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Abstract 

This study aims at investigating the influence of elastic properties of aqueous polymer 

solutions on their flow behavior in porous media. 

Different grades of Poly-Ethylene-Oxide (Polyox) were mixed to prepare polyox blends 

of approximately equal average molecular weight (Mw) and varying molecular weight 

distribution (MWD). A new mixing rule was suggested for prediction of the Mw of the 

polymer blends and the equivalent zero shear viscosity (no) of their aqueous solutions. 

Proposed equation predicts more accurate values of ju0 and Mw in comparison to the 

correlations available in the literature. 

A series of core flow experiments was conducted by using aqueous solutions of two 

different blends of polyox with different MWD and similar Mw. The effect of MWD on 

both rheological properties and porous media pressure drop was investigated. Aqueous 

solutions of polyox blend with broader MWD and consequently more dominant elastic 

effects showed considerably higher pressure drop compared to that of narrow MWD 

blend. 

The current theory of non-Newtonian fluid flow in porous media was revisited for 

possible improvement in pressure loss prediction by introducing the effect normal stress 

difference. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

Viscoelastic behavior of polymer solutions in porous media is increasingly of pivotal 

importance to many petroleum engineering applications such as acidizing, fracturing, 

secondary recovery methods (i.e., water and gas flooding, steam injection, in situ 

combustion), gas cycling, etc. Polymer solutions of different concentrations and 

rheological properties are increasingly and widely used in petroleum engineering 

applications. 

During drilling it is a common practice to maintain a positive pressure difference between 

the drilling fluid and the formation. Overbalanced drilling causes the mud particles and 

mud filtrate to invade the formation. Thus, the permeability of near wellbore formation is 

generally altered and this alteration induces strong detrimental effects on well 

productivity. 

Any type of a process, which results in a reduction of the flow capacity of an oil, water or 

gas bearing formation, is defined as formation damage. Different mechanisms have been 

known for formation damage including sand and fines migration, clay swelling, organic 

precipitation and scale. 

Success of the horizontal wells is very often impaired with productivity reduction due to 

formation damage. The economic impact of poor productivity of open-hole horizontal 

wells has pushed research institutions towards spending significant research efforts in 

recent years to investigate drilling induced formation damage. Despite all the efforts, 

questions still remain regarding the formulation of optimum fluid composition to 

minimize, if not eliminate, productivity impairment due to formation damage. 
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Several industrial ideas have been proposed for designing drilling fluids with minimum 

invasion into the reservoir rock. Since blocking agents added to drilling fluid block pores 

near the well bore, acid treatment is usually required for their removal. In polymer 

flooding, small concentrations of high molecular weight polymers are added to the 

displacement fluid. Large polymer molecules increase the viscosity and decrease the 

mobility of the solvent. This decrease in fluid mobility improves the volumetric sweep 

efficiency of the water flood. A thicker displacement fluid helps to prevent the 

phenomenon of viscous fingering, which has an adverse effect on oil extraction. It is clear 

that, in any comprehensive study of enhanced oil recovery, rheology must play a role 

(Jones etaL (1989)). 

Even after decades of research, the mechanism of polymer flow in porous media remains 

vaguely understood. 

1.2 Statement of the Problem 

As the bit penetrates the reservoir rock, the continuous phase of drilling fluid invades the 

formation due to the positive pressure differential between the well and reservoir rock. 

Presence of mud filtrate in the reservoir zone significantly decreases relative permeability 

of oil and gas that consequently results in productivity reduction. 

Drilling fluid filtration into the reservoir rock during drilling, completion and stimulation 

may also result in: borehole instability, excessive torque and drag, pipe stuck due to 

differential pressure and formation damage (Cobianco et al. (1999)). 

Permeability impairment is more pronounced in case of horizontal wells where 

drilling/completion fluids remain in contact with pay zone for longer time. Production 

results from many horizontal wells have been disappointing. It is believed that when this 

has occurred in situations where reservoir quality is good, near wellbore formation 

damage effects of drilling, well completion and even stimulation (hydraulic fracturing) 

fluids have been the major contributor to the poor production performance (Bennion et al. 

(1996)). 
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Generally, filtration loss is controlled by increasing the viscosity of drilling fluid by 

viscosifier additives (Navarete et al. (1995); Parlar et al. (1995)). Filter cake developed 

by bridging agents in drilling fluid reduces the filtration loss (Penny et al. (1989). 

However, such agents often require acid treatment for their removal. 

Polymer based drilling fluids may be designed in such a way that they would generate 

extremely high pressure drop when flowing through a porous media without generating 

extra losses while flowing in the well (Martins et al. (2005)). Non-invasive solids free 

drilling fluid is beneficial as acid treatment is not required for removal of blocking 

agents. 

The use of Darcy's law for modeling polymer flow in porous media has serious flaws 

because: (1) viscosity of polymer solutions depends on shear rate, (2) length of polymer 

molecules is comparable to the pore throat length, a fact that enhances certain elastic 

phenomena, and (3) adsorption and entrapment of polymer molecules in porous media 

may result in permeability impairment (Garrouch et al. (2006)). 

Polymer based fluids exhibit significant elongational components as they flow through 

porous media due to the rapid changes in the cross-sectional area of the pore space in the 

flow direction. It is found that, above a critical set of conditions, a significant increase in 

the flow resistance of polymer solutions in a porous medium is observed (James et al 

(1975); Marshall et al (1967); Ghoniem (1985)). Unexpected high flow resistance of 

polymer solutions has been observed in experiments performed with polyethylene oxide 

and polyacrylamide solutions (Dauben et al. (1967), Marshal et al. (1967), James et al. 

(1975)). 

Viscoelastic properties of polymer solutions such as extensional viscosity, first normal 

stress difference and relaxation time influences flow resistance in porous media. 

Extensional deformation of fluid elements in porous media dominates the elastic effects. 

Saasen et al. (1990) showed the influence of G' and G" on the flow of polymer based 

fluids through porous media. Relaxation time of polymer solutions also significantly 

influences the flow behavior in porous media (Gupta et al. 1985; Sadowski et al. 1965). 
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It has been widely accepted in polymer science that the size and structure of polymer 

molecules significantly influence their rheological properties (Bird et al. 1977). Zero-

shear rate viscosity (ji0) and relaxation time of aqueous polymer solutions strongly 

depend on the average molecular weight (Ferry 1980). As long as the average molecular 

weight is constant, however, molar mass distribution weakly influences no. 

MWD strongly influences steady state rheological properties of polymer solutions. By 

changing the molar mass distribution of polymer mixtures while keeping the average 

molecular weight constant, the pressure losses due the flow of aqueous polymer solutions 

through porous media may be controlled. This type of flow has a very practical appeal in 

many petroleum engineering applications, as controlling the damage due to fluid invasion 

into the reservoir rock has a significant impact on the rate of oil and gas production rates. 

The aim of this research is to investigate the influence of elastic properties of polymer 

solutions on flow resistance in porous media. Rheological properties of polymer solutions 

responsible for extra flow resistance in porous media may be optimized by controlling 

MWD at constant average molecular weight. This would facilitate formulation of 

optimum drilling, well completion and fracturing fluid compositions with minimum 

formation damage effect. 

1.3 Objectives and scope of the research 

The primary objective of this research study is to investigate the influence of elastic 

properties of polymer solutions on flow resistance in porous media. This was done by 

injecting aqueous solutions of Polyethylene oxide with varying molecular weight 

distribution and similar average molecular weight into the porous media. 

The second objective of this research is to modify Darcy equation for predicting pressure 

drop of polymer solutions in porous media by considering both viscous and elastic 

properties of the fluid. 

To achieve these research objectives the following tasks have been completed and are 

described in this thesis: 
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1) Literature survey and discussion 

2) Rheological characterization of aqueous solutions of different grades of polyox 

with varying average molecular weight at different concentrations. 

3) Prepare aqueous solutions of polyox blends with similar average molecular 

weight (i.e., similar shear viscosity) and different molecular weight distribution. 

4) Viscoelastic characterization of polyox blends with similar shear viscosity and 

different molecular weight distribution by conducting rheological tests including 

viscometry, relaxation and oscillation tests. 

5) Core flow experiments in radial cell with varying permeabilities using aqueous 

solutions of two different polyox blends with similar shear viscosity and different 

molecular weight distribution. 

6) Modification of Darcy equation to account for elastic properties of polyox 

solutions. 

1.4 Structure of the thesis 

Chapter 1 gives an overview of the research work. It outlines the background and 

statement of the research problems, the objectives and the scope of the work. 

Chapter 2 gives a comprehensive literature review and discussion of the subject area. 

Chapter 3 describes the methodology followed throughout this study. A detailed 

description of rheometer and different rheological tests used for viscoelastic 

characterization of polymer solutions, detailed description of experimental set-up and 

procedure for core flow experiments. 

Chapter 4 presents the results of rheology measurements of aqueous solutions of different 

grades of Polyox and blended polyox samples. 

Chapter 5 provides the result of core flow experiment using aqueous solution of different 

blends of polyox. 
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Chapter 6 provides the details of proposed model for predicting pressure drop due to 

viscoelastic effects in porous media. 

Chapter 7 presents the conclusions of the research as well as recommendations for future 

works. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Rheological properties of aqueous polymer solutions 

2.1.1 Shear viscosity 

Shear viscosity is physically a measure of fluid resistance against shear forces during 

flow that is defined as the ratio between shear stress and shear rate. Basically viscosity of 

a fluid is a function of temperature and pressure. Shear viscosity of Newtonian fluids is 

constant at specific thermodynamic conditions that is defined by: 

T = y\i 

2-1 

Where, // is Newtonian viscosity that is a function of temperature and pressure of fluid 

and independent of shear rate, T and y are shear stress and shear rate respectively. 

Shear viscosity of a non-Newtonian fluid is strongly dependent on deformation rate. 

Basically two different rheological behaviors are considered for non-Newtonian fluids: 

• Shear thinning behavior 

• Shear thickening behavior 

Viscosity of most of polymer solutions linearly decreases with shear rate in logarithmic 

coordinate. Power law relationship is commonly used to model non-Newtonian viscosity 

of polymer solutions. 

x(y) = myn 

2-2 

fi(y) = m yn _ 1 

2-3 

m and n are power law constants that could be obtained by fitting a straight line to the 

experimental data in log-log scale. 
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2.1.2 Normal stress difference 

Normal stress difference is an important material function of polymer solutions indicating 

the degree of elasticity of large polymer molecules. Normal stress values could be 

interpreted as an indication of the ability of polymer molecules to deform under applied 

stresses. First and second normal stress difference are defined by (Bird et al. 1977): 

Ni(y) = Tn - T 2 2 

2-4 

N2(y) = T22 - T33 

2-5 

In this expression rlt is normal stress in direction of flow and T22 and T33 are induced 

normal stress perpendicular to the flow direction. A^and N2 are almost zero in case of a 

Newtonian fluid. However normal forces induced during flow of a non-Newtonian fluid 

(e.g. polymer solutions) could be significantly high. The value of N2 is approximately 

l/10of JVj. 

2.1.3 Extensional viscosity 

Extensional viscosity is a measure of fluid resistance against tensile stress. In a uniaxial 

flow in a given direction, x, the following velocity and stress fields could be considered: 
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Uniaxial flow direction 

Fig. 2-1 The direction of the principle stresses in uniaxial elongational flow 

vy = - s y/2 

T n - ^22 = T11 - T33 = i Me(e) 

Tik = 0, i =£ k 

2-6 

2-7 

2-8 

2-9 

Where, i and £(e(£) are the strain rate and extensional viscosity respectively. vx and vy 

are fluid velocity in x and y direction. T[fc is stress in the direction of i direction inside the 

plan perpendicular to k axis. Considering the definition of normal force, extensional 

viscosity for uniaxial elongational flow is given by: 

Me00 = 
T l l — T 22 Nt 

2-10 
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Therefore, highly elastic fluids (e.g. PHPA solutions) showing significant normal stress 

difference, are anticipated to have high extensional viscosity according to Eq. 2-10. For a 

Newtonian fluid it is shown in the literature (Jones et al. 1987) that the extensional 

viscosity is three times of the shear viscosity. Extensional viscosity of a viscoelastic fluid 

may be several orders of magnitude higher than their shear viscosity. Extensional 

viscosity, /ie, strongly influences flow performance of polymer solutions in flow systems 

which give rise to elongational deformation such as porous media. 

Cathey et al. (1988) gave the following equation to predict the extensional viscosity of a 

solution. 

1 (is-dr2 

2-11 

The first term is related to the extensional viscosity of solvent that is three times of its 

shear viscosity. The second term accounts for the effect of polymer molecules where # 

the volume fraction of solids in solution and r is the aspect ratio of polymer molecules. 

Song et al. (1996) compared the predicted values of extensional viscosity of XG using 

Eq. 2-11 to experimental data (See Fig. 2-2). 

According to the data shown in Fig. 2-2, the ratio of measured to predicted extensional 

viscosity values values scatter about 1. However, for viscous solutions this ratio is 

approximately equal to 1.3 (Song et al. 1996). 
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1 

Shear viscosity (P) 

Fig. 2-2 The extensional viscosity of xanthan gum solutions, relative to predictions from 
Batchelor's theory for suspensions of long rods (Song et al. 1996). 

2.1.4 Trouton ratio 

Trouton ratio is an important rheological parameter in studying the viscoelastic 

characteristics of non-Newtonian fluids. This quantity represents the ratio of extensional 

viscosity to shear viscosity. 

Tr 
/fe(£) 
M(X) 

2-12 

As the definition of shear rate and strain rate is different from each other, Jones et al. 

(1987) suggested the following expression for Tr. 

Tr = iie(e)/iitfie) 
2-13 

They showed that Trouton number is 3 for Newtonian fluids with insignificant elastic 

properties. They also concluded that high values of Tr is related to viscoelasticity of the 

fluid. 
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Fig.2-3 shows the Trouton ratio of xanthan gum solution as a function of shear rate. Both 

shear viscosity and extensional viscosity of XG solution decreases with increasing the 

shear rate. Shear viscosity of XG decreases faster than extensional viscosity. Therefore, 

Trouton value and consequently elastic effects of XG solution increases with increasing 

shear rate. 

1.E+05 

1.E+00 
1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 

Srtear/Extensional Rate (sec1) 

1.E+04 

i 
3 

cu 

Fig.2-3 Shear and extensional viscosity of 1.5 lb/bbl Xanthan gum in tap water at 75°C 
(Navarete et al. 2000) 

2.2 Viscoelastic behavior of some polymer solutions 

Dauben et al. (1966) measured normal and tangential forces of aqueous solutions of three 

different grades of polyox (see Fig. 2-4). 
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Fig. 2-4 Shear rate vs. tangential and normal shear stress for polymer solutions (Data 
taken at 75 F, 0.5°) (Dauben et al. 1966) 

According to the presented data the following results could be obtained: 

• Both normal and tangential stresses increase considerably with increasing the 

shear rate. 

• Both tangential and normal curves tend to be linear in a log-log scale. It means 

that power law relationship may be used to model both normal stress and shear 

stress values as a function of shear rate. 

• The value of normal stress and also its rate of increase are higher than shear 

stress. 

Jones et al. (1989) measured viscosity and normal stress difference of aqueous solutions 

of polyacrylamide and xanthan gum at different shear rates (see Fig. 2-5). 
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10° 103 

Fig. 2-5 Viscometric data for a 1500 ppm aqueous solution of xanthan gum and a 250 
ppm aqueous polyacrylamide solution, 20°C (Jones et al. 1989) 

Fig. 2-5 highlights the shear thinning behavior of the two solutions. Shear viscosity of 

xhanthan gum is relatively higher than that of polyacrylamide solution. While, the value 

of Nx is considerably higher in case of polyacrylamide compared with xanthan gum. 

Therefore, flow behavior of polyacrylamide is controlled by both viscous and elastic 

forces, while, flow performance of XG is mainly influenced by viscous effects. High 

values of normal forces in case of polyacrylamide are mainly due to its highly flexible 

molecules. 

Song et al. (1996) measured the extensional viscosity of some polymer solutions that is 

shown in Fig. 2-6. Normalized values of Trouton ratio are plotted versus extensional rate 

because solvents used in each solution had different Trouton values. 
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Fig. 2-6 Normalized values of Trouton ratio for different polymer solutions (Song et al. 
1996) 

Trouton value of all solutions except polyacrylamide tends to remain constant. Due to 

moderate elastic properties of XG, the ratio between the Trouton value of solution and 

solvent (that is a Newtonian fluid) is more than one. Although, Trouton ratio of 

polyacrylamide solution is relatively lower than XG solution at low shear rates, it starts 

increasing dramatically at a certain shear rate. It appears that after a critical flow rate high 

values of normal stress difference significantly influence the extensional viscosity of 

polyacrylamide (see Fig. 2-5 and Fig. 2-6). Therefore, identification of such critical 

deformation rates is essential for proper prediction of flow performance of viscoelastic 

fluids. Jones et al. (1989) suggested that there is a "critical strain rate region" where 

elastic forces dominantly influence the flow behavior and extensional viscosity plays an 

important role on behavior of fluid in porous media. 

15 



Chauveteau et al. (1984) showed that XG solution presents shear thinning characteristics 

in both shear and extensional flow, while PHPA solutions present dilatant behavior to 

extension and pseudoplastic behavior to shear. 

2.3 Effect of average molecular weight, Mw, and molecular weight distribution, 

M WD, on rheological behavior of polymeric liquids 

It has been widely accepted in polymer science that the size and structure of polymer 

molecules significantly influence their rheological properties (Bird et al. 1977). Above a 

critical molecular weight as a property of each polymer, entanglement of polymer 

molecules has a crucial influence on viscoelastic properties of the solution. Zero-shear 

rate viscosity, ii0, and relaxation time of polymeric liquids are strongly related to the 

average molecular weight (Ferry 1980). Molar mass distribution however, while the 

average molecular weight is constant, weakly influences jtt0. 

MWD strongly influence steady state rheological properties. It has been shown in 

literature that longest relaxation time as an important parameter of Non-Newtonian flow 

is influenced by MWD (Kulicke 1986; Liu et al. 1998; Shaw et al. 1994). Plog et al. 

(2005) showed the effect of molar mass distribution on uniaxial flow of two polymeric 

systems in capillary break up experiment. Furthermore, viscoelastic response of polymer 

melts in rheological tests such as relaxation test has been widely used for determination 

of MWD (McGrory and Tuminello 1990; Wasserman 1995; Leonardi et al. 2002). 

The strain applied in simple shear flow is high enough to destroy the elastic structure of a 

polymeric system. However, at low strain flow systems the elastic component may 

strongly influence flow behavior of viscoelastic materials. Saasen et al. (1990) showed 

the influence of elastic and viscous modulus (G' and G") on flow through porous media. 

Relaxation time of polymer solutions also significantly influence flow behavior in porous 

media (Gupta et al. 1985; Sadowski et al. 1965). Therefore, by controlling the molar mass 

distribution of polymer mixtures at constant average molecular weight (and consequently 

their shear viscosity) viscoelastic parameters such as longest relaxation time, viscous and 

elastic modulus, influencing the flow behavior in special flow geometries such as 
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elongational flow through porous media, may be controlled. In other words, polymer 

blends may be produced with similar viscous flow behavior while they have different 

performance in flow geometries promoting viscoelastic effects such as porous media. 

2.3.1 Weight average molecular weight 

Zero shear viscosity, ju0, as an intrinsic property of polymer solutions at a certain 

concentration, is linked to average molecular weight of polymer. Eq. 2-14 represents zero 

shear viscosity as a function of average molecular weight (Ferry 1980). 

Ho = KM* 

2-14 

K is a constant that depends on the type of polymer and the temperature. The weight 

average molecular weight of a mixture of monodisperse polymers of the same type, MWB 

,is given by (Zang 1987): 

2-15 

Where, 6)t- is the mass fraction of monodisperse polymer with the molecular weight of 

Mwi. Zero shear viscosity - molecular weight profile of linear polymer systems shows 

two different regions (Graessley, 1974). Above a critical molecular weight (Mc) as a 

property of each polymer, entanglements of polymer molecules have a crucial influence 

on their viscoelastic properties. 

