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Abstract

This paper describes an experimental investigation of the flow of flexible poly-

mer solutions through a distinctive micro-porous structure (typical pore sizes

of 500 microns) with the primary focus on the interaction of the viscoelasticity

of the working fluid with the micro-porous structure. In particular, we relate

the bulk flow properties to measurable rheological parameters, demonstrating

that a key parameter in estimating the pressure drop through the porous media

(for a variety of polymer types, concentrations, solvents, molecular weights, and

states of degradation) is the extensional relaxation time (or, more correctly, a

characteristic time for extensional stress growth). A Weissenberg number (Wi)

is calculated as a product of this extensional relaxation time and the nominal

shear rate in the flow. Results, suitably normalized with Newtonian pressure-

drop data, show a critical Wi of roughly 0.01 where all working fluids in two

different pore structures reveal the onset of elastic dominance over viscous forces

as the flowrate increases. Such a low critical value of Wi is due to the estimate

of a nominal shear rate based on pore size, which severely underestimates the

maximum shear rates within the complex pore structure. Significant deviation

from the universal behaviour is observed for high concentrations of the polyacry-

lamide, which is thought to be a result of shear-thinning for these systems. Sys-

tematic degradation of the polyethylene oxide solutions caused an exponential

decay in elasticity, which is reflected in the pressure-drop measurements. These

imply that, although the flow through porous media is known to be a complex
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combination of both shear and extensional flow, the extensional effects are of

primary importance in this context (or that transient stretching in the media is

well represented by this relaxation time) of viscoelasticity. The findings high-

light the significance of the transient extensional flow through the neck regions

between the pores of the media, which are regions of contraction/expansion.
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1. Introduction

The importance of the flow of viscoelastic fluids through porous media in

the chemical, biological and oil industries has led to the topic receiving signifi-

cant attention from researchers over the past decade. Although progress in the

understanding of such flows has been made in this time, the scarcity of compre-5

hensive rheology data as well as the limitation of measurement techniques has

restricted the great majority of these studies to average macroscopically measur-

able gross-flow quantities such as porosity, permeability and pressure gradient

[1, 2]. As a result, the subject remains incompletely understood. Some of these

limitations arise from the type of porous media used. Most previous studies are10

limited to packed beds and granular porous media. The pore space within such

porous media is not only difficult to access visually, but is often characterised

by parameters like tortuosity and connectivity, which are difficult to measure

and quantify.

An alternative to studying actual complex porous media geometries, is the15

use of microfluidic systems, which have a characteristic length scale in the order

of tens to hundreds of micrometers. The small characteristic length scale of

microfluidics means that flows with higher shear rates are achievable at low

Reynolds numbers (Re=ρV d/η where d is the characteristic length scale of the

internal structure of the porous medium, (typically taken as the pore diameter)20

ρ is the fluid density, η is the fluid viscosity and V is the fluid velocity) [3].

This key feature is responsible for strong viscoelastic effects that are further

enhanced as the scale is reduced. The viscoelastic effects can be quantified
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by the elasticity number (El=λη/ρd2 where λ is the fluid relaxation time),

which is inversely proportional to the square of the characteristic length [3].25

Macroscopic flows, especially of low-viscosity complex fluids such as inks and

polymer solutions typically have a low elasticity number (El << 1) but can reach

very large El at micro-scales where the flow is not dominated by inertial effects

[4, 3]. High molecular weight flexible polymers in aqueous solution typically

have relaxation times of the order of 10ms and shear viscosities of the order of30

a few mPa s. Given that the length scale is at least of the order of millimetres

for macrofluidic devices, it is almost impossible to keep Re low at high shear

rates, and inertia contributions influence flow behaviour [5, 6]. The idea of

microfluidics dates back to 1960s [7], but this field emerges with an exponential

growth of research publications and patents only over the past decade, thanks35

to the rapid advancement of micro-fabrication techniques like soft lithography

[8, 9, 10] that advanced the development of microfluidic technologies.

Recently, microchannels with constrictions [11, 12, 13, 14] and obstacles such

as a periodic array of cylindrical objects [9, 10]have been used to study the flow of

polymeric fluids in a controlled and simplified manner. Direct numerical simula-40

tions based on computational fluid dynamics have also been used [15, 16, 17, 18].

Brown et al. [11] experimentally studied the dependence of spatial and tempo-

ral flow characteristics of a high molecular weight polyacrylamide solution on

pore spacing through constriction arrays. Using confocal microscopy, the au-

thors showed that when the pore space is sufficiently small and the flow rate45

is sufficiently large, two distinct unsteady flow states (an eddy-dominated and

eddy-free state with strong fluid path lines) are observed, which is attributed to

the interplay between the flow induced polymer elongation and the relaxation of

the polymer chains as they are advected between the pores. Walkama et al. [10]

also performed an experimental study on the influence of geometric disorder (in50

a microfluidic channel consisting of arrays of cylindrical pillars) on the elastic

instability in the flow of a high molecular weight polyacrylamide solution. They

reported that on the introduction of a finite disorder into the hydraulic network,

the onset and amplitude of chaotic velocity fluctuations are suppressed, which
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was explained by the change in the flow type history of the fluid as it goes from55

extensional and stable in ordered systems to shear-dominated and unstable in

disordered systems. The numerical simulations of De et al. [17] for the vis-

coelastic flow of a FENE-P shear-thinning model through mono-and bi-disperse

random arrays of cylinders show an increase in flow resistance after a critical

flow rate and presents a master curve for the non-dimensional flow resistance60

profiles irrespective of the pore configuration.

Viscoelastic fluids can be identified from the presence of normal stresses in

shear flow, sensitivity to deformation types and memory effects such as stress

relaxation [19, 20]. These features significantly differentiate them from New-

tonian and inelastic non-Newtonian fluids. Some practical examples observed65

under such viscoelastic phenomena are the rod climbing (Weissenberg) effect,

die swell and an open channel siphon [19, 21]. The behaviour of viscoelastic

fluids depends on their recent deformation history, meaning that they possess

a fading memory of their past. This is particularly true for most elastic fluids

because they can remember their original state to which they can return to af-70

ter being deformed [21]. However, as first pointed out by Sadowski & Bird [22],

viscoelastic fluids will only show their elastic nature under rapid deformations

and in sufficiently slow deformations will behave like a regular Newtonian fluid.

The reason being that the greater the strain rate, the more strain is imposed

on the memory span within the fluid. Simple Newtonian fluids like water have75

very small molecules (typically sized in the order of a few angstroms) and relax

almost immediately from a deformed state, specifically a relaxation time (λ) of

the order of 10−9 ms. With the addition of even a small quantity of hydrophilic

polymer, e.g. polyacrylamide (PAA), the mesoscopic length scale of the fluid

molecules increases to ≈ 0.16 µm (at equilibrium) and ≈ 200 µm (when fully ex-80

tended), and thus it takes longer to relax to its original state. If the relaxation

time is large compared to the time to flow through the porous media, the fluid

will not readjust (relax) in time and the elastic effects will be observed, either

in the form of extra pressure gradient or an increase in apparent viscosity [22].

The ratio of time scale of the material to the time scale of the flow is evaluated85
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by the non-dimensional Deborah number (De = λ/T ). However, in Lagrangian

steady flow, T is in effect infinite and the De alone is insufficient to characterise

viscoelastic effects [23]. Therefore, in such steady flows, a better alternative is

the Weissenberg number, Wi, defined as Wi = λγ̇[24], which is the product of

the fluid relaxation time (λ) and characteristic rate of deformation (γ̇). The90

Weissenberg number describes the non-linearity of the rheological response of

elastic fluids and, for the upper convected Maxwell viscoelastic model, can be

shown to be proportional to the ratio of elastic (normal) stress to viscous stress

[23].

The complexity of viscoelastic flow through porous media spans beyond what95

is mentioned above as further complications can arise from the confusion created

by the existence of other phenomena such as wall effects and polymer-surface

interactions. These, however, appear to be system specific [21]. Several mod-

els have been employed for describing viscoelasic porous media flow, including

continuum models, capillary bundle models, numerical models and pore-scale100

network modelling, all of which were covered in a recent review by Sochi [21].

So far, no general methodology has been developed to address the complexities

of non-Newtonian flow in porous media[21].

