydrodynamics at higher Reynolds number. 

Sahin et al. [20] performed a two dimensional linear stability analysis of a viscoelastic 

fluid through an array of cylinders using a semi staggered finite volume based method 

for different cylinder spacing. Smooth particle hydrodynamics (SPH) methods have 

been recently applied to study viscoelastic flow in periodic array of cylinders [21]. 

Yatou [22] studied the flow pattern transition from 2D to 3D flow structures 

numerically for two dimensional curvilinear viscoelastic flows.   

In summary, many simulations have been limited to 2D viscoelastic flows, 

although three dimensional flow structures for viscoelastic fluids are very different and 

more unstable compared to its 3D Newtonian fluid counterpart [23–25] . Importantly, 

in 2D simulations the wall effects in the third direction are (necessarily) neglected. 

Recently the onset of elastic instabilities for complex flow structures and curved 

streamlines has been reported [26,27]. The concept of elastic turbulence in relation 

with elastic instabilities for polymeric flow has been reported by Groisman et al. [28]. 

In case of a Taylor – Couette flow for viscoelastic fluids an extra hoop stress is produced 

due to the radial velocity variations, as shown by Groisman et al. [29].  

In this work we report on direct numerical simulations which use a regular 

Eulerian grid to solve flow of the viscoelastic fluid phase, while coupling with walls and 

immersed objects is accomplished through a second order accurate immersed 
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boundary method (IBM). The advantage of IBM lies in the fact that no body conforming 

meshing is needed. Therefore it is easy to implement and the method can be used for 

rigid as well as moving bodies, even if the geometry is complex. The immersed 

boundary method has obtained significant attention in the field of Newtonian fluid 

mechanics (Peskin et al.[30] , Mittal et al. [31] ), but in the field of non-Newtonian fluid 

mechanics its application has been limited.  The IB method can be efficiently used to 

model static or moving particles for a fixed structured mesh. Two main classes of IB 

methods can be found in the literature, namely continuous force methods (CFM) and 

discrete (or direct) forcing method (DFM). In CFM, as first introduced by Peskin [30], 

local source terms in the momentum equations are applied. The value of this source 

term is maximum at the location of the surface of the solid objects and distributed to 

the vicinity on the immersed boundary by means of a smoothed Dirac delta function. 

Although the implementation is rather straightforward, the choice of the parameters to 

tune the fluid-solid interaction is non-trivial (Deen et al., [32]). DFM was first 

introduced by Mohd-Yusof [33]. In DFM source terms are calculated from the 

discretized transport equations. Discrete force points are distributed over the surface 

of an immersed object to maintain the boundary conditions. Uhlmann [34] introduced 

a combination of both CFM and DFM. In the Uhlmann method a regularized delta 

function is used to distribute the force density from the Lagrangian force point to the 

Eulerian mesh. Although this method has been used effectively, the main disadvantage 

of the method is that the applied force is distributed in a diffusive manner to a volume 

which is slightly larger than the volume of an actual particle. Hence the calculated 

particle size is larger and a calibration is needed which may lead to computational 

inaccuracy. Deen et al. [35] proposed a ghost-cell methodology to prevent the problem 

of diffuse forcing. In this method the different conserved variables at points inside the 

particle are calculated by extrapolating the values from the two nodes closest to the 

particle surface and the boundary value. Hence a second order fully implicit method is 

formulated. The essential feature of this scheme is that no explicit forcing terms or 

marker points are added. Rather, no-slip boundary conditions are enforced at the level 

of the discretized momentum equations of the fluid, by extrapolating the velocity field 

along each Cartesian direction towards the body surface using a second order 
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polynomial. For viscoelastic fluid modelling one of the most important aspects is a 

correct fluid-solid coupling. In this chapter we describe our extension of the Deen et al. 

[32] IBM to viscoelastic flow simulation. This IB method used for the fluid solid coupling 

for the viscoelastic fluid will be discussed in detail in section 2.2.3.2. 

The organization of the chapter is as follows. First, we describe our numerical 

algorithm for viscoelastic fluid flow and our IBM implementation. In the subsequent 

sections we verify our numerical technique with literature results [8] for a benchmark 

case study of two dimensional flow past a cylinder. In the final part we show the 

application of this methodology to a three dimensional Newtonian and viscoelastic flow 

over a periodic array of cylinders with and without side walls. We will show that the 

presence of side walls causes the onset of flow asymmetry to occur at much lower 

Deborah number.      

        

2.2. Governing Equations 

2.2.1. Constitutive Equations 

The fundamental equations for an isothermal incompressible viscoelastic flow consist 

of a continuity equation, momentum equation and a constitutive equation for the non-

Newtonian stress components. The first two are given by: 

0 u                                                                                                                                                  (2.1)                                                                                                                                          
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Here u is the velocity vector, ρ is the fluid density (assumed to be constant) and p is the 

pressure. τ is the viscoelastic stress tensor. Note that we have explicitly added the 

Newtonian solvent contribution to the stress as 2
s

 D , where ( ( ) ) / 2
T

   D u u  is the 

rate of deformation and where the solvent viscosity s
  is assumed to remain constant. 

The viscoelastic stress must be modeled through a constitutive equation. Here we will 

use the FENE-P model, which is based on the finitely extensible non–linear elastic 
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dumbbell for polymeric materials, as explained in detail by Bird et al. [36]. Other basic 

rheological models, such as the Maxwell model and Oldroyd–B model, take the elastic 

force between the beads to be proportional to the separation between the beads. These 

types of models have the disadvantage that the dumbbells can be stretched indefinitely, 

leading to a breakdown in strong extensional flow. To overcome this problem a non-

linear spring is implemented to limit the dumbbell extension to a maximum value. The 

equation derived from molecular theory. The basic form of the FENE-P constitutive 

equation is: 
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In equation (2.3) the operator   above a tensor represents the convective derivative, 

defined as 

T

t

 
      


τ
τ u τ τ τ uu                                                                                                  (2.4)                                                                                          

In equation (2.3) the constant λ is the relaxation time of the polymer, p
  is the zero-

shear rate polymer viscosity, tr( )τ  denotes the trace of stress tensor, and L 

characterizes the maximum polymer extensibility. This parameter equals the maximum 

length of a FENE dumbbell made dimensionless by the equilibrium length of a polymer 

spring. When 2
L    the Oldroyd–B model is recovered. The total zero shear rate 

viscosity is given as s p
    . The viscosity ratio, which is actually a measure of 

polymer concentration is given as /
s

   . 
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2.2.2. Numerical approach 

We will first describe the flow solver and the handling of the viscoelastic stress, 

followed by a detailed description of our IBM methodology and its implementation. We 

simulate a three dimensional (3D) unsteady viscoelastic flow by using computational 

fluid dynamics (CFD). The primitive variables used in the formulation of the model are 

velocity, pressure and polymer stress. All the mass and momentum equations are 

considered and discretized in space and time. A finite volume method (FVM) with a 

staggered grid is applied. In the FVM, the computational domain is divided into small 

control volumes V and the primitive variables are solved in the control volumes in 

an integral form over a time interval t .The FVM formulation is a well-known 

methodology to discretize the Navier-Stokes equation, and has been applied before to 

viscoelastic flow simulations [37]. 

 

Figure 2.1. Location of primitive variables in a 3D fluid cell. 

The advantage of using FVM with a staggered grid is that it reduces 

(checkerboard) pressure oscillations and also is very simple to couple with our second 

order accurate IBM implementation. The location of all the primitive variables in a 3D 

cell are indicated in figure 2.1. The velocity components , ,u v w  are located at the faces 

while pressure p and stress τ variables are located at the center of the cubic cell.  

The viscoelastic phase equations are solved in three dimensions (3D) on a 

Cartesian staggered grid. We apply the discrete elastic viscous stress splitting scheme 

(DEVSS), originally proposed by Guénette and Fortin [38], to introduce the viscoelastic 
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stress terms in the Navier-Stokes equation because it stabilizes the momentum 

equation, which is especially important at larger polymer stresses (small β). A uniform 

grid spacing is used in all directions. The temporal discretization for the momentum 

equation is as follows, 
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Here 
2 1n

p



 u  and 

2n n

p p
 E u  are the extra variables we introduce to obtain 

numerical stability, n indicates the time index. C  represents the net convective 

momentum flux given by: 

  C uu                                                                                                                                      (2.6) 

In the calculation of convective term a deferred correction method is implemented. 

Here the first order upwind scheme is used for the implicit evaluation of the convection 

term (called f
C ). The deferred correction contribution that is used to achieve second 

order spatial accuracy while maintaining stability i  n n

m f
C C  and is treated explicitly. 

In this expression 
m

C indicates the convective term evaluated by the total variation 

diminishing min-mod scheme. A second order central difference (CD) scheme is used 

for the discretization of diffusive terms. 

In equation (2.5) the viscoelastic stress part τ  is calculated by solving equation 

(2.3). The viscoelastic stress tensors are all located in the center of a fluid cell, and 

interpolated appropriately during the velocity updates. The convective part of equation 

(2.3) is solved by using the higher order upwind scheme.  Equation (2.5) is solved by a 

fractional step method, where the tentative velocity field in the first step is computed 

from: 
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In equation (2.7) we need to solve a set of linear equations. The enforcement of a no slip 

boundary condition at the surface of the immersed boundaries is handled at the level of 

the discretized momentum equations. This is a crucial part of the method, and is 

discussed in detail in the following section (2.2.4). We use a robust and efficient block 

– incomplete Cholesky conjugate gradient (B-ICCG) algorithm [39–41]to solve the 

resulting sparse matrix for each velocity component in a parallel computational 

environment. The velocity at the new time step n +1 is related to the tentative velocity 

is as follows: 

 1n t
p



  
  u u                                                                                                                      (2.8) 

Where
1n n

p p p


  , is the pressure correction. As 1n
u should satisfy the equation 

of continuity, the pressure Poisson equation is calculated as: 

 
t

p



   

 
 
 

u                                                                                                             (2.9) 

This is again solved using the B-ICCG solver. The solver iterations are performed until 

the norm of the residual matrix is less than the convergence criteria, set at 10-14 for our 

simulations. As the viscoelastic stress tensor components are coupled amongst 

themselves and with the momentum equation, the velocity at the new time level  1n
u  

is used to calculate the stress value accordingly.  

As a steady state criterion, the relative change of velocity and stress 

components between two subsequent time steps are computed in all the cells in a 

longer time range. If the magnitude of the relative change is less than 10-4 the simulation 

is stopped.  
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2.2.3. Boundary conditions 

2.2.3.1 External boundary conditions 

For the verification case we use an inflow boundary condition at the inlet and a constant 

pressure boundary at the outlet. No-slip velocity boundary conditions are imposed at 

solid external walls. No specific stress boundary conditions are implemented at the 

solid wall. For the case of flow through a regular array of cylinders, we use periodic 

boundary conditions. Periodic boundary conditions enable us to mimic an infinitely 

large model porous medium.  We apply a constant body force to impose a flow in the 

system. We will compare two cases: one with and one without the presence of external 

side walls.  

2.2.3.2 No-slip boundary conditions for immersed solid objects 

No-slip velocity boundary conditions at the interface between the viscoelastic fluid and 

solid objects are imposed through the immersed boundary method (IBM). The 

advantage of using IBM is that the use of a body conforming grid is not required. To still 

ensure a relatively high accuracy, we will use a coupling method which works directly 

at the level of the discretized momentum equation (2.5). The discrete representation of 

the momentum equation is given by 

c c nb nb c

nb

a a b                                                                                                                           (2.10) 

where   is a fluid phase variable (in this case a component of the fluid velocity). This 

equation indicates that the value of   for a fluid node “c” outside of the immersed object 

can be related to the values of its neighboring nodes “nb”, some of which may lie inside 

the immersed object. In more detail, for a stationary immersed object the implicit (n+1) 

viscous term in the discretized momentum equation (2.5) leads to the following 

coefficients in equation (2.10): 
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1
c nb

nb

a a                                                                                                                                    (2.12) 

Here f
  is the relevant transport coefficient, in this case   /

s p
   . The index j 

represents the coordinate direction in which the neighboring cell is located. All the 

other (explicit) terms are contained in the term c
b . For a particular fluid node the six 

surrounding nodes “nb” are first tested to see whether any of these node is a solid node 

(i.e. lies inside an immersed object). In that case a boundary condition is employed 

where the value of 0nb
    extrapolated to that particular solid node is determined 

from a linear combination of  values of relevant fluid nodes 1
  and 2

 . Along each 

Cartesian direction we can introduce a dimensionless coordinate   with 1   at the 

fluid node “c” of interest, 0   at the neighbor node located inside the immersed 

object, and 2   at the neighboring fluid node. A schematic representation of this 

coordinate is shown in Figure 2.2. 

 

Figure 2.2. Immersed boundary method implementation strategy for a fluid variable  
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Next we use a second order interpolation to describe the value of   as a function of this 

coordinate: 

        1 1

0 1 22 2
1 2 2 1                            (2.13) 

If s
 represents the dimensionless position of the boundary of the solid particle and p

  

the known boundary value at that point, then the extrapolated value inside the solid,

0
, can estimated from the second order polynomial as 
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Lastly, 0
  can be eliminated from equation (2.10) using equation (2.14). For a 3-point 

1 dimensional stencil, this leads to changed coefficients and a changed right-hand-side 

as follows: 
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This method is carried out for all solid nodes to ensure that the boundary condition is 

properly satisfied for all the solid nodes. The interpolation direction depends on the 

location of the solid cell neighboring a particular fluid cell. In the current staggered grid 

implementation, for a fluid u-velocity (x-component of the velocity) in a control volume, 

if the neighboring solid cell lies at the north, for this particular fluid cell the 

interpolation direction will be in the +y direction. Similarly for a fluid v-velocity (y-

component of the velocity), if the neighboring solid cell is at the west of the fluid cell, 
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the interpolation direction will be in the -x direction. It may also happen for some fluid 

cell that both north and west are solid neighbors. In that case we have to do 

interpolation in both +y and -x direction. For moving particles the solid node detection 

mechanism needs to be performed at each time step. Moreover, note that the above 

treatment is only well-defined when the surfaces of immersed boundaries are at least 

two grid cells apart for a 3-point stencil. If there is only a single grid cell in between two 

surfaces, other rules must be devised (such as less accurate first order interpolation). 

In this chapter we do not encounter either of these complexities because we will 

consider fixed solid objects with sufficient spacing between the surfaces. For more 

details on IBM implementation we refer to the paper by Deen et al. [32]. 

 

2.2.4. Verification study: Two dimensional flow past a cylinder 

To verify the implementation of our method, we perform simulations of viscoelastic 

flow past a cylinder placed in the center of a straight two-dimensional channel. 

Boundary conditions between the fluid and cylinder are handled by the immersed 

boundary method as explained in section (2.2.3). A schematic representation of the flow 

geometry is given in figure 2.3. The distance from the channel inlet to the center of the 

cylinder (L1) is 10R. The total channel length (L2) is 40R. The height of the channel is 

H=4R. 

 

Figure 2.3. Geometry of channel with a cylinder. 

We impose a fully developed parabolic velocity profile at the inlet and a constant 

pressure boundary at the outlet. A no slip boundary condition for velocity is 
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implemented at both side walls of the channel. The two most important dimensionless 

numbers are the Reynolds number (Re) and Deborah number (De) for our case study. 

The Reynolds number is the ratio of viscous and inertial forces and kept constant at 

0.067 for this case: 

Re
UR


  

Where U is the average velocity at the channel inlet and R is the radius of the cylinder. 

The De number is the ratio of relaxation time of the polymer (λ) and the characteristic 

time scale of flow, and is defined as 

De
U

R


  

The input parameters of our simulations are kept similar to the work of Alves 

et al. [8], with minor deviations which we expect will not significantly change the 

results. In particular, the Reynolds number in our simulation is kept at 0.067 and the 

viscosity ratio   is set to 0.60, while in the simulations of Alves et al. [8] the Re number 

was 0 and the viscosity ratio   was set to 0.59. In both cases, at such low Re numbers 

inertia effects are negligible. The blockage ratio R/H and channel length are chosen 

equal to the simulations of Alves et al. [8]. The Deborah number was varied by changing 

λ and keeping the average inlet velocity constant. We have performed our simulations 

for three different meshes M1, M2 and M3 with mesh spacings: 24R  , 36R   

and 48R  , respectively, taking care that the CFL criteria are kept around 0.10. 

The axial velocity profiles along the centerline behind the cylinder for three 

different Deborah numbers (De = 0.0 (Newtonian), 0.6 and 0.9) are shown in figure 2.4 

for meshes M2 and M3. We observe only very minor differences in our velocity field for 

the different mesh spacings. This shows that the results are nearly mesh independent. 
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Figure 2.4. Axial velocities along the centerline behind the cylinder for two different 

meshes for an Oldroyd- B fluid. 

 

Figure 2.5. Axial velocities along the channel centerline for different De numbers for 

an Oldroyd – B fluid. 

The axial velocity profile along the centerline of the channel is plotted in figure 

2.5 for the Newtonian and Oldroyd-B fluid. As expected for creeping flow, the 
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Newtonian fluid exhibits a symmetrical flow behavior upstream and downstream of the 

cylinder. For the Oldroyd-B fluid, however, a loss of symmetry takes place in the 

downstream direction due to the effects of elasticity. Physically, when the polymeric 

liquid flows past the cylinder the polymer coils get extended. While being stretched, 

they are also convected into the wake behind the cylinder. In this wake region the 

polymer coils want to relax back to their equilibrium length. This tendency to contract 

gives rise to elastic stresses that causes the velocities to be lower than in the situation 

without elastic stresses.  The size of the downstream recovery zone increases with 

increasing De number except near the rear stagnation point close to the cylinder. Figure 

2.5 also compares these results with the work of Alves et al. [8]. We find a close 

agreement for the Newtonian case (De=0) and De numbers 0.6 and 0.9. 

 

Figure 2.6. Normalized stress profiles behind the cylinder along the channel centerline 

for different De numbers for an Oldroyd-B fluid. 

Figure 2.6 shows the profiles of the longitudinal normal stress component xx
  

as a function of position along the centerline behind the cylinder for De numbers 

ranging from 0.1 to 1.0. The maximum stress values increase steadily with higher De 
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numbers due to the fluid elasticity. We compare our stress profiles with Alves et al [8]. 

Generally the agreement is good. The largest deviation is found at De 1.0, where we 

observe that our maximum stress prediction is 4% lower compared to the work of Alves 

et al. [8]. Our maximum stress predictions are also lower compared to the results of 

Hulsen et al [16], which are the most accurate results to date. In fact, our results are 

relatively closer to the older results of Alves et al. [8], who also used a locally refined 

mesh near the cylinder which however was coarser than that of Hulsen et al [16]. So we 

conclude that the deviation of the predicted maximum is due to a lack of mesh 

resolution of our uniform mesh. Despite the fact that we use a relatively coarse and 

uniform mesh overall, these results are very acceptable. This gives us confidence that 

our method will give valuable results for complicated geometries such as porous 

structures, where locally refined meshes adapted to the flow structures may be difficult 

to implement. 

 

2.3. 3D viscoelastic flow past periodic array of cylinders  

2.3.1. Problem description 

We now apply our method to study three-dimensional viscoelastic flow through a 

highly idealized porous medium represented by a specific arrangement of cylinders. 

This arrangement forces the viscoelastic fluid to periodically undergo contraction and 

expansion. In such a flow the extensional behavior of the fluid also becomes very 

important, apart from its shear behavior.  

We study two different cases. The first case uses periodic boundary conditions 

on all domain boundaries, effectively simulating an infinite array of infinitely long 

cylinders. The second case uses walls that cut the long axes of the cylinders and periodic 

boundaries in the other 2 directions, i.e. an infinite array of cylinders confined between 

two planar walls.  
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Figure 2.7. Flow geometry for continuous array of cylinders. 

Figure 2.7 shows the arrangement of cylinders. The radius of a cylinder is 

defined as Rc .The distance in the flow direction (x) between two consecutive cylinders 

Lc is kept at 2.5Rc. The half-height Hc is kept at 1.5Rc. The distance between the two side 

walls Wc is kept at 4Rc. The flow is driven by a constant body force exerted on the fluid. 

We simulate both a Newtonian fluid and a FENE-P viscoelastic fluid, as described in 

section 2.2. We use a constant extensional parameter (L2) of 100. The viscosity ratio   

is kept at 0.02, so the flow has a very strong elastic effect. In all our simulations we kept 

the Re number at a low value of 0.01, ensuring we are always in the creeping flow 

regime and any type of inertial effects will be insignificant. We have performed 

simulations for De numbers ( De
c

U R based on the cylinder radius and mean flow 

velocity) ranging from 0 to 2.0.  

We performed simulations for three different mesh sizes of 24
c

R  , 

36
c

R   and 48
c

R  , respectively. The results for 36
c

R  and 48
c

R   were 

virtually indistinguishable (not shown). Thus all results in the remainder of this chapter 

are based on the mesh size 36
c

R  . It should be noted that we needed to keep the 

CFL number lower than 0.01 in all our simulations, leading to considerable 

computational costs. Even at a relatively high De number of 2.0 we did not encounter 

any stress or velocity divergence. At lower De number a larger time step can be utilized 
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but at De number in range of 1.0 and higher, lower time step is required for better 

convergence. 

We will show that the side walls have a strong influence on the flow structure 

in such a periodic domain. The presence of side walls actually expedites the process of 

onset of asymmetry in the flow domain. We will also show that higher elastic stresses 

are the driving force for such behavior. 

 

2.3.2. Infinitely long cylinders (no side-walls) 

We first analyze the flow of a Newtonian fluid through an infinite array of cylinders. 

This case has been studied in the literature [17] and we find very similar observations. 

Due to the small spacing between the two cylinders we observe the onset of a 

recirculation region between the two cylinders, which is actually situated between the 

front and rear stagnation points of the cylinders. The vortices are counter rotating, 

which signifies a highly shear dominated flow in this region. The velocity contours and 

streamlines are shown in figure 2.8(a) and 2.8(b). 

 

Figures 2.8. (a) Normalized velocity profile and (b) velocity streamlines showing 

counter rotating vortices for a Newtonian fluid. 

Next we analyze the flow of a viscoelastic fluid through the same geometry. The 

streamlines, colored with the normalized velocity, are shown in figure 2.9. The 

simulations clearly show that with an increase in De number  De
c

U R the 
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counter-rotating vortices starts to move away from the centerline of symmetry. It is 

also very important to observe that up to De number 0.75 the recirculation pattern 

between the cylinders does not significantly change, but from De number 0.75 onwards 

the vortices start to become more concave with an increased curvature towards the 

downstream cylinder compared to the upstream cylinder. The observed streamline 

patterns are in close agreement with the simulations of Liu et al. [11]. 

 

Figure 2.9. Velocity streamlines (colored with normalized velocity) for viscoelastic 

fluid at different De numbers. 

The normal stress component along the flow direction (τxx) is shown in figure 

2.10. We observe that with increasing De number this normal stress component 

gradually increases. The normal stress generation is mostly confined to an angle of 60 

to 900 compared to the axis of flow. The largest normal stress is present at the wall of 

the cylinder, which is mostly shear dominated. 

 

Figure 2.10. Normal stress (τxx) profiles for viscoelastic fluid at different De numbers. 
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The shear stress component τxz is shown in figure 2.11. We observe that with increasing 

De number the shear stress increases, especially on the upflow surfaces of the cylinders. 

Similar behavior is found in figure 2.12, where the normal stress component 

perpendicular to the flow direction (τzz) is shown. All other stress components are very 

small, as expected for this geometry. 

 

Figure 2.11. Shear stress (τxz) profiles for viscoelastic fluid at different De numbers. 

                                     

Figure 2.12. Normal stress (τzz) profiles for viscoelastic fluid at different De numbers. 

The z component of the velocity at the centerline is shown in figure 2.13. The positive 

and negative sign of velocity component clearly correlate with the flow circulation 

along the flow domain observed above. Note that the velocity magnitude increases with 

increasing De number.  
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Figure 2.13. Velocity profile (Vz) profiles along z for viscoelastic fluid at different De 

numbers. 

 

2.3.3. Confined cylinders (side-walls) 

Now we turn to the second case with side-walls. First we studied the flow of a 

Newtonian fluid. In comparison to the flow without side-walls we observed a very 

similar pattern of streamlines of the velocity field in the central plane between the two 

walls (y=0). We observe a small decrease in the size of the counter rotating vortices at 

a distance of +Rc and –Rc from the center plane, as shown in figure 2.14. This small 

change is caused by the reduced velocity induced by friction with the solid walls. 

 

Figure 2.14. Streamlines for a Newtonian fluid in the presence of side-walls at various 

locations across the y plane. 