According to 2-14 blended polymer samples with similar weight-average molecular 

weight are expected to show similar shear behavior. 

2.3.2 Molecular weight distribution (MWD) 

The effect of MWD on rheological properties of polymers is explained in literature by 

considering the polydispersity values. Polydispersity value is defined as the ratio of Mw to 
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Mn. Where Mw is weight-average molecular weight and Mn is number-average molecular 

weight defined by (Zang 1987): 

1 _ Y1" wi 
Mn>B ~ Z i i = i Mn>i 

2-16 

The combination of the following techniques are used to measure the value of 

polydispersity (— )̂: 

• SEC (Size-exclusion-chromatography) 

• MALLS (multi angle laser light scattering) 

• DRI (differential refractometer) 

2.3.3 Shear viscosity 

Molar mass distribution, while the average molecular weight is constant, weakly 

influence zero-shear rate viscosity (Ressia et al. 2000). Fig. 2-7 shows shear viscosity of 

polystyrene blends with varying MWD as a function of shear rate. This figure highlights 

that the flow performance of different blends in shear flow is approximately the same. 

Therefore, shear flow behavior of different blends of polystyrene with the same 

molecular weight may not be influenced by molar mass distribution. 
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Fig. 2-7 Shear viscosity versus shear rate for polystyrene blends, 1.0 wt% in 
diethylphthalate at 25°C (Plog et al. 2005) 

2.3.4 Relaxation time 

It has been shown in literature that longest relaxation time as an important parameter of 

non-Newtonian flow is influenced by MWD (Kulicke 1986; Liu et al. 1998; Shaw et al. 

1994). Viscoelastic response of polymer melts in rheological tests such as relaxation test 

has been widely used for determination of molecular weight distribution (McGrory et al. 

1990; Wasserman 1995; Leonardi et al. 2002). (Plog et al. 2005) tried to correlate the 

relaxation times of blended polymers (determined via capillary breakup extensional 

rheometry) with the different moments of the MWD. In contrast to shear flow relaxation 

time, the values of relaxation time calculated using capillary breakup data are 

significantly influenced by MWD (Plog et al. 2005). 
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2.3.5 Uniaxial elongational flow 

Elongational flow has been known as a new method to investigate the effect of MWD on 

rheological properties of polymer solutions. It has been observed that different polymer 

blends of the same average molecular weight and similar shear flow behavior present 

different performance in flow systems such as: 

• Droplet breakup 

• Filament formation 

• Nozzle extrusion 

(Plog et al. 2005) characterized commercially available blended methyl-hydroxy-ethyl 

and also blended polystyrene standards with similar Mw and varying MWD in capillary 

break up experiment. They observed different rate of filament diameter decrease for 

different polymer blends. The rate of filament diameter decrease of a viscoelastic fluid is 

controlled by the following equation (Clasen et al. 2006): 

(G D0\
1/3 J £ . 

2-17 

Where, D0 and a are initial filament diameter and surface tension of the investigated 

fluid. According to Eq. 2-16 the thinning behavior of filament is influenced by longest 

relaxation time (0O) and elastic modulus (G). Therefore, considering the different 

thinning behavior of blended samples, the effect of MWD on G and/or G0 may be 

concluded. Regarding the definition of extensional viscosity and different forces applied 

on thinning filament, the extensional viscosity is given by Eq. 2-18 (Plog et al. 2005). 

a 

dDmid 
dt 

2-18 
Therefore, elongational flow behavior (i.e., extensional viscosity) of different polymer 

blends with similar shear flow behavior could be different. It means that MWD and -^ of 
Mn 

polymeric systems influence their flow behavior in elongational flow systems. Higher 
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ratio of heavy molecules in wider MWD samples may result in longer relaxation time and 

higher resistance against extensional flow. 

2.4 Qualitative analysis of viscoelastic flow through porous media 

Large polymer molecules with coiling configuration exhibit significant elastic effects 

during flow through porous media. Tortuous nature of porous media enhances 

viscoelastic effects due to multi-component deformation of fluid in tortuous channels of 

porous media. Relative magnitude of fluid relaxation time and its deformation rate during 

flow in packed beds strongly influences viscoelastic flow behavior. Interaction between 

polymer molecules and porous media could considerably reduce the effective 

permeability of flow system. Therefore, combined effects of fluid viscoelastic properties, 

flow geometry complexity as well as polymer-wall interaction results in extra pressure 

drop that is more pronounced at flow rates higher than a critical value. 

2.4.1 Molecular configuration of polymer solutions in porous media 

Polymer molecules can easily be dissolved in water by means of hydrogen bonding. 

However, some of their structural identity would be retained in aqueous solution. Non-

ionic polymers with random coiling configuration (e.g., polyethylene oxide) have the 

ability to hold a large volume of solvent within their coil in a manner similar to that of a 

sponge (Dauben et al. 1966). Such random coils under applied stresses easily deform. 

Therefore, spherical orientation of such molecular structures change into elongated 

ellipsoids after deformation. Furthermore the coils are extensively entangled with each 

other and must drag along other coils in order to flow in a complex geometry such as 

porous media. Stressed polymer macromolecules generate significant elastic energy that 

could be quantified by normal stress value (Dauben et al. 1966). 
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2.4.2 Flow behavior in tortuous channels 

Jones et al. (1989) conducted some visualization experiments to investigate the flow 

behavior of different fluid types in some asymmetric geometries. Fig. 2-8 compares the 

flow performance of three different types of fluids while flowing through a tortuous 

geometry. 

NEWTONIAN 

R-0.36 R*1.B7 

Fig. 2-8 Flow visualization for a Newtonian liquid, 1250 ppm aqueous solution of 
xanthan gum and a 250 ppm aqueous solution of polyacrylamide, 20°C. R is a Reynolds 
number (Jones et al. 1989) 

According to pictures shown in Fig. 2-8, at high Reynolds numbers a significant part of 

both Newtonian fluid and xanthan gum solutions passes through the narrow channels. But 

polyacrylamide hardly finds its way through the narrow channels. Therefore, structural 

properties of polymer molecules and consequently rheological properties of the solution 

may significantly influence flow distribution in porous media. Furthermore, expansion 

and contraction of streamlines are obvious in case of polyacrylamide, while, streamlines 

of xanthan gum and especially Newtonian fluid tend to be more uniformly distributed. 

Flow distribution and stream line deformation (i.e., expansion and contraction) may 

strongly influence overall pressure drop of viscoelastic flow through complex geometries. 
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NEWTONIAN 

Fig. 2-9 Flow visualization for a Newtonian liquid, 1250 ppm aqueous solution of 
xanthan gum and a 250 ppm aqueous solution of polyacrylamide, 20°C. R is a Reynolds 
number (Jones et al. 1989) 

Frequent expansion and contraction of flow streamlines is more obvious in flow 

geometries composed of circular obstacles that are show in Fig. 2-9. It is clearly observed 

in both geometries that converging into narrow channels results in complex deformation 

of fluid. In other words, a fluid element is not only sheared but also stretched in the 

direction of flow. Therefore, total deformation is the combination of both shear and 

extension experienced by fluid during flow in porous media. According to pictures 

shown in Fig. 2-9, flexible Polyacrylamide molecules easily deform in tortuous channels. 

Significant expansion and contraction of Polyacrylamide streamlines are also observed in 

Fig. 2-9. Therefore, polyacrylamide with highly flexible large molecules is expected to 

have high elongational deformation during flow in porous media. Dauben et al. (1966) 

suggested that frequent expansion and contraction of fluid could contribute to significant 

pressure drop during viscoelastic flow in porous media. 

It is also observed that Polyacrylamide solution shows dramatic resistance to pass 

through narrow channels. While some part of xanthan solution with insignificant elastic 

properties passes through narrow channels even at high Reynolds numbers. Jones et al. 

(1989) estimated the percentage of fluid passing through narrow channels using the 

photographs taken during the flow. The results are shown in Fig. 2-10. 
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Fig. 2-10 The percentage of fluid passing through narrow channels against total flow rate 
for a 1500 ppm aqueous solution of xanthan gum and a 250 ppm aqueous solution of 
polyacrylamide, (related to flow visualization shown in Fig. 2-9) 20°C (Jones et al. 1989) 

Fig. 2-10 highlights that the percentage of xanthan gum solution passing through narrow 

channels increases with velocity. This may be explained by shear thinning behavior of 

XG solution and its insignificant elastic properties. On the other hand, the percentage of 

polyacrylamide solution streamlines passing through narrow channels tends to remain 

constant. This could be explained by its highly elastic molecules that require large 

deformation to pass through narrow channels. 

2.4.3 Deformation of viscoelastic fluids in porous media 

Complexity of porous medium geometry containing tortuous channels with variable cross 

sectional area, results in complicated deformation of fluid. A viscoelastic fluid flowing 

through a packed bed experiences both extensional and shear deformation. As a result, 

normal and shear stresses simultaneously influence the flow behavior. During flow in 

porous media on each contraction and expansion, the fluid would be sheared near the 

wall and extended along the flow axis. 

Due to tortuous flow pass in porous media, a fluid element frequently experiences 

convergence and divergence at the entrance and exit of narrow channels respectively. 
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Fluid elements accelerate during converging into pore throats while they decelerate in the 

second half of flow through pore throat (Khan et al. 2004). Because of extensional 

deformation of fluid while converging into narrow channels extensional viscosity plays a 

great role in resultant pressure drop. Underestimation of pressure drop by considering 

pure shear deformation in porous media, confirms that extensional viscosity may be a 

significant component of apparent viscoosity. Generally polymer solutions present shear 

thinning behavior. Extensional viscosity also decreases with increasing strain rate. 

However, Trouton value representing the ratio between extensional viscosity and shear 

viscosity increases with deformation rate for most of polymers. Therefore, dramatic 

increase of pressure drop in porous media with increasing flow rate may be an indication 

of the elastic effects on pressure drop. 

2.4.4 Transient nature of viscoelasic flow in porous media 

The size and length of polymer molecules are relatively large and are comparable to the 

size of pore throat and pore body. When such large molecules hit the wall in porous 

media they compress and deform. In order to continue to flow under the flow potential 

effect, polymer molecules should be relaxed and stretched (Garrocuh et al. 2006). The 

time required for such macromolecules to exit a pore throat or pore body is comparable to 

their characteristic relaxation time. It has been shown in literature (Gupta et al. 1985) that 

transit time for fluid passing through a pore space strongly influences flow resistance in 

porous media. Furthermore, variation of flow cross-section area due to tortuous nature of 

porous media, results in frequent contraction and expansion and consequently 

accelerating and decelerating of fluid elements during flow through porous media. 

Therefore, the following time characteristics strongly influence viscoelastic flow in 

porous media. 

• Fluid relaxation time 

• The time required for fluid to go through a contraction or expansion 

Depending on the relative values of these two time variables, Sadowski et al. (1965) 

considered two possible situations in viscoelastic flow through porous media: 
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1) If the relaxation time of fluid is relatively lower than the required time to pass 

through contraction or expansion, no elastic effects would be observed, because fluid 

instantly responds to induced deformations. 

2) If the fluid relaxation time compared to required time to go through contraction 

and expansion, is large enough then elastic effects are likely to be important. 

"Ellis number" defined by Eq. 2-19 presents a criteria for the importance of elastic 

effects. 

. _ /WTi/2 
DP/V 

2-19 

This dimensionless number has also been referred in literature as Deborah number. 

/io/Ti/2 presents an estimation of required time to pass through a contraction or 

expansion. DP/V gives a measure of relaxation time of fluid. Experiments conducted by 

Sadowski et al. (1965) showed that elastic effects are likely to be important at about 

El=0.1. 

Since it takes longer time for each molecule to relax and restart flowing after each 

deformation in porous media, fluids with higher relaxation time may experience higher 

pressure drop while flowing through porous media. However, significant elastic features 

of fluid could be masked by very short transit time during flow through a pore. Dauben et 

al. (1966) suggested that if the relaxation time is long enough or fluid velocity is 

sufficiently high the fluid can pass through large opening before it has time to respond to 

induced stress change at the entrance. Therefore, a viscoelastic fluid tends to present 

viscous behavior under such conditions. They argued that fluids with longer relaxation 

time are likely to present viscous behavior. This is not in agreement with the argument of 

Sadowski et al. (1965) about the role of relaxation time on elastic effect during flow in 

porous media. 

Gupta et al. (1985) theoretically showed that increasing Deborah number results in a 

maximum value of resistive forces and after a critical value of Deborah number flow 

resistance will start decreasing. They explained this behavior by unsteady nature of flow 

through porous media. In other words, increasing Deborah number initially results in 
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higher pressure drop due to enhancing elastic effects of flow, but at sufficiently high flow 

rates, little time is given to stresses to build up. Therefore, fluid passes through pore body 

faster and consequently results in reduction of resistive forces. Although fluids with 

longer relaxation time may pass very fast through tortuous channels without additional 

deformation, it could take longer time for them to relax from a specific deformation. 

Therefore a detailed investigation related to role of relaxation time in viscoelastic effects 

is needed. 

Experimental investigations have relatively confirmed the correlation between Deborah 

number and viscoelastic pressure drop in porous media. However, Gupta et al. (1985) 

suggested that Deborah number is not the only dimensionless number controlling the 

extra pressure loss of viscoelastic fluids in porous media. It has also been shown in 

literature (Kemblowski et al. 1978) that the correlation between Deborah number and 

product of Reynolds number with friction factor depends on the geometry of porous 

media. Deiber et al. (1981) conducted some flow tests through a tube with sinusoidal 

variable diameter and recognized the dependency of the product of Reynolds number 

with friction factor on the diameter change of such geometry. Gupta et al. (1985) 

suggested that the effect of dimensionless parameters other than Deborah number on 

pressure drop is also related to the transient nature of flow in porous media. They 

considered the case of flow through a tube with axial variation in diameter. They 

illustrated that due to the transient nature of viscoelastic flow in a complex geometry, 

dimensionless groups other than Deborah number (e.g., amplitude of diameter variations) 

are also important. They also showed that regardless of the value of Deborah number, 

under a certain values of diameter amplitude, shear thickening behavior may not be 

exhibited by a fluid undergoing extensional deformation. 

Considering Deborah number as a criterion for importance of viscoelastic effects, the 

following conclusions were are made (Marshal et al. 1966): 

• At velocity fields corresponding to very low values of Deborah number 

viscoelastic effects are negligible. It means that induced deformation rate is so 

low that fluid elements instantly respond to their local state of deformation. In 

other words, fluid elements do not remember their earlier deformation rates 
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because they instantly deform according to the imposed velocity field. Therefore, 

at low shear rates, expressions related to purely viscous fluids could be used to 

predict pressure drop resulting from flow through porous media. 

• As Deborah number increases the solid-like characteristics of polymer molecules 

becomes important. 

• Further increase of Deborah number between 0.1 and 1 results in additional 

pressure drop. 

• However, both the magnitude of pressure drop and the critical value of Deborah 

number depend on pore size distribution and uniformity of porous media. 

2.4.5 Critical flow rate 

Jones et al. (1989) suggested the behavior described in Fig. 2-11 for viscoelastic flow 

through a tortuous geometry. 
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Fig. 2-11 Schematic representation of ' ^ ' " J behavior in the case of elastic liquids 
(Jones etal. 1989) 

Fig. 2-11 highlights that at low shear rates (before reaching critical flow rate condition) 

pressure drop is mainly influenced by viscous forces. Shear thinning behavior is also 
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obvious before reaching the critical flow rate. If the elastic properties of a polymer 

solution are negligible (e.g., xanthan gum solution) the pressure drop-flow rate profile 

would continue following shear thinning curve. In case of a polymer solution with 

significant elastic characteristics (e.g., polyacrylamide) after a certain flow rate, 

expansion and contraction of fluid during flow in tortuous channels, results in extra 

pressure drop. This behavior is known as tension thickening in literature. Therefore, in 

any experiment or field application this critical flow rate should be identified correctly to 

decide whether elastic effects are likely to be important. 

According to Marshal et al. (1966), at low flow rates corresponding to very low values of 

Deborah number (i.e., < 0.05), viscoelastic effects are negligible. It means that induced 

deformation rate is so low that fluid elements instantly respond to their local state of 

deformation. In other words, fluid elements do not remember their earlier deformation 

rates. Therefore, at low shear rates, expressions related to purely viscous fluids may 

predict pressure drop of viscoelastic fluids in porous media. This is in agreement with the 

behavior presented in Fig. 2-11. As Deborah number increases the solid-like 

characteristic of polymer molecules becomes important and elastic effects of polymer 

solution (i.e., normal forces and extensional viscosity) strongly influence flow 

performance in porous media. Viscoelastic pressure drop in porous media dramatically 

increases when Deborah number exceeds the values between 0.1 and 1 (Marshal et al. 

1966). 

Jones et al. (1989) injected two different polymer solutions into an asymmetric geometry 

containing circular obstacles and obtained the following pressure drop-flow rate profiles. 
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Fig. 2-12 The ratio of pressure drop to flow rate against flow rate for a 1500 ppm 
aqueous solution of xanthan gum and a 250 ppm aqueous solution of polyacrylamide 
(related to geometry shown in Fig. 2-9), 20° C (Jones et al. 1989) 

Pressure drop-flow rate relationship of the two solutions is relatively similar at flow rates 

lower than a critical value. But after reaching that critical flow rate, the resistance forces 

against flow of polyacrylamide solution in tortuous channels dramatically increases. Due 

to shear thinning behavior of xanthan gum solution, shear viscosity controlling its flow 

performance considerably decreases at higher flow rates. Although Polyacrylamide 

presents shear thinning behavior, its pressure drop-flow rate relationship shows 

thickening behavior after a certain flow rate. It means that its flow behavior is not only 

controlled by shear stress but also Elastic forces related to its large molecules. 

However, both the magnitude of pressure drop and the critical value of Deborah number 

depend on pore size distribution and uniformity of porous media. Due to extra pressure 

drop after the critical Deborah number, porous media might partially be blocked that 

considerably influence the uniformity of porous media. 
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2.4.6 Polymer wall interaction 

In order to investigate retention/adsorption of polymer molecules in porous media, 

Sadowski (1965) compared the mechanism of gel formation in porous media during 

constant flow rate and constant pressure drop experiments. In constant flow rate 

experiments, it was observed that there is a constant tendency for removing polymer 

molecules from particles surfaces. According to Sadowski (1965) development of gel will 

not occur due to the constant disruption of any potential network structure by the bulk 

motion of fluid. However, at constant pressure experiment adsorption/retention of big 

polymer molecules will occur at reasonable flow rates. Sadowski (1965) concluded that 

in constant pressure drop experiment, bed permeability decreases with time because of 

the following reasons: 

• Permeability reduction, due to any tendency toward gel formation, combined with 

constant pressure drop along the flow system results in continuous reduction of 

flow rate. 

• The lower rate due to reduction of permeability, lowers the tendency to remove 

the polymer molecules from the particle surface. 

Interaction between polymer molecules and pore space wall results in kinetic energy 

reduction of flow. Dauben et al. (1966) investigated this phenomenon by measuring 

apparent viscosity of different sample solutions with different molecular weights during 

flow through packed beds with different glass bead sizes. Fig. 2-13 demonstrates 

different profiles obtained from conducted core flow experiments. 
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Fig. 2-13 Flow performance curves illustrating effect of bead size on viscosity ratio 
(Daubenetal. 1966) 

It is observed that apparent viscosity is considerably higher in case of smaller pore size 

and higher molecular weights. Increasing interaction between large polymer molecules 

and pore body results in extra pressure loss. However, molecular weight also influences 

the relaxation time of fluid that could consequently affect the apparent viscosity of fluid 

in porous media. Smaller bead size which implies low permeability also increases the 

polymer-wall interaction. Deborah number is higher in case of smaller bead size that may 

result in dominance of elastic resistive forces. 