1.1. Flow through porous media

The Darcy equation has been widely used for predicting the pressure drop

of the flow of Newtonian fluids through porous media. Darcy’s law describes a

linear relationship between pressure gradient and fluid velocity in porous media

[25],
∆P

L
=

η

K
V, (1)

105

where ∆P is the pressure drop, L is the length of porous media (in the stream-

wise direction), η is the dynamic viscosity of the fluid, K is the permeability of

the porous medium and V is the Darcian velocity, which is the volumetric flow

rate of the fluid divided by cross sectional area of the porous media. Darcy’s

law was established under steady-state conditions and considers that fluid flow110
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is laminar and dominated by viscous forces (over inertial forces). Therefore,

Darcy’s law is limited to a narrow Reynolds number range, strictly valid for

creeping flow (Re→ 0).

As Reynolds number is increased, inertial forces become more prevalent and

the relationship between pressure gradient and fluid velocity becomes non-linear.

This was first identified by Forchheimer [26], who modified Darcy’s model by

including a form drag term to account for this inertia effect. As a result, the

following quadratic equation was derived for describing flow through porous

media,
∆P

L
=

η

K
V + ρCV 2, (2)

where, ρ is the fluid density and C is a drag coefficient. To guide the under-

standing of experimental data, it is important to briefly present the various115

flow regimes in porous media. Porous media flow has been classified into four

main regimes as Re is increased from laminar to turbulent [27, 28]. First is the

so-called pre-Darcy regime (as pointed out by Bear and Bachmat [28]), which

occurs at extremely low Re. This regime is rarely seen in practice due to the

experimental difficulties in accurately measuring such low flow rates and pres-120

sure gradient. However, some researchers have identified this regime by the

inverse proportionality of the pressure gradient to the Reynolds number [29].

In contrast, it has also been observed that the pressure gradient is directly pro-

portional to Re in this regime [30]. This conflict could be explained by the

difference in the internal structure of various kinds of porous media, e.g. packed125

beds and open-cell foam networks.

The second regime is the Darcy regime (Re < 1) where the pressure-drop

behavior is solely due to viscous drag on the surfaces of the solid phase of the

porous medium and the nature of the velocity distribution is solely determined

by the local geometry [27]. The Darcy regime is identified by the linear rela-130

tionship between pressure gradient and fluid velocity in porous media as shown

by the famous Darcy’s law in Eq. 1.

As the fluid velocity is increased beyond the Darcy regime, weak inertial
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forces arise as boundary layers begin to sharpen near the solid structure in the

porous media and the flow loses its inherent reversibility that occurs in the135

inertialess limit. This produces flow structures like wakes and inertial cores,

which may obscure the actual geometry of the internal structure of the porous

media and the relationship between pressure gradient and fluid velocity becomes

non-linear. This regime is commonly known as the weak inertia flow regime

that is initiated for Re between 1 and 10 and persists to Re = O(100). Further140

increase in Remay yield an unsteady laminar flow regime. These subtly different

inertial regimes are more generally simply combined by researchers forming the

overall third regime, known as the Forchheimer regime. In the Forchhiemer

regime, energy dissipation is the sum of both viscous forces and form drag.

The additional form drag term is included in the Forcheimer equation (Eq. 2)145

as the second-order dependence on velocity, which extends Darcy’s equation to

describe flow behavior at higher flow velocities.

The fourth and final regime describes a highly unstable and chaotic flow for

Re > 300 that is commonly referred to as the turbulent flow regime. These flow

regimes have recently been uncovered in a macroscopic packed bed of spheres150

[31], a micro-fabricated porous medium [30] and in direct numerical simulations

[32, 33], although it has been shown that the local geometry can greatly effect

the local flow regime to the point where more than one of the four flow regimes

can be observed in a porous material at a constant bulk Re [34].

1.2. Flow of viscoelastic fluids through porous media155

Whereas Newtonian fluids obey the fundamental equations governing macro-

scale fluid flow in the absence of non-conservative forces such as magnetism and

electro-kinetics [31, 35] in microscopically fabricated porous media [30, 36], vis-

coelastic fluids show drastic deviations to this behaviour. Over the years a va-

riety of aqueous polymer solutions (with a wide range of rheological behaviour)

flowing through various porous media with different internal structures have

been studied. There is a general consensus that an increase in flow resistance

is observed beyond a critical velocity, and the critical velocity varies dramati-
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cally dependent on the conditions of the experiment. Dauben & Menzie (1967)

[37] and Marshall & Metzner (1967) [38] were among the first to observe this

effect using packed beds where this behaviour was attributed in part to the

geometry of the porous media and also due to the role of fluid viscoelastic-

ity in extensional flow. An important characteristic of porous media is the

tortuous flow path of successive contractions and expansions. This geometric

property significantly affects the flow by provoking elastic responses. The more

tortuous the channel, the greater the pressure drop across the geometry [39].

Extensional flow can simply be defined as one where the fluid elements are

subjected to stretching along streamlines [40]. The material property used to

characterise extensional flow is the elongational or extensional viscosity (ηe).

The extensional viscosity is quantitatively different from shear viscosity in fact,

two polymer solutions that behave similarly in shear flow might show different

extensional flow behaviour [19, 41, 42]. Highly-elastic polymer solutions (for ex-

ample) exhibit shear-thinning behaviour under shear flow but often display an

extension-thickening behaviour under extensional flow. The extensional viscos-

ity is mathematically defined as the ratio of the tensile stress τE to the extension

rate ε̇ and is given by [19, 43],

ηe =
τE
ε̇
, (3)

where τE is the normal stress difference (τ11-τ22). The stress τ11 is in the

direction of extension and τ22 is the stress in the direction perpendicular to

extension. Eq. 3 is valid under steady flow conditions where both τE and ηe

are constant. It must be pointed out that ηe is far more difficult to measure

and quantify due to the difficulty of achieving a steady elongational flow, for160

example, even in Eulerian steady flow through a porous media a fluid element

will be experiencing a complex deformation as it flows through the system and

will be strongly unsteady in a Lagrangian sense. [19, 20].

Several reasons have been discussed in the literature to help explain these

effects. First is the generation of normal stresses that are not proportional to165

the local shear rate during visoelastic flow. Second is the generation of an exten-
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sional flow field due to the changes in diameter along the flow path suggesting

that the flow field involves both shear and elongational components with elas-

tic responses. Third, elastic responses are provoked due to acceleration and

deceleration of the fluid upon entering and leaving individual pores in the in-170

terstices of the bed [44, 45, 46]. These three points however agree on one thing:

that both the extensional and shear properties of the fluid have an important

influence on the flow characteristics due to the nature of the pore geometry

[21]. This behaviour was uncovered by the flow visualisation experiment per-

formed by James & Mclaren [47]. They reported that the sudden departure175

from Newtonian behaviour is possibly due to the interaction between shearing

and extensional deformation and a reduced viscoelastic effect is due to the dom-

inance of extensional stresses at high flow rates. Dauben & Menzie [37] reported

that the polymer macromolecules and porous media flow channels interact, cre-

ating kinetic losses that may appear to explain the high flow resistance across180

the geometry. A similar behaviour was observed by Merrill [48]. Marshall &

Metzner [38] pointed out that the increase in pressure drop is expected to be

less rapid for a higher porosity sample, suggesting that the homogeneity and

isotropy of porous media appears to be an important factor that explains the

observed disagreement with the works of Giatonde & Middleman [49] who didn’t185

observe uncover any viscoelastic effects.

It is clear from the literature cited above that the flow of viscoelastic flu-

ids in porous media is not fully understood. Some of the reported critical De

and Wi values are shown in Table 1 and demonstrate a distinct lack of con-

sensus. Furthermore, anomalous flow behaviour has been reported, where for190

similar polymer solutions, some authors observe viscoelastic effects while some

do not. Also, there is a lack of comprehensive rheology data included both

shear and, crucially, extensional measurements, which in the case of viscoelastic

fluids requires further attention. In this study we focus on relating the bulk

flow properties to measurable rheological parameters for viscoelastic fluid flow195

through a distinctive micro-porous structure of particular importance to ther-

mal applications. This will also be useful in the field of enhanced oil recovery.
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The remainder of the paper is organised as follows: Firstly in section 2 the

fabrication technique for the proposed porous sample, experimental set-up and

procedure are presented. Section 3 introduces the selected working fluids and200

presents comprehensive rheological characterisation results in both shear and

extension. In sections 4 and 5 we present and discuss the results obtained from

the pressure drop experiments for Newtonian and viscoelastic fluids. Finally, in

section 6 the main conclusions of the study are outlined.