 2.3. 3D viscoelastic flow past periodic array of cylinders 
 

57 
 

Finally, we investigate the flow of a viscoelastic fluid in the presence of side-

walls. Figure 2.15 shows the streamlines, colored with the normalized velocity in the 

central y=0 plane. Perhaps surprisingly, we find a very large difference in the flow 

behavior compared to the case without side-walls (or a Newtonian fluid with side-

walls). The onset of flow asymmetry is greatly enhanced by the presence of side walls: 

we observe that already after De=0.25 the eyes of the counter rotating vortices start to 

move away from the centerline of symmetry. Apart from this asymmetry in the xz-plane, 

a secondary flow is also observed in the xy-plane (not shown). 

 

Figure 2.15. Velocity streamlines (colored with normalized velocity) in the central 

(y=0) plane for viscoelastic fluid in the presence of a side-wall at different De numbers. 

The elastic instability is observed through visual inspection. The counter rotating 

vortices loses symmetry after a De number around 0.25 in the presence of side walls. 

With increasing Deborah number the polymers do not get sufficient time to relax. The 

eye of the vortices shift away from the central xy-plane and move in the direction of the 

flow. This causes a loss of symmetry along the central yz-plane. We locate the onset of 

the instability by plotting the displacement of the eye of the counter rotating vortex 

starting from the central xy-plane (i.e. along the z direction) as a function of De number 

(Figure 2.16).   
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Figure 2.16. Location of the eye of the vortex along the z direction with increasing De 

number (x-axis normalized w.r.t cylinder radius Rc) in the presence of side walls. 

We observe that the eye of the counter rotating vortex lies at 0.367Rc at De of 

0.01. The eye of vortex steadily moves upwards with increasing De number, but after 

De 0.25 a significant movement of the vortex to 0.48Rc is observed. Beyond De 0.50 the 

vortex location does not change significantly anymore. Apart from the upward motion, 

the vortex also moves along the flow (x) direction with increasing De number, which 

follows similar behavior (not shown here). Besides this, as we will show below, a 

pronounced flow in the y-direction develops. Our observations match closely with the 

critical De number predicted by the correlation of Smith et al [14] (without wall effects).     

 

Figure 2.17. Normal stress profiles (τyy) in the plane z = 0 without side-walls and with 

side-walls at different De numbers. 
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If we compare the overall viscoelastic stress profiles with the previous case without 

side-walls, the normal stress components τxx and τzz are very much comparable (not 

shown). However the τyy component, which is essentially zero without side walls, 

becomes very significant in the presence of side-walls. The stress profiles in figure 2.17 

show that this stress component is high at the side walls and reaches zero in the center 

plane between the walls. The magnitude of this stress component increases with 

increasing De number. The presence of such stresses may be significant for flow 

bifurcations and loss of symmetry. 

 

Figure 2.18. 3D representation of direction-vectors (colored with Normal stress (τyy)) 

in the plane x = 0 with side walls at different De numbers. 

In figure 2.18 we show that with increasing Deborah number the velocity vectors 

increasingly point towards the centre of the domain in the gap between two cylinders. 

This may be a possible mechanism to explain the elastic instability as also observed by 

Sahin et al. [42] The viscoelastic stress (τyy) affects the streamline curvature which 

perturbs the velocity components leading to the three dimensional instability.  
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Figure 2.19. Streamlines showing flow profiles in the z = 0 plane: (a) along the Y axis 

without side walls, (b) along the surface of the cylinder without side walls, (c) along the 

surface of the cylinder with side walls (flow direction is along +x axis shown by arrow) 

for De 0.25. 

The 3D stream tracers in figure 2.19 (a) confirm the presence of the counter 

rotating vortices in between the two cylinders. Figure 2.19 (b) and (c) shows the stream 

tracers along the surface of the cylinders. The interesting aspect is that in presence of 

side walls the stream lines shows an inward motion as explained in figure 2.18. The 

vicinity of a subsequent cylinder is responsible for enhancing this effect. Such inward 

motions are not observed far away from the cylinder surface. This proves that both the 

cylinder curvature and side walls are responsible for such instabilities. 

 

2.4. Conclusion 

In this chapter we show the development of a novel second order immersed boundary 

methodology to simulate viscoelastic flows in porous media. Until now the use of IBM 

methods were mostly limited to Newtonian flows. The most important advantage of 

IBM is its comparatively easier implementation by avoiding body-conforming meshes. 

It therefore promises to be able to mimic any random flow structure, which is of critical 

importance for random porous media. We verified the model for the flow past a single 
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cylinder in a channel. The results match well with the previous work of Alves et al. Even 

at relatively high De numbers of the order 1 we do not encounter any numerical 

instabilities arising due to pressure and/or high normal stresses. In our 

implementation we made use of a staggered grid, which decreases the chance of 

pressure oscillations. This may be critical for viscoelastic flow at high normal stress 

differences. 

We verified our results with the present literature and investigated the flow 

structures for a highly idealized porous structure made by a periodic arrangement of 

cylinders. We kept the cylinder spacing very close to study the flow behavior at a 

relatively strong coupling between the fluid and its confinement. We studied two 

different cases, with or without side-walls in the direction of the long axis of the 

cylinders. Although these simulations are computationally expensive, by using periodic 

boundary conditions and a parallelized code we were able to study the full three-

dimensional viscoelastic flow through these geometries for De numbers up to 2.0 and a 

low Reynolds number (of 0.01). 

In all cases counter-rotating vortices appear in between the cylinders. In case 

of Newtonian flow these vortices are very symmetric around the central axis of flow. 

For the viscoelastic fluid however we observed a change of vertical structure at higher 

De number. Without side-walls, the symmetry of the vortices is lost at a De number of 

approximately 0.75, while with side-walls the critical De number is approximately 0.3. 

We studied how the velocity and stress profiles are developing in such a complex flow 

geometry. With side-walls the development of a weak secondary flow across the side-

walls was observed. With increasing De number, the normal stress component τyy 

increases significantly. Gradients in this stress component drive the flow velocity to 

develop components in the direction normal to the side-walls. It will be very interesting 

to extend our study to flow behavior of viscoelastic fluids in random porous structures 

in a three dimensional multiphase flow.     
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Abstract 

We investigate the flow of unsteady three dimensional viscoelastic fluid through an 

array of symmetric and asymmetric sets of cylinders constituting a model porous 

medium. The simulations are performed using a finite volume methodology (FVM) with 

a staggered grid. The solid-fluid interfaces of the porous structure are modeled using a 

second order immersed boundary method (IBM) [1]. A FENE-P constitutive model is 

used to model the viscoelastic part. By means of periodic boundary conditions we 

model the flow behavior for a Newtonian as well as a viscoelastic fluid through 

successive contraction-expansions. We observe the presence of counter rotating 

vortices in the dead ends of our geometry. The simulations provide detailed insight on 

how flow structure, viscoelastic stresses, and viscoelastic work change with increasing 

Deborah (De) number. We observe completely different flow structures and different 

distributions of the viscoelastic work at high De in the symmetric and asymmetric 

configurations, even though they have the exact same porosity. Moreover we find that 

even for the symmetric contraction-expansion flow most energy dissipation is 

occurring in shear dominated regions of the flow domain, not in extensional dominated 

regions. 

Viscoelastic flow simulations of 

model porous media 
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 3.1. Introduction 

Viscoelastic fluids exhibit more complex flow features in porous media compared to its 

Newtonian counterpart. Research in the field of viscoelastic fluids has attained 

considerable attention due to its very important industrial applications, such as 

enhanced oil recovery, polymer extrusion, food processing, and biological flows [2].  

Experimentally a lot of effort has been made to understand the complex flow 

of viscoelastic fluids through porous media. Usually packed beds and rock cores are 

used as a tool to study the pressure drop and flow characteristics of viscoelastic fluids 

[3-5]. Recently undulating channels, channels with obstacles, and microfluidic devices 

are used to study the flow of polymeric fluid in a controlled and simplified manner [6-

10]. 

Numerical investigation of Newtonian fluids flowing at low Reynolds number 

through porous media is well established [2] and can be approximated using Darcy’s 

law. On the contrary, due to complex interplay of fluid rheology and pore structure, the 

flow of viscoelastic fluid through a porous medium is far from being fully understood. 

In literature several different classes of numerical models exists to simulate a porous 

medium for non-Newtonian fluids, namely continuum models based on generalized 

Darcy principle [11], pore network models [12], and direct numerical simulations based 

on computational fluid dynamics on the pore scale. Though direct numerical 

simulations on the pore scale can predict exact flow features of a viscoelastic fluid 

through a representative porous medium, it is limited due to the high computational 

costs and convergence issues in a three dimensional framework. Previously, many 

researchers have investigated numerically the flow of viscoelastic fluids through simple 

porous media using both finite element and finite volume methods [13-16]. The 

viscoelastic fluid flow through a periodic array of cylinders and the effects of 

permeability were studied by Alcocer and Singh [17]. Recently Morais et al [18] used 

direct numerical simulations to study flow of power law fluids through a disordered 

porous medium. Gillissen [19] studied the shear and extensional effects for viscoelastic 

fluid flow through a model pore geometry. Grill et al [20] studied the flow of viscoelastic 

fluid through a periodic array of cylindrical objects. Both experiments and simulations 
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show the presence of an elastic instability and subsequent increase in pressure drop at 

high viscoelasticity [21-23]. The onset of elastic instabilities for complex flow structures 

and effects of curved streamlines is also reported [24]. The concept of elastic turbulence 

in relation with elastic instabilities for polymeric flow has been shown by Groisman et 

al. [25, 26]. Elastic instabilities in a Taylor–Couette and Taylor –dean flows are also 

studied in detail [27-28]. The review paper of Larson [29] describes the theory and 

experimental work on elastic instabilities for different type of applications. A flow 

pattern transition, from a stable symmetric to an asymmetric flow due to elastic 

instability effects, was also recently studied [30]. 

In this study we use a coupled Finite Volume Method – Immersed Boundary 

Method (FVM-IBM) approach to model the viscoelastic fluid flow in a model porous 

medium. The implementation of the method is thoroughly discussed in our earlier work 

[1]. In the current chapter we create two idealized model pore structures: one with a 

symmetric and another with an asymmetric periodic arrangement of cylindrical 

objects. Both structures have the same porosity, but due to the difference in geometry 

the deformation rates are different in the flow domain. We will show how velocity 

streamlines and non-Newtonian stresses develop in the two different flow domains 

with increasing viscoelasticity. We will perform a thorough analysis of flow topology 

and energy dissipation rates, which provides a detailed insight into the shear and 

extensional effects of viscoelastic fluids in a porous structure. The simulations reveal 

that for viscoelastic fluids the pore configuration plays a very important role, leading to 

completely different flow structures even at the same porosity.    

 

3.2. Governing Equations 

3.2.1. Constitutive Equations 

The fundamental equations for an isothermal incompressible viscoelastic flow are the 

equation of continuity, momentum and a constitutive equation for the non-Newtonian 

stress components. This part is explained in detail in section 2.2.1 of chapter 2. 
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3.2.2. Problem description 

We apply our method to investigate viscoelastic flow through porous media 

constituting of symmetric and asymmetric arrays of cylindrical objects arranged in a 

periodic manner (figure 3.1). Both configurations have a porosity (ε) of 0.38. Such an 

arrangement forces the viscoelastic fluid to continuously undergo successive 

contraction and expansion. We expect that in some cases the polymer stresses due to 

extensional deformations can become of similar importance as stresses caused by shear 

deformation. The interesting part of these simulations is that the symmetric and 

asymmetric arrangement of cylinders can be thought to constitute two extreme 

configurations of an ideal porous medium. In the symmetric configuration along the 

center-line, in a frame of reference that co-moves with the flow, the flow is almost 

purely extensional, while in the asymmetric geometry the deformation is expected to 

be shear dominated almost everywhere. All porous media are expected to have a 

combination of these two flow patterns (i.e. extension and shear). 

In all simulations the main flow direction is along the x axis. To model 

successive contractions and expansions a periodic boundary condition is implemented 

in the flow direction (x) and in the direction of the cylinder axes (y). Along the third (z) 

direction a no-slip boundary condition is implemented giving rise to a ‘dead end’ in 

between two cylinders. The dimensions of the geometry are Lx = 2.25 Rc, Ly = 0.0625Rc 

and Lz = 2.25 Rc, where Lx, Ly, Lz are the domain sizes along x, y, z directions, and Rc is 

the cylinder radius, taken to be the unit length scale in our simulations. The gap width 

between two consecutive cylinders in the flow direction (x) is Wc = 0.25 Rc. The flow is 

driven by a constant body force exerted on the fluid in the x direction. 
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Figure 3.1. Two-dimensional view of the symmetric (left) and asymmetric (right) 

geometry configurations. Thick arrows indicate the dominant flow direction. Walls are 

present at the top and bottom z-boundaries to create ‘dead-ends’. 

We simulate both a Newtonian fluid and a FENE-P viscoelastic fluid, as 

described in section 3.2. We use a constant extensional parameter (L2) of 100. The 

viscosity ratio β is kept at 0.33. In all our simulations we keep the Reynolds number at 

a low value of 0.01, ensuring we are always in the creeping flow regime and any type of 

inertial effects will be insignificant. The amount of viscoelasticity is characterized by 

the Deborah number defined as De /
c

U R , based on the cylinder radius and mean 

flow velocityU . In our work De is increased from 0 to 6 by increasing the relaxation 

time  while using a constant body force to drive the flow, equivalent to applying a 

constant pressure drop across the domain. To quantify the measured stresses in a 

dimensionless manner, we will non-dimensionalize them as /
n c

U R    . 

We have performed simulations for two different mesh sizes of 96
c

R   and

120
c

R  . The results for 96
c

R   and 120
c

R   were virtually 

indistinguishable, even at De > 1 (not shown). Thus all results in the remainder of this 

chapter are based on the mesh size 96
c

R  . It should be noted that we needed to 

keep the CFL number lower than 0.01 in all our simulations, leading to considerable 
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computational costs. At De < 1 a larger time step can be utilized but at De 1 , a small 

time step is required for smooth convergence. 

We have employed a single periodic cell for our simulations. We have also 

compared our results with two and three periodic unit cell in the flow directions, and 

found no difference on the viscoelastic stress and velocity profiles well beyond the 

onset of elastic instability, as compared to a single periodic cell. A similar type of 

periodic boundary condition implementation for the study of viscoelastic flow is well 

documented in literature [7, 13, 20]. We warn that at much larger De numbers (>6.0) 

than studied here, the use of periodic boundary conditions becomes questionable 

because the time dependency of the instabilities may vary from one periodic unit cell to 

another. Having a too small unit cell then leads to a stabilization of the flow. This is not 

only true for the system size in the flow direction, but also in the two other directions. 

In our future work we will investigate this influence in more detail for flows at higher 

De numbers. 

In the model porous media the polymer undergoes successive contraction and 

expansion. Due to the continuous interplay of fluid rheology and confining geometry, 

the precise flow configuration, i.e. the amount of rotational, shear and extensional flow, 

will depend on the level of viscoelasticity. To characterize the flow configuration, we 

introduce a flow topology parameter Q [18] which is the second invariant of the 

normalized velocity gradient. This parameter is defined as 

2 2

2 2

S
Q

S





                                                                                                                                      (3.1) 

where  2
: 2S S S  and  2

: 2     are invariants of the rate of strain tensor 

 u u 2T
S     and rate of rotation tensor  u u 2T

    . Values of Q = −1, 

Q = 0, and Q = 1 correspond to pure rotational flow, pure shear flow and pure 

elongational flow, respectively. 
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In this chapter we will correlate the above flow topology parameter Q with the 

amount of energy dissipation in the flow domain. The work performed by the 

viscoelastic stress per unit volume (in W/m3) is defined as: 

y yx x xz z

xx yy zz xy xz

y z

yz

u uu u uu u

x y z y x z x

u u

z y

E
    

      
      

 
 

 

   
  
  

 
 
 

τ τ τ τ τ

τ

                   (3.2)                          

A detailed study of the topology and the spatial distribution of E  for the symmetric 

and asymmetric configuration at different De numbers enable us to understand the flow 

characteristics of a viscoelastic fluid in the porous media. To quantify the energy 

dissipation rate in a dimensionless manner, we express the work performed by 

viscoelastic stress per unit volume as,  2 2/
V CE E U R . The total energy 

dissipation rate (viscoelastic + Newtonian) is also made non dimensional in the same 

manner (termed as t
E ) and discussed in detail in the analysis section of the chapter. 

 

 3.3 Numerical Results 

As a reference case, first we study the flow of a Newtonian fluid through the model 

porous media. Figure 3.2 shows the velocity streamlines of a Newtonian fluid in the 

symmetric and asymmetric configuration, colored by the velocity magnitude 

(normalized by the maximum velocity in the domain). In the symmetric configuration 

the fluid is forced to flow from a narrow neck to a wide pore area, leading to large 

differences in velocity magnitude along the center line. Moreover, the flow streamlines 

show the presence of slowly moving counter rotating vortices in the dead ends near the 

no-slip walls.  
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Figure 3.2. Velocity streamlines (colored with normalized velocity) for the Newtonian 

fluid in the (a) symmetric and (b) asymmetric configuration. 

Similar to the symmetric configuration, in the asymmetric flow the fluid 

undergoes successive contraction and expansion, but the difference between maximum 

and minimum velocity becomes much smaller and the streamlines are more 

undulatory. Low velocity counter rotating vortices are also observed in the dead ends 

near the no-slip walls in this geometry.    

Next we study the flow of a non-Newtonian fluid through the model porous 

media. As shown in figures 3.3 and 3.4 (snapshots of velocity streamlines, colored with 

normalized velocity after the same time of simulation), in the range De 0.1  the 

velocity streamlines for viscoelastic fluids are very similar to their Newtonian 

counterparts, but at higher viscoelasticity, in the range De=𝒪(1), the streamlines 

change considerably. The polymer solution undergoes continuous contraction and 

expansion and shear thins at higher shear rates. The extensional effects also become 

considerable. Moreover, we observe that the counter rotating vortices become more 

concave due to elastic effects.  

The flow profile shows the presence of secondary vortices in the symmetric 

and asymmetric flow configuration after De approximately 2, which grows further with 

increased viscoelasticity. Moreover we can observe the fore-aft asymmetry becomes 

stronger and dead zones become more concave in nature. Further the eye of the vortices 
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do not align to the symmetry axis. Also, for De larger than 2 we found that the flow 

becomes time dependent, which has also been reported by previous researchers [9]. 

 

Figure 3.3. Streamlines (colored by normalized velocity) for a non-Newtonian fluid 

flowing at different De numbers ((a) De 0.1 (b) De 0.5 (c) De 1.25 (d) De 2.5 (e) De 5.0) 

through the symmetric configuration. Note that beyond De approximately 2 the 

streamlines become time dependent, and that therefore only instantaneous streamlines 

are shown here. 
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Figure 3.4. Streamlines (colored by normalized velocity) for a non-Newtonian fluid 

flowing at different De numbers ((a) De 0.15 (b) De 0.3 (c) De 1.5 (d) De 3.0 (e) De 6.0) 

through the asymmetric configuration. Note that beyond De approximately 2 the 

streamlines become time dependent, and that therefore only instantaneous streamlines 

are shown here. 

The instantaneous viscoelastic non-dimensional normal stress component 

 /
n cxx xx U R   along the flow direction is shown in figures 3.5 and 3.6 for the 

symmetric and asymmetric configuration, respectively. Such viscoelastic stresses are 

absent in a Newtonian fluid. We observe that for both configurations the viscoelastic 

normal stress increases with increasing De number, but that the increase is stronger for 

the asymmetric configuration. This is related to the fact that the largest normal stresses 

are present near the walls of the cylinders at locations which are shear dominated, and 

more shear is present in the asymmetric configuration, as we will show in detail later 

in this chapter. 
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Figure 3.5. Instantaneous non dimensional normal stress  
nxx

 profiles for viscoelastic 

fluid at different De numbers ((a) De 0.1 (b) De 0.5 (c) De 1.25 (d) De 2.5 (e) De 5.0) for 

the symmetric configuration. 

 

Figure 3.6. Instantaneous non dimensional normal stress  
nxx

 profiles for viscoelastic 

fluid at different De numbers ((a) De 0.15 (b) De 0.3 (c) De 1.5 (d) De 3.0 (e) De 6.0) for 

the asymmetric configuration. 
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The volume averaged fluid velocity u  in porous media can be controlled by the 

pressure drop across the sample. According to Darcy’s law (12), for a Newtonian fluid 

the relation between the average pressure gradient dp dx  and the average fluid 

velocity through the porous medium is: 

udp

dx k


 
 
 
 

                                                                                                                              (12) 

Here k is the permeability, which is related to the pore size distribution and tortuosity 

of the porous medium itself, and  is the viscosity of the fluid. For a viscoelastic fluid, 

the viscosity is not a constant but generally depends on the flow conditions. However, 

we can still define an apparent viscosity by using Darcy’s law, assuming the 

permeability k is constant. Dividing the apparent viscosity by its low flow rate limit 

gives us insight in the effective flow-induced thinning or thickening of the fluid in the 

porous medium. In detail, the apparent relative viscosity 
app

  of a viscoelastic fluid 

flowing with a volumetric flow rate q and pressure drop P  through a porous medium 

is given by: 

VE

app

N

P

q

P

q








 
 
 

 
 
 

                                                                                                                               (13) 

The subscript VE indicates viscoelastic fluid at a specific flow rate or pressure drop, 

while the subscript N indicates its Newtonian low flow rate or low pressure drop limit.  

Figure 3.7 depicts how the apparent relative viscosity changes with an increase 

in viscoelasticity for the symmetric and asymmetric flow configurations.  We observe 

that for the symmetric case the fluid viscosity thins at a much lower De number 

compared to the asymmetric flow structure. This can be attributed to the fact that in the 

symmetric configuration the fluid needs to undergo a much larger expansion and 

contraction. This leads to higher thinning effects compared to the asymmetric flow 
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structure at similar shear rates. Because we drive the flow with a constant body force 

while changing the relaxation time, a change in apparent viscosity corresponds to a 

change of average velocity for different relaxation times, as shown in the inset of Figure 

3.7. This behavior matches with the experimental observation of Rosales et. al. [8]. We 

also observe an increase in drag in the symmetric configuration after a critical De 

number of 0.5, depicted by an increase in apparent viscosity. These results clearly show 

that the resistance to flow for a viscoelastic fluid can be very different, depending on 

the porous geometry, even at the same porosity of the porous medium. 

 

Figure 3.7. Apparent relative viscosity versus De number for the symmetric and 

asymmetric configurations. 

Figure 3.8 shows the volume averaged non dimensional normal stress (in the 

x direction) versus Deborah number for both configurations. The stress initially grows 

linearly with De, but then levels off to an almost constant value. At higher De the 

dimensionless normal stress in the symmetric configuration is larger than that in the 

asymmetric configuration. This we will discuss subsequently. 
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Figure 3.8. Volume-averaged dimensionless normal stress versus De number for the 

symmetric and asymmetric configurations. 

We will now focus on the flow topology, i.e. how the shear, extensional and 

rotational parts of the flow are distributed and develop in the interstitial space. To this 

end we will visualize the flow topology parameter (Q), introduced in section 3.2.2, for 

different De number for both the symmetric and asymmetric configurations. As 

explained Q = -1, Q = 0, and Q = +1, correspond to pure rotational, shear and elongational 

flows, respectively. 

Figure 3.9, shows the flow topology parameter distribution for the symmetric 

configuration. We observe highly shear dominated flow near the cylinder walls, and 

rotation of flow in the dead ends due to the presence of vortices. At very low De we 

observe a symmetric pattern, as expected for low Reynolds number flow of a Newtonian 

fluid through a symmetric configuration. With increasing De the pattern becomes 

increasingly asymmetric. Due to the continuous contraction and expansion of the 

polymeric fluid we observe that the extensional component becomes increasingly 

important with increasing De. 

Figure 3.10 shows the flow topology parameter distribution for the 

asymmetric configuration. It is significantly different from the symmetric case. The 
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asymmetric pore network is more dominated by shear flow and slightly less by 

extensional flow compared to the symmetric structure at similar De number.  

 

Figure 3.9. Instantaneous flow topology parameter at different De numbers ((a) De 0.1 

(b) De 0.5 (c) De 1.25 (d) De 2.5 (e) De 5.0) for the symmetric configuration. 