Fig. 2-14 shows that increasing polymer molecular weight significantly increases the 

pressure drop. Dauben et al. (1966) explained that extra pressure drop in their 

experiments is mainly due to combined effects of polymer wall interactions as well as 
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viscoelastic effects. Polymer molecular weight influences rheological properties of 

polymer solution (e.g., shear and extensional viscosity and relaxation time). 
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Fig. 2-14 Flow performance curves illustrating effect of molecular weight on viscosity 
ratio (Solution Viscosities, 4 to 5 cp) (Dauben et al. 1966) 

Merrill (1963) suggested that polymer wall interaction becomes important when channel 

diameter is less than 20 times of the particle diameter. Effective diameter of entangled 

group of coils formed by polymer macromolecules could be many times larger than 

calculated single coil size. Therefore, flow of such large particles through porous media 

with pore openings around 5 to 10 microns may be accompanied by kinetic energy 

reduction due to polymer molecule wall interaction (Dauben et al. 1966). According to 

Chiappa et al. (1999) during polymer flow in porous media some polymeric materials 

adsorb in porous media resulting in permeability reduction. Martins et al. (2005) 

experimentally investigated this phenomenon. They measured the core permeability by a 
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Newtonian fluid before and after injection of polymer solution. Reduction of permeability 

after the test indicated that some portion of injected polymer remains in pore space 

because of adsorption of polymer molecules in porous media. However, Dauben et al. 

(1966) showed that pressure drop remains constant at fixed shear rate and concluded that 

even if plugging happens during the core flow test it does not continuously reduce the 

permeability. 

Khan et al. (2004) measured the permeability of the core samples after injection of 

Polymer solutions and quantified the resulting formation damage (Table 2-1). 

Table 2-1 Formation damage measured after the flow of polymer solutions (Khan et al. 
2004). 

Fluid 

Concentration 

Ib/bbl 
0.50 
1.50 
3.00 

PHPA 

Formation 
Damage 

% 
2.50 
3.79 
5.33 

Xanthan Gum 

Formation Damage 

% 
21.19 
25.41 
28.39 

It is clear from their results that the formation damage created by XG is significantly 

higher than the percentage of permeability reduction in case of PHPA. However, it is 

interesting that damaging characteristics of XG with insignificant elastic properties is 

considerably more than PHPA solution that is a highly elastic fluid. If flow rate is low 

enough highly flexible PHPA molecules can easily deform during flow through tortuous 

channels of porous media. This may be an explanation for lower formation damage in 

case of PHPA. In order to flow through tight and tortuous flow channels of porous media, 

polymer molecules must have the ability to deform sufficiently (Dauben et al. 1966). 

Therefore, polymer solution must have enough viscoelastic characteristics to be suitable 

for propagation through porous media. This is in good agreement with the experimental 

data presented in Table 2-1 demonstrating a significant formation damage resulting from 

flow of XG solution with little or no elastic effects. 

The following reasons could be suggested for higher formation damage in case of XG 

solution compared to PHPA solution. 
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1) PHPA molecules are flexible and easily deform during flow in complex 

geometries while rigid rod-like XG molecules hardly deform tortuous geometries 

and are more likely to trap the narrow channels of flow geometry. 

2) PHPA solution tends to bypass narrow channels of porous media while according 

to Fig. 2-8 and Fig. 2-9, XG solution shows a considerable tendency to pass 

through narrow channels that consequently increases the chance of XG molecules 

to plug some part of tortuous flow geometry (e.g., porous media). 

2.4.7 Pressure due to flow of viscoelastic fluids through complex geometries 

Basically, the pressure loss resulting from the flow of viscoelastic fluids in porous media 

is a function of physical properties of porous media and material functions of fluid. A 

detailed investigation is needed about the role of fluid viscoelastic properties on 

additional pressure loss in porous media that can be treated as an internal filter cake 

building. Dauben et al. (1966) observed unexpectedly high flow resistance under certain 

conditions in some core flow experiments. It was also observed in their experiments that 

flow rate, pore size, polymer molecular weight and concentration considerably influence 

such behavior of viscoelastic flow in porous media. 

Various experimental investigations presented in the literature (e.g., Khan et al. 2004; 

Martins et al. 2005) shows that the pressure drop due to flow of a viscoelastic fluid 

through porous media is higher than the values predicted by Darcy equation. Jones et al. 

(1989) conducted some flow tests to observe the real profile of pressure drop-flow rate 

relationship due to the flow of viscous and viscoelastic polymer solution through 

complex geometries. Profiles resulting from fluid flow through two different geometries 

described in Fig. Fig. 2-15 are presented in Fig. 2-16 and Fig. 2-17. 
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Fig. 2-15 Schematic diagram of the model geometries (Jones et al. 1989) 

Fig. 2-16 Experimental data for a 1600 ppm aqueous solution of xanthan gum, 20°C 
(Jones et al. 1989) 
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Fig. 2-16 highlights that XG that is a viscous polymer solution with negligible elastic 

properties presents shear thinning behavior in both geometries. However, there is some 

indication of upturn in the curves at the higher flow rates. 

Considering the geometries used in this experiment, the extent of narrow channels 

between the block(s) and the wall in SI is relatively longer than Tl case. Therefore, 

based on conventional fluid mechanics higher pressure loss is expected in case of SI that 

is in good agreement with observed profiles in case of XG solution. Therefore, pressure 

drop of XG in complex geometries such as porous media may be mainly due to viscous 

effects. It means that expansion and contraction of fluid streamline may not have 

significant influence on its flow in porous media. 

0 tO 20 JO 40 50 60 
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Fig. 2-17 Experimental data for a 50 ppm aqueous solution of polyacrylamide, 20° C 
(Jones etaL 1989) 

Fig. 2-17 shows that in case of polyacrylamide tension thickening behavior is obvious in 

both curves especially at higher rates. However, there is a slight indication of shear 

thinning behavior in case of SI geometry at low shear rates. Even at low shear rates, 

Polyacrylamide does not present shear thinning behavior during flow in Tl geometry. 

Therefore, depending on special features of flow geometry pseudo plastic behavior of 

polymer solutions may be masked by strong viscoelastic effects. Although, the 
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percentage of narrow flow passes in Tl geometry is relatively lower that SI geometry, it 

is observed that measured pressure drop in Tl is considerably higher than recorded 

pressure loss in SI geometry. Jones et al. (1989) explained that elongational flow induced 

by porous nature of Tl geometry results in higher pressure loss due to extensional 

viscosity effect. However, at low shear rates pressure drop of SI geometry is higher than 

Tl geometry. It means that elastic effects do not have significant influence on flow 

behavior of polyacrylamide solution at low shear rates. 

Khan et al. (2004) measured the pressure drop resulting from flow of PHPA and XG 

solutions in a simulated porous media. The characteristic deformation rate related to 

medium properties, density and flow rate of fluid was approximately 105 sec"1. They 

measured the fluid viscosity at this shear rate and finally the theoretical value of pressure 

loss was calculated using Darcy equation. Table 2-2 presents a comparison between the 

measured pressure data and corresponding calculated values. 

Table 2-2 Measured and calculated pressure loss values (Khan et al. 2004) 

Fluid 

Cone. 

lb/bbl 
0.50 
1.50 
3.00 

PHPA 
Meas. 
Press. 
Loss 
Psi 
3.29 
13.69 
32.72 

Calc. 
Pres. 
Loss 
Psi 
3.01 
9.35 
24.9 

% 
DifT. 

9.3 
46.4 
31.4 

Xanthan Gum 
Meas. 
Pres. 
Loss 

JT Js l 

7.09 
17.24 
37.33 

Calc. 
Pres. 
Loss 
Psi 
6.77 
15.39 
29.26 

% 
Diff. 

4.72 
11.6 
27.3 

The measured pressure loss is higher than predicted values using Darcy equation. 

Although, the pressure loss is lower in case of PHPA because of its lower viscosity, the 

percentage of difference is relatively higher in case of PHPA. The degree of formation 

damage induced by PHPA solution is relatively lower compared to XG solution, while, 

deviation from Darcy equation is more dominant in case of PHPA solution compared to 

XG solution. It is in good agreement with previous discussions related to contribution of 

viscoelastic effects on additional pressure drop. 

Different scenarios have been presented in literature to explain such extra pressure loss of 

viscoelastic flow through porous media. Extensional viscosity may be the main reason of 
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extra pressure loss in such flow configurations (Naverrete et al. 2000). Experimental 

investigations show that a great proportion of pressure loss of viscoelastic flow in porous 

media is related to elastic forces and elongational viscosity. Marshal et al. (1966) 

suggested that additional pressure drop of viscoelastic flow in porous media is mainly 

due to viscoelastic effects. Svendsen et al. (1998) showed the establishment of internal 

filter cake by coil tubing drilling fluid with high extensional viscosity. Durst et al. (1987) 

suggested that about 75% of pressure loss of drilling fluid flow in porous media could be 

related to extensional resistive forces. However, it should be noted that both extensional 

viscosity and normal stress are likely to be important when flow rate exceeds a critical 

value. Naverete et al. (2000) suggested that the flow of XG solution is mostly influenced 

by shear viscosity while flow of PHPA solution through porous media is dominated by 

extensional viscosity especially at high enough shear rates. Their result is relatively in 

good agreement with what Khan et al. (2004) concluded from their experiments. 

Therefore, it could be concluded that viscoelastic effects such as extensional viscosity 

and normal forces play an important role in extra pressure drop resulting from flow of 

PHPA solution in porous media. 

Measured value of pressure gradient along the porous media at a certain flow rate could 

be used to estimate apparent viscosity by Darcy equation. Fig. 2-18 demonstrates the 

behavior of various polyox solutions in porous media. At low shear rates, viscosity ratio 

of all solutions are relatively the same (around 1). This means that the factors responsible 

for extra pressure drop do not play a significant role at low shear rates. The viscoelastic 

effects that may be responsible for higher pressure drop are more pronounced at higher 

flow rates. Permeability impairment could be important even at low shear rates, while 

according to Fig. 2-18 the deviation from Darcy law is insignificant at low shear rates. 

Therefore, permeability impairment is not likely to be important in these experiments. 

Dauben et al (1966) observed significant reduction of mobility of polyethylene oxide 

solutions in porous media under certain conditions. They argued that anomalous viscosity 

effect is the main reason for such behavior because polyethylene solutions appeared not 

to plug the matrix. 

39 



Furthermore, the deviation between different curves representing specific experimental 

conditions is more pronounced at higher shear rates. It means that the fluid properties as 

well as flow geometry strongly influence pressure drop especially at higher shear rates. 

Fig. 2-18 Row performance of various polymer solutions in porous media (Dauben et al. 
1966) 

2.5 Quantitative analysis of viscoelastic flow through porous media 

In order to model polymer solutions flow into the reservoir rock, viscoelastic 

characteristics of such fluids as well as porous media properties should be correctly taken 

into consideration. The following factors should be considered in modeling viscoelastic 

flow through porous media: 

• Shear viscosity of non-Newtonian fluids strongly depended on shear rate. 
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• Equivalent deformation rate in porous media is a function of flow rate and porous 

media properties. 

• Viscoelastic parameters such as relaxation time, Deborah number, normal stress 

differences and Trouton ratio strongly influence flow performance of polymer 

solutions in porous media. 

• Extensional viscosity of polymer solutions could contribute to extra pressure loss 

during flow through porous media. 

• Adsorption/retention of polymer molecules in porous media may result in 

permeability impairment. 

2.5.1 Deborah number 

The relation between relaxation time of each material and characteristic time of 

experiment is expressed by dimensionless Deborah number (De). This number is a 

measure of viscoelasticity of a flow system. A viscoelastic material in an experiment with 

a very high Deborah number behaves like an elastic solid while it will present purely 

viscous behavior in very low Deborah number. 

Savins (1969) showed that in order to consider the elastic effects, the value of pressure 

drop calculated in the absence of elastic effects should be multiplied by a factor of[l + 

/?De2]. Where, /? is a constant parameter. The following factors influence the value of 

Deborah number related to a specific core flow experiment (Garrouch et al. 2006): 

Polymer concentration 

Molecular weight of polymer 

Viscosity at zero shear rate 

Fluid superficial velocity 

Characteristic grain size diameter of the rock 

Bird et al. 1987 defined Deborah number, De, by: 
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De = 

^0/ 
/T l /2 

DP/ 
u0 

2-20 

Where, //0, Tj/2 , Dv , and u0 are the zero shear rate viscosity, the value of the shear 

stress at which the viscosity is half of fi0 , the particle diameter and the superficial 

velocity, respectively. p /u0 presents an estimation of required time to pass through a 

contraction or expansion. / T 1 / 2 Gives a measure of relaxation time of fluid. Sadowski 

et al. (1965) experimentally showed that elastic effects are likely to be important at 

Deborah number of about 0.1. Garrouch et al. (2006) and Marshal et al. (1966) used 

estimated longest relaxation time of polymer solution to calculate the Deborah number 

defined by: 

„ 0o"o De 
Dp(p 

2-21 

150(l-(p) 2 /c 

2-22 

DV~ I ^ 

2.5.2 Pressure drop-flow rate relationship 

Flow of polymeric solutions has a great significance in some applications such as water 

flooding for secondary oil recovery and filtration of polymeric drilling fluids into porous 

media. Therefore, knowing the exact relationship between flow rate and pressure drop for 

the flow of viscoelastic fluids in porous media is very important. 

2.5.2.1 Equivalent deformation rate in porous media 

Rheological parameters of non-Newtonian fluids (e.g., extensional and shear viscosity) 

are a function of equivalent deformation rate. Many correlations have been presented in 

literature to predict the equivalent shear rate in porous media as a function of flow rate 

42 



and rock physical properties. Since the shear rate in each pore-throat is strongly related to 

the pore-throat diameter, in order to define a characteristic deformation rate through a 

porous media, the pore size distribution of rock should be considered. . In other words 

shear rate distribution in porous media is strongly related to pore size distribution. 

McKelvey et al. (1962) gave the following expression for wall shear rate of a simple 

power law flow in a pipe: 

3n + 18V 

4n D 
2-23 

By replacing the velocity of fluid, V, with I pep and D by four times of the hydraulic 

diameter, Christopher et al. (1965) modified this equation to estimate the equivalent shear 

rate in the packed bed: 

. _ 3 n + l 12 G 
Y~ 4n p(150k<py/2 

2-24 

In this equation G is the fluid flux in gram.cm-2.sec-l, and k is permeability in m2, n is 

the flow behavior index, cp is the void fraction (i.e., porosity), y is the wall shear rate in 

sec-1 and p is the fluid density in gr/cc. Dauben et al. (1966) suggested the following 

equation to estimate the equivalent shear rate in porous media: 

12V2V(1 - cp) 
v = 

Dp<p 
2-25 

Eq. 2-26 presents another expression for equivalent deformation rate that has been 

derived using Blacke-Kozeny model (Jones et al. 1981; Yuan et al. 1981). 

3n+ 1 
n 

4n 

Tf=i 4V 

2-26 

This expression also shows that equivalent shear rate is a function of both fluid and 

medium properties, n is the power-law exponent that could be obtained by calculating the 
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slope of log-log plot of measured shear stress versus shear rate. In order to consider the 

effect of permeability impairment on overall pressure drop, the flushed permeability (kf) 

has been used in this equation. 

Chauveteau (1982) gave the following equation for average shear rate in porous media. 

4 a q 
^ = A (8k<p)0-5 

2-27 

Where, A and q are cross sectional area and flow rate respectively, a is the material 

constant that is 1.7 for glass beads. 

All of these equations highlight that the shear rate depends on rheological properties of 

fluid (i.e., power law exponent "n") as well as flow geometry. 

2.5.2.2 Newtonian flow through porous media 

Flow of Newtonian fluids through porous media is simply modeled by Darcy equation. 

Q _k AP 
A \i L 

2-28 

According to Darcy equation the pressure loss for a specific flow system is linearly 

proportional to flow rate. Laminar flow of a Newtonian fluid in porous media has also 

been described by the following semi-empirical expression known as Blake-Kozeny 

equation (Bird 1960). 

AP Dp
2cp3 

V ~ 150Ln(l-<p)2 

2-29 

This equation has been derived using "capillary model". Therefore, the effect of 

expansion and contraction of fluid during flow through tortuous channels of porous 

media has been disregarded in its derivation. However, this expression may be applicable 

to predict the behavior of viscoelastic flow in highly permeable and porous media where 

frequent expansion and contraction of fluid streamline is negligible. Christopher et al. 
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1965 suggested the following expression for the permeability of a packing with thwe 

porosity of. 

_ D p V _ 
150(1 -<p)2 

2-30 

2.5.2.3 Non-Newtonian viscous flow in porous media 

It has been observed experimentally that there is a non-linear relationship between 

pressure drop and flow rate of a non-Newtonian fluid in porous media. This non-linearity 

is mainly due to dependency of shear viscosity on flow rate. Robert et al. (1965) used 

power law model to modify Blake-Kozeny equation for flow of a non-Newtonian fluid 

through a porous media composed of uniform spherical particles. 

Sadowski et al. (1965) proposed an approximate way to characterize flow performance of 

non-Newtonian fluids in complicated flow geometries. In this method they considered the 

following parameters: 

1. Zero-shear limiting viscosity (jit0): experimental data show that viscosity of non-

Newtonian fluids tends to a limiting value as shear rate goes to zero. 

2. Characteristic time (tc): some of viscoelastic effects like recoil and relaxation 

phenomena have to be characterized by one or more relaxation time that could be 

used to designate the flow region where elastic effects are likely to be important. 

3. Slope of a log-log plot of viscosity versus shear rate in the power law region (a) . 

These parameters were used to correlate experimental data of pressure drop through 

packed beds at constant flow rate. 

Van Poolen et al. (1969) and Willhite et al. (1986) presented the following expression as 

a non-linear relationship between pressure loss and flow rate of a non-Newtonian fluid in 

porous media: 

2-31 
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In this expression m is a power law constant that accounts for fluid non-Newtonian 

properties. F is an empirical constant related to medium properties (i.e., porosity, 

permeability and tortuosity). 

Considering the non-linear relation between pressure gradient and fluid superficial 

velocity, a general form for non-Newtonian flow through porous media is given by: 

k AP 
vn = (-) — V L 

2-32 

The parameter H accounts for non-Newtonian viscous behavior of fluid as well as flow 

geometry. Different expressions have been presented for H in literature as follows: 

Bird etal. (1960): 

2-33 

Christopher et al. (1965): 

m / 9 n + 3\™ ^ . . , 
H=— I J (lSOk^1-^/2 

Sadowskietal. (1965): 

H ~ Mo L + V2n + l) \ 

2-34 

4n \frRH{1~n)/n 

— 1 1 - 4 - 1 — 

H t l / 2 

r i&P 
AHH = [(pDp/6(l-<p)\ — 

2-35 

Teeuw etal. (1980): 

3n + l\n ^ ( « + i ) / 2 

<pn 

2-36 
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It has been shown that elastic effects are likely to be important in viscoelastic flow 

through porous media. However, viscoelastic properties of fluid are not considered in 

these models. Therefore, deviation of predicted values of pressure drop from 

experimental data may be due to viscoelastic effects. 

2.5.2.4 Viscoelastic flow through porous media 

Extensional viscosity of Newtonian fluid is three times of its shear viscosity. Due to low 

values of normal force induced by Newtonian fluids, the effect of extensional viscosity 

on pressure drop of such pure liquids without any structure in porous media is neglected. 

Extensional viscosity of some viscoelastic fluids may be higher than their shear viscosity 

by several orders of magnitudes. Therefore, elongational deformation of such fluids in 

porous media may result in extremely high pressure loss that very often leads to 

formation of internal cake. 