Table 1: Some critical values of Deborah (De) and Weissenberg (Wi) Number (that represent

the onset of viscoelastic effects) found in the literature.

Authors Year De Wi

Marshall & Metzner [38] 1967 0.05 -

Tiu et al. [50] 1997 - 0.02

Galindo et al. [14] 2012 1.6 -

Sobti et al. [51] 2014 - 0.1

Walkama et al. [10] 2019 - 0.5

2. Experimental methods205

2.1. Fabrication of porous media

The porous sample was prepared using the sintering-dissolution process

(SDP) developed by Zhao and Sun [52]. Transparent glass spheres of diameter

50µm (supplied by Richard Baker Harrison Ltd., UK) and (typically spherical)

500µm diameter food grade sodium chloride (NaCl) were used as raw materi-210

als. During SDP, NaCl powder is mixed thoroughly with the glass spheres at a

volume ratio predefined according to the target porosity. The mixture is then

compacted into preforms in a steel mold with two transparent glass slides at the

top and bottom. The preform is preheated in a low-temperature furnace (200-

300○C) for 10 min and immediately moved to another furnace (715○C, below the215

melting points of both constituents) to be sintered for 20 min. The preheating

step is crucial to avoid rupture of the glass due to rapid changes in temperature.
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For the same reason, the sample is gradually cooled to room temperature after

sintering. Finally, the NaCl particles are dissolved by rinsing the sample with

running water, leaving an interconnected, open-cell formation with a fixed pore220

size and porosity.

Fig. 1(a) shows the typical pore structure at the micro-scale, captured using a

scanning electron microscope (SEM; JSM-6610, Japan). Fig. 1(b) and Fig. 1(c)

show the top and side views of the porous sample after SDP. The residual NaCl

particles form pores that are approximately evenly distributed across the sample225

and are largely spherical. The dimensions of the porous structure (excluding the

thickness of the glass slides in the z-direction) are 26×25×1.5 mm (x, y, z), where

x is the length of the porous sample (Lp) and y is the width (Wp). The mass of

the sample (excluding the two glass slides) was taken using an electronic balance

(which is accurate to ±0.01 g). The size of the sample was measured using a230

vernier caliper (which is accurate to ±0.01 mm) to determine its volume and

hence its density. The actual porosity was calculated as n = 1−ρp/ρg, where ρp is

the density of the whole porous medium and ρg is the density of solid glass. The

actual porosity of the sample is typically 7-10% higher than the target porosity

due to the densification of the glass spheres during sintering. The porosity limit235

in which our Lost Carbonate Sintering fabrication (LCS) protocol can produce

porous samples effectively 65-85%. If the porosity is too low (<65%), a very high

pressure is required to drive the working fluids, which cannot be achieved in our

experiment and flushing the sample also becomes significantly more difficult.

If the porosity is too high (>85%), the sample will not be robust enough as240

there is an insufficient mass of glass needed to keep the constituents firmly

fused together. Two samples (71 and 84% where after referred to as P71 and

P84) were prepared, which span the range of porosity that is practical using the

chosen method of manufacture. It is difficult to measure tortuosity in porous

media (particularly in three-dimensions). For our randomly-formed samples it is245

not feasible to attempt such a measurement. However, it has been demonstrated

in Espinoza et al.[53] that tortuosity increases when porosity decreases in a 3D

porous media.
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Figure 1: (a) Microstructure of the porous medium under a scanning electron microscope, (b)

top view and (c) side view of porous sample taken using a Leica Microsystems microscope.

2.2. Experimental flow rig and procedure

The experimental flow rig as shown in Fig. 2 was specially designed to ac-250

commodate the micro-porous media and enable the flow of fluid through it. The

top and bottom (substrates) are made of Polyvinyl chloride material and include

two pressure ports and a sample holder region. A rectangular channel with in-

ternal dimensions of 250×25×1.5mm is machined into the bottom substrate. A

recess the size of the porous media is drilled on both substrates and machined255

with steps to hold the sample in place and provide an offset for the thickness of

the glass slides. The pressure ports were drilled 10mm away from the sample

and are connected to a pressure transducer via 2mm-diameter silicone pipes.

The inlet is 145 mm (96H, where H is the height of the channel) away from

the porous media to ensure that the flow is fully developed as it approaches the260

porous media [54].

The working fluids are driven across the system using a pressure vessel. The

output is collected in a container where a mass balance and mercury thermome-

ter are used to measure the flow rate and fluid temperature respectively. The

mass balance (Mettler Toledo SB16001DR) is accurate to ±0.05 g and the ther-265

mometer is accurate to ±0.1○ C. The pressure measurements were obtained using

Validyne differential pressure transducers. Two diaphragm ranges, DP3-26 (0-

3.5kPa) and DP3-30 (0-8.6kPa) were employed to cover the full range of working

pressures and are accurate to ±0.25% of full scale. During measurements, a given
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sensor is connected to a Validyne CD23 carrier demodulator, which provided270

0-10V as a direct-current signal. The diaphragms were periodically calibrated

using an MKS Baratron differential pressure transducer, which is also accurate

to ±0.25% of full scale. The pressure-drop readings were electronically sampled

by an analogue to digital converter at 100Hz for 30-120 s (depending on the

viscosity of the fluid) after reaching steady state conditions (approximately 15275

s per flow rate). For a given run, the test fluid was initially allowed to flow

through the porous medium at high flow rate (eg. 2 g/s) for about 5 minutes to

flush out any air bubbles inside the system. Care was also taken to remove the

air bubbles from the pressure transducers and corresponding piping by bleeding

through the test fluid. A needle valve at the inlet provided fine control over280

the mass flow rate. To minimize uncertainty, each run was repeated at least

three times and averaged. The propagation of error in pressure drop and flow

rate is quantfied by identifying the upper and lower limits of several repeats for

the same experimental conditions because the conventional uncertainty analysis

calculation (as described by Figliola and Beasley [55]), underestimates the un-285

certainty based on the variation between our repeated experiments. After each

experiment with polymeric fluids, we flushed the porous media using warm wa-

ter at a very high flow rate for 10 minutes (6-10 g/s depending on porosity). In

addition, we confirmed the cleanliness of the medium by repeating Newtonian

water fluid pressure-drop measurements after each cleaning session to make sure290

it agrees with the original Newtonian results. In this way we were able to de-

termine when the porous material needed to be replaced because the internal

geometry has such a significant impact on the pressure drop measurements.
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(a)

(b)

Figure 2: Experimental setup: (a) schematic diagram of the pressure measurements set up,

(b) exploded view of the test rig.

3. Working fluids and rheology

3.1. Preparation of working fluids295

All working fluids are defined in terms of the mass ratio of the ingredi-

ents used for preparation. Three Newtonian solutions were prepared and tested

for comparison with viscoelastic fluids: tap-water (GLY0), 20wt% gylerol in

tap-water (GLY20), and 30wt% gylerol in tap-water (GLY30), having shear

viscosities of 1.0, 1.7 and 2.2 mPa s respectively. A high-molecular-weight poly-300

acrylamide (PAA) (Mw ≈ 22×106 g/mol, Flowpam supplied by Floreger) at dif-

ferent concentrations was dissolved in three different Newtonian solvents. The
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first solvent is tap-water (GLY0). Nine concentrations of PAA in GLY0 were

prepared: 12.5, 25, 50, 75, 100, 125, 150, 175 and 200 ppm, hereafter referred

to as PAA200 (for example). The second solvent is 20wt% glycerol (GLY20)305

in tap-water. Two concentrations of PAA in GLY20 were made for 50 and 100

ppm, hereafter referred to as PAG50 and PAG100 respectively. The third sol-

vent is 3wt% polyethylene glycol (PEG3, having a shear viscosity of 1.8 mPa

s) in tap-water. Two concentrations of PAA in PEG3 were made of 50 ppm

and 100 ppm, hereafter referred to as PAP50 and PAP100 respectively. Finally310

solutions of 0.1wt% polyethylene oxide (PEO) (supplied by Sigma Aldrich) were

prepared for different molecular weights in tap-water: 1, 2 and 4×106 g/mol,

hereafter referred to as PEO0.1-M1, PEO0.1-M2 and PEO0.1-M4 respectively.