At De more than approximately 2 we observe that the flow instability changes the 

overall flow topology. In both the symmetric and asymmetric flow configuration, the 

onset of a more non-uniform flow topology appears. At higher viscoelasticity the overall 

contribution of shear starts to dominate. Also in the dead ends, due to presence of 

secondary vortices, shear becomes larger and thus the extensional contribution 

decreases as seen in the asymmetric configuration. This corresponds to the asymmetric 

velocity streamlines discussed earlier. 
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Figure 3.10. Instantaneous flow topology parameter at different De numbers ((a) De 

0.15 (b) De 0.3 (c) De 1.5 (d) De 3.0 (e) De 6.0) for the asymmetric configuration. 

 

Figure 3.11. Snapshots of flow topology parameter for De 5.0 at different times after 

flow instability. Half a cycle of oscillation is shown here. A video can be found in the 

Supplementary material [34]. 



 3.3 Numerical Results 
 

83 
 

The temporal flow instability is shown in Figure 3.11. The onset of a time dependent 

flow is observed which breaks the symmetry plane. The time period of oscillation is 

found to be ~ 2λ. Figure 3.11 shows how the flow topology evolves over half a cycle of 

oscillation. This change of flow topology can be more appreciated in the video attached 

with the supplementary material [34].The asymmetric configuration is also found to 

have similar periodicity (not shown).  

To quantify the difference between the symmetric and asymmetric 

configurations better, histograms of the flow topology parameter are shown in figures 

3.12 and 3.13. The histogram in figure 3.12 shows that for the symmetric configuration 

the amount of extensional flow (Q = +1) strongly increases beyond De = 0.1. There is 

also a peak near Q = 0, signifying shear flow, but it changes only very slightly with 

increasing De. So we find that for the symmetric flow configuration, with increasing De 

an increasingly large volume fraction of the polymer solution gets extended due to 

successive contraction and expansion. It is also observed that at low De number the 

rotational regimes are almost absent due to the symmetric flow profile. Thus the count 

in the mixed rotation and shear dominated regime is relatively small compared to 

higher De number (> 0.10). 

The histogram in figure 3.13 shows that the flow in the asymmetric 

configuration is indeed much more shear dominated than the flow in the symmetric 

configuration. The peak near Q = 0 also increases with increasing De, while the amount 

of extensional flow (Q = +1) hardly changes. Also relatively more mixed rotational and 

shear flow (Q in the range of -0.5 to -0.2) is present in the asymmetric configuration. So 

we find that for the asymmetric flow configuration, a relatively large volume fraction of 

the polymer solution gets sheared (and rotated) due to contact with the walls. 



3.3 Numerical Results 
 

84 
 

 

Figure 3.12. Flow topology parameter histogram for the symmetric configuration for 

different De numbers. 

 

Figure 3.13. Flow topology parameter histogram for the asymmetric configuration for 

different De numbers. 
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Next we analyze the spatial distribution of the non-dimensional work v
E

performed by the viscoelastic stresses per unit volume. The calculation of energy 

dissipation is described in section 3.2.2. Figure 3.14 shows the spatial distribution of 

v
E  for the symmetric configuration at different De numbers. We have clipped the color 

scale to clearly show regions in the domain where energy is released by the polymer 

solution. At all De numbers, energy is dissipated predominantly near the walls in the 

pore throats. For De of order 1 (or higher), energy is released after the contracting 

section of the pore throat has ended, and further away from the walls. This is consistent 

with the physical picture in which polymers in fast contraction flow are extended and 

therefore store energy in their entropic springs; this energy is subsequently released 

when the polymers can relax when the contraction flow has stopped.  

 

 

Figure 3.14. Non-dimensionalized work done by viscoelastic stresses at different De 

numbers ((a) De 0.1 (b) De 0.5 (c) De 1.25 (d) De 2.5 (e) De 5.0) for the symmetric 

configuration. The color range is clipped to clearly show regions of energy release at 

high De. 
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Figure 3.15 shows the spatial distribution of v
E  for the asymmetric configuration at 

different De numbers. Clearly a larger volume fraction of the fluid is dissipating energy 

at high rates. Moreover, we observe again that at De numbers of order 1 (or higher) the 

polymers release energy in sections of the domain which have stopped contracting and 

away from walls.  

 

Figure 3.15. Non-dimensionalized work done by viscoelastic stresses at different De 

numbers ((a) De 0.15 (b) De 0.3 (c) De 1.5 (d) De 3.0 (e) De 6.0) for the asymmetric 

configuration. The color range is clipped to clearly show regions of energy release at 

high De. 

We will now try to answer the question where most energy is dissipated, in the 

shear flow dominated regions or in the extensional flow dominated regions. Figures 

3.16 and 3.17 show the dimensionless viscoelastic energy distribution V
E  (per unit Q) 

versus flow topology parameter in the entire flow domain for the symmetric and 

asymmetric configuration, respectively. The correlation between the flow topology and 

viscoelastic work can be directly estimated from such analysis. With increased 

viscoelasticity the flow structure changes. Thus we can determine how the change of 
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flow topology affects the viscoelastic work across the flow domain. For both 

configurations we observe that most viscoelastic energy is dissipated in shear flow 

regions with a topology parameter near Q = 0, while a relatively much smaller amount 

of viscoelastic energy is dissipated in the extensional flow regions, even at larger De 

numbers. So in these contraction-expansion flows most viscoelastic energy dissipation 

is occurring in the shear flow regions near the walls, not in the extensional flow regions. 

This is in agreement with recent experimental observations by James et al. [35] and 

Wagner and McKinley [36]. Interestingly, at De of order 1 or higher, viscoelastic energy 

release (negative dissipation) is occurring near Q = -0.05 (almost pure shear flow) for 

the symmetric configuration, while it is occurring near Q = -0.35 (mixed shear and 

rotational flow) for the asymmetric configuration.  

 

Figure 3.16. Non-dimensionalized viscoelastic energy distribution rate per unit 

volume (per unit Q) vs flow topology parameter Q in the symmetric configuration for 

different De numbers. 

This can be understood to be a consequence of the more tortuous path in the 

asymmetric configuration leading to more pronounced rotational motion of the fluid. 

What is surprising is that in both cases this energy release is not taking place because 
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of polymer coiling during relaxation of extensional flow (Q = 1), but rather because of 

polymer coiling during transitions from fast shear flow to slow shear flow. 

 

Figure 3.17. Non-dimensionalized viscoelastic energy distribution rate per unit volume 

(per unit Q) vs flow topology parameter Q in the asymmetric configuration for different 

De numbers. 

We can observe from figure 3.16 and 3.17 that the non-dimensionalized viscoelastic 

energy distribution rate decreases with increased De number. This is explained by the 

fact that as shown in figure 3.7, with increased De number the fluid shear thins and thus 

the average velocity increases. This leads to a decrease in the non-dimensional 

viscoelastic energy distribution rate per unit volume.     

Up to this point we focused on the work done by viscoelastic stresses. Next, we 

analyze the total energy dissipation t
E , as a sum of viscoelastic and (Newtonian) 

solvent contributions, per unit volume. Figures 3.18 and 3.19 show the total work 

performed per unit fluid volume (and per unit Q) versus flow topology parameter in the 

entire flow domain for the symmetric and asymmetric configuration, respectively. 
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Although the work of the viscoelastic stresses can be both positive and negative, energy 

is always dissipated from the Newtonian solvent contribution.  

The total amount of non-dimensional dissipated energy per unit volume (the integrals 

over Q in Figures 3.18 and 3.19) decreases slightly with increasing De. This may be 

understood to be a consequence of the balance between energy fed into the system by 

the body force and energy removed by dissipation. Recall that in our simulations the 

relaxation time is varied while keeping the body force on the fluid constant. The amount 

of energy fed into the system per second therefore scales linearly with the (time 

averaged) fluid flow rate. Dividing the (time averaged) dissipated energy per second by 

the flow rate (volume per second) once, the amount of energy dissipated per unit 

volume of fluid flowing through the system must be independent of De. However, here 

we non-dimensionalized the results by dividing by the flow rate twice, so the increase 

in flow rate observed at larger De (inset in Fig. 3.7) results in a decrease in non-

dimensional energy dissipation. 

 

Figure 3.18. Total (viscoelastic and solvent) non dimensional energy dissipation rate 

per unit volume (per unit Q) vs flow topology parameter Q in the symmetric 

configuration for different De numbers. 
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Figure 3.19. Total (viscoelastic and solvent) non dimensional energy dissipation rate 

per unit volume (per unit Q) vs flow topology parameter Q in the asymmetric 

configuration for different De numbers. 

Also observe that the typical magnitude of the total energy dissipation more or less 

doubles when comparing Figures 3.16 and 3.17 to Figures 3.18 and 3.19. This is in 

agreement with the value of β (0.33) used in this work, indicating similar contributions 

to the viscosity by the polymer and the solvent. From figures 3.18 and 3.19 it is evident 

that for both the symmetric and asymmetric configuration most of the total energy is 

dissipated in the shear dominated regime.  

In figure 3.20 we have characterized in detail the fraction of total energy 

dissipation caused by shear flow (Q in the range between -1/3 and +1/3) and by 

elongation flow (Q in the range between +1/3 and +1); we note that the fraction of 

energy dissipation in the rotational parts of the flow (Q between -1 and -1/3) is always 

negligible. The figure shows that both in the symmetric and asymmetric configuration 

the fractional contribution to the total energy dissipation by elongation flow is of the 

order of 10 to 20 percent. This confirms that also for the total energy dissipation, the 
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shear flow is dominant. Note that for the asymmetric configuration, the elongational 

contribution (blue triangles) peaks at a De number of the order of 1, i.e. it actually 

decreases again for larger De numbers.    

 

Figure 3.20. Fractions of the rate of total (viscoelastic and solvent) energy dissipation, 

split between shear (Q between -1/3 and +1/3) and elongation (Q between +1/3 and 

+1) parts vs De number for symmetric and asymmetric configuration. Note that the 

fraction of energy dissipation in the rotational (Q between -1 and -1/3) of the flow is 

always negligible. 

 

3.4 Conclusion 

We have applied a coupled FVM-IBM method to study the flow of a viscoelastic fluid 

through two different model pore geometries with the same porosity. In agreement 

with the experiments of Rosales et al. [8] we observed that pore structure strongly 

affects the flow behavior for viscoelastic fluid flow. When the viscoelastic fluid passes 

through the symmetric and asymmetric arrangement of cylinders, due to difference in 

flow resistance a different flow structure develops at higher viscoelasticity. Thus the 
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apparent viscosity of the fluid at similar De numbers are found to be largely different. 

A careful study of flow topology reveals how the different flow features namely rotation, 

shear and extension develop and change with increasing viscoelasticity. We have 

analyzed the viscoelastic work across the flow domain and tried to correlate between 

this work and flow topology for the two different flow domains. These analyses shed 

light on the complex interplay of fluid rheology and pore structures in a simplified 

model porous medium. The findings will facilitate us to better understand viscoelastic 

fluid flow for more complex pore structures. Our future work will involve study of 

similar flow characteristics for three dimensional realistic multiphase porous media. 
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Abstract 

We investigate creeping flow of a viscoelastic fluid through a three dimensional random 

porous medium using computational fluid dynamics. The simulations are performed 

using a finite volume methodology with a staggered grid. The no slip boundary 

condition on the fluid-solid interface is implemented using a second order finite volume 

immersed boundary (FVM-IBM) methodology [1]. The viscoelastic fluid is modeled 

using a FENE-P type model. The simulations reveal a transition from a laminar regime 

to a nonstationary regime with increasing viscoelasticity. We find an increased flow 

resistance with increase in Deborah number even though shear rheology is shear 

thinning nature of the fluid. By choosing a length scale based on the permeability of the 

porous media, a Deborah number can be defined, such that a universal curve for the 

flow transition is obtained. A study of the flow topology shows how in such disordered 

porous media shear, extensional and rotational contributions to the flow evolve with 

increased viscoelasticity. We correlate the flow topology with the energy dissipation 

distribution across the porous domain, and find that most of the mechanical energy is 

dissipated in shear dominated regimes instead, even at high viscoelasticity. 

Viscoelastic flow simulations of 

random porous media 
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4.1 Introduction 

The flow of complex fluids through porous media is a field of considerable interest due 

to its wide range of practical applications including enhanced oil recovery, blood flow, 

polymer processing, catalytic polymerization, bioprocessing, geology and many others 

[2–4]. The flow of Newtonian fluids though porous media is relatively well understood 

in the framework of Darcy’s law [2]. Also, a significant effort has been made to 

understand flow through porous media of non-Newtonian fluids with a viscosity that 

depends on the instantaneous local shear-rate (inelastic non-Newtonian fluids, or 

quasi-Newtonian fluids), as reviewed by Chhabra et. al. [5] and Savins [6]. However, 

flow through disordered porous media of viscoelastic fluids, i.e. non-Newtonian fluids 

displaying elasticity, is far from being understood [5,7,8]. This is due to the complex 

interplay between the nonlinear fluid rheology and the porous geometry. Several types 

of numerical frameworks have been used to model flow of non-Newtonian fluids 

through porous media, including extensions of Darcy’s law [9], capillary based models 

[10], and direct numerical simulations based on computational fluid dynamics. 

Unfortunately, extensions of Darcy’s law and capillary based models are found to be 

inadequate to accurately capture the complete physics of pore scale viscoelastic flow 

through porous media [11–13]. 

Many numerical works focus on relatively simple geometries to uncover the 

essentials of non-Newtonian fluid flow through porous media [14–17]. Sometimes a full 

three-dimensional random porous medium is studied, which is already closer to a 

realistic pore geometry, but such studies are then usually limited to power-law fluids, 

which are the most commonly applied quasi-Newtonian fluids [11,18–20]. For example, 

Morais et al. [18] applied direct numerical simulations to investigate the flow of power-

law fluids through a disordered porous medium and found that pore geometry and fluid 

rheology are responsible for an increase in hydraulic conductance at moderate 

Reynolds numbers. Simulations of fully viscoelastic fluid flows are limited to two 

dimensional pore geometries [21–25]. It is now commonly agreed that including 

viscoelasticity is important: both numerically and experimentally, viscoelasticity is 

found to introduce profound effects and complex phenomena such as enhanced 
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pressure drop and elastic instabilities (sometimes referred to as elastic turbulence) 

[5,26–35]. So, although it is known that viscoelastic fluids behave more complex than 

inelastic non-Newtonian fluids, the current literature shows a lack of detailed 

simulations of fully three dimensional flows of viscoelastic fluids through random 

porous media. 

In this chapter, we report on a numerical study of the flow of viscoelastic fluids 

through three dimensional random porous media consisting of packed arrangements 

of monodispersed spherical particles using a combined finite volume immersed 

boundary (FVM-IBM) methodology. Four different porosities are studied for a range of 

low to high Deborah numbers (defined later). We measure in detail the viscoelastic fluid 

flow structure and stress development in the porous medium. We will show a transition 

from a symmetric Newtonian flow profile to an asymmetric flow configuration, and will 

relate it to a strong increase in pressure drop. An analysis of the flow topology will show 

how shear, extension and rotation dominated flow regimes change with increasing 

viscoelasticity for different porous structures. Finally, we will show how the 

distribution of mechanical energy dissipation in the porous medium changes with 

increasing viscoelasticity and correlate this with the flow topology. This analysis will 

help us to understand the interplay of pore structure and fluid rheology in three 

dimensional random porous media.             

 

4.2. Problem description 

The fundamental equations for an isothermal incompressible viscoelastic flow are the 

equation of continuity, momentum and a constitutive equation for the non-Newtonian 

stress components. This part is explained in detail in section 2.2.1 of chapter 2. 

We employ our method to investigate the flow of viscoelastic fluid through a 

static array of randomly arranged spherical particles in a 3D periodic domain (figure 

4.1). The domain size is set by the solids volume fraction , the diameter of each particle 

p
d  and number of particles

p
N . To generate the random packing for   0.45, a 

standard hard sphere Monte-Carlo (MC) method [36] is used. The particles are placed 
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initially in an ordered face centered cubic (FCC) configuration in a domain with periodic 

boundary conditions in all directions. Then each particle is moved randomly such that 

no overlap between particles occurs. However, such a MC method does not provide 

sufficiently random configurations in highly dense packings [37]. Thus, to generate 

random configurations at   0.45, an event driven method combined with a particle 

swelling procedure is applied [38]. This ensures the particles are randomly distributed. 

The same approach was followed by Tang et al., for Newtonian fluid simulations for a 

range of low to intermediate Reynolds numbers [39]. 

In all simulations the flow is driven by a constant body force exerted on the 

fluid in the x-direction, while maintaining periodic boundary conditions in all three 

directions. Simulations of random arrays are carried out with 108pN   spheres 

arranged in different configurations. The particle diameter 
p

d  is always kept constant 

at 1.6 10-3 m. The solid fractions   investigated are 0.3, 0.4, 0.5 and 0.6, respectively. 

Porosities therefore range from 0.7 to 0.4. 

 

Figure 4.1. Particle configuration at solid fraction  = 0.4 of a random array of 

monodisperse spheres. Note that the particles are scaled by 50% for better 

visualization. 
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For the FENE-P viscoelastic fluid we use a constant extensional parameter (L2) of 100. 

The viscosity ratio β is kept at 0.33. As we want to study the interaction between the 

viscoelastic fluid and solid for different flow configurations we keep a constant value of 

L2 and β. For reference purposes, we also simulate a Newtonian fluid with the same 

zero-shear viscosity as the polymer solution. In all our simulations we keep the 

Reynolds number low, below a value of 0.01, ensuring we are always in the creeping 

flow regime and any type of inertial effects will be insignificant. We perform simulations 

for Deborah numbers ranging from 0 to 1, if the Deborah numbed is defined as

De /
c

U R , based on the sphere radius and mean flow velocity U . However here 

we already note that if we use the Deborah number De
k  based on the length scale equal 

to the square root of permeability  k , different simulation outcomes for different 

porous configurations can be effectively explained (as will be discussed later).      

We have performed simulations for three different mesh sizes: 30
c

R  , 

40
c

R   and 50
c

R  . The results for 40
c

R   and 50
c

R   were virtually 

indistinguishable, even for De > 1 (not shown). Thus all results in the remainder of this 

chapter are based on the mesh size 40
c

R  . It should be noted that we need to keep 

the CFL number lower than 0.01 in all our simulations, leading to considerable 

computational costs. At De < 1  a larger time step can be utilized but at De 1 , a small 

time step is required for smooth convergence. 

The precise flow configuration through the random packings, i.e. the amount 

of rotational, shear and extensional flow, will depend on the level of viscoelasticity. To 

characterize the flow configuration, we introduce a flow topology parameter Q which is 

the second invariant of the normalized velocity gradient. This parameter is defined as 

2 2

2 2

S
Q

S





                                                                                                                                       (4.1) 
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where  2 : 2S  D D  and  2 : 2  Ω Ω  are invariants of the rate of strain 

tensor D, introduced before, and the rate of rotation tensor   2T
  Ω u u . 

Values of  

Q = −1, Q = 0, and Q = 1 correspond to pure rotational flow, pure shear flow and pure 

elongational flow, respectively. 

In this chapter we will correlate the above flow topology parameter Q with the 

amount of mechanical energy dissipation in the flow domain. The rate of dissipation by 

the viscoelastic and Newtonian stress per unit volume (in W/m3) is defined as: 

 2 :
t s

e D  τ u                                                                                                                                                     (4.2) 

By correlating the spatial distributions of Q and e  in the porous domains at different De 

numbers, we will be able to identify the flow configurations which lead to the 

predominant energy dissipation, and are therefore predominantly responsible for 

observed pressure drops.   

To quantify the energy dissipation rate in a dimensionless manner, we express the total 

work performed by Newtonian and viscoelastic stress per unit of volume as

 2 2
/

Ct t U RE e  .  

 

4.3. Results 

4.3.1 Apparent relative viscosity 

Figure 4.2 shows streamlines for viscoelastic flow through a random sphere packings 

at De = 1  for solids volume fractions 0.3 and 0.5, respectively. The flow direction is 

indicated by the arrow and selected planes are colored with the normalized averaged 

flow velocity. 
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Figure 4.2. Viscoelastic flow streamlines through a representative section of 

monodisperse spheres at De = 1.0 for solid fractions (a)  = 0.3 and (b)  = 0.5. The 

planes are colored with normalized averaged flow velocity. 

 

These streamlines provide an idea about the complex flow pattern in these porous 

media. For solids volume fraction 0.3, the flow is rather homogeneous. However for 

solids volume fraction 0.5, the pore structure triggers more tortuous flow paths and 

more preferential flows. 

To quantify the viscoelastic effects we express the results in terms of the 

viscosity that appears in a generalized Darcy law for flow through porous media. The 

volume-averaged fluid velocity u  in porous media is controlled by the pressure drop 

across the sample. According to Darcy’s law, for a Newtonian fluid the relation between 

the average pressure gradient dp dx  and the average fluid velocity across the porous 

medium is: 

 

udp

dx k


 
 
 
 

                                                                                                                                  (4.3) 

 

Here k is the permeability (units: m2), which is related to the porosity, pore size 

distribution and tortuosity of the porous medium, whereas  is the viscosity of the fluid. 

Eq. (4.3) presents an operational way of measuring the permeability k by flowing a 
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Newtonian fluid of known viscosity through the porous medium. For a viscoelastic fluid, 

the viscosity is not a constant but generally depends on the flow conditions. However, 

if we assume that k is constant for a specific porous medium, we can still define an 

apparent viscosity by using a generalized Darcy law. Dividing the apparent viscosity by 

its low flow rate limit gives us insight in the effective flow-induced thinning or 

thickening of the fluid in the porous medium. In detail, the apparent relative viscosity 

app
  of a viscoelastic fluid flowing with a volumetric flow rate q and pressure drop P  

through a porous medium is given by: 

 

VE

app

N

P

u

P

u








 
 
 

 
 
 

                                                                                                                                       (4.4) 

 

The subscript VE indicates viscoelastic fluid at a specific flow rate or pressure drop, 

while the subscript N indicates its Newtonian counterpart in the low flow rate or low 

pressure drop limit.  

Figure 4.3 depicts how the apparent relative viscosity changes with an increase 

in viscoelasticity for flow through flow configurations with different solids volume 

fractions. With increasing De number, where De is based on the sphere radius as the 

characteristic length scale, we initially observe a (relatively weak) flow-induced 

thinning. Then beyond a certain flow rate we observe a strong flow-induced thickening, 

which means a sharp increase in flow resistance. With increasing solids volume fraction 

(decreasing porosity), the onset of this increased flow resistance shifts to a lower De 

number. This shows that the increased fluid-solid interaction facilitates the onset of 

such a flow resistance. Experimental evidence of this increase in apparent relative 

viscosity was previously reported in literature [5], especially for packed bed systems.  
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Figure 4.3. Apparent relative viscosity versus De number for different porosity. Here 

De is based on the radius Rc of the sphere. 

 

The pore porosity and pore geometry are very important for the increase in apparent 

relative viscosity, but this is not reflected in the De number based on the radius of the 

spheres. Therefore, we next try to use the square root of the permeability, k obtained 

from Newtonian flow simulations, as the characteristic length scale. This altered 

Deborah number is defined as De
k

U k  . Figure 4.4 shows the apparent relative 

viscosity versus the altered Dek for different solids volume fractions. We find a collapse 

of all data sets of figure 4.3 to a single curve for the entire range of Dek numbers. This is 

remarkable considering the fact that, despite the different arrangement of pore 

structures for the different porosities, the resulting increase in flow resistance follows 

the same universal thickening behavior. However we should keep in mind that these 

results are strictly only valid for a FENE-P type of fluid with L2 = 100 flowing through a 

random array of monodisperse spheres. 
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Figure 4.4. Apparent relative viscosity versus altered Dek, using k  as the 

characteristic length scale, for different solid fractions. Neglecting the slight flow-

induced thinning around Dek = 0.1, most data can be fitted through the correlation

1.15
1 0.32De

app k
   . 

 

4.3.2 Velocity and stress profiles 

Next we investigate the velocity and stress profiles of viscoelastic fluid flow through the 

three dimensional porous medium, and analyze the interplay between the flow 

structures and fluid rheology. Although we have investigated different porosities, here 

we show the profiles for a solid fraction of   = 0.5 for a range of De numbers. 

Figure 4.5 shows snapshots of velocity contours (across a representative section of flow 

domain), colored by the normalized x-velocity, for different De numbers after the same 

time of simulation. The flow structure becomes non uniform with increasing De 

number. Especially at De of order 1 we see the onset of preferential flow paths (paths 

with higher velocity) in the flow domain. Figure 4.6 illustrates the same effect with 
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normalized velocity vectors, clearly showing the meandering flow paths through the 

pore space. Such preferential flow paths emerge due to differences in flow resistance 

through different parts of the porous medium, leading to asymmetric flow structures, 

as will be discussed in detail later. 