Sadowski et al. (1965) modified Eq. 2-35 and 2-32 to account for elastic effects and 

presented the following expression: 

\pv2)\L J\l-(pJ (Dpvp\( 1 
180 

(Dpvp\( 1 \ 1 • 4 (TRH)"'1 E f M \ 
v I* )\i-<pJ « + 3VT1 / 2 ; \DPT1/2) 

2-37 

This expression highlights that pressure drop increases by increasing Deborah number. In other 

words elastic resistive forces are more pronounced at higher flow rates and fluid relaxation time. 

Savins (1969) showed that purely viscous pressure drop should be multiplied by a factor of 

[1 + P(NDEB)2] to account for elastic effects in porous media. 

Massarani et al. (2001) presented a constitutive equation for the resistive force based on a general 

capillary model for the flows in porous media. Martins et al. (2005) used the equation given by 

Massarani et al. (2001) to correlate pressure drop of some polymeric solutions to first normal 

stress difference or Trouton ratio of the solutions: 

/AP\ Mqn r Mt / Mt ( q \ni-n 

2-38 
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Where, the (Mu nO parameters represent (Mi, nO or (M2, n2) values depending on the adopted 

viscoelastic focus (Ni or Trouton). 

Garrouch et al. (2006) suggested some empirical models for viscoelastic fluid flow in porous 

media by using longest relaxation time,0o, of the polymers. 

t//0o 

n - l AP^n 

Q 
2-39 

Here, ip is an empirical constant and n is an average porous medium power-law constant. 
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CHAPTER 3 

Experimental program 

Experimental program consists of: (1) Preparing aqueous solutions of different grades of 

polyox and its blends at different concentrations (2) Rheological characterization of 

polyox solutions (3) core flow experiments using radial and linear cells to investigate the 

influence of elastic properties of polyox solutions on pressure drop in porous media. 

3.1 Materials used for the preparation of polymer-based fluids 

The polymers used in this research study; were supplied at no cost by Dow Chemical 

Company. These polymers were different grades of Polyethylene Oxide (Polyox) that is a 

water-soluble resin (WSR). Five different grades of polyox in powder form were used in 

this study. Table 3-1 lists the approximate molecular weight of Polyox grades. 

Table 3-1 Polyox grades with different molecular weights 

Polyox Grade 
WSR N-80 
WSR-205 

WSR-1105 
WSR-301 
WSR-308 

Approximate Molecular Weight 
200,000 
600,000 
900,000 

4,000,000 
8,000,000 

Polyox grades are produced in the form of white to off-white, free flowing powder with a 

characteristic ammoniacal odor. The pH of aqueous solution of these grades at 25 deg C 

is between 8 to 10. 

3.2 Dissolving polyox in water 

The most important step in the entire dissolving operation of Polyox water-soluble resins 

takes place in the first few seconds-separating the individual resin particles from each 
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other. Polyox resins are instantly wettable in water. If Polyox powder is not properly 

dispersed, the partially dissolved, wetted particles will agglomerate and form gels that 

may never dissolve. 

Aqueous Polyox solutions with concentrations ranging from 1 wt% to 10 wt % were 

prepared by dissolving respective amount of the polymer with specific mixing ratio in 

required volume of de-ionized water. Hamilton-Beach overhead malt mixer was used to 

dissolve large Polyox molecules directly in water. Clumping up of the polymer is 

possible if the rate of addition is too high. Therefore, the powder was added slowly to the 

water. In each case the stirring was continued until the solution appeared to be 

homogeneous. The remaining air bubbles were removed out of solution by a vacuum 

pump. 

To prevent shear degradation, the lowest RPM of the mixer was selected for dissolving of 

the polyox solutions. 

3.3 Procedure for preparation polyox solutions with similar shear viscosity and 

different viscoelastic properties 

The following procedures were followed for preparation of aqueous polyox solutions 

with similar shear viscosity (i.e., similar average molecular weight) and different 

viscoelastic properties (i.e., different molecular weight distribution). 

1. Specification of the average molecular weight 

Five polyox grades used in the experimental program were listed in Table 3-1. Each 

polyox grade has a certain average molecular weight. It was assumed that these grades 

have relatively narrow molecular weight distribution. The polyox grade with medium 

molecular weight (WSR 1105), among other grades, was considered to be the polyox 

blend with the narrowest molecular weight distribution. Polyox grades were available 

with molecular weights higher and lower than the selected grade (WSR 1105). Therefore, 

it was possible to prepare different blends with varying molecular weight distribution 

with average molecular weight equal to that of the selected grade (WSR 1105). 
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2. Calculation of the mass fraction components of the blend 

Aqueous solutions of different polyox grades were prepared at a constant concentration 

(5 wt %). Shear viscosity vs. shear rate profile of these grades were determined (see Fig. 

4-1). It was seen that there is a linear relationship between zero shear viscosity and 

average molecular weight of polyox grades (Fig. 4-5). This linear profile was used to 

estimate the average molecular weight of a polyox blend with known zero shear 

viscosity. A new equation (Eq. 4-4) for predicting average molecular weight of polymer 

blends was proposed. It was shown that predicted values of average molecular weight for 

blended polyox samples using Eq. 4-4 are in good agreement with experimental data 

(Fig. 4-6). Therefore, Eq. 4-4 was used to estimate the mass fraction of different 

components of the blend to obtain a certain value of average molecular weight. 

In order to quantify the broadness of the molecular weight distribution of each blend, Eq. 

4-6 was used for rough estimation of polydispersity value defined by MJMn. It is 

expected that the higher the value of polydispersity ratio the more elastic will be the 

behavior of the polymer blend. 

3. Specification of shear viscosity and concentration 

Darcy equation in radial systems was used to specify the maximum viscosity of the 

polyox solutions for each core flow experiment. The pressure drop values due to the flow 

of water through the radial pack at different flow rates were also measured. It was 

assumed that pressure drop due to the flow of polyox solutions through the pack is 

around the measured values for water multiplied by the ratio of solution viscosity to 

water viscosity. Therefore, based on pressure capacity of pump and core holder, the 

maximum allowable viscosity for polyox solution was specified. Considering the 

calculated maximum shear viscosity related to each porous media, concentration of the 

solutions was selected (3 wt % for 8.9 Darcy pack and 1-1.5 wt% for 0.12 Darcy pack). 

4. Preparation of the solution 

In order to prepare aqueous solutions of blended polyox samples, required amount of 

each polyox grade was specified according to the concentration of the solution and mass 
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fraction of each component of the blend (see Table 4-lTable 4-2). For example in order 

to prepare 3 wt % aqueous solution of sample 2, 2.25 gram WSR-N80, 4.5 gram WSR 

1105 and 2.25 gram WSR 308 were dissolved in 291 cc of de-ionized water. Polyox 

grades were respectively added to water from high to low molecular weight. Initially 

respective amount of high molecular weight samples were gradually added to the mixing 

water. The stirring was continued until the solution appeared to be homogeneous. Finally, 

required amount of lower molecular weight samples were gradually added to the mixing 

solution. Stirring was continued at lowest RPM of the mixer to prevent shear degradation. 

3.4 Rheological tests 

All rheological tests were conducted by a rotational rheometer (VOR, Bohlin 

Instruments) with cone and plate geometry at room temperature (see Fig. 3-1). Sample 

fluid was placed in the 0.15 mm gap between cone and plate. 
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Fig. 3-1 Bohlin rheometer used for Theological characterization 

To have more accurate results, excess sample was trimmed off to prevent additional 

inertial and viscous forces to be applied on the rotating plate (cone). Fig. 3-2 explains the 

correct way of sample loading. 

Underfilled Overfilled 

Correctly I 

Fig. 3-2 Sample loading for Cone and plate measuring geometry 

Sample solutions were characterized by four different rheological tests namely, 

viscometry, relaxation, oscillation and creep-recovery that are described in the following 

section. 
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3.4.1 Viscometry 

In the viscometry mode of operation, shear stress as well as normal force applied on the 

fluid sample is measured in simple Shear flow. Shear viscosity is related to shear stress 

and shear rate by Eq. 2-1: 

The viscosity of each sample was measured at different shear rates ranging from 0 to 

1200 1/s. The shear viscosity-shear rate profile shows different parts of Newtonian (i.e., 

the low shear Newtonian plateau) and non-Newtonian (i.e. shear thinning) behavior (see 

Fig. 4-1). 

If a sufficiently large strain is applied, it is possible to break the structure (i.e., the elastic 

part) of a viscoelastic material, resulting in purely viscous flow that is the principle of the 

viscometry tests. However, at low strains the elastic component strongly influences flow 

behavior of viscoelastic materials. Therefore, proper rheological tests including 

relaxation, oscillation and creep-recovery are required for characterizing viscoelastic 

behavior of polymeric systems. 

3.4.2 Oscillation test 

Basically in oscillation test a constant amplitude strain is applied on the sample at 

different frequencies. By measuring the stresses in each cycle both elastic and viscous 

modulus (G' and G") could be measured as well as the phase lag between viscous and 

elastic modulus(5). 

By applying a sinusoidally varying stress to a sample, a sinusoidally varying strain (and 

vice versa for applied strain) response will be induced. The stress applied on a Hookean 

solid is related to strain and modulus (G) by: 

T = y x G 
3-1 

For a pure solid the shear stress is proportional to strain, whereas for a pure liquid the 

stress is proportional to the strain rate. 

In the case of a pure "Solid", since the strain is directly related to the stress, it will be at a 

maximum when the stress is a maximum and zero when the stress is zero. The strain 

response is said to be totally in phase with the applied stress (i.e., the phase angle (8) = 
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0°) (see Fig. 3-4 ). If the material is a pure viscous "Liquid", it will be the strain rate that 

is exactly following the stress. It can be seen in Fig. 3-3 that the strain alternates between 

a positive and negative extreme accelerating and decelerating between these two values. 

Therefore, when the strain is at a maximum the rate of change of strain will be zero, 

likewise when the strain is zero, the rate of change will be a maximum. The resultant 

strain will therefore be totally (90°) out of phase to the applied stress (see Fig. 3-3). 

I Shear Stress 

Shear Strain 

Fig. 3-3 Strain response of a solid 

Shear Stress 

Fig. 3-4 strain response of a pure liquid 

The differences of phase between the stress and strain waves in one complete cycle of the 

sine wave are considered as the "Phase angle" (5). Therefore, 6 is 0 and 90 degrees for 

pure solid and pure liquid respectively. Flow behavior of viscoelastic materials are 

55 



influenced by combination of viscous and elastic effects and so the measured phase angle 

will be somewhere between 0° and 90°. The closer to 90°, the more fluid like the 

behavior of the material under test. 

Instantaneous values of modulus representing the ratio between stress and strain of a 

viscoelastic material in an oscillation test is referred to as the materials "Complex 

modulus" (G*). This modulus is the sum of the elastic component (G') and the viscous 

component (G"). Therefore, knowing the value of G* as well as the phase difference 

between (8), G' and G" are given by: 

G'= G*xCos(8) 
3-2 

G" = G* x Sin (S) 

3-3 

G' represents the recoverable energy in an elastic solid and is also called storage 

modulus. The energy lost due to permanent deformation in flow (i.e., viscous dissipation) 

is represented by G" that is also called loss modulus. 

Parameters of oscillation test were measured at different frequencies ranging from 1 to 20 

at constant strain of 10%. 

3.4.3 Relaxation test 

Stress relaxation is a technique for characterizing viscoelastic properties of polymeric 

systems. The test sample is subjected to a rapidly applied strain that is then held for the 

remainder of the test. The relaxation behavior is then studied by monitoring the steadily 

decreasing value of shear stress. For a pure Newtonian material, the stress will decay 

instantaneously whereas for a pure Hookean material there will be no decay. The 

simplest type of viscoelastic response is an exponential decay. 

Basically relaxation modulus, G(t) representing stress/strain is measured during 

relaxation test that could also be interpreted as relaxation stress. The rate of stress 

relaxation (i.e., the intensity of relaxation process) is an important property of polymeric 

systems referred to as relaxation spectra, H(T) that is defined by Eq. 3-4 (Alfrey and Doty 

1945). 
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\ ' t=Q 
3-4 

Where, 9 is the relaxation time of the fluid. A constant strain of 10% was applied on the 

sample solutions during the rise time of 100 ms and stress relaxation was measured over 

3 sec periods. In order to let the stresses induced during the placement of the sample be 

relaxed, the sample was rested for about 10 min before running the test. The result of 

both relaxation and oscillation tests are sensitive to the value of applied strain on the 

sample. Over straining the sample may destroy the elastic structure of the material and so 

it is important to keep the strain low. It is possible to continuously excite the sample 

without exceeding a level of strain, which would otherwise destroy the sample structure. 

Basically, for most of polymer melts and solutions oscillation test is in linear viscoelastic 

region if the amplitude is less than 10% (Walters 1975). 

3.4.4 Creep test 

Creep is defined as the slow deformation of a material, usually measured under a constant 

stress. During a creep test, a small stress is applied on the sample and the resultant strain 

is measured while the stress is held constant. The response of a viscoelastic material 

under creep test is initially provided by elastic components followed shortly by 

viscoelastic effects. At sufficiently long time scales, the observed effects are only from 

the viscous components since the resultant strain is large enough to destroy the elastic 

structure of the material (see Fig. 3-5). The third case in Fig. 3-5 shows a typical curve 

produced by a viscoelastic material. The actual shape will be determined by the 

interaction of the viscous and elastic components. 
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Fig. 3-5 Three different response curves in creep test 

Time 

Viscoelastic 

Since the actual change of strain will be dependent upon the applied stress, it is usual to 

report "compliance" rather than the strain. The compliance is defined simply as the ratio 

of the strain to the applied stress and is denoted by the letter / (J=strain/stress). The 

creep test provides a method of determining the amount of elasticity in a sample. This 

value is denoted as Jo and is calculated by extrapolating back along the creep curve when 

in steady viscous flow. The intercept is then a measure of Jo and since it is obtained from 

the creep test, it is recorded as Joe. This method is fine for estimating J0 but it is prone to 

error since it generally involves extrapolating back from a large number to obtain a small 

number. Jo could also be measured directly by the Creep-Recovery test (see Fig. 3-6). 

When steady viscous flow is reached, if the stress is removed, the material will recoil due 

only to the elasticity after waiting for at least as long as it took to obtain viscous flow 

(Bohlin Instruments, 1999). The measured recoil, or recoverable compliance is denoted 

by Jor. Generally Joe and Jor have the same order of magnitude but Jor is more accurate. 
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Time (s) 

Fig. 3-6 calculating Joe and Jor using Creep and recovery curves 

3.5 Core flow experiments 

The core flow experiments were conducted in two different parts: 

1. High permeability packing and High concentration solutions 

2. Medium permeability packing and Medium concentration solutions 

The absolute permeability of each packing was measured by water injection into the 

linear cell packed with the related glass bead. Polymer flow experiment was conducted in 

radial packing to simulate the more realistic wellbore geometry. 

The experimental set-up and procedure used for core flow tests are described in the 

following sections. 

3.5.1 Experimental set-up for core flow experiments 

A schematic of the experimental set-up using radial and linear cells are shown in Fig. 3-7 

and Fig. 3-8 respectively. 
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Fig. 3-7 Schematic of experimental setup of core flow experiment using the radial core holder 

Reservoir 

Pressure 
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•Transducer 
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Graduated 
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Pump 

Fig. 3-8 Schematic of experimental setup of core flow experiment using the linear core holder 
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Different parts of the experimental set-up are explained in the following section. 

Pump 

A progressive cavity pump with variable frequency drive control was used to inject test 

fluid into the core sample (see Fig. 3-9). 

Fig. 3-9 Positive displacement pump used to inject water and polymer solutions 

The frequency of the pump could be changed from 0% to 100%. Each value between 0 

and 100 corresponds to a specific flow rate according the calibration curve shown in Fig. 

3-10. 
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Fig. 3-10 Calibration curve for pump flow rate 

Pressure gauge 

Two different pressure gauges were used in these experiments. 

1 - Digital pressure gauge with the range of 0 to 30 psi and resolution of 0.01 psi. 

This high resolution pressure gauge was used to measure pressure drop of water 

in radial packing. 

2- Analogue gauge with the range of 0 to 300 psi and resolution of 1 psi. 

Data Acquisition System 

The data acquisition system used had two parts: hardware and software systems. The 

hardware consisted of a transducer and OWL Data Logger. OWL Data Loggers record 

readings continuously at a fixed sample interval. Using an optical link, it transfers these 

readings to an IBM PC or 100% compatible computer for analysis with ACR's 

TrendReader software. 

The pressure data were recorded every 8 seconds. Trend Reader software transferred the 

recorded data to pressure values in psi using a linear calibration. Very high and very low 
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values of pressure data were filtered out and the mean value was recorded as the injection 

pressure of each flow rate. 

Radial Cell 

In order to simulate the actual wellbore conditions, a core holder with the following 

specifications was designed to ensure radial flow. The core holder consists of an injection 

line located in the middle of pressure vessel and two production line located in the 

boundaries of the vessel. 

Fig. 3-11 shows the relative position of injection and production lines on the radial cell. 

Both the injection and production lines are encased by a screen. The opening of the 

screen is around 10 micron and prevents glass bead production. Pressure rating of the 

chamber is 1200 psi. 

Fig. 3-11 Radial cell with one injector and two producer lines 
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A cross section of the radial cell showing the position of injector and producers is 

presented in Fig. 3-12. 

ProA*car 
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Fig. 3-12 Cross section of the core holder showing the producing and injection lines 

Injection line consists of an outer and inner tube. To prevent the wall effect, outer tube is 

slotted in the middle section of the inner tube. The sand pack inside the pressure vessel is 

encased by a screen. This screen ensures that the fluid produced is coming from entire 

outer surface of the packing. In other words, the screen to some extent prevents linear 

flow between the injector and producer and makes the assumption of radial flow more 
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reasonable. The outer tube of the injection line is connected to a ball valve (see Fig. 

3-13). During water injection the valve is open while the production lines are closed. This 

assures that the whole system is fully saturated with water and there is no air bubble 

trapped in the system. When water is produced from the outer tube of the production line, 

the relief valve is closed and production lines are open. 

Fig. 3-13 Radial cell with injection and production lines 

Linear Cell 

In order to measure the packing permeability, a linear core holder was used. An 8-cm 

long and 2.5-cm diameter stainless steel core holder (Fig. 3-14) was used for linear core 

flow experiments. Two flanges were fitted on each end of the coreholder. A sintered 

screen was fitted into the inside wall of the cap flanges to act as a distributor for the fluids 

injected and also prevent glass bead production. 
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Fig. 3-14 Linear cell connected to pressure transducer and pressure gauge 

3.5.2 Experimental Procedure 

3.5.2.1 Packing Procedure 

The core holder was packed with to two different glass bead grades. The size of glass 

beads used for high and low permeability packing was 50-150 micron and 35 micron 

respectively. The glass beads were loaded into the coreholder while vibrating the cell. 

The vibration was provided by a mechanical vibrator that was strapped onto the core. The 

operation of the vibrator was based on the continuous movement of a steel ball inside the 

vibrator by air pressure. The core holder was also vibrated manually by using a plastic 

hammer. The glass bead loading was continued until the time that no more space is 

provided by further vibration. 

3.5.2.2 Core flow experiment procedure 

In order to simulate the actual field condition during drilling, radial cell was used for 

polymer flooding experiment. However, the actual flow regime may not be purely radial 

in the radial packing. Therefore, linear cell was used to measure the absolute permeability 

of the packing by injecting tap water. 
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3.5.2.2.1 Permeability measurement using linear cell 

The core holder was put in a horizontal position for absolute permeability measurement. 

The core initially was 100% water saturated and the pressure inside the core pack was 

atmospheric. Tap water was injected at different flow rates from the inlet and produced at 

the outlet end of the core. The pressure drop during water injection into the high 

permeability packing was relatively low. Therefore, digital pressure transducer with the 

resolution of 0.01 psi was used to measure the pressure drop. Stabilized pressure data 

corresponding to each flow rate was recorded. Darcy's law for linear flow was used to 

calculate the absolute permeability for each experiment. 