The polymer powder was carefully weighed using a Kern-ABT100-5NM pre-

cision balance, which has an uncertainty of ±1 mg in the range of load from315

0.01 g to 101 g. Similarly, the desired amount of solvent was measured using a

Mettler Toledo SB16001DR balance, which has an uncertainty of ±0.5 g. The

desired amount of PAA was first deposited in the solvent and left for two hours

to dissolve without agitation. Subsequently, the mixture of polymer and solvent

was gently mixed at a low revolution speed (≈100 rpm) for 24 hours at ambient320

temperature (≈ 22○) using a magnetic stirrer. This was done to avoid polymer

degradation from overly severe mixing. All polymer solutions were mixed in

an air-tight plastic bottle to avoid evaporation. Homogeneity was confirmed by

measuring the shear viscosity of a portion of the prepared samples taken from

the top and bottom of the batch and repeating at least three times per batch.325

The density of each fluid was measured using a density meter (Anton Paar,

DMA35N, which was accurate to ±0.001 g/cm3) at the required temperature.

3.2. Shear rheology

The shear rheological measurements performed in this study were conducted

using two rotational rheometers: Anton Paar MCR-302(AP) and TA instru-

ments Rheolyst AR100N controlled-stress rheometers with a cone-and-plate ge-

ometry (60mm diameter stainless steel, 1○ cone angle and a 60mm diameter
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acrylic, 2○ cone angle for the AP and TA rheometers respectively). The uncer-

tainty in viscosity data is given as ±2% [56]. The shear-dependent viscosity, η

for all viscoelastic solutions versus shear rate, γ̇ is presented in Fig. 3 at 20○C.

The Carreau-Yasuda (C-Y) model [57] was used to fit the experimental viscosity

data,

ηCY = η∞ +

(ηo − η∞)

[1 + (KCY γ̇)m]
n
m

, (4)

where ηo and η∞ represents the asymptotic values of viscosity at the lower and

upper plateau (of zero and infinite shear rates) respectively. KCY is a constant330

parameter that represents the onset of shear thinning with the dimension of

time, m is a parameter introduced by Yasuda [57] and n is the power-law index.

The C-Y fitting parameters for each of the fluids are shown in Table 2. The

parameters are determined using the least-squares fitting method described by

Escudier et al. [56]. The variation of shear viscosity for the viscoelastic fluids335

versus shear rate is illustrated in Fig. 3. The viscoelastic solutions exhibit a

shear-rate dependent viscosity and shear thinning effect. The shear viscosity

shows an increased dependence on shear rate as the polymer concentration is

increased. The PAG and PAP solutions exhibit a greater shear-dependent vis-

cosity compared to PAA. The PAA, PAG and PAP solutions possess significantly340

greater-thinning effects than the PEO solutions.
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Table 2: Fitting parameters of the C-Y model for PAA, PAG, PAP and PEO solutions.

Test fluid ηo(mPa.s) η∞(mPa.s) KCY (s) m(dimensionless) n(dimensionless)

PAA12.5 1.10 1.00 0.0570 2.00 0.911

PAA25 1.23 1.06 0.0280 0.129 0.770

PAA50 1.70 1.21 0.0256 0.486 0.444

PAA75 2.10 1.30 0.0460 0.506 0.605

PAA100 2.81 1.44 0.0900 0.674 0.586

PAA125 3.80 1.63 0.112 0.352 0.539

PAA150 4.77 1.74 0.187 0.304 0.612

PAA175 5.10 1.84 0.110 0.362 0.627

PAA200 5.90 1.92 0.182 0.257 0.593

PAG50 3.54 2.22 2.91 1.030 0.451

PAP50 3.16 2.21 3.44 2.30 0.385

PAG100 5.43 2.71 0.106 4.47 0.812

PAP100 4.96 2.63 0.119 2.00 0.749

PEO0.1-M4 5.32 3.08 0.013 0.0750 0.711

PEO0.1-M2 2.40 2.00 4.9 × 10−5 0.0750 0.632

PEO0.1-M1 1.82 1.82 - - -
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Figure 3: Shear viscosity-shear rate profiles for various concentrations of PAA and PEO. Solid

lines are Carreau-Yasuda fits [57] with parameters given in Table 2. The green dashed line

represents the sensitivity limit of the Anton Paar MCR-302 rheometer, minimum measurable

shear stress, τmin = 0.01 Pa, manufacturer specified minimum torque, Tmin = 0.1 µNm.

Intrinsic viscosity [η] is a measure of the contribution of the polymer coils

(solute) to the overall viscosity of the solution [58, 59]. It represents the hy-

drodynamic volume occupied by a given polymer mass in an ‘infinite’ dilution

when both shear rate and polymer concentration approach zero (γ̇ →0, c →0)

[58]. In mathematical terms, based on extrapolation to zero concentration, [η]

is expressed as,

[η] = lim
c→0,γ̇→0

(ηred), (5)

where the ηred (cm3/g) is the reduced viscosity given by ηsp/c. The specific

viscosity (ηsp) can be calculated using equation 6,

ηsp =
ηo − ηs
ηs

, (6)

where c is the given concentration of the solution in g/cm3, ηs is the viscosity

of the solvent and ηo is the zero shear viscosity of the polymer solution as

determined by the C-Y model. The intrinsic viscosity is determined for PAA as

[η]=6475 cm3/g. As the concentration increases beyond the upper limit that

describes a dilute solution and the total volume occupied by the polymer coils
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surpass the availed volume, the polymer coils run out of space and start to inter-

penetrate. The concentration at which this happens marks the transition from

a dilute solution (c < c∗) to a semi-dilute solution (c∗ < c < cmax, where cmax is

the concentration above which no further interpenetration can occur, at which

point the solution is said to be concentrated) and is referred to as the critical

overlap concentration, c∗, which can be estimated empirically as the reciprocal

of the intrinsic viscosity [η]c→0 [60, 58],

c∗ ≈
1

[η]c→0
. (7)

Thus for this study, c∗ ≈ 154 ppm for PAA in water.

The general method of measuring normal stresses involves steady-shear rheom-

etry, similar to shear viscosity measurements. The first normal stress difference

(N1) can be directly estimated from the total normal force or thrust acting on

the plate. For the cone-and-plate geometry [61],

N1 =
2F

πR2
c

, (8)

where F (N) is the total normal force that acts to push the cone and plate apart,

Rc is the cone radius (m). Measured values of F may be slightly (or in severe

cases significantly) smaller than the true value due to inertia effects. This can

be attributed to the so-called ‘negative normal stress effect’, which suggests that

the cone and plate are being pulled together during shear. Therefore N1 can be

corrected for inertia contributions by Eq. 9 [19],

∆F =

3πρω2R4
c

40
, (9)

where ∆F is the total normal force difference owing to inertia, ρ is the density

of the sample and ω is the angular velocity (rad/s). Measurements of normal

stresses can prove to be a difficult task as, unlike shear viscosity measurements,345

obtaining repeatable results is often challenging [62]. In most rheometers, the

normal force transducer can sometimes experience a drift which can be observed

by a constant decrease in the value of N1 at a constant, low shear stress value

over time. An experimental protocol, referred to as the peak hold protocol
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(PHP), is used to measure these stresses and monitor the degree of time depen-350

dence. The PHP involves subjecting the test fluid to to alternating high and

very low (0.01 Pa) stress values under the assumption that the normal stresses

for the low applied stress value should be approximately zero (as normal-stresses

are second order effects). The drift is revealed by the ‘down step’ of N1 values

during the low stress values over time (3000 seconds). The drift is empirically355

corrected by fitting a straight line to the low stress data sets before and after

each high stress value and adding on the corresponding value. The inertia cor-

rection which was significant (being almost ten times the measured actual value

at the highest applied stress). We have thus only presented an example using

PAA200ppm due to its high elasticity. This protocol has been used on many360

other rheometers and has proven useful [62]. Fig. 4 shows an example in the

variation of N1 with shear rate corrected for drift and inertia.