The non-dimensional viscoelastic normal stress component along the flow 

direction  xx c
U R  , is shown in figure 4.7 for different De numbers. Such 

viscoelastic stresses are absent in a Newtonian fluid. We observe that the viscoelastic 

normal stress increases with increasing De number, and that the largest normal 

stresses are present near the walls of the sphere at locations which are shear 

dominated. This will also be analyzed in detail in the subsequent section. 

 

 

Figure 4.5. Spatial distribution of normalized flow velocity along the flow direction (x) 

for a fluid flowing at (a) De 0.001 and (b) De 1.0 for solid fraction  = 0.5. 
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Figure 4.6. Velocity vectors (colored by normalized x-velocity) showing the spatial flow 

profiles for a fluid flowing at De 1.0, for solid fraction  = 0.5. 

 

Figure 4.7. Stress contours (colored by non-dimensional stress) showing the normal 

stress along the flow direction  /
xx c

U R   for a non-Newtonian fluid flowing at 

different De numbers ((a) De 0.001 (b) De 0.1 (c) De 1.0) for  = 0.5. 

 

Though the flow is in a non-inertial regime, at higher viscoelasticity the uniformity in 

the streamlines is found to be less, showing flow asymmetry, compared to its 

Newtonian counterpart. 

To understand the effect of viscoelasticity on flow anisotropy we have analyzed 

the velocity probability distribution function (PDF) across the entire three dimensional 



 4.2. Problem description 
 

109 
 

flow domain (each porosity) for all the De numbers based on k  . Figure 4.8 shows the 

distribution of normalized velocities along the flow direction x. For low Reynolds 

numbers such as studied here one might expect the PDFs to collapse on each other. This 

is not the case. At low De number the PDFs of the x velocity component superimpose 

and are mostly positive. However, at increased De numbers the PDFs also increase for 

negative velocities. This shows that there is emergence of recirculation zones in the 

system. Though the driving force for the flow is along the positive x direction, the 

negative components in the PDFs give a measure for recirculation appearing in the 

system. Another interesting fact is that the width of the PDFs increases with increasing 

solids volume fraction, and show an appearance of a slower decaying tail for higher 

velocities. 

Figure 4.9 shows the distribution of normalized velocities along the transverse 

flow direction y. In a non-inertial flow regime with random placement of the spheres 

we expect a symmetric distribution of y-velocities. Figure 4.9 shows that for low De 

number the PDFs of the transverse velocity components are completely symmetric. 

However with increasing De number the PDFs become slightly asymmetric, and the 

broadness of the PDFs also increases. The decay is more exponential in nature. The 

reader should keep in mind that, the vertical scale (y-axis) of the PDF distribution are 

plotted in a log scale. As a very small probability in the tails of the velocity distribution 

is present, thus for a finite duration of simulation, finite number of samples are used to 

calculate the PDFs. So the PDFs are not smooth.   

These observations quantitatively validate our findings of the existence of 

preferential flow paths, observed from the streamlines. A possible mechanism might be 

that,  at increased viscoelasticity, strong elastic effects come into play, leading to 

asymmetric curved streamlines and possibly causing elastic instabilities, as also shown 

in the work of Pakdel et al. [30]. To understand these effects further we have performed 

a detailed analysis of the flow topology and mechanical energy dissipation, and will be 

presented in the next section.      
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Figure 4.8. PDFs of the dimensionless velocity along flow direction (x) for different 

solid fractions: (a)  = 0.3, (b)  = 0.4, (c)  = 0.5, (d)  = 0.6, for all De numbers. 

 

 

 



 4.2. Problem description 
 

111 
 

 

Figure 4.9. PDFs of the dimensionless velocity along the transverse direction (y) for 

different solid fractions: (a)  = 0.3, (b)  = 0.4, (c)  = 0.5, (d)  = 0.6, for all De number. 
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4.3.3 Flow topology 

This section focuses on the flow topology. As explained in section 2.2, the main idea is 

to investigate how the shear, extensional and rotational parts of the flow are distributed 

and develop in the three dimensional interstitial space. As explained Q = -1, Q = 0, and 

Q = +1 correspond to pure rotational, shear and elongational flows, respectively. 

Figure 4.10 shows the flow topology parameter distribution for a random porous 

medium with solid fraction 0.5. We observe that the flow becomes more shear 

dominated at higher De, while, perhaps surprisingly, the presence of extensional flow 

regions seems to decrease. 

  

Figure 4.10. Distribution of flow topology parameter Q at (a) De 0.001 and (b) De 1.0, 

in a slice of random porous medium at solid fraction  = 0.5. Blue corresponds to 

rotational flow, green to shear flow, and red to extensional flow. 

 

To better quantify the effect of viscoelasticity on flow topology, in Figure 4.11 we have 

plotted the histograms of flow topology parameter for different De numbers, for each 

porosity. The common feature observed from all histograms is that all flow structures 

are more shear dominated than extensional flow dominated. Although the extensional 

component (Q=1) increases slightly up to De=𝒪(1), at larger De it sharply decreases 

again and shear effects (Q=0) become more dominant. Note that the PDFs of normalized 

velocity (Fig. 10) and flow streamlines (Fig. 4.6) show a transition to flow asymmetry 

around the same De=𝒪(1). So the flow topology analysis shows that the increase in flow 
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resistance at larger De, observed in a random porous medium of monodisperse spheres, 

may be caused by strong normal viscoelastic shear flow stresses, rather than their 

extensional counterparts.    

 

Figure 4.11. Flow topology parameter histograms for solid fractions (a)  = 0.3, 

 (b)  = 0.4, (c)  = 0.5, and (d)  = 0.6, for different De numbers. 

 

Figure 4.12 compares the flow topology histograms at the same Dek = 1.0 for four 

different solids volume fractions. This shows that at this relatively high De number, the 

overall shear contribution (Q = 0) also increases with increasing solids volume fraction 

(decreasing porosity), and subsequently the extensional contribution decreases.  



4.2. Problem description 
 

114 
 

 

 

Figure 4.12.  Flow topology parameter histogram for different solid fractions at  

Dek = 1.0. 

 

4.3.4 Energy dissipation 

Finally, we analyze the spatial distribution of the mechanical energy dissipated by the 

total stress (viscoelastic + Newtonian solvent) per unit of time and per unit of volume, 

as defined in section 2.2. This energy dissipation (work done per unit of volume) can be 

both positive and negative, but we note that energy is always dissipated from the 

Newtonian solvent contribution. As an example, Figure 4.13 shows the non 

dimensionalised spatial distribution of 
tE for a solid fraction of 0.5 and De number of 

1.0 in a representative plane of the random porous media. We have clipped the energy 

dissipation color scale to clearly show regions in the domain where energy is released 

(negative energy dissipation) by the polymer solution. For De=𝒪(1) and higher, energy 

is dissipated by the solvent, but also stored as elastic energy by the polymers, close to 

the particle surfaces, and released after a pore throat has ended, further away from the 

particle surfaces. This is consistent with the physical picture in which polymers in fast 

contraction flow are extended and therefore store energy in their entropic springs; this 
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energy is subsequently released when the polymers can recoil to their upstretched state 

when the contraction flow has stopped. 

 

 

 

Figure 4.13. Volumetric non dimensional total energy dissipation 
tE at De 1.0 for  = 

0.5. The color range is clipped to clearly show regions of energy release at high De. 

 

In the previous section, we showed that the fraction of shear dominated 

regions increases significantly beyond De=𝒪(1). We now ask whether these shear 

dominated regions are also responsible for the observed increase in flow resistance. To 

answer this, in Figure 4.14 we show what fraction of energy is dissipated in the flow 

domain with a particular value of flow topology Q (per unit Q). 

Only for the lowest solid fraction 0.3 (highest porosity of 0.7), we find 

significant energy dissipation in mixed shear and extensional flow (0 < Q <1). For more 

closely packed domains this zone significantly reduces: the width of the histograms 

reduce and their peaks grow around Q=0 with increasing solid fraction, while the 

contribution of extensional flow to the energy dissipation generally decreases with 

increasing De. This conclusively shows that at increased solid fraction and with 

increasing De, shear regions are predominantly responsible for the increase in flow 

resistance in the random porous media studied here. 
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Figure 4.14. Distribution of non-dimensional dissipated energy versus flow topology 

parameter Q for different De numbers, for solid fractions (a)  = 0.3, (b)  = 0.4,  

(c)  = 0.5, and (d)  = 0.6. 
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4.4. Conclusion 
 

We have employed a finite volume - immersed boundary methodology to study the flow 

of viscoelastic fluids through an array of randomly arranged equal-sized spheres 

representing a three dimensional disordered porous medium, for a range of solid 

fractions (or porosities). Irrespective of the solid fraction, we found a strong increase 

in flow resistance after a critical De number is reached. The increase in apparent 

relative viscosities measured for different solids volume fractions overlap among each 

other if the Deborah number is chosen with a length scale based on the permeability of 

the pore space (more precisely, /
k

De U k , with k the permeability of the medium 

for a Newtonian fluid. The PDFs of flow velocity suggest that with increasing 

viscoelasticity the flow profiles become more asymmetric, and increasingly preferential 

flow paths are found. A detailed study of the flow topology shows that for the porous 

media investigated in our study, shear flow becomes more important than extensional 

or rotational flow at higher De number. We have analyzed the distribution of 

viscoelastic energy dissipation across the flow domain and correlated the energy 

dissipation and flow topology. These findings helped us conclude that the observed 

increase in flow resistance should be attributed to an increase in energy dissipation in 

shear flow dominated regions. More generally, simulations such as shown here help us 

to understand the complex interplay between the fluid rheology and pore structure in 

porous media. In our future work we will study flow through three dimensional realistic 

porous media which have a larger distribution in pore and throat sizes than studied 

here. 
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Abstract 

We investigate creeping viscoelastic fluid flow through two dimensional porous media 

consisting of random arrangements of monodisperse and bidisperse cylinders, using 

our finite volume-immersed boundary method introduced in J. Non-Newton. Fluid 

Mech. 232 (2016) 67–76 [1]. The viscoelastic fluid is modeled with a FENE-P model. 

The simulations show an increased flow resistance with increase in viscoelasticity, even 

though the bulk response of the fluid to shear flow is shear thinning. We show that if 

the square root of the permeability is chosen as the characteristic length scale in the 

determination of the dimensionless Deborah number (De), then all flow resistance 

curves collapse to a single master curve, irrespective of the pore geometry. Our study 

reveals how the viscoelastic stresses and flow topologies (rotation, shear and 

extension) are distributed through the porous media, and how they evolve with 

increasing De. We correlate the local viscoelastic first normal stress differences with 

the local flow topology and show that the maximum normal stress differences are 

located in shear flow dominated regions and not in extensional flow dominated regions 

at higher viscoelasticity. The study shows that normal stress differences plays a crucial 

role to increase the flow resistance for viscoelastic flow through such porous media.     

Viscoelastic flow past mono- and 

bidisperse random arrays of cylinders:  

flow resistance, topology and N1 stress 
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 5.1 Introduction 

Understanding the flow behavior of viscoelastic fluids through complex porous medium 

is of primary importance due to its versatile applications, like enhanced oil recovery, 

catalytic polymerization, composite manufacturing, and in biological, geophysical, 

environmental and other processes [2,3]. Darcy’s law [2,4] can be used to effectively 

characterize the creeping flow response of a Newtonian fluid to an imposed pressure 

drop or, conversely, the pressure drop associated with a certain imposed flow rate. 

However, when the fluid is non-Newtonian in nature, especially when it is viscoelastic, 

the flow behavior can no longer by predicted by Darcy’s law and is often difficult to 

understand [5]. The difficulty is caused by the complex interactions and multiscale 

nature of the porous medium and fluid rheology [6,7]. There are ample experimental 

observations of an excess pressure drop, appearing beyond a critical flow rate of the 

viscoelastic fluid  [5,8–11]. This increased flow resistance has a strong correlation with 

the appearance of elastic instabilities in the viscoelastic fluid flow in the porous medium 

[12,13]. This may even apply on the scale of single pores: Chmielewski et al. [9] 

experimentally and numerically showed an increased pressure drop and departure 

from Darcy’s law for flow of an elastic fluid through a single converging diverging 

geometry. Elastic instabilities and appearance of velocity and pressure fluctuations 

were reported in the experimental work of Arora et al. [12]. The concept of elastic 

turbulence and its relation to curvature of streamlines has been recently reported [14–

16]. The presence of elastic instabilities in model porous media with spatial and 

temporal velocity fluctuations was investigated recently [17–19]. Most researchers 

have tried to link the excess pressure drop to enhanced extensional flows and 

hysteresis in conformational stress [20,21]. However, our recent work on viscoelastic 

fluid flow through symmetric and asymmetric periodic sets of cylinders shows that 

most viscoelastic energy dissipation occurs in the shear-dominated regions of the flow 

domain, not in extensional-flow-dominated regions [22]. Experimental findings of 

James et al. [23] also show the importance of viscoelastic normal shear stresses in 

porous media flow. Thus, the actual mechanism of the increased flow resistance is 

highly debated in the present literature.         
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Numerical studies can help in elucidating the dominant mechanism behind the 

enhanced pressure drop. Most numerical studies are limited to flow of power law fluids, 

which are inelastic non-Newtonian fluids [24,25]. The flow behavior of viscoelastic 

fluids through porous media is largely different from such power law fluids. Moreover, 

viscoelastic flow simulations have been mostly performed for regular linear arrays of 

cylinders or spheres [26,27]. Most of these numerical simulations were unable to fully 

capture the increased flow resistance, as compared to experimental findings on random 

porous media [27–30]. Liu et al [27] employed a FENE based model to simulate 

viscoelastic fluid flow through an array of cylinders. However no such increase in flow 

thickening was observed. This might be due to the selection of a simpler model pore 

geometry or limitations of the computational framework used in the previous studies. 

Thus the current literature shows that the complex interaction between the viscoelastic 

fluid rheology and pore structure is still not well understood. Moreover numerical 

simulations of flow of viscoelastic fluids through more complex porous media is clearly 

missing. 

In this chapter, we report on numerical simulations of viscoelastic fluid flow 

through a two dimensional disordered porous medium consisting of packed 

arrangements of monodisperse and bidisperse sets of cylinders, using a FVM-IB 

methodology [1]. We will compare in detail the flow structures and viscoelastic stresses 

in these two different sets of porous media, for different porosities and with increasing 

viscoelasticity. We will show how the flow resistance changes with increasing Deborah 

number for all flow geometries. An analysis of flow topology enables us to understand 

how the shear, extension and rotational dominated flow regions are distributed in the 

porous media and evolve with increasing flow rate. Next a detailed analysis of the 

viscoelastic normal stress and its correlation to flow topology will give insight to a 

probable mechanism of the increased pressure drop and its relation to normal stress 

differences. 
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5.2 Problem description 

We investigate the flow of a viscoelastic fluid through a static array of randomly 

arranged cylindrical particles in a 2D periodic domain as shown in figure 5.1. The 

domain size is set by the solids volume fraction  (or porosity1- ), the diameter of each 

particle 
p

d  and number of particles
p

N . To generate the random packing for    0.45, 

a standard hard sphere Monte-Carlo (MC) method [31] is employed. The packing 

generation procedure has already been discussed in detail in chapter 4. 

In all simulations the flow is driven by a constant body force exerted on the 

fluid in the x-direction, while maintaining periodic boundary conditions in x and y 

directions. Two different pore geometries are investigated by random arrangement of 

monodisperse (MD) and bidisperse (BD) sets of cylinders. The diameter ratio of the two 

cylinders in the bidisperse case is equal to 1.4 [32]. The solid fractions  investigated 

for both bidisperse and monodisperse simulations are 0.3 and 0.6, corresponding to 

porosities of 0.7 and 0.4, respectively. 

 

Figure 5.1. Particle configuration at solid fraction  = 0.6 of a random array of 

monodisperse and bidisperse cylinders (blue represents the interstitial fluid space, the 

arrow shows the flow direction). 

The viscoelastic fluid is modelled using the FENE-P model, using a constant extensional 

parameter (L2) of 1000. The viscosity ratio   is kept at 0.33. The objective is to study 

the interaction between the viscoelastic fluid and solid for different flow configurations 
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and to understand the effect of polydispersity, thus we keep the values of L2 and 

constant. For reference, we also simulate a Newtonian fluid with the same zero-shear 

viscosity as the polymer solution. In all simulations we keep the Reynolds number low, 

below a value of 0.01, ensuring creeping flow conditions. We perform simulations for 

Deborah numbers ranging from 0 to 2, where the Deborah numbed is defined as

De /
c

U R , based on the polymer relaxation time𝜆, mean flow velocityU , and 

cylinder radius cR . In the bidisperse system cR is an equivalent radius based on a 

number average of the areas of the disks, defined as
2

1

1 N

c i

i

R R
N 

  , where N is the 

total number of cylinders.  However, as discussed in the earlier chapter, another 

Deborah number De
k , based on the length scale equal to the square root of 

permeability  k  is probably more important to understand these complex flows. 

Thus we will also use De
k to analyze different simulation outcomes for different porous 

configurations.  

We have performed simulations for three different mesh sizes: 30cR  , 

40
c

R   and 80
c

R  . The results for 40
c

R   and 80
c

R   were virtually 

indistinguishable (<2% in the averaged velocity and stress values) even for De > 1. 

Therefore all results in this chapter are based on the mesh size 40
c

R  . We need to 

keep the CFL number lower than 0.01 in all our simulations, leading to considerable 

computational costs. At De < 1a larger time step can be utilized but at De 1 , a small 

time step is required for smooth convergence. 

To understand the interaction between rheology and porous medium, we will 

again use the concept of flow topology parameter (Q) as discussed in chapter 4. We will 

obtain additional insight in the role of viscoelastic normal stress in such flow 
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configurations, by computing the normal stress difference in the local flow frame of 

reference and correlating it with the flow topology parameter. 

5.3 Results 

 
5.3.1 Apparent relative viscosity 

The pore configurations, generated by randomly packing mono and bi disperse sets of 

cylinders, are significantly different for two different solid fractions. Figure 5.2 shows 

viscoelastic flow profiles through a random array of bidisperse cylinders at De = 1.0 for 

solid fractions (a)  = 0.6 and (b)  = 0.3. As observed from the normalized velocity 

vectors, the flow pattern is complex in these porous media. For solids volume fraction 

0.3, the pore structure is relatively open. Thus there exist regions with less local packing 

of particles. The fluid prefers to flow through paths connecting these regions of less 

resistance. However for solids volume fraction 0.6, the pore structure triggers more 

tortuous flow paths. Such flow paths enforce the polymers to undergo repetitive 

contraction and expansion. 

 

Figure 5.2. Viscoelastic flow profiles through a random array of bidisperse cylinders at 

De = 1.0 for solid fractions (a)  = 0.6 and (b)  = 0.3. The velocity vectors are colored 

by the (normalized) velocity magnitudes. 

To quantify the viscoelastic effects for flow through porous media, we express the 

results in terms of the viscosity that appears in a generalized Darcy law. The volume-
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averaged fluid velocity u  in porous media is controlled by the pressure drop across 

the sample under consideration. According to Darcy’s law, for a Newtonian fluid the 

average pressure gradient  dp dx  and the average fluid velocity across the porous 

medium are related by: 

udp

dx k


 
 
 
 

                                                                                                                                              (5.1)                                                                                

Here k is the permeability (units: m2), related to the porosity, pore size distribution and 

tortuosity of the porous medium, and   is the fluid viscosity. Eq. (5.1) shows a method 

to measure the permeability k by flowing a Newtonian fluid of known viscosity through 

the porous medium. For a viscoelastic fluid, the viscosity is not a constant and generally 

depends on the flow conditions. However, by assuming that the permeability k is a 

constant specific for the porous medium, we can still define an apparent viscosity by 

using a generalized Darcy law. Dividing the apparent viscosity by its low flow rate limit 

 0De  gives us insight in the effective flow-induced thinning or thickening of the 

fluid in the porous medium.  

In detail, the apparent relative viscosity 
app of a viscoelastic fluid flowing with 

a volumetric flow rate q and pressure drop P  through a porous medium is given by: 

VE

app

N

P

u

P

u








 
 
 

 
 
 

                                                                                                                                                  (5.2) 

The subscript VE indicates the use of the viscoelastic fluid at a specific flow rate or 

pressure drop, while the subscript N indicates its Newtonian counterpart in the low 

flow rate or low pressure drop limit.  

Figure 5.3 shows the change of apparent relative viscosity with an increase in Deborah 

number (based on cylinder radius) for flow through configurations with different solids 
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volume fractions. For both bidisperse and monodisperse packings, the apparent 

relative viscosity initially shows a weak shear thinning behavior followed by a flow 

induced thickening or increased flow resistance after a critical De number. Note that 

the flow configuration with higher solid volume fraction shows a stronger flow induced 

resistance (at the same De) and also the onset of increased drag occurs at a lower De 

number. As the flow configuration with solid fraction of 0.6 has a much stronger fluid 

solid interaction, the extent of flow resistance is also higher. Even though the bulk fluid 

is essentially shear thinning in nature, such an increase in flow resistance is consistent 

with literature findings, especially on experiments in packed beds [5]. 

 

Figure 5.3. Apparent relative viscosity versus De number for different solid fraction. 

Here De is based on the (averaged) radius Rc of the cylinders. 

Up to this point we used the radius of the cylinders as the relevant length scale. 

However, figure 5.3 suggests that this may not be the appropriate length scale to 

represent such flow configurations. We next try the square root of the permeability k

obtained from Newtonian flow simulations, as the characteristic length scale. This 
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altered Deborah number is defined as De /
k

U k  . Figure 5.4 shows the apparent 

relative viscosity versus the redefined Dek for different solids volume fractions. We find 

that with this redefined De number, all apparent viscosity measurements superimpose 

to a universal master curve. This is remarkable considering the fact that all geometries 

have different pore structures, and moreover one system is monodisperse while 

another is bidisperse. In chapter 4 we have shown that a similar universal flow induced 

thickening was also obtained for monodisperse random arrangements of spheres. Now, 

a similar master curve for both mono and bidisperse sets of cylinders, with a 10 times 

higher polymer extensibility (L2 value) compared to our earlier simulations, hints that 

such a master curve might be also obtained for polydisperse or more heterogeneous 

pore structures. 

 

Figure 5.4. Apparent relative viscosity versus altered Dek, using k  as the 

characteristic length scale, for different solid fractions. 
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5.3.2 Velocity and stress profiles 

Next we investigate the profiles (spatial distributions) of velocity and viscoelastic 

stresses during the flow through the porous media. Although we have investigated two 

different porosities using both monodisperse and bidisperse sets of cylinders, here we 

illustrate the profiles for the case of bidisperse cylinders at a solid fraction of   = 0.3. 

Later we will analyze in detail the interplay between the flow topology and fluid 

rheology for all cases. 

Figure 5.5 shows snapshots of velocity contours colored by the normalized x-

velocity, for different De numbers. With increasing De number, we observe that the flow 

structure follows more narrowed flow paths with higher velocities together 

accompanied by more regions with almost stagnant fluid, as shown in figure 5.5 (c). 

Such preferential flow paths emerge due to differences in local flow resistance through 

various parts of the porous medium, leading to asymmetric flow profiles. 

 

Figure 5.5. Spatial distribution of normalized flow velocity along the flow direction (x) 

for a fluid flowing at (a) De 0.001 (b) De 0.5 (c) De 1.0 for solid fraction of 0.3. (Here 

cylinder radius is used as length scale to define the De numbers). 

The non-dimensional viscoelastic normal stress component along the flow direction

 //
cxx U R , is shown in figure 5.6 for different De numbers. Such viscoelastic 

stresses are absent in a Newtonian fluid. Also in our viscoelastic fluids, at a very low De 

number of 0.01 the dimensionless viscoelastic stresses are very small. With increasing 

De number the dimensionless viscoelastic stress increases rapidly, where it should be 
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noted that the non-dimensionalization already takes care of the linear increase in flow 

velocity with increasing De. At a De number of 1.0, we clearly observe the presence of 

normalized viscoelastic stress profiles along the entire flow domain. 

 

Figure 5.6. Stress contours (colored by non-dimensional stress) showing the normal 

stress along the flow direction  //
cxx U R for a fluid flowing at different De 

numbers ((a) De 0.001, (b) De 1.0) for solid fraction 0.3. 

 

5.3.3 Flow topology 

We next investigate the flow topology. As explained in chapter 4, the main idea is to 

show how the shear, extensional and rotational parts of the flow are distributed 

throughout the interstitial pore structure. A flow topology parameter of Q = -1, Q = 0, 

and Q = +1 corresponds to pure rotational, shear and elongational flows, respectively. 