3.5.2.2.2 Polymer flooding in radial cell 

After preparing each sample solution and packing the core holder with glass beads, 

polymer injection was conducted through the following steps. 

1- Water injection 

Before injecting the polymer solution into the system, water was pumped at different 

flow rates to investigate the flow performance of water in the system. During water 

injection into the dry packing, production lines were closed. After producing water from 

the horizontal line connected to the outer tube of injection line, relief valve was closed 

and production lines were open. Water was injected into the system at different flow rates 

by setting the pump frequency. The stabilized pressure at each flow rate was recorded 

using digital pressure gauge. 

2- Water displacement by polymer solution 

Required volume of the sample solution (About 3 times of the pore volume) was injected 

into the porous media to displace the water. The viscosity of each sample polyox solution 

was relatively high. Therefore, water was easily displaced by viscous polymer. Polymer 

injection was continued until the stabilized pressure drop is obtained at a fixed flow rate. 

Finally, the viscosity of produced fluid was compared to the viscosity of polymer solution 

to make sure it is not contaminated with water. 

3- Polymer solution injection 

67 



Polyox sample solution was injected at different flow rates into the radial core holder. 3 

wt% solutions of polyox samples were injected into the high permeability system at flow 

rates ranging from 20 ml/min to 160 ml/min. Aqueous solutions of polyox samples with 

low concentration ( 1-1.5 wt%) were injected into the low permeability system at flow 

rates ranging from 6 ml/min to 100 ml/min. At each flow rate, the injection was 

continued until the pressure drop stabilized. The viscosity of produced polymer was 

measured to investigate shear degradation and polymer adsorption/entrapment in porous 

media. 

4- Polymer solution displacement by water 

After the flow test the core was flushed with water to clean the core out of polymer 

solutions. Water injection was continued until the pressure drop was stabilized. The 

viscosity of produced water was checked to make sure that produced water is not 

contaminated with polymer. However, some polymer might have remained in the system 

due to adsorption/entrapment in porous media. 

5- Water back flush 

During core flow experiment in the radial system, small glass bead particles create a filter 

cake at the outer surface of the production lines. This filter cake generates additional 

pressure drop due to skin effect. Water was injected from production lines while being 

produced from the injection line. Water back flush gradually removes the glass bead cake 

around the production line. 

6- Water injection 

The permeability of the core pack was measured after polymer solution displacement by 

water. In order to measure the flushed permeability, water was injected into the system at 

different flow rates. Difference in the permeability before and after the core flow tests 

were taken as the formation damage induced due to polymer solution flow. 
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CHAPTER 4 

EXPERIMENTAL RESULTS AND DISCUSSION (RHEOLOGY) 

In this chapter the effect of average molecular weight on rheological behavior of aqueous 

solutions of polyox grades is investigated. Average molecular weight and shear viscosity 

of polyox blends, predicted by suggested new mixing rule, is compared with 

experimental data. The effect of molecular weight distribution on viscoelastic behavior of 

polyox blends with similar shear viscosity (i.e., similar average molecular weight) is also 

investigated. 

4.1 Rheological characterization of monodisperse polyox solutions 

In this section the effect of average molecular weight on rheological properties of four 

different polyox grades with narrow MWD is investigated. 

4.1.1 Viscometry tests 

Aqueous solutions of 4 different polyox grades with different average molecular weights 

were characterized by viscometry test. Shear viscosity and normal force of these 

solutions are compared in Fig. 4-1 and Fig. 4-2 respectively. 

Basically all samples present similar shear thinning behavior but the value of no strongly 

depends on the average molecular weight. However, at high shear rates, the values of 

shear viscosity are close to each other due to shear thinning behavior of the solutions. 

Both shear viscosity and normal stress considerably increase with increasing the 

molecular weight. Shear thinning behavior is more pronounced in case of polyox grades 

with higher average molecular weight. The effect of average molecular weight on shear 

behavior (i.e., shear viscosity and normal stress) of polyox grades is more pronounced at 

low shear rates. 

69 



1000 F 

100 

0) 

10 

0} 

0.1 

-WSR308 

-WSR1105 

-B—WSR301 

- * — W S R 2 0 5 

• • • • • • * * » i r • • * ! r • • • • • • • ! 

0.1 10 100 

Shear Rate (1/s) 

1000 10000 

Fig. 4-1 Shear Viscosity vs. shear rate of aqueous solutions of different polyox grades (5 
wt. %) 

100000 

10000 

0.1 

10 

-WSR1105 

WSR301 

-WSR205 

1 * ' * ' ' 
100 1000 

Shear Rate (1/s) 

10000 

Fig. 4-2 Normal stress vs. shear rate of aqueous solutions of different polyox grades (5 
wt. %) 
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4.1.1 Oscillation tests 

Average molecular weight of polyox grades strongly influences parameters of oscillation 

test. Fig. 4-3 and Fig. 4-4 show the effect of molecular weight on elastic and viscous 

modulus of four different polyox grades respectively. Modulus values of polyox solutions 

considerably increase as the average molecular weight of the polyox grades increases, it 

is also observed that both elastic and viscous modulus values increase with increasing the 

frequency of the oscillation test. 
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Fig. 4-3 Elastic modulus-frequency profile of aqueous solutions of 4 different polyox 
grades (6 wt. %) 
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Fig. 4-4 Viscous modulus-frequency profile of aqueous solutions of 4 different polyox 
grades (6 wt. %) 

4.2 Rheological characterization of polydisperse polyox solutions 

4.2.1 Mixing Rule 

Zero shear viscosity, JJL0, could be considered as an intrinsic property of each polymeric 

liquid that is related to average molecular weight according to the Eq. 2-14. 

Fig. 4-5 shows measured values of no as a linear function of Mw for different grades of 

Polyox in logarithmic coordinate. This linear profile is in good agreement with Eq. 2-14 

with the value of a being about 1.264. It is revealed from Fig. 4-5 that the molecular 

weight of the polyox grades is higher than critical molecular weight (Mc) of this polymer 

(Graessley, 1974). Different blends of Polyox with similar average molecular weight are 

expected to have approximately identical values of no­
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Fig. 4-5 Zero-shear rate viscosity versus molecular weight for 5 wt % aqueous solution of 
Polyox 

Weight average Mw of each blend may be approximately calculated according to the 

following expression (Zang et al. 1987): 

4-1 

Here m is the weight fraction of polymer i and B denotes the blend that is composed of n 

different polymer grades. Combining Eq 4-1 and Eq. 2-14 the following expression is 

given for zero-shear rate viscosity of polymer blends (Struglinski and Graessley 1985). 

/«b,j>=(i>/'o?)fl 

i=\ 

4-2 

In order to prepare mixtures of similar Mw and varying molar mass distribution, 

monodisperse Polyox grades were blended. 5 wt % aqueous solutions of different blends 

of Polyox with varying mixing ratio were prepared (Table 4-1). 
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Table 4-1 Polydispersity factor and composition of different Polyox Blends 

Blend 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Blend Composition (wt. %) 
WSR 
308 
47 
37 
20 
0 
0 
20 
0 
20 
40 
40 

WSR 
301 

0 
0 
32 
60 
50 
0 

20 
40 
30 
50 

WSR 
1105 

0 
63 
22 
0 
35 
0 
0 
40 
30 
10 

WSR 
205 
53 
0 

26 
40 
15 
80 
80 
0 
0 
0 

Mw/Mn 
(Eq.4-6) 

3.84 
2.63 
2.53 
2.16 
1.84 
2.83 
1.77 
2.03 
2.14 
1.51 

Mw/106 

(Eq.4-4) 

2 
2 
2 

1.9 
1.8 
1 

0.9 
2.5 
3.4 
4.5 

Zero shear viscosity of aqueous solution of each mixture was measured. The linear 

profile shown in Fig. 4-5 was used to estimate the average molecular weight 

corresponding to measured shear viscosity related to each blend. This value was 

considered as measured molecular weight of aqueous solution of each blend. 

A significant difference was observed between the measured Mw and no values of Polyox 

blends and the values predicted by Eq. 4-1 and Eq. 4-2 respectively (Fig. 4-6 and Fig. 

4-7). It was seen that the Eq. 4-1 does not provide an accurate estimate of equivalent 

molecular weight of the Polyox mixtures, especially at high fraction of large 

macromolecules. 

Ho and Mw are interrelated by a power law relationship. The correlation coefficients a and 

K depend on the type of polymer and the temperature of the system. Both a and K are 

independent of no and Mw for monodisperse polymers. Therefore, the mixing rule giving 

the viscosity and molecular weight of polymer blends could also be assumed to be 

independent of these parameters. We suggested that mixture zero shear viscosity may be 

estimated by multiplying the viscosity of mixture components powered by their mass 

fraction. Eq. 4-3 is, therefore, proposed for calculating the equivalent mixture zero shear 

viscosity of aqueous solutions of polymer blends. 
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//0>5=li'"ol 
i=\ 

4-3 

Fig. 4-7 shows that predicted values of n0 using Eq. 4-3 are reasonably close to measured 

values. Combining Eq. 2-14 and Eq. 4-3, the Eq. 4-4 is obtained for calculating the 

average molecular weight of a polymer blend. 

MwrfK 
i=\ 

4-4 

As shown in Fig. 4-6, predicted values of Mw using Eq. 4-4 are in better agreement with 

the measured data than that of the ones predicted by Eq. 4-1. 
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Fig. 4-6 Comparison of measured and predicted values of equivalent molecular weight of 
Polyox Blends (5 wt % aqueous solution) 
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blends (5 wt % aqueous solution) 

4.2.2 Polydispersity 

The effect of MWD on rheological properties of polymers is explained in the literature by 

considering polydispersity factors. Different models have been given for polydispersity 

factors of zero shear viscosity and recoverable compliance (Ressia et al. 2000). The value 

of Polydispersity defined by MJMn could be measured by some experimental techniques. 

Mn is number average molecular weight that is defined by (Zang et al. 1987): 

1 
M. 

= lLWilMn,i 

4-5 

By assuming narrow molecular weight distribution for monodisperse samples, M„,,- and 

Mwj may be considered identical. Therefore, approximate values of polydispersity of 
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mixtures representing the broadness of molar mass distribution may be given by the 

following expression. 

^=<I^)x<E^-) 
1=1 iV1 w,i 

4-6 

Polydispersity values of different blends estimated by using Eq. 4-6 are given in Table 

4-1. 

4.2.3 Effect of MWD on shear viscosity of polyox blends 

The first five blends listed in Table 4-1 have almost identical average molecular weight 

based on Eq. 4-4. Fig. 4-8 demonstrates the similar behavior of the blended samples in 

steady shear flow. 
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Fig. 4-8 Shear viscosity-shear rate profile of different polyox blends (5 wt%) 
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The effect of MWD and polydispersity on shear viscosity of polyox blends is negligible 

when the average molecular weight of blends is constant. Although there is a slight 

difference between zero shear viscosity of blends, they have almost identical shear 

viscosity at shear rates higher than 10 1/s. This is mainly due to similar shear thinning of 

the solutions. 

4.2.4 Effect of MWD on the viscoelastic behavior of polyox blends 

In order to prepare mixtures with similar shear flow behavior, blending ratio of each 

sample was selected based on proposed new mixing rule. In this section results on the 

rheological behavior of polyox blends with different molecular weight distribution, 

MWD, and similar average molecular weight, Mw is investigated. The effect of MWD 

and polydispersity on viscoelastic parameters obtained from transient rheological tests 

including relaxation, creep-recovery and oscillation tests are also analyzed. 

If a sufficiently large strain (i.e., >10%) is applied, it is possible to break the elastic 

structure of a viscoelastic material, which would lead to purely viscous flow. Blended 

polyox samples with similar shear behavior (Fig. 4-8) may still show different 

viscoelastic behavior at low strain flow systems. However, the viscoelastic responses of 

these blends in relaxation and oscillation tests were difficult to be distinguished. In order 

to observe the effect of molar mass distribution of different polyox blends on the 

viscoelastic response of the aqueous solution of polyox blends, the following factors were 

considered: 

• The concentration of solution was increased to have higher number of 

macromolecules in the test sample. 

• Molar mass distribution (i.e., polydispersity value) of the samples was selected to 

be considerably different. 

Aqueous solutions of two Polyox blends according to the mixing ratio listed in Table 4-2 

were prepared at considerably high concentration of 10 wt%. 
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Table 4-2 Mixing ratio and approximate polydispersity value of two different Polyox 
blends 

Sample 

Sample 1 
Sample 2 

Weight Percentage 
WSR 
N-80 

0 
25 

WSR 
1105 
100 
50 

WSR 
308 
0 
25 

MJMn 

Eq. 4-6 

1 
4.6 

MJ106 

Eq. 4-4 

0.9 
1 

4.2.4.1 Shear viscosity 

Fig. 4-9 shows the similarity of shear flow characteristics of the solutions of two polymer 

blends, which have approximately equal values of average molecular weight. 
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Fig. 4-9 Shear viscosity vs. shear rate of aqueous solutions of samples 1 and 2 (10 wt %) 

While these two polymer blends have similar average molecular weight, they have 

significantly different polydispersity ratio. It is therefore, anticipated that solutions of 

these two polymer blends would show different viscoelastic characteristics. The 
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following section presents the results of analyses of viscoelastic properties of the 

solutions of these two polymer blends. 

4.2.4.2 Relaxation Test 

Basically the result of relaxation test could be considered from two different points of 

view. The first one is relaxation modulus G(t) representing the rigidity and elasticity of 

the system. The second one is the rate of stress relaxation or the intensity of relaxation 

process indicating the flexibility of polymer molecules. The latter is reflected in 

relaxation spectra, H(x) , that is defined by Eq. 3-4. Fig. 4-10 compares the relaxation 

modulus of the two samples as a function of time. 
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Fig. 4-10 Stress relaxation profile of aqueous solutions of samples 1-2 (10 wt %) 

Fig. 4-10 shows higher values of G(t) of sample 1 (narrow MWD) compared to that of 

sample 2 (wide MWD). It is also seen that stress relaxation rate of the solution with 

narrow MWD is faster than that of the sample with broad molar mass distribution. The 

difference in relaxation rate may be due to presence of very large Polyox molecules 
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(WSR 308) in sample 2. For further investigation of relaxation process of the two 

solutions, their relaxation spectra was also compared (Fig. 4-11). 
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Fig. 4-11 Relaxation spectra of aqueous solutions of samples 1-2 (10 wt %) 

As shown in Fig. 4-11, the relaxation spectra (i.e., intensity of relaxation process) is 

relatively higher in case of polyox solution with narrow MWD. This could also be 

explained by very large Polyox molecules (WSR 308) existing in sample 2. Such 

macro molecules slow down the relaxation process of the solution. The longest relaxation 

time also influences the flow behavior of polymeric liquids in low strain flow 

systems.Table 4-3 lists the values of dominant relaxation time (0) and zero shear 

viscosity (juo) measured in relaxation test. 

Table 4-3 Zero-shear rate viscosity and dominant relaxation time of aqueous solutions of 
samples 1 and 2 (10 wt %) 

Blend 

Sample 1 
Sample 2 

Dominant Relaxation 
Time (s) 

0.127 
0.197 

Zero-Shear Rate viscosity 
(Pas) 

226.41 
178.97 
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Zero shear viscosity of sample with narrow MWD (sample 1) is higher than sample with 

wide MWD (sample 2) by 21%. Dominant relaxation time of sample with narrow MWD 

(sample 1) is 54% lower than sample with broad molar mass distribution. It may be 

concluded that sample solutions with wider MWD have less intense relaxation process 

and consequently higher values of the dominant relaxation time. These results are in 

agreement with the results of Plog et al. (2005) who reported relaxation time of 

polystyrene and methylhydroxyethyl blends measured by capillary break up experiment. 

4.2.4.3 Creep-recovery test 

Measured value of recoil denoted by Jor after removing the stress in creep test is 

representative of recoverable compliance due to only the elasticity of the system. The 

intercept of back extrapolating the creep curve is also reported by software (Joe) as a 

measure of recoverable compliance that is less accurate than Jor (see Fig. 3-6). Table 4-4 

summarizes the result of creep and recovery test conducted on the two sample solutions. 

Table 4-4 Summary of creep and recovery test results of aqueous solutions of samples 
land2(10wt%) 

Blend 

Sample 1 

Sample 2 

Joe (1/Pa) 

0.002 

0.003 

Jor (1/Pa) 

0.003 

0.0044 

Mw /106 

1.688 

1.563 

Although average molecular weight of sample 1 measured in creep test is around 7 % 

higher than that of sample 2, the calculated values of Joc and Jor for sample 1 are 50% and 

48% lower than sample 2 with broader MWD, respectively. Higher values of Jor and Joc 

could be interpreted as more dominant elastic properties. This result is in agreement with 

higher values of the longest relaxation time of sample 2. The presence of significantly 

large Polyox molecules contributes to higher flexibility and consequently larger 

deformation of sample 2 in creep test. Ressia et al. (2000) showed that a small fraction of 

high molecular weight polydimethylsiloxanes increased the recoverable compliance of 
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monodisperse low molecular weight by about one order of magnitude. The results of both 

relaxation and creep-recovery tests show that sample with broad MWD (sample 2) 

behaves more elastically than sample with narrow MWD (sample 1) in low strain 

transient flow systems. 

4.2.4.4 Oscillation Test 

Frequency sweep test was conducted on the two solutions at constant strain of 10% that is 

assumed to be the maximum strain for linear viscoelastic response of polymer solutions. 

The result of oscillation test shows that both viscous and elastic modulus of sample 1 is 

higher than that of sample 2 (see Fig. 4-12 and Fig. 4-13). This could be explained by 

higher flexibility of sample 2 compared to sample 1. 
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Fig. 4-12 Elastic modulus versus frequency of aqueous solutions of samples 1 and 2 (10 
wt%) 
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Fig. 4-13 Viscous modulus versus frequency of aqueous solutions of samples 1 and 2 (10 
wt%) 

Although a significant difference is observed between modulus values of the two 

samples, they presented similar viscous behavior (see Fig. 4-9). At high values of strain 

in simple shear flow, the structure of large polymer molecules (i.e., elastic part of a 

polymeric system) is broken. Therefore, samples 1 and 2 with different ratio of large 

Polyox molecules presented similar shear behavior. The G7G" ratios indicating the 

relative elasticity of the two solutions are shown in Fig. 4-14. Again, results confirm that 

sample 2 is more elastic than sample 1. 
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Fig. 4-14 G7G" versus frequency of aqueous solutions of samples 1 and 2 (10 wt %) 

4.2.4.5 Consistency between the results of oscillation and relaxation tests 

In generalized Maxwell model (Ferry 1980), shear viscosity and elastic modulus of each 

element in a viscoelastic material is modeled by a dashpot and spring, respectively, that 

are in series with each other. Relaxation time of each element in Maxwell model is 

related to viscosity and elastic modulus by (Ferry 1980): 

Oi=Mi/Gi 
4-7 

According to Eq. 4-7 considering polymer solutions with similar shear viscosity, those 

with lower values of elastic modulus are expected to have longer relaxation time. 

Basically, lower values of modulus could be interpreted as higher flexibility of a 

polymeric liquid that consequently results in longer relaxation time and less intense 

relaxation process. Therefore, the following expression is suggested for rough estimation 
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of the ratio between relaxation time of the two Polyox blends with equal average 

molecular weight and shear viscosity. 

#B1 _, GB2 

&B2 Ggi 

4-8 

Here, B denotes the blend and G is the general modulus (elastic, viscous or complex) 

value of the sample solution. Both the viscosity and modulus values of polymer solutions 

are function of shear rate, therefore, the initial conditions of the relaxation test could be 

considered to estimate the approximate value of maximum shear rate as follows: 

shear rate = initial strain/rise time 
4-9 

Measured values of modulus (G', G" and G*) at frequency of about 1 Hz were used to 

estimate the ratio of GB2/GBi (see Table 4-5). 