102 103
100

101

102

Figure 4: First normal-stress difference versus shear rate for PAA 200ppm.

A shear rate dependent relaxation time can also be estimated from the first

normal stress difference data by taking λ = N1/2(η − ηs)γ̇
2 [19, 63]. This is

presented as a function of shear rate or angular frequency in Fig. 5(b).365

Small amplitude oscillatory shear (SAOS) measurements were performed to

measure the elastic (or storage) modulus, G′(Pa), which is a measure of the stor-

age of energy in elastic materials as they have high strain recoverability, and
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the viscous (or loss) modulus, G′′(Pa), which is a measure of the dissipation

or loss of energy in viscous materials due to permanent viscous deformation in370

shear flow [64, 65, 66, 42]. Therefore, for Newtonian (or any inelastic) fluids,

the relaxation time, λ, is equal to zero resulting in G′
= 0 and G′′

= µω. A

frequency sweep is performed at an oscillatory shear stress that is within the

linear viscoelastic region (LVR), where oscillatory shear stress is kept constant

(at a low value, such that results are independent of the applied stress) and the375

oscillatory frequency is varied. The results for G′ and G′′ against angular fre-

quency (ω) for working fluids PAA 100, 150 and 200 ppm at 20○C is displayed in

Fig. 5(a) and the frequency/shear rate dependent relaxation time (λ = G′
/G′′ω)

is shown in Fig. 5(b). Working fluids with concentrations below 100ppm were

not tested because the already presented results are seen to be too near to the380

sensitivity and low torque limits of the rheometer (highlighted on the plot) and

are unlikely to be reliable. The sensitivity limit was evaluated by performing

a similar measurement for water. The torque limit (Gmin = 3Tmin/2πR
3
cγ0) is

calculated as in Rodd et al. [67], where Rc is the radius the cone, Tmin is the

minimum torque (0.1 µNm, manufacturer specified) and γ0 is the applied %385

strain amplitude (obtained from the LVR).
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Figure 5: Small amplitude oscillatory shear (SAOS) data for PAA 100, 150 and 200 ppm.

(a) Frequency sweep at 35% shear strain. Gmin = 0.00505Pa, (b) Relaxation times obtained

from SAOS and first normal-stress difference measurements.

3.3. Extensional rheology

Capillary break-up extensional rheometry (CaBER) experiments [68] were

carried out to measure the relaxation time of the polymer solutions under ex-

tensional flow. These measurements were conducted using the plate separation

drive unit of a Thermo Haake extensional rheometer, which consists of two cir-

cular parallel plates of diameter, Dp = 4 mm. A small quantity of the test fluid

sample (usually < 0.2 ml) is carefully loaded (using a pipette) between the two

plates. The initial separation height ho was set to 2 mm. The liquid filament

confined between the two plates is stretched as the top plate is moved linearly

(with a strike time of 100 ms) to a final height, hf = 9.6 mm. Subsequently,

the liquid filament thins by the action of capillary and viscoelastic forces. Once

stretching stops, the fluid is subject to an extensional strain rate determined

by the extensional properties of the fluid (and no longer under the control of

the rheometer). The time evolution of the minimum diameter (Dmin) curves

(shown in Fig. 6(a) for PAA) in the elasto-capillary thinning phase is fitted

using an exponential decay function [68],

Dmin = Ae
− t

3λc , (10)
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where A is a fluid-dependent constant, t is the time and λc is the relaxation

time.
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Figure 6: Relaxation time obtained from capillary break-up extensional rheometry (CaBER)

for PAA12.5-200ppm. (a) Exponential decay of filament diameter, (b) CaBER relaxation time

versus concentration. The black dotted line represents a power law fits for the low polymer

concentrations (c ≤50ppm. This fit was extended to 75ppm) and the blue dashed line represents

the high polymer concentrations (c ≥50ppm).

The capability of the CaBER to extract relaxation times from the exponen-390

tial decay data is limited to a critical minimum concentration [69, 70]. According

to Clasen [70], the lower limit is reached when the polymer coils approach their

finite extensibility limit (when unravelling) and will no longer produce sufficient

elastic stresses to dominate the thinning dynamics (as opposed to the solvent

related viscous stresses). For low viscosity samples (for example, in this study,395

PAA 12.5 ppm), the exponential decay in the elasto-capillary regime proves to

be very difficult to observe due to the formation of the well known ‘bead-on-

a-string’ structure, where a primary droplet of the fluid sample, followed by

several smaller satellite droplets are observed along the filament [68, 69]. Also,

the hemispherical blobs of fluid sample attached to the plates oscillate, creating400

an external force that influences thinning (in most cases, break-up occurs while

the plates are still being separated). Therefore, the formation of the required
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filament fast enough so that the thinning dynamics can still be captured is prac-

tically very difficult, hence the adoption of the Slow Retraction Method (SRM)

[69].405

In the SRM, the plates are separated with a relatively low velocity (≈ 2

mm/s but in this case ≈ 9 mm/s is sufficiently low) compared to the regular

fast separation technique (≈ 200 mm/s). The initial aspect ratio is a critical

aspect ratio (Λc=Λo=ho/Dp) at which a statically stable liquid filament can

still be formed. Above Λc, the filament becomes unstable and breaks. Λc can410

be determined either empirically or from a stability diagram for liquid bridges

[71]. The SRM assures the liquid filament (and its solution structure) is at

a fully relaxed state at the onset of filament thinning and the effects of fluid

inertia (and the oscillation of the test fluid) are minimised. All experiments

were repeated at least 3 times to ensure repeatability of data. The relaxation415

time versus the concentration of PAA is presented in Fig. 6(b) and fitted using

two power law functions. The relaxation time (λc) shows a strong dependence

on concentration and decreases approximately linearly at low concentrations.

The relaxation times obtained from extensional flow are given in Table 3 and

will be used throughout this work as the primary means of characterising the420

different working fluids. The justification for this being that viscoelastic flows

through the complex (three-dimensional), converging-diverging pore geometries

possess a strongly elongational character, which, fundamentally, is similar to

the polymer chain dynamics during CaBER. Also, the CaBER characteristic

time for extensional stress growth maybe useful in characterising flows in which425

transient stretching by shear is be important. Whereas under steady shear flow

(λo from SAOS for example), De Gennes[72] predicted that a single polymer

chain cannot reach a stable stretched state and is less stretched than under

elongational flow with a similar rate of deformation. Several previous studies

have also used λC for defining the Wi of polymer solutions through micro-430

fabricated contraction geometries [4, 73, 74, 75].
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Table 3: Relaxation time data obtained from CaBER measurements before (BE) and after

(AE) the experiment. The ratio of the Newtonian solvent viscosity (ηs) over the total fluid

viscosity is given by βo = ηs/(ηs + ηo). Where ηo is the zero-shear viscosity of the polymer

solution.

Test fluid λCBE(ms) λCAE(ms) KCY (ms) λo(ms) βo

PAA12.5 0.33 ±0.03 - 5.7 - 0.91

PAA25 0.70 ±0.1 0.46 2.8 - 0.81

PAA50 1.5 ±0.1 0.6 2.56 - 0.59

PAA75 3.46 ±0.1 1.45 4.6 - 0.48

PAA100 6.77 ±0.3 3.1 9 68 0.36

PAA125 7.07 ±1.2 0.21 11.2 - 0.26

PAA150 13.3 ±1.7 7.9 18.7 84 0.21

PAA175 15.01 ±1 8 11 - 0.20

PAA200 24 ±1.04 14.6 18.2 116 0.17

PAG50 16 ±1 3.1 291 - 0.48

PAP50 18 ±0.4 3 344 - 0.6

PAG100 35 ±1 11.8 10.6 - 0.31

PAP100 37 ±3 10.3 11.9 - 0.37

PEO0.1-M4 64 ±2.2 46 1.3 - 0.19

PEO0.1-M2 4.4 ±0.4 - 0.0049 - 0.41

PEO0.1-M1 1.8 ±0.1 - - - 0.55

4. Viscoelastic effects on flow resistance in porous media

In order to investigate the role of viscoelasticity in flow resistance in porous

media, it is useful to have a stand-point from which viscoelastic fluids are viewed

in comparison to inelastic fluids. The rheological properties of these fluids can435

be related to the measured bulk flow quantities and the effect of fluid elasticity

is quantified.
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4.1. An inelastic, viscosity-independent benchmark