Figure 5.7 shows the flow topology parameter distribution for a bidisperse random 

porous medium with solid fraction 0.3. We observe that the flow becomes more shear 

dominated at higher De. Surprisingly, the presence of extensional flow regions seems 

to decrease with increasing De. 
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Figure 5. 7. Flow topology parameter Q distribution at (a) De 0.001 and (b) De 1.0, at 

solid fraction of 0.3. Blue corresponds to rotational flow, green to shear flow, and red to 

extensional flow. 

To understand the effect of viscoelasticity on flow topology in a more quantitative 

manner, in Figure 5.8 we have plotted the histograms of flow topology parameter for 

different De numbers, for each porosity. The common trend observed from all 

histograms is that all flow structures are more shear dominated than extensional flow 

dominated. Although the histograms show that there exist contributions with 

extensional components (Q=1), the total area under the curve is clearly much less than 

the shear dominated regions near Q=1. The figure also shows that the extensional 

dominated zones decrease with increasing De numbers (especially clear for the higer 

solid fraction in Figure 5.8 (c) and (d)).  
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Figure 5.8. Flow topology parameter histograms for solid fractions (a) BD  =0.3, (b) 

MD  = 0.3, (c) BD  = 0.6, and (d) MD  = 0.6, for different De numbers. 
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5.3.4 Viscoelastic Normal stress 

The last observations suggest that shear stresses may be more important in these 

porous media than extensional stresses. In particular, we suspect that strong normal 

stress differences in shear dominated regions are responsible for the observed increase 

in flow resistance at larger De. To investigate this more deeply, we next compute the 

local first normal stress difference (N1), normalized by  /
c

U R  and correlate it with 

the local flow topology parameter for all locations inside the flow domain. Here the first 

normal stress difference is measured in a local frame of reference, defined by the local 

flow direction �⃗� /𝑢 and its tangent in the local shear gradient direction. 

Figure 5.9 shows two-dimensional histograms of the occurrence of local first 

normal stress difference N1 and local flow topology parameter Q for a fixed De number. 

The scale indicated by the color bar is the logarithm of the count. We only show the 

histograms for the bidisperse flow configurations, but note that the histograms for the 

monodisperse systems are similar. In case of   = 0.3, at low De number the first normal 

stresses are distributed quite evenly across both shear (Q = 0) and extensional (Q = 1) 

dominated flow regimes (figure 5.9 (a)). The concentration is actually larger around Q 

= 1. However at an increased De of 1.0, we clearly see a concentration of high normal 

stress difference values around the shear dominated regime around Q=0. In case of a 

higher solid fraction of 0.6, at lower De number we can see that the concentration of 

high normal stress differences is already larger in the shear dominated regime. At 

higher De number, the maximum normal stress differences are again clearly 

concentrated around Q = 0. A similar analysis has been performed using the difference 

between the maximum and minimum eigenvalue of the stress tensor (2D plane). 

Although the results are as expected quantitatively different, qualitatively the results 

are in agreement with figure 5.9 (not shown). These observations strongly suggest that 

the apparent flow thickening is not primarily due to extensional effects, but rather 

caused by viscoelastic shear stresses. 

 

 



 5.3 Results 
 

137 
 

 

Figure 5.9. Histograms of first normal stress difference with Q (a) BD  = 0.3, De = 0.01 

(b) BD  = 0.3, De = 1.0 (c) BD  = 0.6, De = 0.01 (d) MD  = 0.6, De = 1.0. Note the 

different scales for N1 for each subplot. 
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5.4 Conclusion 

We have performed direct numerical simulations using a coupled finite volume 

immersed boundary methodology to model viscoelastic fluid flow in a 2-dimensional 

porous medium. The model porous medium is constructed by randomly placing 

monodisperse and bidisperse sets of cylinders in a periodic domain. Although a shear 

thinning FENE-P model is employed to model the viscoelastic fluid, we observe an 

increased flow thickening after a critical De number, irrespective of the pore 

configuration. The increased flow resistance superimposes to a universal master curve 

when the characteristic length scale in the definition of Deborah number is selected as 

the permeability k and not the cylinder radius. We have shown a similar master 

curve in our previous chapter, for viscoelastic flow through an array of randomly 

arranged equal-sized spheres representing a three dimensional disordered porous 

medium. Because the current simulations deal with both mono and bidisperse sets of 

cylinders, this strengthens our belief that such master curves can also exist for 

polydisperse and complex real rock structures if the length scale is chosen correctly. A 

detailed analysis of flow topology in the disordered porous media reveals that the flow 

is more shear dominated than extensional or rotational, especially at higher De number. 

The analysis of viscoelastic normal stress difference further shows that the largest 

normal stresses are present in the shear dominated flow regions, rather than 

extensional regions. This strongly suggests that viscoelastic normal shear stresses are 

related to the observed increased flow resistance and not primarily extensional effects. 

This sheds new light on the highly debated mechanism governing the increased flow 

resistance. In our future work, we will study the flow of viscoelastic fluids through 

realistic rock structures with more complex pore configurations.    
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Abstract 
It is known that viscoelastic fluids exhibit elastic instabilities in simple shear flow and 

flow with curved streamlines. During flow through a straight microchannel with pillars, 

we found strikingly strong hydrodynamic instabilities characterized by very large 

transversal excursions, even leading to complete change of lanes, and presence of fast 

and slow moving lanes. Particle image velocimetry (PIV) measurements through a 

pillared microchannel, provide experimental evidence of these instabilities at very low 

Reynolds number (< 0.01). The instability is characterized by a rapid increase in spatial 

and temporal fluctuations of velocity components and pressure at a critical Deborah 

number. We characterize under which conditions these strong instabilities arise.  
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 6.1 Introduction 

Non-Newtonian fluid sometimes exhibit time dependent fluctuations in the flow fields 

which are reminiscent of turbulence, yet they occur at very small Reynolds numbers 

(Re) (defined later), a phenomenon called elastic turbulence. This may be attributed to 

the inherent anisotropy of the polymeric fluids[1–7]. A large amount of experimental 

and numerical work has been devoted to the study of these instabilities. For example, 

an elastic instability was observed in a cross-channel flow after a critical Deborah (De) 

number (defined later) in the work of Poole et al.[1] and Arratia et al.[2]. The effect of 

obstacles on nonlinear flow instability was studied recently by Pan et al.[3].  In a long 

straight microchannel with obstructions close to the inlet, they experimentally showed 

that non-Newtonian fluids can exhibit nonlinear unstable flow at high De number. The 

onset of elastic turbulence in a straight channel was reported by several researchers[4–

6]. Two dimensional elastic turbulence was numerically investigated for a simple 

polymeric flow in the work of Berti et al.[7]. They used direct numerical simulations 

using the Oldroyd-B viscoelastic model at very small Reynolds number to investigate 

the elastic instabilities and turbulent mixing patterns. A nonlinear stability analysis was 

performed for a planar Couette flow of a viscoelastic fluid in the work of Morozov and 

Van Saarloos[8]. The onset of elastic instabilities for complex flow structures and 

curved streamlines was reported [9]. The concept of elastic turbulence in relation with 

elastic instabilities for polymeric flow was observed by the seminal work of Groisman 

et al.[10]. In case of a Taylor – Couette flow for viscoelastic fluids an extra hoop stress 

is produced due to the radial velocity variations, as shown by Groisman et al.[11]. 

Efficient mixing and chaotic flow motion in microchannel for polymeric fluids in an 

undulated channel was also examined by Burghelea et al.[12]. They showed that at low 

Reynolds number, the chaotic flow caused by instabilities in flowing polymeric 

solutions can be used for efficient mixing, which is almost diffusion independent. Pakdel 

and McKinley[13] investigated viscoelastic flow in a lid driven cavity flow and reported 

flow instabilities. The onset of elastic instability in serpentine channels was studied 

numerically and experimentally by Zilz et al.[14]. They showed that streamline 

curvatures are primarily responsible for three dimensional elastic instabilities. 
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Mckinley et al.[15] experimentally analyzed flow transition in abrupt contractions for a 

viscoelastic fluid. Flow instabilities in viscoelastic flows were reviewed and an attempt 

was made to explain these nonlinear effects[16,17]. The increase in the pressure drop 

at high De numbers associated with velocity fluctuations was reported for non-

Newtonian fluids in contraction expansion flows[18].  

Although viscoelastic fluids in simple channel flows exhibit flow instabilities, 

the number of pore scale studies on viscoelastic flow through complex porous media is 

still limited. The onset of flow instability in a porous channel after a critical De number 

was studied for Boger fluids[19,20]. Recently Scholz et al.[21] reported enhanced 

dispersion of particles after a critical De number in a model porous medium using micro 

channels. The increase in apparent viscosity for viscoelastic fluids through a porous 

micro channel and the effect of elastic instability on residual oil recovery was studied 

[22–25]. They observed that velocity fluctuations at high De number can instigate 

enhanced recovery. Very recently Machado et al.[26] studied viscoelastic flow through 

a microchannel and compared the experimental results with a pore network based 

model. Numerical simulations have been performed by several researchers for flow of 

non-Newtonian fluids through relatively simple and two dimensional model porous 

media[27–32]. Mostly the simulations in complex geometries, are limited to inelastic 

shear thinning fluids [33,34] . So a detailed understanding of the interaction between 

the fluid rheology and multiscale nature of the porous medium is still missing. The 

critical De number for the onset of such instabilities also varies significantly, which is 

complicated (or possibly caused) by the fact that there is no unique choice for the 

relevant length scale in the definition of the De number. Further, it is matter of 

considerable debate, whether it is the extensional nature of the polymer or the (shear-

induced) normal stress difference which is responsible for such instabilities in porous 

media. Our recent numerical work on viscoelastic flow through model porous medium 

shows that viscoelastic normal stress might play a very important role to instigate such 

instabilities[35]. Progress in microfluidic research enables us to study these intriguing 

flow features at length scales which are of significant importance in oil recovery, 

polymer processing, packed bed flows, blood flow though tissues, medicine, geology 

and other applications[36]. 
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To obtain more insight into the rich and complex physics of viscoelastic fluid 

flow in porous media, in this chapter we will experimentally investigate the fascinating 

interplay of viscoelastic effects and pore structure in a pillared microchannel. Due to 

successive contraction and expansion caused by the pillars, the polymer molecules get 

elongated and relaxed repeatedly, leading to buildup and release of elastic stresses. We 

observe that after a critical Deborah number (De) the flow becomes asymmetric, but 

the instabilities remain localized. At higher De the viscoelastic effects becomes so 

strong that the flow starts to change from one pillar lane to another. To the best of our 

knowledge this lane changing phenomenon has not been reported before. The extreme 

sideways motion is associated with large nonlinear, non-periodic instabilities. We also 

observe an increase in apparent viscosity along with the elastic turbulence which leads 

us to believe that these effects must be attributed to a significant extension of polymer 

chains. Newtonian solutions of equal (zero-shear) viscosity do not show such flow 

features. Our observations show that two different De numbers, one based on pillar 

diameter and another based on spacing between the pillars, are crucial to characterize 

the instability. Moreover, we try to explain how local spatial and temporal instabilities 

eventually lead to nonlocal instabilities with lane changes and elastic turbulence.   

6.2 Experimental Methodology  

Micro-PIV experiments are performed in long (6.6 cm) straight microchannels, with a 

width and height of 1 mm and 50 μm, respectively. The model porous medium is 

designed by placing an array of cylindrical pillars in a stretched hexagonal pattern from 

the beginning to the end of the channel as shown in figure 6.1. The channel and 

cylinders are etched in silicon. The distance along the flow direction (x) of two 

successive pillars  
P

X  and along the width (y) of the channel  
P

Y  is shown in table 

6.1 for two different channels. The number of pillars along x and y direction (n, m) is 

1650 and 16 respectively for channel 1. In this chapter we will mostly focus our results 

on experiments performed in channel 1, and use the other channel results for 

comparison. All pillars are modified with a hydrophilic coating and microchannels are 

fabricated using photolithography technique. A detailed description of the 
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manufacturing of microchannel and properties is reported in the work of Loos et al.[37, 

38].      

 

Figure 6.1. Schematic drawing of the pillared microchannel. Flow is from left to right 

(x-direction). Planar walls are present at both sides in the width (y) and height (z) 

direction. 

Channel Pillar diameter (μm)

 
P

D  

X – pitch (μm) 

 
P

X  

Y- pitch (μm) 

 
P

Y  

1 6 34 28.6 

2 12 68 57.2 

 

Table 6.1: Dimensions of different micro channels used in this study. 

We investigated the flow of both a Newtonian and a viscoelastic fluid through the 

pillared microchannel. A hydrolyzed polyacrylamide solution (HPAM, 20 MDa) is used 

as the viscoelastic fluid. The solution is prepared by adding 2000 ppm of HPAM 3630S 

and 0.5 wt. % salt (NaCl) in deionized water (brine) solution. The zero-shear viscosity 
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 0
 of the HPAM solution is 0.275 Pa s  , as characterized by a standard strain 

controlled double gap rheometer at room temperature (220C). The HPAM solution has 

a shear thinning rheology as shown in figure 6.2. At lower shear rates a plateau region 

is observed (Newtonian like), followed by a shear thinning part. We have fitted the 

shear rheology data of the polymer with the Carreau-Yasuda model[39]. The Carreau-

Yasuda model describes the Newtonian plateau and shear thinning behavior of HPAM 

accurately, 

     
 1

0 1

n

a a     



 
    
 

                                                                             (6.1)                                                                      

where   represents the relaxation time, n is the power law index and a  is a parameter 

describing the range of the transition from the Newtonian plateau to the power law 

region.  

 

Figure 6.2. Shear rheology data of HPAM. 
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The parameters obtained from the fit are a = 0.88 +/- 0.06, n = 0.497 +/- 0.006 and  = 

1.00 +/- 0.05 s. The low value of n (relative to n=1 for a Newtonian fluid) shows the 

highly shear thinning nature of this polymer solution. 

The rheological characterization of similar HPAM solution has been done in detail in the 

recent work of Howe et al. [23]. For all our experiments we have kept the Reynolds 

number Re
P

UD  less than 0.01, so any inertial effects can be neglected. Here U

is the average flow velocity (averaged across the space between the pillars),  is the 

fluid density,  is the zero shear viscosity, and P
D  is the pillar diameter. The other 

important dimensionless number for our experiments is the Deborah number (De), 

which is the ratio of the relaxation time of the polymer and a characteristic time scale 

of the flow. This characteristic time scale is usually taken to be the time needed for the 

average flow to pass a certain length scale, characteristic for the experiment. Here we 

will introduce two different De numbers based on two relevant length scales. The De 

number with regard to the pillar diameter as the characteristic length is defined as

P P
De U D , and the De number with respect to pillar-to-pillar distance (X-pitch) is 

defined as L P
De U X . Both De numbers are relevant because the polymers 

experience curved and contraction-expansion flow when passing each single pillar, 

which has a large influence on the polymer conformation if Dep is sufficiently large, 

while the polymers have time to relax their conformations during their flow in between 

the pillars if DeL is sufficiently low. 

In our microchannel experiments, we investigate different De numbers by 

slowly changing the flowrate of the injected HPAM solution using a KR Analytical 

syringe pump. This pump can provide a very low steady flowrate, so the Reynolds 

number is kept low. A Sensor Technics micro pressure sensor (Puchheim, Germany) is 

connected to the channel so the pressure drop over the channel can be measured. The 

range is 0-2 bar, with a temporal resolution of 1 ms. At low flow rates it is possible to 

reach a steady pressure. At higher flow rates the pressure signal has much more 

fluctuations. When this happens, we wait until the statistical characteristics of the 
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pressure fluctuations become constant (i.e. when a statistical steady state is achieved) 

before performing other measurements. A statistical steady state is defined when the 

statistical characteristics (a windowed average and standard deviation) of the 

fluctuations became constant. 

The pillared microchannel is placed on a Zeiss Axio Observer D1, which is an 

inverted microscope. To visualize the flow, the fluid is seeded with 1 µm fluorescent 

tracer particles (Nile Red, Molecular probes, Invitrogen, Density: 1055 kg/m3, 

Excitation range 535 – 575 nm, 0.02 wt %). Images are captured using a Redlake Motion 

Pro X-4 camera mounted on the top of the microscope. The experimental setup is 

similar to the setup described in the work of Sousa et al.[40]. The depth of field of the 

microscope was calculated to be 10% of the height of the microchannel. We visualize 

the path lines in a focal plane in the central plane between the top and bottom walls to 

decrease any effect of out of plane velocity gradients, laterally in a square section 

(around 66% of the channel width) close to the middle section along the channel, to 

decrease any effects of the side walls and in- and outlet. Bright field images are captured 

at a frame rate of 30 fps, which is much faster than the time scale of fluid flow. However, 

for higher flow rates at De > 1, a higher frame rate of 60 fps is used. We use a high 

intensity directed light source to excite the tracer particles. A green filter (500 – 600 

nm) is used to filter any other light except the light from the particles.  

Images from the camera were processed using Davis and Matlab software 

packages. Vector plots were created from the image sets using PIV time series sum of 

correlation, after subtracting the average to remove any stagnant particles from the 

image. A mask was created from a picture of the channel using visible light. This mask 

was then applied to the image sets and velocity vectors were calculated. We have 

performed a series of experiments to verify the reproducibility of the experimental data 

points. 

 6.3 Results 

Figures 6.3 (a) and 6.3(b) show the time averaged and spatial averaged standard 

deviation of velocity along the flow direction (x) for different Deborah numbers, 
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expressed in terms of L
De . The first standard deviation characterizes spatial fluctuations 

of velocities, while the second one characterizes the temporal fluctuations. For each 

time frame we first determine a time-dependent spatial standard deviation 

   
2

2
( )

v
t v t v t    characterizing the spatial variation of velocities (the overbar 

signifies spatial averaging). Then we perform a temporal averaging  v
t   of the 

obtained standard deviations for each De number (angular brackets signify temporal 

averaging). Note that the velocity field is always spatially inhomogeneous, even for a 

Newtonian fluid. However, for a Newtonian fluid in the creeping limit the spatially 

dependent velocity field scales linearly with the overall (average) flow velocity. 

Therefore, to highlight non-Newtonian features, we divide the measured standard 

deviation by the average flow velocity. 

In the second case, for each point in the flow domain we first determine a 

spatially dependent standard deviation      
22

x, , ,
v

y v x y v x y    

characterizing the temporal fluctuations of velocities at that location. Then we perform 

a spatial averaging  ,v x y   of the obtained standard deviations for each De number. 

We divide this standard deviation also by the average flow velocity. Figure 6.3 (a) shows 

that the time-averaged spatial velocity standard deviation normalized by the average 

flow velocity is constant (within error bars) up to L
De  = 1.5. This indicates the amount 

of “base” fluctuations that are present in the system for (near-) Newtonian flows, as 

detected at the level of the interrogation areas used in our PIV method. However, for 

L
De =3.0 and higher we find that the fluctuations grow faster than would be expected 

for a Newtonian fluid. Figure 6.3 (b) shows that the spatially-averaged temporal 

velocity standard deviation normalized by the average flow velocity similarly changes 

from constant to growing at a similar De number. 

The above observations show that the velocity fluctuations in the pillared 

microchannel are both temporal and spatial in nature, and that they change in character 
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at a critical (pitch-based) DeL number between 1.5 and 3. This is also clearly observed 

in time sequences of our μ-PIV images, where the onset of a flow asymmetry is clearly 

visible as the flow lines start to deviate from a regular laminar profile beyond L
De =1.5. 

After L
De = 1.5, we observe strong flow asymmetries, ultimately accompanied with 

cross over of flow into neighboring channels (explained later). Note that no such 

instabilities occur in Newtonian fluids for both channels at comparable flow rates; the 

normalized velocity fluctuations remain at a constant low level, independent of flow 

rate. 

 

Figure 6.3. (a) Time-averaged spatial standard deviation of the velocity normalized by 

the average flow velocity vs. Deborah number L
De  (b) Spatially-averaged temporal 

standard deviation of the velocity normalized by the average flow velocity vs. Deborah 

number L
De . 

Next we investigate the evolution of the standard deviation of streamwise 

velocity components, as a function of position along the channel length. To this end, we 

divide the whole flow domain under consideration into 100 consecutive areas, and 

determine the time-averaged spatial velocity fluctuations for each area. Normalizing for 

each flow rate by the time averaged standard deviations at the entrance of the 

observation region, we can assess whether the velocity fluctuations remain constant or 

increase as the fluid flows through the channel.   
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Figure 6.4. Streamwise standard deviation of the velocity, normalized by standard 

deviation at the entrance of the observation region (x=0) as a function of position 

(normalized by the x-pitch) along the channel length. Different colors correspond to 

different Deborah numbers  
L

De . 

Figure 6.4 gives a measure about the typical number of pillars (along the x-direction), 

around which the flow undergoes a continuous contraction - expansion, to develop such 

instabilities after the critical De number is reached. The long time averaged pressure 

profiles obtained in our experiments also supports these velocity fluctuation 

observations.  

The power spectrum profiles corresponding to the streamwise and lateral 

velocity fluctuations are shown in figure 6.5. We observe that both power spectra are 

relatively flat at lower De numbers (Newtonian regime), but shift up after a certain 

critical De number. This shift is most clearly visible for the lateral velocity fluctuations 

at low frequencies. Although the data is too noisy to make definitive measurements of 

power law exponents, we find that the spectra at higher De numbers are consistent with 

power law behavior for high frequencies with an exponent of around -3.0, in agreement 

with observations in recent literature[3,41]. This power law dependence in such a 

broad ranges of spatial and temporal frequencies means that the fluid motion is excited 

at different spatial and temporal scales. A high power indicates the presence of strong 
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low frequency fluctuations. Interestingly the exponent is much larger than the 

Kolmogorov exponent of -5/3, found for velocity spectra of high Re inertial turbulence. 

This means the nature of the fluctuation is essentially different. We note that the 

apparent increase of the power occurring at the lowest frequency is probably 

erroneous. This lowest frequency equals 1/T where T is the total measurement time of 

the experiment. Since the sine wave corresponding to that frequency is only sampled 

once, the accuracy of the Fourier transform at this lowest frequency is very poor. 

Neglecting this first point, in figures 6.5 (a) and 6.5 (b) we observe a flat spectrum over 

almost the entire frequency range for low De numbers. 

 

Figure 6.5. (a) Power spectrum of streamwise velocity fluctuations. (b) Power 

spectrum of lateral velocity fluctuations. 

 

Figure 6.6. Time averaged velocity fluctuations vs. Deborah number L
De total 

fluctuating magnitude normalized by the average flow velocity for 34 and 68 μm 

channel. 
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Experiments have also been performed in micro channels with a larger X – pitch (68 

μm), compared to the previous channel of 34 μm, which thus have larger porosity. We 

again observe a non-monotonous response of the velocity fluctuations to flow velocity, 

however now the response is shifted to larger flow velocities. Figure 6.6 shows that if 

we represent the time averaged velocity fluctuations (total standard deviation 

normalized by the average flow velocity) versus the De number with respect to the 

pitch, L
De  then the onset of instability occurs at the approximately same critical De.  

 

Figure 6.7. Time averaged velocity profiles (normalized) at (a) 
L

De 0.5 (b) L
De 2.0 (c) 

L
De 3.0  (d) L

De 10.0 (arrows show flow direction in the domain, blue to red color code 

shows the lowest to highest normalized velocity magnitude). 
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In both micro channels we find that below the critical Deborah number between 1.5 

and 3.0, the fluid flow is still relatively stable, in the sense that the flow is keeping to its 

own lane through the pillar geometry. Fig. 6.7 shows time-averaged velocity fields 

(averaged over 100 images) for De numbers below and above this critical number. Fig. 

6.7a shows that the time averaged velocity vectors for L
De  0.5 are nearly uniform. Fig 

6.7b shows a non-uniform flow field from lane to lane at L
De 2.0. The appearance of a 

slow and fast co-moving flow field is clearly observed in fig 6.7c ( L
De 3.0). At L

De

around 10 (Fig. 6.7d) two phenomena are observed. Along with the slow and fast 

moving lanes, a sideways crossover of flow from one to another channel occurs. These 

crossover flows are transient and appear (and disappear) in a non-periodic way at 

apparently random locations. The fact that one of these transversal flows is visible even 

in the time averaged velocity fields (boxed in Fig. 6.7d), shows that these fluctuations 

can have a very low frequency of appearance and disappearance. The reader is referred 

to the supplementary video for an impression. To the best of our knowledge this lane 

changing behavior has not been reported before. 