Table 4-5 Longest relaxation time and the result of oscillation test at frequency of 1Hz 
for aqueous solutions of samples 1 and 2 (10 wt %) 

Sample 
1 
2 

G' (pa) 
553 
391 

G" (pa) 
638 
404 

G*(pa) 
844 
562 

m 
0.13 
0.2 

The data listed in Table 4-6 shows that Eq. 4-8 provides a reasonable estimation for the 

ratio of relaxation time. It is also seen that the error would be less than 3% if complex 

modulus, G*, is used in this expression. 

Table 4-6 Measured values of parameters of Eq. 4-8 for aqueous solutions of samples 1-2 
(10 wt %) 

#51 

&B2 
1.54 

G\ 
1.4 

G'\ 
G'\ 

1.58 

G; 

1.5 

It was shown that relaxation time of polyox solutions could be increased at constant 

average molecular weight by increasing the broadness of molecular weight distribution. 

Measurement of dominant relaxation time of polymer solutions at low concentrations is 
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relatively hard. Table 4-6 shows that the results of oscillation test could be used (Eq.4-8) 

for estimation of the ratio between relaxation time of two polymeric system with similar 

average molecular weight and different molecular weight distribution. This result is 

important for estimation of critical Deborah number and consequently critical flow rate 

related to flow of polymer solutions in porous media. 
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CHAPTER 5 

EXPERIMENTAL RESULTS AND DISCUSSION (CORE FLOW 

EXPERIMENTS) 

In this chapter, the results of core flow experiments are presented. Experiments are 

conducted by injecting two different polyox solutions through the radial cell packed with 

glass beads. 

5.1 Absolute permeability measurement 

Pressure drop of water was measured during flow in the linear cell packed with the two 

different sizes of glass beads. Darcy equation in linear systems was used to measure the 

absolute permeability: 

u L 
AP=YAXQ 

5-1 

Fig. 5-1 shows the profile of pressure drop versus water flow rate in linear cell packed 

with glass beads with average size of 75 micron (100-300 mesh). 
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Fig. 5-1 Pressure drop vs. flow rate of water in the linear core (Media 1) 

Using the slope of pressure drop-flow rate line (m), the absolute permeability is given by: 

K = J n L = 0.001 (Pa s)x7.56(C7n) = ^ 

™A 0,038 ( , , . )x5,35cm2 

\mt/minJ 

5-2 

Linear core was also packed with glass beads with average particle diameter of 35 

micron. The pressure drop of water was considerably higher than that of 100-300 mesh 

packing. Fig. 5-2 shows the linear profile of water pressure drop versus flow rate for this 

packing. 
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Fig. 5-2 Pressure drop vs. flow rate of water in the linear core (Media 2) 

Similarly the absolute permeability is measured by using the slope of the linear profile 

and dimensions of the linear cell. 

K = 
III _ 0.001 (JPa.s) x7.56(cm) 

^ 4 " 3(F£i)xS35cm2 
0.12 Darcy = 120 md 

(_Psj_\ 
\ml/minj 

Table 5-1 summarizes the properties of the two porous media used in this study: 

Table 5-1 Properties of the two different porous media used in core flow experiments 

5-3 

Porous media 

Media 1 

Media 2 

Particle size 
75 micron 

(100-300 mesh) 
35 micron 

Permeability 

8.9 Darcy 

0.12 Darcy 

Porosity 

44% 

48% 
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5.2 Equivalent shear rate 

Chauveteau (1982) suggested the equation 5-4 for determining average shear rate in 
porous media. 

4aq 
A (8k<p)0-5 

5-4 

a is the material constant that is 1.7 for glass beads. A is the cross sectional area that is 

calculated using the average diameter of the radial packing by: 

Aradial = K * \ ~2 J X 8 m - 425.6 CVflL 

5-5 

Therefore, the following relationship is considered between the flow rate and equivalent 

deformation rate in radial cell: 

}'media 1(7) = 42s.6Cm2(8x8.9dxo.44)°-5 1 = °-48 ^ ( Imin) 
5-6 

/ 1 \ _ 4 x 1 . 7 _ ml/ 

Ymedia2 [-) = 425.6 cm2(8 x 0.12 d x 0.48)05 q = 3 - 9 q ( /min) 

5-7 

At a constant flow rate, the equivalent shear rate in porous media 2 is around 8 times of 
shear rate in porous media 1. 

5.3 Polyox solutions 

Aqueous solutions of two different blends of polyox were prepared at different 

concentrations. The two blends had almost equal average molecular weight and different 

polydispersity values measured by Eq. 4-4 and Eq. 4-6 (see Table 5-2). Sample 2 with 

25% mass fraction of WSR 308 grade and consequently higher values of polydispersity is 

anticipated to have higher elastic effects. 
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Table 5-2 Two different samples of polyox with similar average molecular weight and 
different polydispersity values 

Polyox 
Blend 

Sample 1 
Sample 2 

Weight Percentage 

WSR N-80 

0 
25 

WSR 1105 

100 
50 

WSR 308 

0 
25 

Mw/Mn 
Eq. 4-6 

1 
4.6 

Mw/106 

Eq. 4-4 

0.9 
1 

5.4 Core flow experiments 

The core flow experiments were conducted in two different parts. In the first group of the 

experiments radial cell was packed with 100-300 mesh glass bead (8.9 Darcy). 3 wt % 

aqueous solutions of samples 1 and 2 were injected into this media. In the second group 

of the experiments, the permeability of the system was reduced to 0.12 Darcy by packing 

the radial cell with 35 micron glass bead (media 2). The pressure drop of polyox solutions 

in porous media 2 was considerably higher than that of porous media 1. Therefore, the 

concentration of polyox solutions were reduced in the second group of experiments. 1 

wt% aqueous solution of sample 2 and 1.25 wt %-1.5 wt % aqueous solutions of sample 1 

were injected into this media. 

5.4.1 High polymer concentration and high permeability experiments 

Aqueous solutions of samples 1 and 2 with relatively high concentration of 3 wt % were 

injected in the radial cell packed with glass beads with average diameter of 75 micron 

(media 1). In the following sections the Rheological behavior and pressure drop of these 

two solutions in porous media is compared. 

5.4.1.1 Rheological behavior of 3 wt% aqueous polyo'x solutions 

- Shear viscosity of polyox solutions 

The 3 wt% aqueous polyox solutions of samples 1 and 2 were characterized in 

viscometry test using Bohlin rheometer. Fig. 5-3 compares shear stress-shear rate profile 

of the two sample solutions. 
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Fig. 5-3 Shear stress vs. shear rate of aqueous solutions of samples 1 and 2 (3 wt%) 

As shown in Fig. 5-3, the two sample solutions have almost identical shear stress values. 

This is an expected behavior as the average molecular weights of the two samples are 

very close to each other. Shear thinning behavior of the solutions is also revealed in this 

Fig. 5-3. Both solutions have also identical values of shear viscosity. However zero shear 

viscosity of sample 2 is slightly higher than that of sample 1 (See Fig. 5-3). 
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Fig. 5-4 Shear viscosity vs. shear rate of aqueous solutions of samples 1 and 2 (3 wt. %) 

- Normal stress of polyox solutions 

Although sample 1 and sample 2 presented similar viscous behavior (Fig. 5-3 and Fig. 

5-4), normal stress values of the two solutions are significantly different (see Fig. 5-5). 

Sample 2 with higher values of normal force is anticipated to behave more elastically 

compared to sample 1. 

Both shear stress and normal stress values increases with increasing shear rate. Normal 

force values of both solutions are higher than their shear stress values. Furthermore, the 

rate of increase of normal force values is faster than that of shear stress. It is anticipated 

elastic effects in addition to viscous forces may influence the flow behavior of the two 

solutions in porous media. Both solutions have similar shear viscosity, however, sample 2 

has more elastic characteristics than that of sample 1. Therefore, it is expected that 

sample 2 show more resistance to flow in porous media than that of sample 1. 
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Fig. 5-5 First normal stress difference vs. shear rate of aqueous solutions of samples 1 
and 2 (3 wt. %) 

- Extensional viscosity of polyox solutions 

Extensional viscosity of polymer solutions is representative of their elastic properties. In 

uniaxial elongational flow extensional viscosity is related to first normal stress difference 

by the following equation: 

i " e = • 
M l l 22 JVl 

5-8 

r a i and T22 are normal stress in the direction of flow and perpendicular to flow direction 

respectively. Higher values of first normal stress difference measured in simple shear 

flow can be considered as an indication of higher extensional viscosity. Therefore, it is 
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expected that sample 2 with higher values of normal stress compared to sample 1, exhibit 

higher extensional viscosity during flow in porous media. 

In addition to shear viscosity, extensional viscosity of polymeric systems with high 

values of normal stress may influence their flow performance in porous media. The 

higher the extensional viscosity, the more elastic will be the behavior of fluid in porous 

media. Trouton number representing the elastic effects of a polymeric liquid is defined 

by: 

5-9 

We also know that shear viscosity is defined by: 

x 

5-10 

Therefore, in uniaxial elongational flow systems Trouton value is given by: 

E r = \± = Ni 
U T 

5-11 

The ratio of — could be considered as an indication of extensional viscosity (i.e., elastic 

properties) of polymer solutions. Fig. 5-6 compares the value of — of the two sample 

solutions. This dimensionless value can be considered as a good measure of elastic 

properties of a polymeric system. 

Fig. 5-6 shows that elastic effects are more dominant in case of sample 2 compared to 

sample 1. The value of — is less than 1 for sample 1 at shear rates less than 30 1/s. — of 

sample 1 does not exceed 1 when shear rate is less than 100 1/s. It may be concluded that 

elastic behavior of sample 1 is negligible at shear rates lower than 100 1/s. While sample 

2 is anticipated to have dominant elastic effects even at low shear rates. 
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Fig. 5-6 The ratio between first normal stress difference and shear stress of aqueous 
solutions of samples 1 and 2 (3 wt. %) 

- Relaxation time 

According to Maxwell model relaxation time of a viscoelastic fluid is related to other 

Theological properties by Eq. 6-3. Calculated relaxation time vs. shear rate behavior of 

the two sample solutions is compared in Fig. 5-7. Relaxation time of sample 2 with 

broader MWD is higher than that of sample 1 with narrow MWD. These results are in 

agreement with the results of plog et al. (2005) that showed the influence of MWD on 

relaxation time of two different types of polymers measured by capillary break up 

technique. 
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Fig. 5-7 Relaxation time vs. shear rate for aqueous solutions of samples 1 and 2 (3 wt %) 

5.4.1.2 Pressure drop in radial cell 

Flow tests were conducted in radial packing by injecting two different aqueous solutions 

of polyox (Samples 1 and 2 in Table 5-2). Stabilized value of pressure drop at each flow 

rate was recorded. Fig. 6-2 compares pressure drop of the two sample solutions at 

different flow rates. 
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Fig. 5-8 Pressure drop-flow rate for aqueous solutions of sample 1 and 2 (3 wt %) 

At high flow rates, shear thinning of the solutions is observed as shown in Fig. 5-8. 

Pressure values and the rate of pressure increase with flow rate are considerably higher in 

the case sample 2. The shear viscosities of the two solutions were almost identical. It was 

shown that normal stress values of sample 2 were considerably higher than that of sample 

1. The values of — and relaxation time of sample 2 were considerably higher than that of 

sample 1 (see Fig. 5-6 and Fig. 5-7). Therefore, some of the additional pressure drop due 

to the flow of sample 2 can be contributed to its elastic properties. Furthermore, sample 2 

with broader molecular weight distribution may have higher values of extensional 

viscosity. It has been shown in literature that Polystyrene and MHEC blends with broader 

molar mass distribution have higher values of extensional viscosity and relaxation time 

measured by capillary breakup technique. 

The two sample solutions are sheared and elongated during their flow through porous 

media. But the resistance of sample 2 against extensional forces is higher as its normal 

99 



force values are higher than that of sample 1. This consequently results in higher pressure 

drop of sample 2. 

It is also shown in Fig. 5-8 that pressure drop-flow rate behavior of the two solutions 

indicates two different regions: 

1. Linear behavior (low and medium flow rates) 

2. Shear thinning behavior (High flow rates) 

5.4.2 Low polymer concentration and low permeability experiments 

1.25 wt % and 1.5 wt % aqueous solutions of samples 1 and 1 wt % aqueous solution of 

sample 2 were injected in the radial cell packed with 35 micron glass beads (media 2). In 

the following sections the rheological behavior of these two solutions and the pressure 

drop due to flow of these two solutions through porous media are discussed. 

5.4.2.1 Comparison of rheological behaviors of sample 1 (1.25 wt %) and sample 2 

(1 wt %) 

Shear viscosity of 1 wt% aqueous solution of sample 1 was relatively lower than that of 1 

wt% sample solution 2. Shear viscosity of 1.25 wt% aqueous solution of sample 1 was 

very close to that of 1 wt % solution of sample 2. Therefore, flow performances of these 

two solutions were compared to investigate potential influence of elastic properties on 

pressure drop in porous media. 

- Shear viscosity 

Fig. 5-9 shows that shear stress of the two solutions measured in simple shear flow (i.e., 

viscometry test) are almost identical at different shear rates. It is anticipated that viscous 

forces similarly affect the flow performance of these two solutions in porous media. 

100 



10 b 

0.1 

0.01 

O Sample 1 (1.25 wt%) 

ASample2(lwt%) 

_j i _i i i i 11 

10 100 

Shear rate (1/s) 

1000 

Fig. 5-9 Shear stress versus shear rate for aqueous solutions of sample 1 (1.25 wt %) and 
sample 2 (1 wt %) 

Fig. 5-10 shows that the shear viscosities of the two solutions are almost identical. 

Although 3 wt % aqueous solutions of samples 1 and 2 presented very strong shear 

thinning behavior (see Fig. 5-4), the viscosities of the two solutions at low concentrations 

weekly depend on shear rate (see Fig. 5-10). 
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Fig. 5-10 Shear viscosity versus shear rate for aqueous solutions of sample 1 (1.25 wt %) 
and sample 2(1 wt %) 

- Normal stress 

Normal and shear stresses of the two sample solutions were measured simultaneously in 

viscometry test. Fig. 5-11 shows that there is a significant difference between normal 

stress values of the two solutions. However, shear stress values of the two solutions were 

almost identical (see Fig. 5-9). 
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Fig. 5-11 Normal stress versus shear rate for aqueous solutions of sample 1 (1.25 wt %) 
and sample 2 (1 wt %) 

Although viscous behavior of the two solutions is very similar, elastic properties of 

sample 2(1 wt %) are anticipated to be significantly higher than that of sample 1 (1.25 wt 

%). 

Fig. 5-12 compares the values Nj/x for the two solutions. It may be concluded from 

these data that extensional viscosity of sample 2(1 wt %) is approximately one order of 

magnitude higher than that of sample 1 (1.25 wt %). Therefore, in flow systems with 

extensional deformation, sample 2 with higher values of N^x may experience higher 

resistance compared to sample 1. 

103 



100 

a. 

01 
si 

E 
o 

10 

• 

• 

• OSample l 

. (1.25 wt%) 

A Sample 2 
(1 wt%) 

" 

• 

• 

A 

A 

A A A A 

IS 
A 

A 

O 

o <*> 
o o 
<P o o o 

o<> o <*> 
o 

10 100 1000 

Shear rate (1/s) 

10000 

Fig. 5-12 The ratio between Normal force and shear stress for aqueous solutions of 
sample 1 (1.25 wt %) and sample 2 (1 wt %) 

- Relaxation time 

Relaxation time of the two solutions calculated by Eq. 6-3 is compared in Fig. 5-13. 

Relaxation time of the two solutions considerably decreases by increasing the shear rate. 

Aqueous solution of sample 2(1 wt %) shows higher relaxation time values compared to 

that of aqueous solution of sample 1 (1.25 wt %). 
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Fig. 5-13 Relaxation time vs. shear rate for aqueous solutions of sample 1 (1.25 wt %) 
and sample 2 (1 wt %) 

5.4.2.2 Pressure drop in radial pack 

The two sample solutions are anticipated to present similar pressure drop-flow rate 

profiles according to Darcy law. Fig. 5-14 compares pressure drop of the two solutions 

during flow in radial porous media with the permeability of around 0.12 Darcy. 
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Fig. 5-14 Comparison between pressure drop of sample 1 (1.25 wt %) and sample 2 (1 wt 
%) during flow in radial porous media (0.12 Darcy) 

Three different regions could be considered in pressure drop-flow rate profile of the two 

solutions. 

1. Linear behavior (Low flow rate) 

2. Shear thinning behavior (Medium flow rate) 

3. Dominant elastic effects (High flow rate) 

Although samples 1 and 2 presented similar shear viscosity in viscometry test, their 

pressure drop-flow rate profiles are different: 

1. Pressure values of sample 2 are higher than that of sample 1. The separation 

between the pressure data of the two solutions increases as flow rate increases. 

2. The slope of the linear part of the profile in case of sample 2 is higher than that of 

sample 1. 
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3. The shear thinning region of sample 1 is larger than that of sample 2. 

4. The region of dominant elastic effects in profile of sample 2 begins at lower flow 

rates compared to that of sample 1. 

5.4.2.3 Comparison of Theological behaviors of sample 1 (1.5 wt %) and sample 2 

(1 wt %) 

- Shear viscosity 

For further investigation of the elastic effects on pressure drop in porous media, the flow 

experiments were also conducted by using 1.5 wt% aqueous solution of sample 1. By 

increasing the concentration of sample 1, shear stress and shear viscosity were 

considerably increased as shown in Fig. 5-15 and Fig. 5-16 respectively. 
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Fig. 5-15 Shear stress versus shear rate for aqueous solutions of sample 1 (1.5 wt %) and 
sample 2 (1 wt %) 
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Fig. 5-16 Shear viscosity versus shear rate for aqueous solutions of sample 1 (1.5 wt %) 
and sample 2(1 wt %) 

- Normal stress 

Although concentration and shear viscosity of sample 1 is higher than that of sample 2, 

its normal stress values are significantly lower than that of sample 2 (see Fig. 5-17). It 

shows the very strong of elastic behavior of sample 2. 
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Fig. 5-17 Normal force versus shear rate for aqueous solutions of sample 1 (1.5 wt %) 
and sample 2 (1 wt %) 

Significant differences in elastic properties of sample 2 (1 wt %) compared to that of 

sample 1 (1.5 wt %) are revealed in Fig. 5-18. Although shear viscosity of sample 2 (1 wt 

%) is considerably lower than that of sample 1 (1.5 wt %), the value of NX/T in case of 

sample 2 is around one order of magnitude higher than that of sample 1 (1.5 wt%). 
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Fig. 5-18 The ratio between Normal force and shear stress for aqueous solutions of 
sample 1 (1.5 wt %) and sample 2 (1 wt %) 

- Relaxation time 

Both concentration and shear viscosity of aqueous solution of sample 1 (1.5 wt %) is 

considerably higher than that of aqueous solution of sample 2 (1 wt %). However, 

relaxation time of sample 2 is almost 10 times higher than that of sample 1 (see Fig. 

5-19). These results show that the relaxation time of a polymer can be increased by 

controlling its elastic properties (through increasing the MWD) without increasing the 

concentration of the polymer and the viscosity of the solution. 
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Fig. 5-19 Relaxation time vs. shear rate behavior for aqueous solutions of sample 1 (1.5 
wt %) and sample 2(1 wt %) 

5.4.2.4 Pressure drop in radial pack 

Fig. 5-20 compares the pressure drop of the two solutions during flow in radial porous 

media with the permeability of around 0.12 Darcy. Although, Sample 1 (1.5 wt %) is 

considerably more viscous than sample 2 (1 wt %), its pressure drop in porous media is 

relatively close to that of sample 2 (1 wt %). Lower shear viscosity of sample 2 is 

compensated by its dominant elastic effects in comparison to sample 1 (1.5 wt %). Fig. 