The relationship between the steady-state pressure-drop (∆P ) per unit length

(L) and the Darcy velocity (V ) for sample P71 (porosity 71%) is presented in440

Fig. 7. The Newtonian fluids behave in a typical quadratic fashion as pressure

drop increases with velocity. The pressure-drop also increases with glycerol

(GLY) concentration in water as the viscosity is higher, hence greater resistance

to flow. The quadratic curve fits the data with very high correlation factors and

can be compared to the Forchheimer equation (Eq. 2) to obtain the permeability445

and Forchheimer coefficient values, which are given in Table 4 for Newtonian

fluids (GLY0, GLY20 and GLY30). The permeability was calculated by tak-

ing pressure-drop data over the range of the identified Darcy regime and the

form drag term C was calculated from the slope of plot ∆P/LV vs V in the

Forcheimer flow regime. As can be seen, K is the same for all the GLY solutions450

but C varies with viscosity. This is expected because pressure gradient in the

Darcy (purely viscous regime) is constant and independent of velocity, where as

in the non-Darcy (Forchheimer) regime, as inertia becomes more prevalent, the

drag coefficient will depend on the fluid velocity, which increases as the viscosity

is reduced. Results in Table 4 agree well with previous works that investigated455

Newtonian porous media flow [31, 35] and in porous media of a more compara-

ble internal structure to the current sample [30]. The average permeabilities in

the P71 and P84 samples are 7.93 × 10−10 m2 and 1.02 × 10−9 m2 respectively.

Table 4: Permeability and Forchheimer coefficient for the Newtonian working fluids in P71 .

Test fluid K(10−10m2
) C(104m−1

)

GLY0 7.97 13.38

GLY20 7.85 10.91

GLY30 7.97 7.48

By normalizing Eq. 2 by the Darcy velocity, another form is obtained,

∆P

LV
=

µ

K
+ ρCV. (11)
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The relationship between ∆P/LV vs V reveals different flow regimes as the

changes in the slope of the curve plotted according to Eq. 11. The effects of

fluid viscosity is shown in Fig. 7 as the increase in pressure gradient as the con-

centration of glycerol is increased. The constant shear viscosity, and inelastic

nature of Newtonian fluids, is, in fact, an important standpoint from which the

flow behavior of viscoelastic polymer solutions in porous media may be under-

stood. For this reason, in the present study, we attempt to non-dimensionalize

the pressure gradient creating a relationship between pressure gradient and Re

that scales out the effects of fluid viscosity. Using the average pore size (d)

estimated as the average size distribution of the pore forming agent (NaCl), the

Darcy velocity, and fluid viscosity, another form of pressure gradient,

∆P ∗
=

∆Pd2

LV µ
, (12)

is obtained, which is non-dimensional and unlike the typical friction factor cal-

culations, considers the viscosity of the fluid (µ) as being the important scaling460

parameter. Fig. 8(a) shows the relationship between ∆P ∗ and Re. A universal

flow behavior for the GLY0, GLY20 and GLY30 data sets is observed as shear

viscosity is scaled away and the fluids collapse onto a single curve. Fig. 8 also

shows the Darcy regime as the constant relationship between ∆P ∗ and Re after

which a smooth transition to the Forchheimer regime is observed, which shows465

a typical, linear relationship with a positive gradient. The Darcy regime occurs

at roughly 0.1 < Re < 1, which is quite different from that identified by Fand

et al. [76] and Kececioglu & Jiang [29] but similar to the reports of Luet al.

[30]. This difference can be explained by the specific morphology of the various

porous media. The first mentioned works above [76, 29] have used packed-bed470

spheres, which have very different internal structure and pore distribution and

as a result, the characteristic length scale used to calculate the Reynolds number

is limited to the particle diameter rather than the actual pore size. As described

earlier, flow behavior in the Darcy regime is purely determined by the actual

geometry and internal structure of the porous medium and it is expected that475

results shown in packed beds would differ compared to the results shown by [30]
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for open-cell foams. No observation of pre-Darcy flow behavior was made in the

study and our Reynolds number ranges are too low to obtain turbulent/chaotic

flow when compared to the works of Lu et al. [30] who have used porous media

of very similar morphology and porosity distribution to the present study. The480

term non-Darcy comes from the combination of the Forchheimer and turbulent

regimes.

For convenience, to improve the understanding of when inertial forces take

effect and the flow starts to deviate from Darcy, the flow regimes reported in

this study are now classified as simply Darcy and non-Darcy. The data in Fig. 8

is fitted with a nonlinear correlation (which is inspired by the works of Durst et

al. [54] regarding development lengths in pipe and channel flows) that suggests

that the universal flow behavior of the Newtonian fluids GLY0, GLY20 and

GLY30 can be expressed as,

∆P ∗
= [Ca0 + (C1Re)

a
)]

1/a, (13)

where as Re→ 0 then ∆P ∗
= C0, and as Re→∞ then ∆P ∗

/Re→ C1.

The constant, a, ensures that the correlation is not limited to Re → 0 and

Re→∞ but also considers the transition from Darcy to the non-Darcy regime.485

The correlation fits the experimental data well with a very high correlation factor

(R2
= 0.9999), and we obtain that C0 = 2.93×10−4, C1 = 8.47×10−4, and a = 1.8.

It is expected that C0, C1, and a will be different for different porous media, but

for the same system, it is also expected that Newtonian fluids should collapse

reasonably on this correlation, regardless of the range of the shear viscosities490

of the fluids. As a result, the curve in Fig. 8(a) is an interesting comparison

for experiment data using viscoelastic polymer solutions in order to identify the

role of elasticity in porous media.

4.2. Influence of viscoelasticity

The observed pressure gradient per unit length, as a function of Darcian495

velocity for various concentrations of viscoelastic fluids, are presented in Fig. 7

along with data for Newtonian fluids. The permeabilities and drag coefficients
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for each polymer solution were also calculated using a similar protocol discussed

in the previous section. The average permeability for all viscoelastic fluids is

calculated to be 8.40 × 10−10 m2 and is within 6% with the Newtonian fluids in500

the Darcy regime. The form drag coefficient (C) is presented in Fig. 7(d) as a

function of elasticity number (El = λµ/ρd2), showing the different categories of

polymer solutions studied. It is observed that C is constant in the limit were

El is low (El ≤ 0.1) approaching the values obtained for the Newtonian fluids

and, beyond a critical elasticity number (Elc ≈ 0.1), C increases drastically. The505

increase in drag is attributed to the fluids elastic effects as concentration and

molecular weight increases.
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Figure 7: Pressure gradient versus Darcy velocity for various concentrations of GLY and

(a) PAA, (b) PAG and PAP, (c) and various molecular weights for PEO (d) Forchheimer

drag coefficient vs elasticity number for all polymer solutions under study: ◻ PAA with no

significant shear thinning (PAA12.5-100ppm), △ PAA with significant shear thinning (PAA

125-200ppm), ☆ PEO0.1A-C, ◯ PAG and PAP solutions, ∗ PEO0.1AA-AJ (see §5).

Fig. 7(a) shows the pressure gradient data obtained for different concen-

trations of PAA (12.5–200ppm). It is observed that, as the velocity increases,

pressure drop (∆P/L) increases in a typical quadratic fashion as seen for the510

Newtonian fluids. For a fixed velocity, the observed pressure gradient increases

with an increase in PAA concentration due to a combination of higher fluid

viscosity and elasticity. The flow resistance data as a function of velocity for
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various versions of PAA50 and PAA100 is presented in Fig. 7(b). The PAG and

PAP solutions represent polymer solutions of different solvents. PAG represents515

PAA in GLY20 (wt%) solvent, which has a shear viscosity of 1.70 mPa.s. PAP

represents PAA in polyethylene glycol, PEG (3wt%) solvent, which has a shear

viscosity of 1.81 mPa.s. The idea is to achieve similar rheological properties

between the PAG and PAP fluids. For example, the zero-shear viscosities for

PAG50 and PAP50 are 3.54 and 3.16 mPa.s respectivley and the CaBER re-520

laxation times are 16 and 18 ms (±1) respectively (see Tables 2 & 3). As a

result, the defined elasticity numbers (El = λµ/ρd2) are approximately the same

for the same fluid concentration. A good agreement between polymer solutions

with similar values of El is observed despite the difference in the solvent. This

is expected because the rheology of these fluids is similar in both shear and525

extension.