These interesting observations can be explained as caused by elastic 

instabilities, if we take into account both the time scales of flow across a single cylinder 

 P
De  and across the pitch  L

De . According to Table 6.1, channel 1 has the highest 

confinement. At lower flow rates (<0.2 μl/min) the polymer intrinsic relaxation time is 

less than both these flow time scales. Hence the polymers can easily relax while flowing 

in between two successive pillars. At a critical flow rate of 0.2 μl/min the P
De becomes 

of the order of 10, but L
De  is still less than 2. Thus the polymers cannot fully relax 

while crossing the pillars, but nevertheless they can relax in between two consecutive 

pillars. The local viscoelastic stresses which develop near the pillars may cause short 

lived instabilities, causing flow asymmetry. However, when the flow rate is more than 

0.9 μl/min, both p
De  and L

De become larger than 2.5. In that case the viscoelastic 

stresses become long lived, nonlinear (both spatially and temporally), and elastic 
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turbulence sets in. This stress imbalance creates a certain flow resistance in the flow 

paths, forcing the polymers to change to a less resistance (sideways) path. Unlike 

Kawale et al.[42] we observe a very strong lateral migration with spatio-temporal 

fluctuations as discussed in the earlier section, with simultaneous presence of fast and 

slow moving lanes. 

As mentioned, the observed sideways crossover is non-periodic in nature and 

occurs far away from the walls. Also, the elastic instability is accompanied with an 

increase in apparent relative viscosity, defined as the ratio of pressure drop and flow 

rate for the viscoelastic fluid compared to that ratio for a Newtonian fluid of the same 

zero shear viscosity. Although from bulk rheology measurement we confirmed that our 

fluid is shear thinning at all measurable rates, we see an increase in apparent viscosity 

in both the channels when Deborah is around 10, as shown in figure 6.8. . A plateau of 

apparent relative viscosity is expected at low De number. The plateau and the onset of 

instability at a critical De between 1.5 and 3.0 is not captured by the pressure drop 

measurements as they occur at relatively lower flowrates and is in the lower limits of 

the pressure sensors to measure accurately. However at around De 10.0, when strong 

elastic instability associated with change of flow lanes sets in, the apparent viscosity 

starts to increase.  Due to the stronger confinement effects, we observe that the rate of 

shear thinning of the polymer is faster in the 34 μm channel compared to the 68 μm 

channel.  

 

Figure 6.8. Plot of normalized pressure drop across the pillared channel as a function 

of L
De  number for 34 μm and 68 μm channel. 
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In our pillared microchannel the polymer undergoes continuous contraction and 

expansion. At higher viscoelasticity as the polymer does not get sufficient time to relax. 

So the viscoelastic stresses builds up. These normal stresses and especially the 1st 

normal stress difference (N1) might play a very important role to drive the strong 

spatio-temporal fluctuations, leading to elastic instabilities[35,43]. 

6.4 Conclusion 

In summary, this experimental work shows evidence that placement of pillars in a 

straight microfluidic channel, even at relatively high porosity, has a strong effect on the 

development of elastic instabilities. We observe very interesting flow structures with 

increased viscoelasticity having both temporal and spatial fluctuations, with strong 

crossflow motion and presence of fast and slow co-moving lanes. Such strong crossflow 

motion can be used to enhance mixing, which without the pillars is very cumbersome 

for such generally highly viscous fluids. Other, snakelike microchannels have also been 

used to enhance mixing, but these channels have a higher surface to volume ratio, 

leading to an even higher pressure drop. We also showed that two different De 

numbers, one based on pillar diameter and another based on pitch, are required to 

characterize the flow instability. However, the De number based on the pitch overall 

seems to be the best to indicate large scale instabilities. A detailed flow analysis shows 

that these instabilities are significantly different from instabilities observed in simple 

shear flow, which appear at relatively larger De numbers [3] compared to our findings. 

This work provides an outlook to study flow and mixing through complex, random and 

real porous media.  
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Abstract 

We compare the flow behavior of viscoelastic surfactant (VES) solutions and Newtonian 

fluids through two different model porous media having similar permeability: (a) a 3D 

random packed bed and (b) a microchannel with a periodically spaced pillars. The 

former provides much larger flow resistance at the same apparent shear rate compared 

to the latter. The flow profile in the 3D packed bed cannot be observed since it is a closed 

system. However, visualization of the flow profile in the microchannel shows strong 

spatial and temporal flow instabilities in VES fluids appear above a critical shear rate. 

The onset of such elastic instabilities correlates to the flow rate where increased flow 

resistance is observed. The elastic instabilities are attributed to the formation of 

transient shear induced structures. The experiments provide a detailed insight into the 

complex interplay between the pore scale geometry and rheology of VES in the creeping 

flow regime.  

 

 

Flow of viscoelastic surfactants 

through porous media 
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7.1. Introduction 

The flow of viscoelastic wormlike micelle solutions through porous media is a field of 

extensive research due to its wide range of practical applications such as, enhanced oil 

recovery, drag reducing agent, paints, detergents, emulsifiers, agrochemical, inkjet 

printing and many others [1–3]. The flow of Newtonian fluids through porous media is 

well understood from the frame work of Darcy’s law[4]. However, due to the complex 

rheology of viscoelastic surfactants the flow of  viscoelastic surfactant solutions through 

porous geometries is not well understood[5,6].  

Surfactants are amphiphilic molecules consisting of a short hydrophobic tail 

(10-20 carbon atom) and a bulky hydrophilic head which are either neutrally, positive 

or negatively charged. Beyond a critical micelle concentration (CMC), the surfactant 

molecules spontaneously self-assemble into large aggregates known as micelles to 

decrease the contact of their hydrophobic tails from water[7]. The aggregates can have 

different structures like cylindrical, spherical, vesicles or lipid layers[7]. The structure 

of these micelles depends on several factors like, salinity, temperature, pH, 

concentration and flow parameters[8]. Addition of inorganic salts like sodium chloride 

(NaCl), sodium nitrate (NaNO3) or organic salts like sodium salicylate (NaSal) have been 

found to screen the electrostatic repulsion of the hydrophilic head groups, thus 

reducing the CMC and inducing a structural change from spherical to wormlike 

aggregates[9]. These wormlike micelles show close similarities with polymer solutions 

and can be even viscoelastic, but the physical properties (diameter, persistence length) 

can be quite different[10]. Worm-like micellar viscoelastic surfactant solutions are 

often referred to as 'living polymers' [11]. However, in contrast to polymers, worm-like 

micelles do not have a rigid covalently bonded backbone [12]. They are held together 

by relatively weak physical forces which continuously break and reform with time [13].  

The rheological behavior of aqueous solutions of wormlike micelles highly depends on 

the solution concentration[14,15]. Far below the overlap concentration the micellar 

solutions behaves as the Newtonian solvent. On the other hand, far above the overlap 

concentration VES shows a shear thinning behavior. Cates’ model[16] predicts that 

stress relaxation can occur by reptation and formation of new end caps if the micelles 
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break and reform faster than their reptation time scale. The linear viscoelastic response 

of such concentrated wormlike micellar solutions can be described by the Maxwell 

model that characterizes fluid viscosity and elasticity with a single relaxation time 

(unlike polymers having multiple relaxation times)[17]. In between these extremes, 

close to the overlap concentration, a sharp shear thickening behavior is found beyond 

a critical shear rate. After reaching a maximum viscosity, shear thinning behavior is 

observed at higher shear rates. This is believed to be due to the ability of wormlike 

micellar solutions to alter the structure of their macromolecular network under flow 

conditions, also known as shear induced structures (SIS). The characteristics of SIS and 

its origin has been extensively explored in the literature by a combination of different 

rheological techniques and small angle neutron scattering (SANS). The complex 

rheological behavior is attributed to a change in the balance between the formation and 

destruction of the shear induced structures [15,18–20]. Once SIS form during the shear-

thickening stage, the fluid also appears to become highly viscoelastic. Experimentally 

this has been shown by comparing results of oscillatory measurements between pre-

sheared and non-pre-sheared fluids [21]. The fluid that was pre-sheared within the SIS 

regime showed significant strong elastic behavior. By contrast, tests performed without 

pre-shear yielded no viscoelastic response. This indicates a transition from a viscous to 

a viscoelastic fluid induced by the formation of SIS. Hu et al. [22] performed a set of 

rheological and flow birefringence studies on the aqueous Cetyl tri-methyl ammonium 

bromide - sodium salicylate (CTAB/NaSal) solution in the concentration range of 0.5-5 

mM. They found the shear thickening regime is highly flow birefringent, strongly 

nonlinear viscoelastic and possesses long relaxation times.  In the dilute concentration 

range, the CTAB/NaSal solution is also found to exhibit a much higher extensional 

viscosity compared to the shear viscosity[23]. 

Despite the extensive applications of viscoelastic surfactants, experimental and 

numerical investigations of complex fluid flows through porous media are mostly 

limited to inelastic non-Newtonian fluids or to viscoelastic polymers[5].  

Experimentally, the onset of elastic instability and increased pressure drop was 

reported for the flow of viscoelastic polymers through straight, curved channels and 

model porous media in the creeping flow regime [24–29]. Numerical investigation of 
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viscoelastic fluid flow has been performed using finite volume, finite element and 

particle based simulations[30–34], employing Oldroyd-B, Giesekus, FENE and other 

viscoelastic models. Simulations of viscoelastic fluid flows are mostly performed 

through an array of spheres or cylinders periodically placed to constitute a model 

porous medium[33,35]. Most researchers have tried to link the increased flow 

resistance found in viscoelastic fluid flows through porous media to enhanced 

extensional effects[36,37]. However, our recent simulations on viscoelastic fluid flow 

through symmetric and asymmetric periodic sets of cylinders shows that most 

viscoelastic energy dissipation occurs in the shear-dominated regions of the flow 

domain, not in extensional-flow-dominated regions[38]. 

The flow of wormlike micelles through model porous medium was also studied 

recently [15,39–43]. Rojas et al.[39] investigated the flow of wormlike micellar 

solutions formed by oppositely charged mixtures of cationic cetyl trimethylammonium 

p – toluene sulfonate (CTAT) and anionic sodium dodecyl sulfate (SDS). They found an 

increased shear thickening in porous media flow. The increased flow resistance was 

attributed to the synergistic effect of shear and extension in the porous 

configuration[15]. Vasudevan et al. [40] showed the existence of irreversible nanogel 

formation for flow of VES solution comprised of CTAB/NaSal through a porous media 

packed with glass beads. They showed that at extremely high deformation rate (> 106 

s-1), stable gel-like structures are formed, which they termed as Flow Induced 

Structured Phase (FISP). A similar FISP formation was also reported by Cardiel et al. 

[43]. Flow of wormlike micellar solutions through a periodic array of cylinders was 

performed by Moss et al.[5]. They observed presence of spatio-temporal flow 

instabilities; however, the formation of SIS was not reported. A combined experimental 

and numerical work on entangled wormlike micellar fluids was performed by Boek et 

al.[17]. Very recently Zhao et al. [41] reported the flow instability of wormlike micellar 

solutions past a single cylinder over a range of shear rates. However, a detailed study 

correlating such elastic instabilities with increased flow resistance for flow of 

viscoelastic surfactants in porous media is still not established. 

In case of oil field applications experiments with viscoelastic surfactants are 

mostly performed in core samples extracted from the field. Such experiments only 
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provide a correlation between the applied flow rate and pressure drop. In these 

experiments, detailed inspection of the flow structures at the pore level is very difficult. 

However, microfluidic devices can mimic a model porous medium, as length and time 

scales that are similar to applications pertaining to porous media flow[44]. As 

discussed, a complete understanding regarding the complex interplay between the 

rheology of viscoelastic surfactant and pore structure is still missing. Moreover, a 

comparative study of flow behavior of viscoelastic surfactants in a packed bed and a 

pillared microchannel (representing a model porous media) has never been reported 

in the literature.        

Motivated by this, in this work we study the behavior of both Newtonian fluids 

and viscoelastic surfactant solutions through two different porous media of similar 

permeability, namely a three dimensional packed bed consisting of monodispersed 

spheres and a pillared microchannel representing a model porous medium. In both 

cases, an increased flow resistance after a critical apparent shear rate was observed, 

compared to Couette flow measurements. The cause of the enhanced pressure drop and 

its relation to elastic instabilities for viscoelastic surfactants, was further investigated 

by the flow measurements using the pillared microchannel. 

The chapter is divided in three sections. First we describe both the 

experimental set up and the materials used. Second we explain the results from the core 

flow and microfluidic experiments. Finally we compare the results from the different 

experiments and characterize the elastic effects through flow visualization.   

 

7.2. Experimental Section 
 

7.2.1 Materials 

Cetyl tri-methyl ammonium bromide (CTAB) and sodium salicylate (NaSal) (Sigma 

Aldrich) at a purity of > 99% and > 99.5% is used to prepare the viscoelastic surfactant 

solution. In this work we indicate a VES fluid as a “𝑥/𝑦” solution containing 𝑥 mM CTAB 

and 𝑦 mM NaSal. The base fluid for the VES solution is a synthetic brine of demineralized 

water with 3wt% NaCl. A VES solution of concentration 1.0 mM/1.0 mM is prepared by 
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adding 0.37 gm of CTAB and 0.16 gm of NaSal in 1 liter of brine solution. After the 

solutions are prepared they are kept at room temperature (220C), while magnetically 

stirring them for 12 hours to ensure that all components are fully dissolved. 

 

7.2.2 Rheological characterization 

The rheological characterization of the VES fluids, is performed using an Anton Paar 

MCR302 rheometer at 220C. This device uses a double-gap geometry to measure the 

shear response.  The tests are performed for a shear rate range of 1 – 1000 s−1 which 

covers the shear rates typically found in porous media flows. The shear response of the 

three different equimolar CTAB/NaSal solutions in 3wt% NaCl demineralized water is 

shown in figure 7.1. The rheological measurements are repeated thrice to ensure 

reproducibility. All VES solutions show the characteristic non-monotonic shear-

thickening/shear-thinning behavior consistent with other literature results[23]. The 

VES solution with the lowest concentration (1.0 mM/1.0 mM) has the lowest zero shear 

viscosity (µ0 = 1.2 mPa · s) and a maximum viscosity (when the shear thickening 

plateau is reached), µ𝑚𝑎𝑥 = 1.9 mPa · s. The critical shear rate  c
 , defined as the shear 

rate where the onset of shear thickening occurs is found to be 365 s-1. A list of critical 

shear rates and viscosities determined from the shear rheometer for different 

CTAB/NaSal concentration is listed in table 7.1. The rheology data shows that both 

µ0 and µ𝑚𝑎𝑥  increase with CTAB/NaSal concentration. This suggests that there is a 

stronger micellar network present at higher concentrations.  Also the critical shear rate 

 c
 decreases with increased concentration.    

The critical shear rate for the onset of shear thickening gives a measure of the 

onset of SIS formation, and entanglements of the wormlike micelles. Thus the inverse 

of this critical shear rate  1
c c
   provides an idea of typical relaxation time of such 

entanglements[39]. Figure 7.2 shows how the typical relaxation time  c
  increases 

with increase in CTAB/NaSal molar ratio.  

 



 7.2. Experimental Section 
 

171 
 

Table 7.1. Shear properties of the VES solutions. 

CTAB/NaSal (mM/mM) 
c (s-1) 

µ0(mPa · s) µmax (mPa · s) 

1.0/1.0 365 1.2 1.9 

1.5/1.5 296 1.3 2.4 

2.0/2.0 193 1.5 3.7 

 

 

Figure 7.1. Bulk shear rheology of different VES solutions compared to brine at 22 °C 

(µ𝟎,µ𝒎𝒂𝒙 and c correspond to zero shear viscosity, maximum shear viscosity and 

critical shear rate, respectively, for the case of the 1.0/1.0 solution). 

 

Figure 7.2. Relaxation time of the VES solution for different CTAB/NaSal molar 

concentrations. 
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7.2.3 Macrofluidic setup (core flow experiment) 

The core flow setup designed to test the response of the VES fluids in porous media is 

shown in figure 7.3. The main component of the experiment is a core-holder in which 

the sintered glass core is placed. The core holder is filled with compressed air at 6 bar 

to force a tight seal between the rubber sleeve and the core. This ensures axial flow. The 

core holder is positioned vertically to force air out at the top when saturating the cores. 

Fluid flow is controlled using a Quizix pump (QX 6000 HC pump) with a flow rate range 

of 0.001 – 50 ml/min.  The associated pressure drop driving the flow is measured using 

a pressure transducer (Rosemount 3051CD 5) with an operating range of -20.5 to +20.5 

bar. The entire setup is housed in a temperature controlled chamber set to 22 °C. 

Prior to each experiment the core is placed in an oven at 250 °C to evaporate 

all remaining fluids from previous experiments. When the core is positioned inside the 

core-holder, CO2 is flushed through to displace the air inside the pores of the core. Next 

the pump saturates the core with brine and the absolute brine permeability of the core 

is determined by measuring the pressure drop for 5 different flow rates and applying 

Darcy’s law. The permeability of the core is found to be approximately 4400 mD. 

 

 

Figure 7.3. Core flow experiment with sintered glass core (arrows show the flow 

direction). 
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Next the core is saturated with VES and all the brine is displaced from the core. To 

determine the response of the VES fluid, the flow rate is gradually increased between 1 

and 15 ml/min. At low flow rate a steady pressure is obtained. However, at higher flow 

rates sufficient time is given (minimum 40 minutes) to stabilize the flow after which the 

pressure drop is obtained from the pressure transducer. The pressure drop data (∆𝑃) 

and the set flow rate (q) in combination with the known permeability (κ) and flow area 

(A) can be used to find the macroscopic Darcy viscosity of the fluid using Darcy’s law[4]: 

 

µa =
κ·A

q

∆P

L
                                        (7.1) 

After each experiment demineralized water is injected to displace the VES fluid and the 

core is placed in an oven to dry-out. The flow experiments are repeated thrice to ensure 

reproducibility.   

 

7.2.4 Microfluidic setup 

The microfluidic experiments are performed using a rectangular microchannel etched 

in a silicon wafer of length 6.6 cm, a width of 1 mm and a height of 50 μm. Inside the 

channel there is an array of cylindrical pillars in a stretched hexagonal pattern as shown 

in figure 7.4.  The distance along the flow direction (x) of two successive pillars  
P

X  

and along the width (y) of the channel  
P

Y  is shown in table 7.2 for different channels. 

All pillars are modified with a hydrophilic coating. A detailed description of the 

manufacturing of microchannel and properties has been reported elsewhere[45]. 

 

Table 7.2. Dimensions of different microchannels used in this study. 

Channel Pillar diameter 

(μm)  
P

D  

X – pitch 

(μm)  
P

X   

Y- pitch 

(μm)  
P

Y   

Porosity (ε ) Permeability 

(mD)  k   

1 (P5) 4 4.6 10.8 0.80 4000 

2 (P16) 16 32.0 60.0 0.89 8500 
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Figure 7.4 (a). Geometry of a typical pillared microchannel (n, m shows the number of 

pillars in the x (flow) and y direction) (b) SEM image of the microchannel showing the 

alignment of the pillars (c) Typical arrangement of pillar and pitch. 

 

We slowly change the flow rate of the injected solutions using a KR Analytical 

syringe pump of capacity 5000 µl and flow rate 0.02 - 30000 µl/min. The pillared 

microchannel is placed on a Zeiss Axio Observer D1, which is an inverted microscope. 

For the flow visualization, the fluid is seeded with 1 µm fluorescent tracer particles (Nile 

Red, Molecular probes, Invitrogen, Density: 1055 kg/m3, Excitation range 535 – 575 nm, 

0.02 wt %). Images are captured using a Redlake Motion Pro X-4 camera mounted on 

the top of the microscope. The experimental setup is similar to the previously described 

set up of Sousa et al.[46]. The depth of field of the microscope was calculated to be 10% 

of the height of the microchannel. The flow path lines are visualized in a focal plane in 

the center between the top and bottom walls so any effect of out of plane velocity 

gradients can be minimized. Bright field images are captured using a high intensity 

directed light source to excite the tracer particles. A green filter (500 – 600 nm) is used 

to filter any other light except the light from the particles.  

A Sensor Technics (Puchheim, Germany) micro pressure sensor is connected 

to the channel to measure the pressure drop.  The range is 0-2 bar, with a temporal 

resolution of 1 ms. At low flow rates it was possible to reach a steady pressure, but at 
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higher flow rates the pressure signal had more fluctuations. The images were processed 

using Davis and Matlab software packages. Images are obtained with a resolution of 512 

x 512 pixels.  The flow is studied in a square section (around 66% of the channel width) 

close to the middle section, lengthwise. The images are captured at a frame rate of 60 

fps, which is much faster than the time scale of fluid flow. In between experiments the 

channel is cleaned by water injection at 300 µl/min followed by air flushing. All flow 

experiments are repeated to ensure reproducibility. 

 

7.3. Results 

Both porous media, namely the packed bed and the P5 microfluidic channel, have 

similar permeability based on Darcy flow measurements. We first analyze the flow 

behavior of VES through the core and pillared microchannel individually and then 

compare the different flow responses for different VES concentrations. Next we observe 

the complex flow behavior of VES on the basis of flow instabilities as analyzed from 

microchannel experiments. For all our experiments (both in core flow and 

microchannel), we have kept the Reynolds number Re
a

U k   less than 0.01, so 

any inertial effects can be neglected. Here U is the average flow velocity (averaged 

across the space between the pillars),  is the fluid density and k  is the permeability 

determined from brine experiments. The other important dimensionless number for 

our experiments is the Deborah number (De), which is the ratio of the relaxation time 

of the polymer and a characteristic time scale of the flow. This characteristic time scale 

is usually taken to be the time needed for the average flow to pass a certain length scale, 

characteristic for the experiment. Here we use the characteristic length scale to be .k

Based on this, the De number is defined as De
c
U k . The ratio of De and Re 

number is known as elasticity number c a
El k    , which is independent of the flow 

kinematics and depends only on the fluid rheology and the characteristic size of the 

porous medium. These non-dimensional numbers are very important to characterize 

the flow in both core flow and microchannel.   
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7.3.1 Core flow results 

Figure 7.5 shows the flow rate against pressure gradient for VES solutions flowing 

through the 4400 mD sintered glass core. The dashed line represent the response for 

brine. Brine shows a clear Newtonian response where the flow rate is linearly 

correlated to the pressure gradient following Darcy’s law for Newtonian fluids. The VES 

solutions at low pressure gradient (∆P/L < 0.1 bar/m) also show a linear response 

between flow rate and pressure gradient due to the presence of a pseudo-Newtonian 

regime. However, as the pressure gradient is increased the VES graphs depart from this 

linear (Newtonian) behavior. At similar pressure gradient, the 2.0/2.0 mM VES solution 

deviates the most from the Newtonian behavior compared to 1.5/1.5 mM and 1.0/1.0 

mM solution. This behavior is analogous to the rheological response based on Couette 

flow measurements as shown in figure 7.1.  

 

Figure 7.5. Flow rate plotted against pressure gradient for three different VES fluids 

flowing through a 4400 mD sintered glass core at 22 °C. Dashed line represents the 

Newtonian case. 

For a viscoelastic fluid, the viscosity is not a constant but generally depends on 

the flow conditions. However, we can still define an apparent viscosity by using Darcy’s 

law. Dividing the apparent viscosity by its low flow rate limit gives us insight in the 

effective flow-induced thinning or thickening of the fluid in the porous medium. In 
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detail, the resistance factor  (Λ) of a viscoelastic fluid flowing with a volumetric flow 

rate q and pressure drop ΔP through a porous medium is given by: 

VES

N

P

q

P

q



 


 
 
 

 
 
 

                                                                                                                                        (7.2) 

The subscript VES indicates viscoelastic surfactant at a specific flow rate or pressure 

drop, while the subscript N indicates its Newtonian low flow rate or low pressure drop 

limit. The resistance factor Λ is similar to the definition of dimensionless apparent 

viscosity or also known as apparent relative viscosity[38]. 

 

Figure 7.6. Resistance factor plotted against flow rate for three different equimolar 

solutions through a 4400 mD sintered glass core at 22 °C. 

 

Figure 7.6 shows the resistance factor versus flow rate for three equimolar VES fluids 

through a 4400 mD sintered glass core. At low flow rate the resistance for all fluids are 

relatively constant and close to 1.  The apparent viscosity in the porous cores is similar 

to the viscosity of the brine base fluid (eq. 7.1). Increasing the flow rate results in a 

departure from this quasi-Newtonian behavior and an increase in the resistance factor.  

Similar to Couette flow measurements, the resistance factor for the 2.0/2.0 solutions 

not only increases at a lower flow rate, but the magnitude of shear thickening is also 
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greater compared to the other solutions. This illustrates that the network formed for 

the 2.0/2.0 solution is stronger, which results in a significantly higher increase in 

resistance factor compared to the other equimolar solutions. The enhanced viscosity 

can be attributed to the viscoelastic effects, which will discussed later from our flow 

characterization study. 