5-20 shows that the region of dominant elastic effects in pressure profile of sample 2 (1 

wt %) occurs at lower flow rates compared to that of sample 1 (1.5 wt %). This indicates 

dominant elastic effects of sample 2 during flow in porous media in comparison to 

sample 1. 

These results also confirm that pressure drop of a certain polymer based fluid in porous 

media could be increased by controlling the elastic properties (e.g., increasing the 
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broadness of MWD) without increasing the concentration of the polymer and shear 

viscosity of the solution. 
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Fig. 5-20 Comparison between pressure drop of sample 1 (1.5 wt %) and sample 2 (1 wt 
%) during flow in radial porous media (0.12 Darcy) 

5.4.3 Permeability impairment 

Comparison of the pressure drop due water flow before and after polymer injection 

would reveal the magnitude of the permeability impairment due to polymer adsorption 

and/or entrapment. The following procedure was followed to assess the permeability 

impairment due to flow of polyox solutions. 

• Before any polymer injection into the system, pressure drop due to flow of water 

in original packing was measured. 

• After displacement of water by aqueous solution of sample 2 (1 wt %), the 

pressure drop due to the flow of sample 2 was measured at different flow rates. 

Following the injection of sample 2, in order to assess the formation damage, the 
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system was flushed by water. Polymer solution was gradually displaced by water. 

Water injection was continued until the produced water did not contain any 

polymer and the pressure drop was stabilized. At this condition the remaining 

polymer in the system is permanently adsorbed or entrapped in the packed bed. 

Pressure drop due to flow of water at different flow rates was measured (see Fig. 

5-21). 

• Sample 1 (1.25 wt %) was injected in the same pack. Stabilized pressure drop due 

to flow of sample 1 at different flow rates was measured. Finally, the polymer 

solution (i.e.( Sample 1) was displaced by water until no sign of polymer was seen 

in the produced water. The stabilized pressure drop due to flow of water was 

measured at different flow rates that is shown in Fig. 5-21. 

Fig. 5-21 compares the pressure drop due to flow of water through the pack after 

injection of each sample solution to the initial pressure drop values in clean core. 
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Fig. 5-21 Comparison of pressure drop due to water flow through porous media, in clean 
core and after injection of samples 1 and 2 (radial cell, 0.12 Darcy) 

Comparison of the pressure drop values in Fig. 5-21 indicates that original permeability 

of the pack is reduced after injection of polymer solution 2. It means that some part of 

the porous media is blocked due to polymer-wall interaction and entrapment of polyox 

molecules in narrow channels of porous media. However, it is observed that pressure 

drop due to water flow after injection of sample 2(1 wt %) and sample 1 (1.25 wt %) are 

almost identical. In other words, injecting solution 1 did not cause additional permeability 

reduction. The following results are obtained from these data: 

• Damaging characteristic of both solutions with similar average molecular weight 

are almost identical. 

• Although the permeability of original pack reduces by first polymer run, 

additional polymer injection doesn't cause further reduction of permeability. 

• Permeabilities of the pack after injection of sample 2 (1 wt %) and sample 1 (1.25 

wt %) were measured to be identical. Therefore, the difference between pressure 
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drop values for the flow of two solutions is due to effects other than polymer 

adsorption and/or entrapment in the pore space. 

5.5 Discussion 

Based on the results from core flow experiment with samples 1 and 2 the following 

conclusions can be offered: 

• Pressure drop due to the flow of the polyox solutions linearly increase at low flow 

rates. After the linear region, the rate of pressure increase gradually decreases 

because of the shear thinning behavior of the solution. Further increase of flow 

rate beyond a critical value results in thickening behavior (dominant elastic 

effects) of the fluid in porous media. As the flow rate exceeds a certain limit, the 

pressure drop due to the flow of polyox solutions in low permeability packing 

dramatically increases. This upturn of pressure drop curves does not occur in high 

permeability packing. Therefore, high flow rate and low permeability enhances 

the elastic effects of polymer flow in porous media. 

• The time available for fluid elements to pass through a narrow channel depends 

on flow rate and average particle size of the packed bed. At higher flow rates and 

lower permeability systems, fluid elements may hot have sufficient time to relax 

before passing through a new channel. This is more severe when the relaxation 

time of the fluid is relatively high. At these conditions resistance against flow in 

porous media may dramatically increase. Such phenomenon was not observed in 

the results of core flow experiment in high permeability pack (see Fig. 5-8). It 

means that the average pore size of the porous media is not low enough to restrict 

the time available for fluid elements to relax. 

• Relaxation time of polymeric systems with broad MWD is higher than that of 

narrow MWD systems measured in uniaxial elongational flow (Plog et al. 2005). 

Polyox solution with broad MWD showed higher relaxation time values 

compared to that of narrow MWD solutions (see Fig. 5-13 Fig. 5-19). It may take 
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longer time for elements of sample 2 to relax the stresses induced during flow 

through a narrow channel of porous media. The upturn observed in pressure drop 

curve of sample 2 occurs at lower flow rate compared to sample 1. Therefore, in 

addition to permeability and flow rate, elastic properties of the polymer also 

influence the occurrence of increased rate of pressure drop. In comparison to 

sample 1, it takes longer time for elements of sample 2 to relax after each 

expansion and contraction during flow in narrow channels of porous media. This 

causes additional resistance against flow of sample 2 through porous media 

especially at high flow rates and low permeability. 

Drastic pressure drop at flow rates higher than the critical flow rate could be 

considered as Deborah number effect. This dimensionless number is proportional 

to the relaxation time and velocity of the fluid (see Eq. 2-21). Deborah number of 

sample 2 with broader molecular weight distribution is higher than that of sample 

1 with narrow MWD (see Table 6-3 and Table 6-4). This is in agreement with 

earlier occurrence of upturn in pressure curve of sample 2 compared to sample 1. 

These results show that the Deborah number related to the flow of a polymer 

solution through porous media could be enhanced at constant average molecular 

weight (i.e., constant shear viscosity) by increasing the molecular weight 

distribution. 

Although the drastic pressure drop starts when flow rate exceeds the critical 

value, the separation between pressure drop-flow rate profiles for solutions of 

samples 1 and 2 is observed over the entire range of flow rate. It should be noted 

that the normal stresses of sample 2 solutions are considerably higher than the 

shear stresses for all shear rates applied in the experiments. Therefore, extensional 

viscosity of elastic polyox solution (sample 2) could be important for the whole 

range of flow rates used in these experiments. This explains the difference 

between pressure drop values of the two sample solutions. This effect could be 

considered as extensional viscosity or normal force effect. 

Based on the Darcy equation, pressure drop-flow rate profiles of sample solutions 

with similar average molecular weight (i.e., similar shear viscosity) should be 
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almost the same. The difference between pressure drop of sample solutions with 

similar shear viscosity in porous media could be due to the following effects: 

1. Extensional viscosity effect 

2. Deborah number effect 

Pressure drop of aqueous solutions of sample 2 with broader MWD is 

considerably higher than sample 1 aqueous solutions with narrow MWD. 

However, considering the similar shear viscosity of the two solutions, Darcy 

equation predicts similar values of pressure drop for the two solutions. By 

increasing the MWD of a polymeric system while keeping the average molecular 

weight (and consequently shear viscosity) constant, pressure drop in porous media 

could be significantly increased without having additional increase of the shear 

viscosity. It has been shown in literature that sample polymers with broader 

MWD exhibit higher extensional viscosity and extensional relaxation time. 

Therefore, extensional viscosity effect and Deborah number effect (that result in 

extra pressure drop in porous media) could be enhanced by using polymeric 

systems with broader MWD. 

In conclusion, the following schematics shown in Fig. 5-22 and Fig. 5-23 are 

suggested for pressure drop-flow rate profiles observed due to the flow of polyox 

solutions through porous media. 
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Fig. 5-22 Schematic comparison between pressure drop-flow rate profile of two 
different polymer solutions with similar average molecular weight and different 
elastic properties (High permeability porous media) 
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Fig. 5-23 Schematic comparison between pressure drop-flow rate profile of two 
different polymer solutions with similar average molecular weight and different 
elastic properties (Low permeability porous media) 
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CHAPTER 6 

COMPARISON OF EXPERIMENTAL DATA AND 

THEORETICAL MODELS 

In this chapter, shear and normal stress values of polyox solutions is modeled by power 
law relationship. 

It is shown theoretically that extensional viscosity of viscoelastic fluids is strongly 
dependent of Deborah number. Deborah number related to core flow experiments is 
compared to critical values given in literature. 

Measured values of pressure drop due to flow of different polyox solutions in radial pack 
is compared to predicted values using Darcy equation. Darcy equation is modified to 
account for elastic effects of polyox solutions. 

6.1 Modeling of Theological properties of 3 wt % aqueous polyox solutions 

Shear stress vs. shear rate behavior of the two polyox solutions can be described by 

power law relationship (Fig. 6-1 and Fig. 6-2). 
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Power law model for shear stress is given by the following equation. 

6-1 

Table 6-1 lists the values of power law constants for the two sample solutions. The power 

law exponent (n value) of the two solutions is equal. This is in agreement with similar 

shear thinning behavior of the two solutions shown in Fig. 5-4. However, the power law 

index (m) of sample 2 is slightly higher. This is also shown by higher value of zero shear 

viscosity of sample 2 (see Fig. 5-4). 

Table 6-1 Power law parameters for shear stress of aqueous solutions of samples 1 and 2 
(3 wt. %) 

Sample 
Sample 1 

Sample 2 

m 

0.934 

1.041 

n 

0.781 

0.781 

Fig. 6-3 shows the power law models fit to the experimental values of normal stress of 

the two solutions. 
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Fig. 6-3 Fitting power law model to experimental values of normal force vs. shear rate 

It is suggested that variation of the normal stress as a function of shear rate could also be 

modeled by a power law relationship. 

Ni = rn1 yni 

Table 6-2 lists power law constants of Eq. 6-2 for the two sample solutions. 

6-2 

Table 6-2 Power law parameters for first normal stress difference of aqueous solutions of 
samples 1 and 2 (3 wt. %) 

Sample 

Sample 1 

Sample 2 

mx 

0.676 

2.355 

" I 

0.958 

1.176 

The value of r^ is higher than n for both samples 1 and 2. It means that the sensitivity of 

normal stress to shear rate is more than that of shear stress for both solutions. 
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Normal stress measured in shear flow could be considered as an indication of elastic 

properties of polymer solutions. Sample 2 containing large polyox molecules (WSR 308) 

is expected to behave more elastically that is also revealed from its normal stress 

behavior. According to Maxwell model first normal stress is related to other rheological 

properties in simple shear flow by: 

Nx = - 2 9fx0Y
2 

6-3 

Eq. 6-3 shows that the ratio between first normal stress values of sample solutions with 

similar shear viscosity may be proportional to their relaxation time ratio. According to 

Eq.6-3 the first normal stress is proportional to shear rate powered by 2. However, the 

values of nx calculated from experimental data are less than 2 for both solutions. This 

difference could be explained by considering the definition of relaxation time, 8, based 

on the Maxwell model: 

6-4 

Elastic modulus of polymeric systems increases with increasing shear rate while, due to 

shear thinning behavior of polymer solutions, shear viscosity decreases with increasing 

shear rate. Therefore, relaxation time, 8, is a decreasing function of shear rate and 

consequently nx is anticipated to be less than 2. 

6.2 Equivalent Trouton Ratio 

By comparing power law models for variation of normal stress and shear stress with 

shear rate, the equivalent Trouton ratio , — , could be related to shear rate also by a power 

law equation: 

T m 
6-5 

Therefore, Eq. 6-5 may also be representative of equivalent Trouton ratio of polymer 

solutions as a function of shear rate. It should be noted that Eq. 6-5 explains viscoelastic 
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behavior of polymer solutions at shear rates where power law model is valid for both A/2 

and T. The values of— for aqueous solution (3 wt %) of sample 2 with significant elastic 

effects could be described as a function of shear rate by the following power law 

relationship: 

N-, 
— = 2.262 i0395 

T 

6-6 

Fig. 6-4 shows that experimental values of-1 of sample 2 are reasonably close to the 

predicted values using Eq. 6-6. 
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Fig. 6-4 Comparison of measured values of — and predicted values (Eq. 6-6) for aqueous 
solution of sample 2 (3 wt %) 

Extensional viscosity of low concentration polymer solution is very difficult to measure 

directly. The procedure explained in this section could be used to obtain reasonable 

estimate of the extensional viscosity in the absence of direct measurement data. 
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6.2 Critical Flow rate 

Deborah number represents the ratio between relaxation time of the fluid and the 

characteristic time of the experiment. The higher the Deborah number the more elastic 

would be the behavior of fluid in porous media. Therefore, polymer solution with higher 

relaxation time behaves more elastically in porous media compared to the one with lower 

relaxation time. Dramatic pressure drop occurs when Deborah number exceeds the 

critical value. Such phenomenon could be enhanced by increasing the relaxation time of 

the solution, increasing the flow rate and/or reducing the permeability. 

Savins (1969) and Wissler et al. (1971) correlated the additional pressure drop of a 

viscoelastic fluid in porous media to Deborah number. Sadowski et al. (1965) 

experimentally showed that elastic effects are likely to be important at Deborah number 

of about 0.1. According to Marshal et al. (1966) the critical value of the Deborah number 

at which appreciable influences of the fluid elasticity are first felt is approximately 0.05-

0.06. Their analysis suggested that major elastic effects may be expected to be seen at 

Deborah number levels in the range of 0.1 to 1.0. 

Dramatic pressure drop due to the flow of polyox solutions was observed in case of low 

permeability pack (0.12 Darcy). This effect was more evident in case of 1 wt % aqueous 

solution of sample 1. However, this effect was not observed in the results of core flow 

experiment using high permeability pack (8.9 Darcy). 

Denn et al. (1971) suggested the following expression representing tensile stress growth 

of a viscoelastic fluid in extension. 

T» - T»=*=(i-2f%(i+M) - irm exp(-(1 - 2ee> ̂  - ( i r V x p C_C1+ee) t/e) 

6-7 

Where, e is the strain rate. This expression highlights that tension growth in a viscoelastic 

fluid at a certain time strongly depends on 0e. This term is the product of relaxation time, 

0, and strain rate, s, and could be interpreted as the Deborah number of the flow system. 

Although, in Eq. 6-7. normal stress is a function of time, if 0s < 1/2 steady state 

condition is expected after a transient period. Introducing Eq. 6-7 in the definition of 
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extensional viscosity (Eq. 2-10) and Trouton ratio (Eq. 2-12), the following equations are 

presented for extensional viscosity and Trouton ratio. 

*=^[d - lew+el) -jrm"*-0-"2m %)" oTMexp('(1+ee) %)] 

Tr-
(1 - 20e)(l + 9e) (1 - 26 e) 

exp(-(l - 26s) %) - — J — e x p ( - ( l + Be) %) 

6-8 

6-9 

Fig. 6-5 shows the variation of Trouton ratio with respect to product of strain rate and 

relaxation time, which can also be considered as the Deborah number. 
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Fig. 6-5 Trouton ratio versus Deborah number (constant strain rate) 

The figure 6-5 highlights that Trouton ratio gradually increases with increasing the 

Deborah number. As Deborah number exceeds the critical value of around 0.5 the 

Trouton ratio sharply increases. This indicates high values of extensional viscosity in this 

region. Therefore, a proper estimate of Deborah number corresponding to experimental 

conditions is required to decide whether extensional viscosity is likely to be important. 
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Eq. 6-7 is based on constant strain rate, while in porous media deformation rate depends 

on flow geometry. Gupta et al. (1985) suggested the following expression for "trumped" 

shape during fluid convergence into a narrow channel. 

r = rmaxexp ( - e t / 2 ) 
6-10 

Therefore, the total time for fluid to pass through the converging part of channel is given by: 

6-11 

In Eq. 6-11 rmax and rmin are maximum channel radius and the radius at the throat of 

converging-diverging channel respectively. Combining Eq. 6-7 and Eq.6-11, Eq. 6-12 is 

presented for the maximum Trouton ratio that may occur at the throat of the channel. 

Tr = ( l - 2 a 0/S) (1 + a 0/S) " (1 - la 0/S) 6 X P ( 2 ° " ^ ~ (1 + a B/S) ^ ^ " ^ 
6-12 

Fig. 6-6 shows the behavior of Trouton ratio as a function of Deborah number and dimensionless 

number "a" according to Eq.6-12. 
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Fig. 6-6 Trouton ratio versus Deborah number at different flow geometries 

It is seen in Fig. 6-6 that the ratio between the maximum and minimum pore throat 

diameter strongly influences the value of Trouton ratio. According to Gupta et al. (1985) 

when "a" is lower than unity (rmdX/rnin< 1.65) regardless of flow rate and fluid properties 

the time required for stress build up is not enough and any tension thickening would not 

occur in porous media. Fig. 6-6 highlights that Trouton ratio increases considerably with 

increasing "a" value. This is an anticipated behavior, because the extensional deformation 

increases with increasing the ratio between maximum and minimum radius of tortuous 

channels of porous media. Therefore, extensional viscosity is strongly dependent on the 

tortuous nature of porous media. At higher values of "a" there would be more time 

available for stresses to build up. While, at low values of constant "a" the time for stress 

build up is limited. Therefore, higher stretching rate would be needed to reach the same 

values of Trouton at higher "a" values. Deiber et al. (1981) studied the fluid flow through 

a tube with sinusoidal variable diameter and concluded that at constant Deborah number 

the product of Reynolds number and friction factor increases with diameter amplitude 
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and is independent of wavelength. However, actual flow conditions in porous media are 

not purely extensional (and may not obey simplified kinetics suggested by pore 

geometry). 

It is also concluded from Fig. 6-6 that, extensional viscosity significantly increases with 

increasing Deborah number at low Deborah numbers. Therefore, increasing Deborah 

number until certain values results in higher resistance forces against viscoelastic flow in 

porous media. Wissler et al. (1971) suggested the following expression for flow of a 

viscoelastic fluid in packed beds. 

/ • Re = 1 + A • De2 

6-13 

According to this equation the product of friction factor and Reynolds number depends 

on Deborah number and a constant "A" which can vary between 10 and 90. The 

variability of "A" is due to the dependency of elastic stresses on pore geometry. Deborah 

number may increase through: 

1) Increasing relaxation time 

2) Decreasing the phenomenon characteristic time or increasing strain rate. 

However, Fig. 6-6 shows that additional increase of Deborah number beyond a critical 

value considerably reduces the Trouton ratio. A maximum value of Trouton ratio is 

observed in each curve that is more pronounced at higher values of "a". Therefore, in 

each flow geometry there may be a specific flow rate (i.e., Deborah number) that results 

in significant dominance of extensional viscosity. Although increasing flow rate and 

consequently Deborah number leads to dominance of elastic behavior of polymer 

solutions, required time for stresses to build up may also reduce as Deborah number 

increases. However, considering low flow rates in porous media, increasing the Deborah 

number will result in higher pressure loss. 

In order to investigate the effect Deborah number on drastic pressure drop in porous 

media, relaxation time, 6, of polyox solutions was measured at equivalent shear rate 

corresponding to the beginning of dominant elastic effects region (see Table 6-3). 
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Table 6-3 Rheological properties and relaxation times of polyox solutions at equivalent 
shear rate where dramatic pressure drop is observed. 

Fluid 

Sample 1 
(1.25 wt %) 

Sample 1 
(1.5 wt %) 
Sample 2 
(1 wt %) 
Sample 1 
(3 wt %) 
Sample 2 
(3 wt %) 

K 
(Darcy) 

0.12 

0.12 

0.12 

8.9 

8.9 

Dp (mic) 
Eq. 