In a similar context, different degrees of elasticity can be achieved from

a single polymer concentration (solution). This can be done by varying the

molecular weight (Mw) of the polymer. Fig. 7(c) presents the pressure gradient

versus velocity data for various molecular weights of polyethylene oxide (PEO)530

0.1wt%. PEO0.1 has been categorized into ‘M1, M2 and M4’, representing the

different molecular weights; 1, 2 and 4× 106 g/mol respectively. The elasticity

numbers are calculated to be 0.2, 0.3 and 1.3 respectively. It is observed that the

higher the Mw the greater the pressure gradient as a function of the superficial

velocity. This is expected because as Mw increases, the longer the polymer535

chains and the greater the number of entanglements between them [77]. Thus,

as is shown in Tables 2 & 3 the solution viscosity and elasticity are increased.

The non-dimensional pressure gradient ∆P ∗ as a function of Re is presented

in Fig. 8 for PAA, PAG, PAP and PEO and compared with the Newtonian

fluids. Fig. 8(b) presents the non-dimensional pressure gradient for PAA (12.5–540

200ppm). It is observed that in the low Re limit, ∆P ∗ is constant as Re is

increased and beyond a certain Reynolds number, ∆P ∗ increases drastically with

Re. This is typical of viscoelastic fluids as they only show their elastic nature

under rapid deformations, and in sufficiently slow deformations will behave like

31



regular Newtonian fluids [22]. This behavior is also illustrated in Fig. 8(b) as545

the increase in pressure gradient with polymer concentration for a constant Re

value (>0.1) because the relaxation time is higher. Hence also, the greater the

value of El.

Fig. 8(b) also shows that PAA concentrations 125–200ppm drop below the

Newtonian limit in the range where Re is low (Re<1). This may be a conse-550

quence of significant shear-thinning behavior as the critical overlap concentra-

tion (c∗ = 145 ppm) is approached [78]. The PAG and PAP solutions show good

agreement where the elasticity number (El) is the same, and as concentration

is increased from 50 to 100ppm, ∆P ∗ is higher outside the Newtonian regime

where elastic forces become important (Fig. 8(bc)). A similar trend is observed555

in Fig. 8(d) for PEO.
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Figure 8: Pressure gradient versus Reynolds number for various concentrations of (a) GLY

(b) PAA (c) PAG & PAP. (d) and various molecular weights of PEO.

To further investigate the effect of fluid elasticity, the non-dimensional pres-

sure gradient ∆P ∗ is expressed as a function of Weissenberg number (Wi) de-

fined as,

Wi = λcγ̇n, (14)

where λc is the CaBER relaxation time and γ̇n is the nominal shear rate defined

as the superficial velocity divided by the average pore size in the porous media

(V /d). The experimental data in terms of ∆P ∗ is plotted against Wi for PAA

in Fig. 9(a), and in Fig. 9(b), ∆P ∗ is normalized with Newtonian data obtained560

using Eq. 14, hereafter referred to as ∆P ∗
N . The results for the PAG, PAP and
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PEO solutions are included and presented in Fig. 9(c) and Fig. 9(d) respectively.
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Figure 9: Non-dimensional pressure gradient versusWi for PAA. (a) ∆P ∗ without Newtonian

normalization, (b) ∆P ∗ normalised with ∆P ∗N . (c) including PAA, PAG, PAP and PEO, and

(d) the corresponding Newtonian normalizations showing comparison with existing data. The

dotted lines in (a-c) highlight solutions that showed more significant shear thinning behaviour.
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Figure 10: Non-dimensional pressure gradient versus; (a)Wi for PAA25, PAA75 and PAA150.

The ‘b’ represents the results of the same fluids in porous sample P84 (porosity 84%) (b)

altered Wik for all PAA working fluids where
√

K is used as the characteristic length scale.

The black solid line represents the De et al. correlation ηapp=1 + 0.32WiK
1.15.

Fig. 9(a) and Fig. 9(b) show a strong dependence of ∆P ∗ (as a function of

Wi) on the physical and rheological properties of the test fluids. However, the

measured flow resistance broadly collapses when ∆P ∗ is normalized with Newto-565

nian data, suggesting that the CaBER relaxation time is suitable for developing

a well-defined Wi that describes the viscoelastic behavior of polymers in porous

media. The data obtained in media of different characteristics shows the general

validity of this approach in Fig. 10(a). The critical Wi value (Wic), which is

observed as the non-dimensional pressure gradient (∆P ∗
/∆P ∗

N ) deviates signif-570

icantly from the baseline (∆P ∗
/∆P ∗

N = 1) is Wi ≈ 0.01, depicting the onset of

elastic forces within the flow. The flow resistance increases gradually up to a

Wi ≈ 1. It is further observed that normalizing ∆P ∗ by ∆P ∗
N reveals the point

from which inertial effects could dominate the elastic effects at higher Reynolds

numbers for lower polymer concentrations. This is illustrated in Fig. 9(b) as575

the pressure gradient returns to a constant value (for PAA 12.5–75ppm) beyond

a Wi value that is equivalent to a Reynolds number of 3. Although previous

experimental data presented in this manner is rare, the data for viscoelastic
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fluids have been taken from the recent investigation of Galindo-Rosales et al.

[14] for the pressure-drop of PAA through a packed bed of unconsolidated sand.580

Although a packed bed is a different type of porous media to our open foam

material, it has a similar characteristic length to the present study (d=300 mi-

crons), but that length is defined by the particle diameter of the sand (as is

standard for packed beds) whereas our length is defined by the space-holder

material. The pressure drop data (∆P /L) was re-evaluated in terms of ∆P ∗
585

and the given CaBER relaxation times were used to calculateWi. It is observed

in Fig. 9(d) that, despite the differences in the material construction and defi-

nition of d, the proposed approximation shows reasonable agreement with the

works of Galindo-Rosales et al.[14] for viscoelastic fluids in micro-porous media.

Some researchers also describe the characteristic length scale as the square590

root of the permeability (K) of the porous medium. We also show in this

manner, the non-dimensional pressure gradient versus Wik profile for all PAA

working fluids and a few examples in two different porosity samples in Fig. 10(b).

The altered Weissenberg number is defined as Wik = λCU/

√

K. Fig. 10(b)

displays two main points. First, a higher critical Weissenberg number value is595

observed where all working fluids reveal elastic behaviour compared to Fig. 9(b).

Second, using
√

K as characteristic length scale, we can also collapse our data set

reasonably unto a single curve, considering the fact that, despite the difference in

porosity between P71 and P84 porous media, the universal trend of the increase

in flow resistance is maintained. A similar result can be seen in the numerical600

simulations of De et al. [17] who indicated that most of their data can be fitted

through the correlation ηapp=1 + 0.32WiK
1.15 where ηapp=

∆P /U
∆PN /UN and the

subscript N represents the Newtonian fluids. This correlation is compared to

our experimental data in Fig. 10(b). A reasonable agreement is seen, particularly

at low Wik, but it is also clear that the correlation deviates significantly from605

our results, especially at high Wik where it is clear the experimental data and

the correlation are diverging. It should be noted that the correlation from De et

al. is obtained for creeping flow and many of our data are definitely not in the

creeping flow regime (as clearly demonstrated by the Re). It is not expected
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that a correlation for one flow regime should transfer to a different flow regime,610

especially in flow through porous media.

The critical Wi reported by researchers has shown variability that may be

system-specific. For example, Sadowski [79] reported a critical Wi of 0.1, and

more recently, good agreement is seen in the works of Sobti et al. [51]. In

these two studies, a packed bed column of uniformly sized spheres was used as615

porous media. In contrast, Tui et al. [50] used packed beds of two different

sized spheres and reported a critical Wi of 0.022. Giatonde & Middleman

[49] reported no viscoelastic effects in their study where a packed bed of sand

was used. In the present study, the nominal shear-rate (γ̇n = V /d) is defined

by the average pore size (d = 500 µm) within the porous media, which is an620

equivalent of the negative replica of the space left behind by the pore-forming

agent used to produce the porous media. For a similar porous structure, µ-PIV

measurements have been performed for the study of water in porous media by

Lu et al. [30]. They show using microscope images that each pore is connected

by a neighbouring pore, which forms the open channel network for fluids to625

pass through. However, two pores may overlap, forming a narrow neck region

that can be as small as 100 µm in size. As a result, the nominal shear rate

used to define Wi could be considerably higher than what is predicted from

the average pore size alone. Also, it has been shown using PIV measurements

that the fluid velocity can get much higher than V [30]. This helps to explain630

why we observe elastic effects when our nominal Weissenberg number is so low.