 

7.3.2 Microfluidics results 

Figure 7.7 shows the flow rate to pressure gradient response for brine and 2.0/2.0 mM 

VES solution in the P16 micro-channel. Initially the response of the 2.0/2.0 solution is 

nearly identical to brine. This indicates pseudo-Newtonian behavior at low pressure 

gradient. However, at increased pressure gradient, the flow behavior of the 2.0/2.0 

solution starts to deviate from brine. At equal pressure gradient the flow rate of the 

2.0/2.0 solution is significantly lower than that of brine as we have observed in the 

sintered glass core measurements. This signifies an increased flow resistance for the 

VES solution.  

 

Figure 7.7. Flow rate vs pressure gradient for brine and 2.0/2.0 VES solution in the P16 

micro-channel. 
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Similar to the core flow experiment, the deviation from pseudo-Newtonian 

behavior can be investigated by introducing the resistance factor (Λ). The absolute 

permeability 𝜅 here is the permeability of the pillared micro-channel derived from 

brine measurements and 𝐿 is the length of the micro-channel. Equation 7.2, is used to 

find the resistance factor at different flow rates in both pillared micro-channels. This is 

plotted against the flow rate in Figure 7.8 for a 2.0/2.0 mM VES solution in both the P5 

and P16 micro-channel. When the flow rate is sufficiently low,  0.2 minl the 

resistance factor is approximately 1.0 for both the channels. This indicates that the flow 

behavior is pseudo-Newtonian in nature. When the flow rate is further increased the 

SIS starts to form and thus the resistance factor also increases.  

 

Figure 7.8. Resistance factor at different flow rates for a 2.0/2.0 VES solution in two 

different micro-channels: P5 & P16. 

 

Figure 7.8 shows that the resistance factor increases at a lower flow rate in the P5 

microchannel where the distance between the pillars is smaller compared to P16 

channel. At the same flow rate, the P5 channel leads to a higher shear rate and 

deformation. The SIS network will thus form at a lower flow rate, transforming the fluid 

from a viscous to a viscoelastic fluid[22]. This leads to the increase in the resistance 

factor as shown in figure 7.8. Not only is the onset of viscoelasticity at a lower flow rate 
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in the P5 channel, also the magnitude of the increased resistance is higher (The 

maximum flow resistance is 44 times in P5 channel compared to 17 times in P16 

channel compared to Newtonian brine solution). As we shall see in the following section 

on microscopic effects, this is caused by the increased complexity of the flow due to 

additional flow perturbations caused by more pillars at smaller spacing.  

 

Figure 7.9. Resistance factor at different flow rates for three different VES fluids in the 

P16 micro channel. 

 

The resistance factor for three different equimolar concentration of VES fluids in similar 

range of flow rate is shown in figure 7.9. Similar to our Couette flow observations, the 

2.0/2.0 mM solution starts to shear thicken at a much lower flow rate compared to the 

other two solutions. Further the maximum flow resistance is also higher, 17 times more 

than brine, in the 2.0/2.0 mM solution, compared to approximately 5 and 2 times more 

than brine in 1.5/1.5 and 1.0/1.0 mM solution, respectively. This shows that a higher 

concentration of equimolar CTAB/NaSal promotes SIS formation. 

The results from the micro-channel can now be compared to the results from 

the core flow tests. The permeability of the P5 micro-channel is comparable to the 

permeability of the sintered glass core. In order to make a comparison between them 

the flow rate is replaced by the apparent shear rate for both experiments. For porous 
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flow through the sintered glass core the apparent shear rate can be determined via the 

following equation [32]: 

 ,

4

8
app core

u


 

 
                 (7.3) 

In this equation u is the interstitial flow velocity and   is a correction factor equal to 

2.5 used for packed bed geometries. The microchannel flow rate is converted to an 

apparent shear rate by using the brine permeability calculated during brine tests: 

 ,app mic

u



                                 (7.4) 

These results are plotted in figure 7.10, where the Couette flow results are also shown. 

The critical shear rate where thickening occurs overlaps for the micro-channel and the 

sintered glass core but not with the rheometer results. This can be attributed to the fact 

that the shear rate in a rheometer is constant. By contrast, the complex flow inside the 

pillared micro-channel and the sintered glass cores results in local microscopic 

variations in shear rate. The local shear rate might be substantially higher than what is 

calculated in eq. 7.3 and 7.4 which represents a spatial average. Locally the shear rate 

becomes high enough for the formation of a SIS network which increases the flow 

resistance.  

 

Figure 7.10. Resistance factor against apparent shear rate for 2.0/2.0 VES solution in 

rheometer, sintered glass core and P5 micro-channel. 
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Vasudevan et al.[40] showed when the deformation rate (S) is more than 106 s-1, stable 

gel like structures (FISP) are formed. Here the deformation rate (S) is obtained from the 

Kozeny-Karman[4] relationship as 

 
2

2 3

150 1

P

q
S

D H






                                                                                                                           (7.5) 

where q is the flow rate, p
D is the particle diameter, H is the bed height, and   is the 

porosity. From our core flow experiments the value of S at the highest shear rate (~ 100 

s-1) for the 2.0/2.0 mM VES solution is approximately 82 10  s-1. The order of strain is 

also higher than the required strain rate needed to form gels[40]. However, the value 

of S in the pillared microchannel (P5) for a similar shear rate was around 59.0 10

(and lower for P16 channel). So the 3D packed bed induces a deformation rate which is 

approximately two orders of magnitude larger than that in the microchannel. Such a 

high deformation rate is sufficient to form stable FISP. This deformation is due to 

stronger confinement effects and lower porosity of the 3D bed which promotes 

stronger extensional and shear flow. So in spite of its similar permeability, the pillared 

microchannel does not provide enough deformation and strain to form stable FISP (also 

observed from the flow characterization study). This explains the higher flow resistance 

in the core flow compared to the pillared microchannel. 

 

7.3.3 Flow characterization 

A visual analysis of the trajectories of fluorescent particles is performed using the 

probability density function within the pillared microchannel. Figure 7.11 shows the 

occupancy graph of tracer particles which gives the flow trajectory in the P16 

microchannel at different flow rates. The occupancy graph is obtained using the 

following formula:  

Ĩ(i, j) =
∑ I(n,i,j)N

n=1

∑ ∑ ∑ I(n,p,q)512
q=1

512
p=1

N
n=1

                                                (7.6)     
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Where, I (n, i, j) denotes the intensity of a pixel (i, j) in the nth image in an obtained time 

series of images. The normalized intensity at a given pixel, Ĩ(i, j) is obtained using eq. 

7.6. For the current flow visualizations, N =25 images are used. Figure 7.11 (a) shows 

that a laminar flow profile is observed for the Newtonian brine solution at a relatively 

large flow rate of 3 µl/min as expected for a non-inertial flow regime. The VES solution 

(2.0/2.0 mM) also shows a symmetric flow profile at 0.5 µl/min (De = 0.4) (fig. 7.10b). 

At 2 µl/min (De = 1.6) (fig. 7.10c) we observe the onset of flow instability. The flow 

structures become asymmetric and there is significant lane changing.  

 

 

Figure 7.11. Trajectories of tracer particles in P16 microchannel for (a) brine at 3 

µl/min, (b) VES 2.0/2.0 at 0.5 µl/min, and (c) VES 2.0/2.0 at 3 µl/min (flow direction is 

from right to left, the color bar shows the occupancy). 

 

We now try to understand this increased flow instability and its effect on 

increased flow resistance using De and El numbers (defined earlier). Figure 7.2 shows 
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the typical relaxation time for the viscoelastic surfactant solutions for different molar 

concentrations ratio of CTAB and NaSal. For a 2mM solution the relaxation time is 

around 0.005 s (figure 7.2). Based on this, the critical De number  ,c c app mic
De    for 

pillared channel (P16) is around 0.85 (shear rate corresponding to the onset of flow 

thickening is obtained from figure 7.9). Thus after the critical De of 0.85, the wormlike 

micelles starts to shear thicken. At similar shear rate Re number is < 0.01. So the 

elasticity number is more than 85. After the critical shear rate the VES starts to shear 

thicken, so the viscosity increases, thus El  also increases.  At the flow rate of 2 µl/min 

the De number (De = 1.6) already crosses the critical De of 0.85. Thus the viscoelastic 

surfactants do not get sufficient time to relax. At such high shear rates the extensional 

effects are found to be predominant[23]. These strong extensional and shear effects 

might initiate the spatial and temporal fluctuations. The VES streamlines are found to 

follow preferential flow paths – there are slow and fast co-moving lanes – even though 

the Re number is extremely low. The time dependent nature of the flow profiles is 

observed clearly in the figure 7.12, which shows the flow profile (averaged over 20 

frames) at successive time intervals. The images show the existence of strong temporal 

instability in the pillared microchannel. This further proves that no stable gel formation 

occurs in the range of flow rates studied here, as no permanent blockage was observed 

throughout the microchannel. Figure 7.9, shows that for the 2.0/2.0 mM solution at a 

flow rate of 0.5 µl/min the VES solution is in a pseudo-Newtonian regime, however at 3 

µl/min, the VES solution is in a steeply shear thickening regime. We can correlate the 

instability with the SIS formed in the shear thickening regime. At flow rate < 1 µl/min, 

the VES shows symmetric flow behavior. At a flow rate of 2 µl/min when the flow 

instability is observed, the flow resistance is around 17 times. The value of El  becomes 

> 1000, from a value of 85 in the pseudo Newtonian regime. However, at a larger flow 

rate (> 3 µl/min), the shear thinning response of the fluid decreases the viscosity, 

effectively lowering the elasticity number. This leads to a decreased flow instability at 

higher shear rates. This shows that the SIS are transient in nature and break at higher 

shear rates also in pressure driven flow.   
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Figure 7.12. (a)- (d) Time averaged trajectories of tracer particles in P16 microchannel 

for VES 2.0/2.0 at 3 µl/min at different times (flow direction is from right to left, the 

color bar shows the occupancy). 

 

7.4. Conclusion 

In this work we experimentally show that the flow behavior of a wormlike micellar 

solution through a model porous media is more complex compared to its Newtonian 

counterpart, even in the creeping flow regime. For the VES solution, enhanced flow 

resistance occurs at a similar critical shear rate in the packed bed and in the pillared 

microchannel of identical permeability. However, the threshold is at a much higher 

shear rate for Couette flow. The flow resistance factor (a measure of apparent viscosity) 

is highest for the core flow, followed by the microchannel and then simple shear 

(Couette) flow for the same VES concentration. This is a consequence of more complex 

fluid-structure interaction in the 3D packed bed and pillared microchannel than a 
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simple shear flow. The microfluidic experiments reveal that the flow profiles of the VES 

solution show a strong spatial and temporal instability. The onset of this instability 

(corresponding to a critical De number) directly corresponds to the shear rate when 

the VES starts to shear thicken. This instability is accompanied by lane changes in the 

pillared channel and the presence of preferred lanes. Detailed analysis reveals that in 

the three-dimensional packed bed, higher deformation rates can induce larger shear 

and extensional effects, leading to a stronger and stable SIS formation. Thus the packed 

bed shows a higher flow resistance compared to the microchannel (of similar 

permeability) at the same shear rate. To the best of our knowledge, existence of such 

flow instability for viscoelastic surfactant flow through pillared microchannel, and its 

relation to an enhanced flow resistance has not been reported before. The experiments 

further prove that microchannels with specific arrangements of obstacles can be used 

to study the interaction between complex fluid rheology and flow structure of 

viscoelastic surfactant flow through porous media. 
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Abstract 
Multiphase flow through porous media is important in a number of industrial, natural 

and biological processes. One application is enhanced oil recovery (EOR), where a 

resident oil phase is displaced by a Newtonian or polymeric fluid. In EOR, the two-phase 

immiscible displacement through heterogonous porous media is usually governed by 

competing viscous and capillary forces, expressed through a Capillary number Ca, and 

viscosity ratio of the displacing and displaced fluid. However, when polymeric 

displacement fluids are used, elastic forces in the displacement fluid also become 

significant. In this work, we study in detail the interaction between fluid rheology and 

fluid-fluid-solid interaction for EOR applications, using a simplified geometry in the 

form of a pillared microchannel. We find that viscoelastic polymers and viscoelastic 

surfactant solutions can displace more oil compared to Newtonian fluids and nearly 

inelastic shear thinning polymers at similar Ca numbers. We analyze the trapped 

residual oil size distribution, revealing that beyond a critical Ca number, the size of 

residual oil blobs decreases significantly for viscoelastic fluids. This critical Ca number 

directly corresponds to flow rates where elastic instabilities occur in single phase flow, 

suggesting a close link between enhancement of oil recovery and appearance of elastic 

instabilities. 

Viscoelastic effects on residual oil 

distribution in flows through 

pillared microchannels 
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8.1 Introduction 

Multiphase fluid flow through porous media is of crucial importance in a large number 

of industrial and physical processes, such as enhanced oil recovery, soil remediation, 

geophysical, biological and engineering applications [1,2]. The flow of a single-phase 

Newtonian fluid through a porous medium is well understood within the framework of 

Darcy’s law. However, multiphase flow through porous media involving non-

Newtonian fluids are much more complex in nature [1]. In enhanced oil recovery, both 

water and polymers are pushed through the porous media, to displace oil from 

reservoirs. Because the pore length scales and fluid velocities are small, the Reynolds 

number is usually small and therefore irrelevant. However, two other non-dimensional 

numbers become very critical in such immiscible transport processes. The first one is 

viscosity ratio (M), defined as the ratio between the viscosities of displacing and 

displaced fluid. A value of M > 1 is considered favorable, while M < 1 is unfavorable for 

displacement because of appearance of viscous fingering instabilities. The second 

important number is the capillary number Ca, defined as the ratio of viscous and surface 

tension forces /Ca u  . Here  is the viscosity of the displacing fluid, u is the 

Darcy velocity, and  represents the interfacial tension between the displacing and 

displaced fluid. Substantial experimental and numerical work  has been done by 

researchers to understand the influence of Ca, M, and wettability on displacement 

efficiency [3–13]. 

In case of water flooding, the viscosity ratio is M<1. Thus, after water flooding 

a large amount of oil remains non-displaced. Large disconnected islands of oil, called 

ganglia, remain trapped in the porous medium. In such cases, due to the heterogeneity 

of the rock structure and difference in permeability, preferential flow paths for the 

water are formed, which causes less recovery. As a next stage of oil recovery, non-

Newtonian fluids are injected into the oil reservoir. One of the features of such fluids is 

that the viscosity depends on the local shear rate. Thus the Ca number is redefined as,

  /Ca u   , where �̇� is a typical (or dominant) shear rate in the porous medium. 

The viscosity ratio M also changes, depending on the local shear rate. Non-Newtonian 

fluids that are commonly used in enhanced oil recovery include hydrolyzed 
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polyacrylamides (HPAM), xanthan gums, and viscoelastic surfactants (VES). The typical 

Ca numbers in oil field applications range from 10-5 to 10-3. Generally, with increasing 

Ca the displacement efficiency increases. However, some non-Newtonian fluids are 

found to recover more oil than their Newtonian counterparts [14] for a similar range of 

Ca numbers.  

Previous research suggested that flooding by non-Newtonian fluids can only 

improve the macroscopic sweeping [15], i.e. displacement of oil on scales much larger 

than that of individual pores. However, current research work [16–18] and field studies 

[14] suggest that non-Newtonian fluids might increase oil recovery by microscopic oil 

displacement on the scale of a single or a few pores, sometimes referred to as micro-

sweep. Of course, even for a Newtonian displacement fluid such as water, mobilization 

of the ganglia may occur beyond a critical Ca number [19]. However, for non-Newtonian 

displacement fluids, viscoelastic effects can mobilize the oil ganglia at lower Ca 

numbers. Viscoelastic effects already occur during single phase flow of non-Newtonian 

fluids through porous media. The important non-dimensional number characterizing 

the importance of elastic effects is the Deborah number De, defined as the ratio of the 

fluid relaxation time and a characteristic time scale of the flow experiment. Elastic 

instabilities occur when the De number is sufficiently large, as reported experimentally 

for both polymeric [20–26] and wormlike micellar solutions [27–29]. Numerical 

simulations also show the presence of such spatial and temporal elastic instabilities 

[30–33]. Our recent simulations of viscoelastic flow through symmetric and 

asymmetric set of cylinders show that the origin of these instabilities are more related 

to the viscoelastic shear stress than to extensional contributions [34]. Recent findings 

by Clarke et al. [16] , Avendano et al. [35] and Nilsson et al. [36] show the possible effects 

of viscoelasticity in enhanced displacement. Castro et al. [37] very recently showed 

effects of shear thinning fluids on residual oil formation. However, a complete picture 

regarding the residual oil size distribution and its correlation with viscoelasticity is still 

missing. 
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In this work, we will show that the enhanced oil recovery by micro-sweep 

observed in two-phase flows through porous media is strongly correlated with the 

appearance of elastic instabilities observed in single phase flows of the same 

displacement fluid through the same porous medium. Our work therefore suggests that 

elastic instabilities, rather than e.g. shear-thinning or other quasi-Newtonian effects on 

the viscosity, are responsible for the enhanced micro-sweep. 

Displacement experiments are often performed on fully three-dimensional 

rock core samples. However, detailed visualization of the phases on the level of the rock 

pores is extremely difficult. Instead, we use a microchannel with a strategic 

arrangement of cylindrical pillars, ensuring that the time and length scales are similar 

to those occurring in actual rock structures [38]. Several researchers have shown that 

multiphase flow studies are possible (and relevant) in such microchannels [3,39,40]. In 

this study, we compare a Newtonian fluid (water) with three types of non-Newtonian 

fluids, namely a slightly elastic shear thinning fluid (xanthan), a viscoelastic shear 

thinning polymer (hydrolyzed polyacrylamide - HPAM), and a viscoelastic surfactant 

(VES), for their ability to displace oil in the microchannel in a similar range of Ca 

numbers. A detailed analysis of the ganglia size distribution shows that both HPAM and 

VES are able to fragment large oil ganglia to smaller microstructures. The Ca number 

where the micro-sweep increases significantly corresponds to flow rates where 

increased flow resistance and elastic instabilities are observed in single phase 

viscoelastic fluids. Water and xanthan showed no such micro-sweep displacement 

patterns for similar Ca ranges. 

This chapter is organized as follows. In section 8.2 we detail the microfluidic 

setup, give details of the bulk rheology of the fluids used in this study, and explain the 

experimental procedure. In section 8.3 we show and discuss our results. In section 8.4 

we end with our conclusions. 
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8.2 Material and methods 

8.2.1 Microfluidic setup 

The displacement experiments are performed using a pillared microchannel. A porous 

medium is mimicked by strategically placing an array of cylindrical pillars in a 

hexagonal pattern from the entry to the exit of the microchannel, as shown in figure 8.1. 

These pillars act as obstacles in the flow path, creating continuous contraction and 

extension of the displacing fluid. The straight microchannels are 6.6 cm long, with a 

width and height of 1 mm and 50 μm, respectively. The distance along the flow direction 

(x) between the surfaces of two successive pillars (𝑋𝑝) and along the width (y) of the 

channel (𝑌𝑝) are 4 μm and 1 μm, respectively. The pillar diameter (𝐷𝑝) is 3 μm. This 

results in a porosity (𝜖) of 0.75.  The number of pillars along x and y direction is 10000 

and 240 respectively. The channel and cylinders are etched in silicon. All pillars are 

modified with a hydrophilic coating and microchannels are fabricated using a 

photolithography technique. A detailed description of the manufacturing of the 

microchannel is reported in the work of Loos et al [41]. The permeability (𝑘) of the 

microchannel is determined by flowing water through the pillared microchannel and 

measuring the resultant pressure drop, resulting in 𝑘 = 1 × 10−11 m2 with an accuracy 

of ± 2 %. The flow rate is slowly altered and the subsequent pressure drop is measured 

for the flow of different non-Newtonian fluids in the pillared microchannel. Taking 

permeability as the length scale, an apparent shear rate and apparent viscosity can be 

calculated from these measurements (explained later). These can be further used, to 

calculate the Capillary number knowing the interfacial tension of the different fluids 

under consideration.    
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Figure 8.1. Geometry of the pillared microchannel: (a) channel geometry with dots 

showing the pillar locations. Flow is from left to right (x-direction). Planar walls are 

present at both sides in the width (y) and height (z) direction; (b) arrangement of 

pillars, indicating the distances between pillars 𝑋𝑝 and 𝑌𝑝; (c) SEM image of a typical 

pillared channel (arrangement and structure of a typical pillar is shown) 

8.2.2 Fluid characteristics 

A Newtonian silicone oil of dynamic viscosity 0.02 Pa s (Sigma Aldrich) is used as the 

displaced fluid in all of our experiments. As a displacing fluid, Newtonian and non-

Newtonian fluids are used over similar ranges of Ca number. The displacing fluids are 

all immiscible with the displaced oil. 

First, water is used as the Newtonian displacing fluid. The water has a viscosity 

of 0.001 Pa∙s. The oil-water interfacial tension, measured using a digital Kruss surface 

tensiometer is around 30 1 mN/m.   

Second, as a nearly inelastic shear thinning displacing fluid, xanthan is used. 

Xanthan is extensively used in the industry as a food additive and a viscosifying agent 

[42]. A xanthan solution of concentration 225 ppm is prepared by addition of xanthan 

in distilled water with careful stirring to obtain uniform mixing. The viscosity of the 

xanthan solution was measured with an Anton Paar MCR 302 series rheometer. The 
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zero-shear viscosity (𝜂0) of the xanthan solution is 0.06 Pa∙s, as characterized by the 

standard strain controlled double gap rheometer at room temperature (220C). The 

xanthan solution has a shear thinning rheology as shown in the rheogram of figure 8.2. 

At lower shear rates a Newtonian-like plateau region is observed, followed by a shear 

thinning part. The viscosity profile obtained here is similar to other literature results 

[43]. The oil-xanthan interfacial tension was found to be around 28 mN/m similar to 

that of the oil-water system.  

Third, as a viscoelastic shear thinning displacing fluid, hydrolyzed 

polyacrylamide solution (HPAM) is used. HPAM is often used in polymer flooding 

operations and is considered to have high elastic effects for the molecular weight (20 

MDa) used this study [14]. The solution is prepared by adding 2000 ppm of HPAM 

3630S and 1 weight-% of salt (NaCl) in deionized water solution. At these 

concentrations, the zero-shear viscosity (𝜂0) of the HPAM solution is around 0.05 Pa s, 

similar to that of the xanthan solution. The rheology of the HPAM solution is also 

measured using the strain controlled rheometer. The steady shear rheology of the 

HPAM solution is shown in figure 8.3. A rheological characterization of similar HPAM 

solutions has been performed in detail in the recent work of Howe et al. [17]. The oil-

HPAM interfacial tension was determined to be 29 mN/m.  

We have fitted the steady shear rheology data of both xanthan and HPAM with 

the Carreau-Yasuda (CY) model [44]. The CY model describes the Newtonian plateau 

and shear thinning behavior of HPAM accurately, 

          
 1

0 1

n

a a     



 
    
 

                                                                           (8.1)                      

where   is the shear rate dependent viscosity,  is the infinite shear viscosity,  is the 

relaxation time, n is the power law index, and a  is a parameter describing the rate of 

transition from the Newtonian plateau to the power law region. Table 8.1 shows the fit 

parameters from the CY model. The sum of errors between the experimental and 

predicted viscosity values is less than 1% for both fits. The rheological experiments 
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have been repeated over time, to observe any possible polymer degradation. In our 

experimental time frame no polymer degradation was found.  

 

Figure 8.2. Steady shear viscosity vs. shear rate for the xanthan solution, fitted with the 

CY model. 

 

Figure 8.3. Steady shear viscosity vs. shear rate for the HPAM solution, fitted with the 

CY model 
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Table 8.1 Rheological parameters from Carreau – Yasuda model 

Fluids   (s) n  a  
0 (Pa.s)  (Pa.s) 

Xanthan 5.0×10-2 

 1.0×10-3 

2.5×10-1  

 5.0×10-3 

6.2×10-1 

 4.0×10-3 

4.9×10-2  

 2.0×10-4 

1.0×10-3 

HPAM 

3630 

3.0×10-1  

 2×10-2 

5.8×10-1  

 1×10-2 

1.07  

 7×10-2 

5.0×10-2 

 4.0×10-4  

1.0×10-3 

 

Finally, a viscoelastic surfactant (VES) solution is used as the displacing fluid. 