(2-22) 

6.6 

6.6 

6.6 

66.5 

66.5 

Vcr 
(ml/min) 

65 

85 

35 

> 140 

>140 

Ycr (1/S) 

253.5 

331.5 

136.5 

>67.2 

>67.2 

(Pa) 

35 

36.5 

178.3 

>32 

> 369.3 

Mo 
(Pa.s) 

0.045 

0.11 

0.045 

0.65 

0.72 

e (ycr) = 
N1/(2fi0Y

2) 
(s) 

0.006 

0.0015 

0.105 

< 0.0055 

< 0.057 

Table 6-4 lists the calculated values of Deborah number for polyox solutions measured at 

the entrance (Ri), average radius (Rra) and exit (Ro) of the radial pack. Significant 

increase of pressure drop due to the flow of sample 2(1 wt %) after the flow rate of about 

35 ml/min is in agreement with the calculated values of Deborah number for this solution 

that is beyond the critical value. The upturn was also clearly observed in pressure drop-

flow rate profile of sample 1 (1.25 wt %) that is in agreement with calculated Deborah 

number values for this solution. The upturn in pressure drop curve of 1.5 wt % aqueous 

solution (sample 1) was hardly observed at flow rate of around 85 ml/min. Calculated 

values of Deborah number for this solution is relatively lower than the critical values 

reported in the literature. 

Table 6-4 Calculated values of Deborah number for polyox solutions at different parts of 
the radial pack 

Fluid 

Sample 1 
(1.25 wt %) 

Sample 1 
(1.5 wt%) 
Sample 2 
( l w t % ) 
Sample 1 
(3wt%) 
Sample 2 
(3wt%) 

De (Ycr) Eq. (2-21) 
R=R, 

0.25 

0.08 

2.39 

<0.05 

<0.55 

R=Rm 

0.05 

0.02 

0.45 

<0.01 

<0.1 

R=R0 

0.03 

0.01 

0.24 

<0.01 

<0.06 
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6.3 Comparison of experimental pressure drop values with theoretical values 

calculated from Darcy equation in radial systems 

In the following sections, pressure drop due to flow of polyox solutions in radial pack is 
compared to theoretical values. 

6.3.1 High permeability-high polymer concentration case 

Darcy equation in radial systems was used to predict pressure drop of the two sample 

solutions in porous media. 

AP &*"> = -TZLk- Q = 2xnxBinx3.9d ^ Q = ^ X " ^ X Q( ^ 
6-14 

Power law model was used to calculate the shear viscosity of the fluid at equivalent shear 

rates corresponding to each flow rate. In order to compare the pressure values to 

rheological properties of the sample solutions, pressure values are plotted as a function of 

equivalent shear rate corresponding to each flow rate. Fig. 6-7 and Fig. 6-8 compares the 

measured values of pressure drop of samples 1 and 2 to the values predicted by the Darcy 

equation respectively. 

Measured values of pressure drop for sample 1 are almost close to the values predicted by 

Darcy equation in radial systems. Sample 1 and sample 2 have very similar shear 

viscosity values. Therefore, they are expected to present similar pressure drop according 

to Darcy equation. However, pressure drop of sample 2 is considerably higher than the 

values predicted by Darcy law. This could be explained by the fact that sample 2 shows 

more elastic behavior than that of sample 1. 

Considering the higher values of normal stress of sample 2, its extensional viscosity is 

anticipated to be higher than that of sample 1. Higher pressure drop of sample 2 in porous 

media can therefore, be attributed to higher values of its extensional viscosity compared 

to that of sample 1. 
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Fig. 6-8 Pressure drop-shear rate for aqueous solutions of sample 2 (3 wt %) and 
comparison of experimental results with the values predicted from Darcy equation 
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6.3.2 Low permeability-low polymer concentration case 

According to Darcy equation in radial systems, pressure drop in radial packing is related 

to flow rate and shear viscosity by: 

Ln (if) 
2nLk 2X7rx8inx0.12 d 

lixQ = 28.8 x tiiPas) x Q{ml/mi„) 

6-15 

However, the flow may not be purely radial in the radial packing. In order investigate the 

validation of Darcy equation, the measured pressure drop values of water in the radial 

cell were compared with the ones predicted from Darcy equation (Fig. 6-9). 
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Fig. 6-9 Comparison of measured pressure drop for water flow in radial cell and the ones 
predicted from Darcy equation (Permeability: 0.12 Darcy) 

The slope of pressure drop-flow rate profile of water in radial cell is 0.017. The 

calculated value of the slope of pressure drop-flow rate linear profile, using Darcy 

equation in radial systems is 0.029. Therefore, Eq. 6-15 does not correctly predict the 

flow performance of water in radial cell. The linear profile fit to the experimental data of 
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water pressure drop and flow rate, is considered as the base line for Darcy equation in 

radial cell. Therefore, Darcy equation in radial cell is modified as follows: 

AP (psi^> = -J^TT Q = 1 7 X rtPas) X <X /min) 
6-16 

The pressure drop values (for water flow in radial cell) calculated by using Eq. 6-17 are 

also shown in Fig. 6-10 (solid line in Fig. 6-10). 

The pressure drop values of the polyox solutions during radial flow in low permeability 

pack (0.12 Darcy) were compared with the values predicted from Darcy equation. 

Fig. 6-10 shows that measured values of pressure drop of sample 1 (1.25 wt %) are close 

to Darcy values upto a certain flow rate. Pressure drop data deviates from Darcy line 

when the flow rate exceeds a critical value. 
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Fig. 6-10 Pressure drop versus flow rate of sample 1 (1.25 wt %) in radial porous media 
(0.12 Darcy) and comparison with predicted values fromDarcy equation. 

Although Normal stress values and consequently extensional viscosity of sample 1 (1.25 

wt %) is relatively low, pressure drop values deviate from predicted values obtained from 
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Darcy equation at high flow rates (region of dominant elastic effects). Considering low 

values of JVJ/T for this solution (see Fig. 5-12), the effect of extensional viscosity on the 

pressure drop is expected to be negligible. The upturn observed in pressure drop-flow rate 

profile can be due to Deborah number effect. Tables Table 6-3 andTable 6-4 show that 

calculated Deborah number related to flow rate of 65 ml/min is 0.25 at R=Ri and 0.05 at 

R=Rm. Therefore, at flow rates higher than 65 ml/min, Deborah number due to flow of 

this solution is fairly in the critical range (0.1-1 for major elastic effects) suggested by 

Marshal et al. (1966). 

As shown in Fig. 6-11 Darcy equation provides reasonable estimation of the pressure 

drop of sample 1 (1.5 wt %) in porous media. The average value of N-^/T for this solution 

is about 2 (See Fig. 5-18) that indicates insignificant elastic properties of this solution. 

The theoretical value of Trouton number for a Newtonian fluid is 3. Therefore, it is 

anticipated that extensional viscosity does not have significant effect on pressure drop of 

aqueous solution (1.5 wt %) of sample 1. 
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Fig. 6-11 Comparison of measured pressure drop versus flow rate of sample 1 (1.5 wt %) 
in radial low permeability pack (0.12 Darcy) and predicted values using Darcy equation 
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The region of significant elastic effects (Deborah number effect) is less dominant in case 

of 1.5 wt % solution of sample 1 compared to that of 1.25 wt % solution of sample 1. The 

upturn in the profile of 1.5 wt % solution is weekly observed at the flow rate of 85 

ml/min. While the pressure drops of 1.25 wt % solution dramatically increased at flow 

rates higher than 65 ml/min. In order to explain this, the relaxation time vs. shear rate 

behavior of these two solutions is compared in Fig. 6-12. Relaxation time of 1.25 wt % 

solution is relatively lower than that of 1.5 wt% solution. This means that Deborah 

number related to flow of 1.25 wt % solution in porous media is higher than that of 1.5 wt 

% solution. Tables Table 6-3 and Table 6-4 show that there is a considerable difference 

between the calculated Deborah numbers of the two solutions. 
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Insignificant deviation of sample 1 solutions (1.25 wt% and 1.5 wt %) from Darcy 

equation is in agreement with low values of NJx for these two solutions (see Fig. 5-12 

and Fig. 5-18). 

Fig. 6-13 shows that there is a significant difference between measured pressure drop of 

sample 2(1 wt %) and predicted values from Darcy equation. The following factors can 

be considered to explain this abnormal behavior: 

• The measured values of N1/r for this solution are relatively high (see Fig. 5-12). 

This dimensionless number could be interpreted as Trouton value. Therefore, 

extensional viscosity is anticipated to influence flow behavior of this solution that 

is not considered in Darcy equation. 

• The relaxation time of this fluid is relatively high (See Fig. 5-13). Therefore, 

Deborah number related to flow of this solution in porous media is relatively high. 

Tables Table 6-3 and Table 6-4 show that Deborah number related to flow of this 

fluid at flow rate of 35 ml/min is considerably high. 
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Fig. 6-13 Pressure drop versus flow rate of sample 2 (1 wt %) in radial porous media 
(0.12 Darcy) and comparison with predicted values from Darcy equation 

6.4 Modification of Darcy equation for elastic effects of polyox solutions 

The results of the two parts of the core flow experiment (High permeability and Low 

permeability) revealed the effect of elastic properties of polyox solutions on pressure 

drop in porous media. The equivalent Trouton ratio,-3-, values of each sample solution 

were measured at different shear rates (i.e., flow rate). It was observed that pressure 

profile of sample solutions with low values of Nt/r (i.e., N^/T < 5) approximately 

follows the Darcy law (see Fig. 6-7Fig. 6-10Fig. 6-11). Aqueous solutions of sample 2 (3 

wt% and 1 wt %) with high values of N1/r (i.e., N-^/r > 5) showed significant deviation 

from Darcy equation (see Fig. 6-8 and Fig. 6-13). 

Therefore, pressure drop of polyox solutions with significant elastic effects may be 

correlated to N1/r. The results of core flow experiment for aqueous solutions of sample 2 

are summarized in Table 6-5 and Table 6-6. 
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Table 6-5 Measured pressure drop and predicted values from Darcy equation for sample 
2 (3 wt %) in radial packing (8.9 Darcy) 

Flow rate 
(ml/min) 

18.76 
35.26 
51.76 
68.26 
84.76 
101.26 
117.76 
134.26 

Equivalent 
shear rate (1/s) 

9.0 
16.9 
24.8 
32.8 
40.7 
48.6 
56.5 
64.4 

Measured 
pressure 

drop (psi) 
12.5 

16.57 
19.75 
24.69 
28.46 
32.46 
33.77 
34.24 

Darcy pressure 
drop (psi) 

5.8 
9.5 
12.8 
15.9 
18.8 
21.6 
24.3 
26.9 

^"measured/ ^ " Darcy 

2.16 
1.75 
1.54 
1.55 
1.51 
1.50 
1.39 
1.27 

Table 6-6 Measured pressure drop and predicted values from Darcy equation for sample 
2 (1 wt %) in radial packing (0.12 Darcy) 

Flow rate 
(ml/min) 

5.56 
10.51 
18.76 
27.01 
35.26 
43.51 
51.76 
68.26 
84.76 

Equivalent 
shear rate (1/s) 

21.68 
41 

73.16 
105.34 
137.51 
169.69 
201.86 
266.21 
330.56 

Measured 
pressure 

drop (psi) 
7.2 

24.53 
38.98 
56.31 
62.09 
70.76 
82.31 
105.42 
145.87 

Darcy 
pressure 

drop (psi) 
4.74 
8.95 
15.98 
23.00 
30.04 
37.07 
44.09 
58.15 
72.21 

""measured/ArDarcy 

1.52 
2.74 
2.44 
2.45 
2.07 
1.91 
1.87 
1.81 
2.02 

Table 6-7 compares the average values of the ratio between measured and calculated 

pressure drop and Nt/j for the two solutions. The average value of NX/T for 1 wt% 

solution is about 2 times higher than that of 3 wt% solution. It should be noted that 

equivalent shear rate of 1 wt % solution (in Low permeability pack) was higher than that 

of 3 wt % solution (in high permeability pack). 
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Table 6-7 Comparison between average values of APmeasured /APDarcy and Nj/ t for 
aqueous solutions of sample 2 

Polyox solution 

Sample 2 (3 wt %) 
Sample 2 (1 wt %) 

{.^"measured 1 ^" Darcy) Ave 

1.58 
2.1 

(Nx/f)Ave 

7.9 
16.5 

Massarani et al (2001) proposed the following expression to predict the pressure drop of a 

general incompressible fluid flowing through a porous media. 

AP ti{yr)f cjkpv cNiNx{r) cN2N2(y*)\ 
KL) k \ n(y*) T(r*) T(y*) / 

6-17 

Y* is characteristic deformation rate in porous media. In this expression viscous forces 

and inertial effects as well as normal stress differences have been considered in pressure 

loss calculation. Calculating second normal stress difference is relatively difficult, 

howevera its value is about one order of magnitude less than first Normal stress difference 

and could be neglected. The velocity of viscoelastic fluids in porous media is relatively 

low. Therefore, Reynolds number is considerably low in such flow conditions. The 

calculated values of Reynolds term are lower than normal stress term by several orders of 

magnitude. Therefore, inertial effects could also be neglected in this expression. 

Eq. 6-17 could be simplified as follows: 

{L} k y+ r(f) y 
6-18 

Combining the equation 6-18 with Darcy equation, Eq. 6-19 is obtained to account for 

additional pressure drop due to viscoelastic effects in porous media. 

A J viscoelastic ~ &'Darcy ( 1 ' ^N ~~~) 

6-19 
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The constant parameter of CN was calculated using the average values of pressure drop 

ratio and — measured for the two flow experiments (see Table 6-7). Interestingly, CN was 

calculated to be identical (around 0.08) for the two sets of experiments. 

Fig. 6-14 and Fig. 6-15 compare the measured values of pressure drop to the predicted 

values using the suggested model (Eq. 6-19) for 3 wt % and l wt % solutions 

respectively. 
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Fig. 6-15 Comparison between measured pressure drop and predicted values using Darcy 
equation and suggested model (Eq.6-20) for aqueous solutions of sample 2 (1 wt %) 

The pressure drop values predicted by Eq. 6-19 are reasonably more accurate than that of 

Darcy equation. However, in both Fig. 6-14 and Fig. 6-15 experimental data deviate from 

the suggested viscoelastic model after a certain flow rate. This could be explained by 

shear thinning of polyox solutions at high shear rates that is not truly accounted for in the 

proposed viscoelastic model. Darcy values of pressure drop are calculated using the shear 

viscosity of fluid at equivalent shear rates corresponding to each flow rate. But 

comparison between experimental data and predicted values using Darcy (for weekly 

elastic samples) and viscoelastic model (for strongly elastic samples) shows that shear 

thinning behavior observed in porous media may be stronger than shear thinning behavior 

measured in viscometry test. 
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CHAPTER 7 

CONCLUSIONS AND RECOMMNEDATIONS 

7.1 Conclusions 

• The new mixing rule presented for mixture viscosity and molecular weight 

predicted more accurate values of equivalent viscosity and molecular weight of 

the mixture compared to existing correlations in the literature that are based on 

weight average molecular weight. 

• It was observed that Polyox blend with broader molecular weight distribution 

(i.e., higher fraction of macro molecules) has lower values of viscous and elastic 

modulus as well as higher values of dominant relaxation time and lower 

relaxation spectra. 

• Rheological characteristics of two polymer solutions with similar average 

molecular weight and different molecular weight distribution (MWD) were 

compared. Although the two samples showed similar shear viscosity, normal 

stress and relaxation time values of the sample with broad MWD was 

significantly higher than that of narrow MWD sample. 

• Equivalent Trouton value of broad MWD sample was higher than that of narrow 

MWD sample. This indicates that extensional viscosity of polyox solutions can be 

increased by increasing the broadness of MWD at constant shear viscosity. 

• Pressure drop-flow rate profile of polyox solutions (3 wt %) in high permeability 

pack (8.9 Darcy) showed two different regions. Initially, the profile is linear 

suggesting shear viscosity of the sample does not change significantly. As the 

flow rate exceed a critical value, however, the shear thinning behavior starts 

influencing the flow behavior. 
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Pressure drop-flow rate profile of aqueous solutions of polyox in low permeability 

pack (0.12 Darcy) showed three different regions. Initially the profile is linear and 

the shear thinning behavior starts after certain flow rate. At flow rates higher than 

a critical value corresponding to critical Deborah number, polyox solutions 

presented thickening behavior. Thickening behavior was not observed in high 

permeability pack showing the effect of grain size and permeability on occurrence 

of dominant elastic effects in porous media. 

Flow performances of 3 wt% aqueous solutions of polyox with different MWD in 

high permeability (8.9 Darcy) pack were compared. Although the solutions have 

similar shear viscosity, pressure drop of broad MWD sample was considerably 

higher than that of narrow MWD. Similar results were also observed in the second 

group of core flow experiments with low permeability pack (0.12 Darcy) and 

lower concentration (1 wt %) solutions. This indicates the influence of normal 

stress (i.e., extensional viscosity effect) and relaxation time (i.e., Deborah number 

effect) on additional pressure drop during the flow of polymer solutions through 

porous media. 

The upturn in flow curve (thickening behavior) of polyox solutions with higher 

relaxation time values occurred at lower shear rates compared to that of solutions 

with lower values of relaxation time. This reveals the effect of Deborah number 

on flow behavior of polymer solutions in porous media. Results also indicate that 

elastic effects on the pressure drop due to the flow of polymer fluids in porous 

media could be enhanced at constant average molecular weight (without changing 

shear viscosity) by increasing the MWD of polymer solutions. 

Measured pressure drop due to the flow of weakly elastic polyox solutions in 

porous media was in relatively good agreement with predictions from Darcy 

equation. Pressure drop due to the flow of strongly elastic polyox solutions, 

however, deviated significantly from the pressure drop values predicted by using 

Darcy equation. It could, therefore, be concluded that high values of normal stress 

(i.e., extensional viscosity effect) and relaxation time (i.e., Deborah number 

effect) are the main reasons for the deviation of flow behavior from Darcy law. 
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The results of this study indicate that the rheological properties of polymer based 

fluids used in drilling and well completion operations can be optimized by 

varying the broadness of the MWD of the polymer. Filtration loss of polymeric 

drilling fluids could be significantly reduced without increasing shear viscosity of 

the solution and concentration of the polymer. 
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7.2 Recommendations: 

• The suggested mixing rule predicted more accurate values for average molecular 

weight and shear viscosity of blended polyox solutions compared to the existing 

mixing rule in the literature that is based on weighted average molecular weight. 

The validity of this mixing rule should also be verified using other types of water 

soluble polymers. This equation should be modified for more accurate predictions 

of average molecular weight and zero shear viscosity. This could be done by 

using coefficients for mass fraction of each component of the mixture. 

• The influence of MWD on rheological properties of poly ethylene oxide was 

investigated. However, influence MWD on rheological behavior of polyox blends 

was not quantified. Polydispersity values (Mw/Mn) of blended samples should be 

measured by related experimental techniques. 

• In order to investigate the influence of extensional viscosity of polyox solutions 

on pressure drop in porous media, the ratio between normal and shear stress was 

measured. While, extensional viscosity of polymer solutions should be measured 

in uniaxial elongational flow. 

• It was shown that polymer solutions with broader molecular weight distribution 

present higher values of normal stress to shear stress ratio, NJ/T, and relaxation 

time. More comprehensive investigation of MWD and elastic properties on flow 

performance of polymer solutions in porous media are required. Polydispersity of 

polymer blends should be measured by advanced experimental techniques. 

Extensional viscosity and relaxation time of polymer solutions should be 

measured by an experimental apparatus with elongational flow configuration. 

• Flow experiments were conducted in radial cell packed with glass beads. In order 

to modify Darcy equation to account for elastic effects, flow experiments should 

also be conducted in linear cell. It is recommended to use linear cores with high 
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cross sectional area and low length to prevent very high pressure drop values due 

to the flow of viscoelastic polymer solutions. 
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