Surfactants are amphiphilic molecules, consisting of a hydrophilic head and a 

hydrophobic tail group. When the surfactant concentration is higher than the critical 

micelle concentration (CMC), the surfactants spontaneously self-assemble to form 

micelles. For certain types of surfactants, these self-assembled structures are in the 

form of wormlike micelles. Wormlike micelles are often referred to as 'living polymers' 

[45] because, like polymers, at higher concentrations they can form entangled networks 

leading to a viscoelastic fluid. In contrast to polymers however, wormlike micelles do 

not have a covalently bonded backbone [46]. Instead, they are held together by 

relatively weak physical forces which continuously break and reform [47]. The 

rheological characteristics of VES are believed to be beneficial for enhanced oil recovery 

and are currently explored in the oil industry. 

In this work, a VES solution is prepared by adding 2.0 mM of cationic surfactant 

cetyltrimethylammonium bromide (CTAB) and 2.0 mM of the organic salt sodium 

salicylate (NaSal) to de-mineralized water with 3% NaCl. The rheology of this VES is 

analyzed using a similar procedure as for xanthan and HPAM with a stress controlled 

rheometer. As shown in figure 8.4, at low shear rates (<100 s-1) the VES shows a more-

or-less Newtonian plateau. After a critical shear rate of 450 s-1, a shear thickening 

behavior is observed, followed by shear thinning at very high shear rates (>1000 s-1). 

This peculiar rheological response is the consequence of a competition between 
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continuous formation and destruction of the macromolecular network structure in the 

VES solution. Because both formation and destruction are strongly influenced by shear 

flow, these network structures are also referred to as shear induced structures (SIS) 

[28]. The oil-VES interfacial tension was determined to be 20 mN/m.  

 

Figure 8.4. Steady shear viscosity vs. shear rate for the VES solution. 

8.2.3 Experimental method 

The displacement experiments are conducted for Ca numbers typically ranging from 5

10-6 to 10-3. At the start of experiment, the silicone oil is mixed with Sudan red dye 

(Sigma Aldrich). The solution is passed through a small bed with filters to remove any 

agglomerates which might block the microchannel. Then a clean pillared microchannel 

is saturated completely with the dyed silicone oil, using a KR analytical syringe pump. 

Care is taken to avoid any air bubbles in the microchannel at this stage. Then the oil is 

displaced by injecting the displacing fluid, over a range of different flow rates. A Sensor 

Technics micro pressure sensor (Puchheim, Germany) is connected to the channel to 

measure the pressure drop over the channel. The range is 0 to 2 bar, with a temporal 

resolution of 1 ms.  The experiments are stopped when a steady state is reached. A 

steady state is defined here as a state in which a steady pressure is shown by the 

pressure sensor and no further displaced oil is found at the outlet. Each experiment is 
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repeated multiple times, to check the reproducibility of the results. Because multiple 

fluids are used during the course of the experiments, a detailed cleaning procedure is 

followed before the start of any experiment. The microchannel is first rinsed with 

deionized water, followed by isopropanol and deionized water. After this cleaning step, 

each channel is dried by injecting pressurized air.      

The pillared microchannel is placed on a Zeiss Axio Observer D1 inverted 

microscope. After the experiment has reached steady state, the flow is stopped and a 

series of images is captured from the channel entry to channel exit using a Redlake 

Motion Pro X-4 camera mounted on the top of the microscope. Individual images are 

obtained in a square section (around 66% of the channel width), centered around the 

middle of the channel. The experimental set up is similar to the set up described in the 

work of Sousa et al. [48]. A set of images is also taken before the injection of the 

displacing fluid, as a reference. To investigate the microstructure of the residual oil 

ganglia, a detailed analysis of the obtained images is performed. The reference image is 

first subtracted from the steady state images. The residual images are then analyzed 

with the region of interest tool in Matlab. With this tool, the region in the microchannel 

which is filled with oil ganglia is identified. These regions are then converted to 

corresponding binary images. The residual oil saturation (Sro) is then calculated as the 

percentage of microchannel filled with the oil phase. The images are further analyzed 

to investigate the distribution of shape and size of the residual oil ganglia.         

Apart from the two-phase displacement experiments, a set of single phase 

experiments for each displacing fluid through the same pillared microchannel is also 

performed over a wide range of flow rates. The pressure drop data from these 

experiments are used to obtain the apparent relative viscosity vs. apparent shear rate, 

using Darcy’s law. 

8.3 Results and discussion 

Figure 8.5 shows a comparison between the percentage oil saturation (i.e. the 

percentage oil remaining in the microchannel at steady state) as a function of Ca 

number for different displacing fluid namely water, xanthan, HPAM and VES. The figure 

shows that the viscoelastic HPAM solution can recover more oil at most Ca numbers 
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than the Newtonian water and slightly elastic shear thinning xanthan solution. The VES 

solution also shows a good recovery, almost comparable to that of HPAM. The critical 

Ca, defined as Ca number where the oil saturation is 25% (where the oil saturation 

decreases most rapidly with increasing log(Ca) in Fig. 8.5), is around 4×10-5 for HPAM 

flooding and around 7×10-5 for VES flooding. However for xanthan and water based 

flooding the critical Ca is around 2×10-4 and 3×10-4, respectively. The mobility ratio (M) 

for the water-oil system is much less than 1, which may explain the lower recovery. The 

mobility ratio for the xanthan-oil and HPAM-oil systems (based on the zero-shear 

viscosity) are both around 3. The enhanced displacement of HPAM, relative to xanthan, 

must thus be related to the much stronger viscoelastic effects of the HPAM solution. In 

the case of the VES, the value of M is less than 1, while the displacement is nevertheless 

in between that of xanthan and HPAM. This relatively high displacement capability of 

VES further strengthens our conclusion that viscoelastic effects must be responsible for 

the enhanced oil recovery.        

 

Figure 8.5. Percentage remaining oil saturation as a function of capillary number for 

different displacing fluids. 
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To understand the detailed mechanism behind the observed enhanced oil 

displacement more clearly, snapshots of the residual oil microstructures are given in 

figure 8.6. The representative snapshots are selected such that all figures are in a 

comparable range of Ca numbers for the different displacing fluids. At lower Ca 

numbers (10-5), large blobs of residual oil remain in place, irrespective of the type of 

displacing fluid. For intermediate Ca numbers (10-4), large oil ganglia remain when 

water or xanthan are used to displace the oil. However, for both HPAM and VES the 

residual oil ganglia are found to be much smaller in size. At even higher Ca numbers 

(10-3), the residual oil ganglia are further reduced in size for both HPAM and xanthan 

displacing fluids, while they generally remain large for xanthan and water. In the water-

oil system large disconnected oil ganglia are observed, similar to the findings of Datta 

et al. [19]. These experiments conclusively show that at higher Ca (10-4 to 10-3), both 

HPAM and VES can create and mobilize smaller micro oil-droplets. 

Figure 8.7 shows histograms of the oil ganglia size distribution for different Ca 

numbers and each of the displacing fluids. This figure shows that for all displacing fluids 

the residual oil size decreases with increasing Ca. However, the histograms also clearly 

show that for Ca numbers in the range from 10-4 to 10-3, the residual oil size distribution 

is much narrower (with a width of approximately 1 104
2

m ) for both HPAM and VES, 

compared to the still rather broad distribution (2 to 5 104
2

m ) for water or xanthan. 

Thus, for Ca numbers larger than 10-4 both HPAM and VES can break larger oil ganglia 

into smaller micro droplets. In a similar Ca range, the shear thinning xanthan solution, 

while having a similar zero-shear viscosity as HPAM, is incapable of displacing oil with 

a similar efficiency. The residual oil ganglia are much larger for xanthan displacement, 

and comparable to the droplet size after water displacement. For water the residual 

trapped oil droplets are in the form of long narrow strips, whereas for xanthan the 

residual droplets are disconnected blobs at higher Ca ranges (>10-4). At the highest Ca 

numbers, the droplet size distribution for HPAM is narrower than for VES. This also 

corresponds to the lowest residual oil saturation by HPAM shown in figure 8.5. 
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Figure 8.6. Snapshots of residual oil microstructures in steady state after displacement 

by (a) water, (b) xanthan, (c) HPAM, and (d) VES. The subfigures (1, 2 and 3) correspond 

to increasing Ca numbers. 
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Figure 8.7. Steady state residual oil size distribution after displacement by (a) water, 

(b) xanthan, (c) HPAM, and (d) VES. Different colors correspond to difference Ca 

numbers. 

Castro et al. [37] used a percolation theory concept to correlate the size distribution of 

trapped non-wetting ganglia after displacement at very low flow rates. They found that 

the size distribution obeys a power law behavior. The power law exponent from our 

analysis is around 2 (not shown), similar to the findings of Castro et al [37].   
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In summary, we have found that oil recovery can be enhanced by micro-sweep, i.e. by 

microscopic oil displacement on the scale of a few pores, and that this micro-sweep only 

occurs for displacing fluids with an elastic component. The next question is exactly how 

much elasticity is necessary. To this end, we now turn to the single phase experiments 

and study the change of apparent relative viscosity with apparent shear rate, because it 

is known that the apparent relative viscosity for flow through a porous medium has a 

sharp increase when elastic effects start to dominate [34]. 

For the flow of different non-Newtonian fluids the steady state pressure drop 

P over the microchannel of length L was measured for a range of volumetric flow 

rate q. According to Darcy’s law the viscosity, app was derived as  

app uP

L k

 
 

 
                                                                                                                         (8.2) 

Here k is the permeability, which is related to the pore size distribution and tortuosity 

of the porous medium itself. The permeability k is derived using Darcy’s law for the flow 

of Newtonian fluid through the pillared microchannel.   

The apparent shear rate is defined as �̇� = 𝛽〈𝑢〉/√𝑘. Where β is an empirical shift 

parameter which depends on the pore structure and fluid rheology. In our experiments 

we found a good match between the viscosity obtained from the shear rheometer data 

and single phase experiments through the pillared microchannel using the value of β = 

1.0. In our case, for the range of shear rate studied the polymers do not undergo any 

mechanical degradation and wall slips are also negligible thus the value of β is found to 

be 1.0. 

The important non-dimensional number characterizing the importance of elastic 

effects is the Deborah number De, defined as the ratio of the fluid relaxation time and a 

characteristic time scale of the flow experiment. In this case the characteristic time scale 

of the flow experiment is the inverse apparent shear rate, leading to𝐷𝑒 = 𝜆�̇� =

𝜆〈𝑢〉/√𝑘. 
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Figure 8.8. Viscosity vs shear rate for different displacing fluids (a) xanthan, (b) HPAM, 

(c) VES, overlayed on the shear rheometer measurements for the same fluids 

As shown in figure 8.8, for the xanthan solution the viscosity as derived from 

the single phase experiments continuously decreases with increasing shear rate. This 

corresponds to the shear thinning nature of xanthan, as found from the shear rheology 

experiments. On the other hand, the viscosity of HPAM initially decreases and then 

starts to increase after a critical shear rate of around 6 s-1. So, though the fluid is shear 

thinning in nature as found from bulk shear rheology, it shows an increased viscosity 

when flowing through a porous medium at higher flow rates. In case of VES solution the 

viscosity derived from single phase experiments shows a shear thickening followed by 

a shear thinning behavior, as found in the shear rheometer. However, the critical shear 

rate where the shear thickening starts (20 s-1) is at a much lower shear rate, compared 
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to the rheometer predictions. Also, the extent of shear thickening (ratio between 

maximum and minimum viscosity) for VES is approximately 14 times in the pillared 

microchannel, compared to 2 times in the shear rheometer.  

The viscoelastic effects induce strong spatial and temporal instabilities, and 

even lane changes as shown in our work [26] and the work by Kawale et al [49]. 

Surprisingly, for both HPAM and VES the critical shear rate, after which the flow 

resistance increases rapidly (around 6 s-1 for HPAM and 25 s-1 for VES), directly 

corresponds to the critical Ca number (4×10-5 for HPAM and 7×10-5 for VES respectively) 

where the oil saturation decreases rapidly. At such shear rates the value of M for VES is 

also around unity. For HPAM this critical shear rate corresponds to a De number of 

around 2. As shown in table 8.1, the relaxation time of xanthan is an order of magnitude 

lower than that of HPAM. Thus at similar shear rate the Elasticity number

 ReEl De , is much higher for HPAM than for xanthan. As the elasticity number 

is independent of the flow kinematics and depends only on the fluid rheology and the 

characteristic size of the porous medium, a higher elasticity number essentially means 

that stronger elastic effects are expected in HPAM compared to the shear thinning 

xanthan fluid. We hypothesize that the velocity and pressure fluctuations, and possible 

presence of transversal flows, at these higher De numbers cause stronger fluctuations 

in the interface of the larger oil ganglia. This will enable the flow to break up larger oil 

ganglia into smaller droplets. The instability will moreover facilitate to mobilize the 

small droplets. The water and nearly inelastic shear thinning xanthan solution do not 

create such elastic instabilities, even at higher shear rates. In this chapter, we have 

added evidence of this elastic micro-sweep mechanism by analyzing the oil ganglia size 

distributions for the different types of displacement fluids, showing that much larger 

residual oil droplet sizes remain when using water and xanthan solutions. 

8.4 Conclusion 

It is of primary importance to understand the effect of fluid rheology and fluid solid 

interaction in multiphase flow through porous media. Water, nearly inelastic shear-

thinning xanthan, viscoelastic HPAM, and viscoelastic surfactants are extensively used 
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as displacing fluids in different stages of oil recovery. In case of oil field applications, 

the displacement experiments with polymeric fluids are mostly performed in core 

samples extracted from the field. Such experiments provide a correlation between the 

applied flow rate and residual oil saturation, but a detailed inspection of the flow 

structures at the pore level is very difficult. In this work, we have used a microchannel 

with a regular arrangement of pillars as a tool to visualize and understand the enhanced 

oil recovery process. For a similar range of Ca numbers, we found that the HPAM 

solution and viscoelastic surfactants can displace more oil compared to shear thinning 

xanthan or water. These results confirm and extend the recent findings of Clarke et al 

[16]. Digging deeper into the enhanced recovery phenomenon, we showed that the 

typical residual droplet size for HPAM and VES is much smaller, compared to xanthan 

or water, at higher Ca numbers. Although the mobility ratio of both water and VES is 

less than 1, VES shows a much larger oil displacement than water. The droplet size 

distribution analysis provides a detailed insight into how viscoelastic effects can 

significantly affect the droplet size distribution compared to xanthan with a similar 

shear thinning behavior. The critical Ca number beyond which the residual oil 

saturation decreases rapidly for HPAM and VES corresponds to the critical shear rate 

where both fluids show an increased apparent relative viscosity in single phase flow 

through the same porous medium. This proves that elastic effects, which initiate strong 

spatial and temporal fluctuations, play a crucial role to break larger ganglia to smaller 

micro droplets and can mobilize the micro droplets. This mechanism is different from 

earlier findings in the literature [14].  

Our finding can be useful to optimize parameters in the reservoir simulation 

software and moreover synthesize better polymers for enhanced oil recovery and other 

industrial and environmental applications. Our future work will focus on numerical 

simulations of such multiphase flows, and extensions towards realistic rock structures.        
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9.1 Conclusions 

In this thesis, we studied the flow of viscoelastic fluids through porous media using both 

numerical simulations and microfluidic experiments. Viscoelastic fluids show strikingly 

different flow behavior compared to their Newtonian counterpart, even in the creeping 

flow regime. The main objective of our work was to obtain a more fundamental insight 

into viscoelastic flows through porous media.  This will facilitate our understanding of 

how viscoelastic effects are related to polymer flooding. We have studied viscoelastic 

fluid flows through model porous media, and obtained a detailed insight into the 

complex interaction between fluid rheology and pore structure. This aided us to better 

understand the phenomena of increased flow resistance, elastic instabilities, and how 

the latter can be correlated to the enhanced displacement efficiency of viscoelastic 

fluids. We will now summarize the main conclusions from each chapter. 

In chapter 2 we reported on the development of a novel coupled finite volume 

– immersed boundary methodology (FV-IBM) to simulate unsteady three-dimensional 

viscoelastic fluid flow through model porous media using direct numerical simulations. 

The boundary conditions at the walls of the porous structures are imposed using a 

second order IBM, allowing for accurate simulations using a relatively coarse grid. We 

applied this methodology to model viscoelastic fluids with a FENE-P constitutive model 

flowing through an infinite array of closely spaced cylinders, using periodic boundary 

conditions. We observed the presence of counter-rotating vortices in between the 

cylinders. The viscoelastic flow structure is symmetric for lower Deborah (De) number, 

but an asymmetry occurs after a critical De. In the presence of side walls, we observed 

that the onset of the flow asymmetry happens at a much lower De, which can be related 

to higher viscoelastic stresses normal to the flow direction. 

In chapter 3 we simulated the flow of a viscoelastic fluid through an array of 

symmetric and asymmetric sets of periodically placed cylinders. The simulations 

provide detailed insight on how flow structure, viscoelastic stresses, and viscoelastic 

work change with increasing Deborah (De) number. We observed completely different 

flow structures and different distributions of the viscoelastic work at high De in the 

symmetric and asymmetric configurations, even though they have the exact same 
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porosity. Surprisingly, we found that even for the symmetric contraction-expansion 

flow, most energy dissipation is occurring in shear dominated regions of the flow 

domain, not in extensional dominated regions even at higher viscoelasticity. 

In chapter 4 we simulated the flow of viscoelastic fluids through an array of 

randomly arranged monodispersed spheres representing a three-dimensional 

disordered porous medium, for a range of solid fractions. We found a strong increase in 

flow resistance after a critical De number is reached, even though the bulk shear 

rheology is shear thinning in nature. Such flow thickening behavior was only observed 

in experiments until now. Remarkably, all flow resistance curves superimpose to a 

master curve by redefining the De number by choosing a length scale based on the 

permeability of the porous medium. A detailed energy dissipation and flow topology 

analysis helped us to conclude that the observed increase in flow resistance should be 

attributed to an increase in energy dissipation in shear flow dominated regions. 

In chapter 5 we simulated viscoelastic fluid flow through two-dimensional 

porous media consisting of random arrangements of monodisperse and bidisperse 

cylinders. We observed an increase in the flow resistance after a critical De number. We 

again found that all flow resistance curves collapse to a single master curve, which 

strengthened our belief that such master curves will also exist for polydisperse and 

complex real rock structures if the length scale is chosen correctly. An analysis of 

viscoelastic normal stress differences further showed that the largest normal stress 

differences are present in the shear dominated flow regions, rather than extensional 

regions. This strongly suggests that viscoelastic normal shear stresses are related to the 

observed increased flow resistance and not primarily extensional effects. This sheds 

new light on the highly debated mechanism governing the increased flow resistance. 

In chapter 6 we reported experimental observations of strong elastic 

instabilities for viscoelastic fluid flows through pillared microchannels. We observed 

strong temporal and spatial fluctuations, even leading to lane changes, and presence of 

fast and slow moving lanes, not reported before in the literature. These elastic 

instabilities are also accompanied by an increased flow resistance, as found in our 

simulations.  Further we have tried to quantify the symmetric stable flow regime, linear 

asymmetric regime and nonlinear asymmetric flow regime by using two different De 

numbers based on pitch and pillar diameter. The experiments provide an outlook to 

characterize viscoelastic porous media flows using pillared microchannels. 

In chapter 7 we reported on the flow behavior of viscoelastic surfactant (VES) 

solutions through two different model porous media having similar permeability: (a) a 

3D random packed bed and (b) a microchannel with periodically spaced pillars. We 

found the presence of an increased flow resistance in the 3D porous media and 2D 

microchannel compared to a simple Couette flow. Microfluidic experiments revealed 

the presence of strong flow instabilities corresponding to a critical shear rate where an 

excess pressure drop was observed. The elastic instabilities were attributed to the 
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formation of transient shear induced structures. The experiments provided a detailed 

insight into the complex interplay between the pore scale geometry and rheology of 

VES, which cannot be analyzed from packed bed measurements.  

In chapter 8 we investigated the displacement mechanism of viscoelastic fluids, 

by performing experiments with different fluids used to displace a resident oil phase in 

a pillared microchannel. For a similar range of Ca numbers, we found that the 

viscoelastic HPAM solution and viscoelastic surfactants can displace more oil compared 

to nearly inelastic shear thinning xanthan or Newtonian water. The residual droplet size 

for HPAM and VES is found to be much smaller, compared to xanthan or water at higher 

Ca number. The critical Ca number beyond which the residual oil saturation decreases 

rapidly for HPAM and VES corresponds to the critical shear rate where both fluids 

exhibit an increased flow resistance in single phase flow through the same porous 

medium. This suggests that elastic effects, which initiate strong spatial and temporal 

fluctuations, play a very crucial role in breaking larger ganglia into smaller micro 

droplets which are then mobilized. This mechanism is different from most of the earlier 

findings in the literature, and directly correlates the elastic instability with enhanced 

displacement efficiency of viscoelastic fluids.       

 

9.2 Outlook 

In this thesis, we developed a simulation method to study viscoelastic flow phenomena, 

relevant to enhanced oil recovery, on the pore scale. In actual oil reservoir applications, 

many more length scales are relevant. The fluid-structure interactions occurring at all 

these multiple length scales cannot be captured accurately using a single computational 

technique. Current reservoir simulators take several simplifying assumptions to model 

an oil reservoir. However, as shown in the thesis, polymeric fluids behave strikingly 

different in a porous medium than in simple bulk shear flow. To accurately model a 

reservoir, correlations obtained from direct numerical simulations should be used in 

the reservoir simulators. This will aid accurate predictions and optimization of large 

scale reservoir simulators. Further a multiscale simulation approach can be adopted to 

model such heterogeneous porous media. Because operations like polymer flooding are 

highly cost intensive, an accurate prediction and monitoring is of extreme importance.  

Both numerically and experimentally, we have shown the existence of elastic 

instabilities in porous media flow. We correlated the instabilities with the higher 

displacement efficiency of viscoelastic polymer solutions. With this new insight, 

rheologists and chemists can try to synthesize molecular architectures of “smart” soft 

matter systems which promote such elastic instabilities. 

Our method shows a promising approach to model complex fluid flow in 

porous media at the pore scale level. Despite several advantages, the method has some 

limitations. Computationally the simulations are very intensive. The current code is 
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OpenMP parallelized. However, an MPI or GPU based parallelization will expedite the 

simulations, thus facilitating to model a larger number of pore volumes. With the 

advancement of computational infrastructure we might be able to model much larger 

flow configurations in the near future.  In our current applications, we dealt with De 

numbers of the order of 1 or slightly higher. However, to model applications with larger 

viscoelastic effects, we need to implement a log-conformation approach or other 

sophisticated techniques [1,2].  

The current framework of FV-IBM based simulation method can be further 

extended to numerically investigate many other fascinating multiphase flow problems. 

This technique can be used to model real rock structures. A micro-CT scan of a real rock 

can be used to generate the pore configurations. It would be very interesting to model 

viscoelastic fluid flow through such a real rock sample, and compare with our 

simulations through disordered porous media. 

Another application is particle migration effects in viscoelastic fluids. It has 

been found by several researchers [3,4] that in presence of viscoelastic fluids particle 

migrate away from the wall. It would be very interesting to study such particle laden 

flow in porous media with potential applications in hydraulic fracking and in biology. 

Our recent experimental findings (using pillared microchannel) show very interesting 

particle migration effects for different non-Newtonian fluids (not included in the thesis, 

see list of publications section). 

The framework to model multiphase flow using a coupled finite volume – 

immersed boundary – volume of fluid method has been already developed. Thus we can 

numerically model the polymer flooding process and compare with our experimental 

findings. A set of excellent numerical simulations were recently performed, to couple 

diffuse interface method with finite element method, to model viscoelastic particle 

laden flow [5]. Our multiphase method should be compared with such techniques and 

other sharp interface methods. 

Experimentally we have studied both single and multiphase flows of 

viscoelastic fluids using a pillared microchannel. It would be interesting to study flow 

structures in a fully three dimensional porous medium. Furthermore, to mimic a real 

rock, micro-CT of a real rock can be used to fabricate the microchannel. Thus the pore 

architecture will be more realistic. Flow experiments in such microchannels can be 

compared with our findings in “model” porous media.     

As a part of the work, we understood that the salinity of oil reservoirs can 

significantly influence polymer flooding. Thus we have developed a numerical 

framework to model electrostatic effects on fluid rheology (not included in this thesis). 

Further, to model such viscoelastic flow in porous medium it is extremely important to 

accurately measure the extensional viscosity of the polymeric solution. Current 

methods to measure extensional viscosity are limited to high viscosity and are very 

expensive. We have developed a novel “bubble microrheology” technique to measure 
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extensional viscosity of polymeric solutions. We effectively employ a single, 

microscopic gas bubble as a stress-controlled rheometer, probing viscoelastic 

properties under purely extensional flow conditions. Details of the method can be found 

elsewhere (not included in thesis, see list of publications section). 
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