In reality, a much smaller characteristic length would more adequately reflect

the shear rates in our media. Future studies using µ-PIV to study the flow of

viscoelastic fluids through porous media should help confirm this suggestion.

5. Degradation of viscoelasticity by flow through porous media635

The mechanical degradation of polymers is an irreversible process that re-

sults in the rupture of the polymer molecules due to high mechanical stresses

induced by high shear or elongational deformations [80]. Consequently, the aver-
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age molecular weight of the polymer solution decreases, and the capacity of the

solution to exhibit an elastic response is reduced. To investigate the mechanical640

degradation resulting from the flow through porous materials, PEO(0.1wt%) so-

lutions were repeatedly passed through the porous medium at a nominally fixed

Reynolds number while the pressure drop and fluid rheology (in both shear and

extension) were monitored.

Fig. 11(a) and Fig. 11(b) show the shear viscosity and CaBER relaxation645

times as a function of the number of passes (ℵ) through the porous medium

respectively. It is known that as the polymer degrades, the length of the polymer

coils breaks into smaller fragments, resulting in reduced molecular weight and

shear viscosity [77]. This behavior is seen in Fig. 11(a), where the primary

solution, representing the first pass through the porous medium is PEO0.1AA650

and PEO0.1AJ represents the resultant solution from the ninth and final pass

through the porous medium. Similarly, Fig. 11(b) shows that as the polymer

degrades, the CaBER relaxation time λc is observed to decrease exponentially

with ℵ until an asymptotic value of λc is reached. The C-Y fitting parameters

and CaBER relaxation times are given in Tables 5 and 6 respectively.655
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Figure 11: Systematic degradation of PEO. (a) shear viscosity-shear rate profiles: solid lines

are Carreau-Yasuda fits [57] with parameters given in Table 5. The navy blue closed symbols

have been excluded from the fit due to secondary flow. The green dashed line represents the

sensitivity limit of the rheometer: τmin = 0.01 Pa, manufacturer specified Tmin = 0.1 µNm.

(b) CaBER relaxation times versus number of passes through porous media (ℵ).

Table 5: Fitting parameters of the C.Y model for PEO0.1AA-AJ.

Test fluid ηo(mPa.s) η∞(mPa.s) KCY (s) m(dimensionless) n(dimensionless)

PEO0.1AA 5.64 3.44 0.0170 2.00 0.776

PEO0.1AB 5.21 3.15 0.0140 0.129 0.781

PEO0.1AC 4.99 3.10 0.0095 0.486 0.875

PEO0.1AD 4.59 2.94 0.0074 0.506 0.889

PEO0.1AE 4.44 2.85 0.0062 0.674 0.787

PEO0.1AF 4.14 2.78 0.0052 0.674 0.867

PEO0.1AG 4.06 2.71 0.0039 0.486 0.625

PEO0.1AH 3.70 2.66 0.0042 0.506 1.07

PEO0.1AI 3.69 2.69 0.0038 0.674 1.06

PEO0.1AJ 3.56 2.62 0.0037 0.674 1.10
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Table 6: Relaxation time data obtained from CaBER measurements. The ratio of the New-

tonian solvent viscosity (ηs) over the total fluid viscosity is given by βo = ηs/(ηs +ηo). Where

ηo is the zero-shear viscosity of the polymer solution

Test fluid λC(ms) βo

PEO0.1AA 154.5 ±1.3 0.15

PEO0.1AB 94.65 ±2.1 0.16

PEO0.1AC 52.58 ±0.2 0.17

PEO0.1AD 38.09 ±0.01 0.18

PEO0.1AE 29.43 ±1.5 0.19

PEO0.1AF 24.6 ±1 0.20

PEO0.1AG 16.97 ±1 0.21

PEO0.1AH 13.96 ±0.1 0.21

PEO0.1AI 12.69 ±0.4 0.22

Fig. 11(a) shows a plot of the pressure gradient (∆P /L) as a function of

the superficial velocity. It shows, as expected, that as the polymer degrades,

and loses its degree of elasticity (El drops from 3.6 to 0.2), ∆P /L is lower at a

fixed flow velocity. Fig. 11(b) shows how the degradation of the polymer affects

the ∆P ∗ versus Re curve in the tested range where non-Newtonian behavior660

is observed. The onset of non-Newtonian behavior of the solution is shifted

to higher values of Re as degradation occurs. Also for a fixed value of Re it

is observed that ∆P ∗ (as a function of ℵ) decreases in an asymptotic manner

similar to that shown in Fig. 11(b) for the relaxation time. ∆P ∗ decreases

drastically with ℵ, but after 6 passes, this drop is less noticeable signifying that665

the polymer is not getting any less elastic and the asymptotic relaxation time

value of 12.8 ms is approached (Fig. 11(b)). This decay of ∆P ∗ with ℵ indicates

that the polymer is being degraded at a particular average strain rate that is

proportional to the Reynolds number. At such a strain rate, the rupture of the

polymer chain is expected to be dependent on the molecular weight since the670

polymer concentration and the porous media is constant [81]. Hence, when most
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of the polymer chains are broken at that particular strain rate, the degraded

property of the fluid will remain constant. These results are in good agreement

with the works of Muller et al. [82].
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Figure 12: Systematic degradation of PEO; (a) pressure gradient versus Darcy velocity, (b)

non-dimensional pressure gradient vs Reynolds (µγ̇) number.

The non-dimensional pressure gradient ∆P ∗ is presented as a function of675

Wi in Fig. 13 for PEO0.1AA-AI. The result is quite similar to what is ob-

served from PAA, PAG, PAP, PEO0.1-M4, PEO0.1-M2 and PEO0.1-M1 in

Fig. 9(c). Note that PEO0.1A is nominally the same solution as PEO0.1AA

but a different batch. The relaxation times are not the same because, during

preparation, degradation of the polymer chains may occur during mixing and680

the relaxation time could vary by a factor of up to four [83]. The ∆P ∗–Wi

profile in Fig. 13(a) shows a good agreement between the degraded PEO sam-

ples, compared to Fig. 9(c) where significant changes in the ∆P ∗–Wi profile are

observed for each polymer concentration. This means that the pressure-drop

behavior (as a function of Wi) is heavily dependent on the polymer concen-685

tration and solvent-fluid property. In Fig. 13(a), the polymer concentration is

constant, even though El drops from 3.6 to 0.2 as the polymer is degraded from

PEO0.1AA-PEO0.1AJ. Whereas, in Fig. 9(c) the changes in elasticity are as a

result of the changes in concentration. Fig. 13(c) shows ∆P ∗ normalized with
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the Newtonian benchmark fit ∆P ∗
N and further presented in Fig. 13(c) for all690

working fluids discussed in this study. Here, it must be noted that ∆P ∗
N is

constant in the Reynolds number range during the degradation experiment so

this normalisaton has no qualitative effect.
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Figure 13: Non-dimensional pressure gradient versus Wi for the systematic degradation of

PEO. (a) ∆P ∗ without Newtonian normalization, (b) ∆P ∗ normalised with ∆P ∗N , (c) ∆P ∗

normalised with ∆P ∗N including all working fluids, (d) comparison with existing experimental

data on viscoelastic fluid flow in porous media.

42



6. Conclusion695

Experimental flow and pressure drop measurements, combined with ex-

tensive rheological characterisation, have been used to investigate the flow of

viscoelastic polymer solutions through open-cell microscale porous media. A

porous glass structure (with typical pore sizes of 500 microns) is formed by

removing a pore-forming agent from slightly sintered glass beads. To investi-700

gate the effects of fluid elasticity, solutions of a polyacrylamide (PAA) in the

concentration range of 12.5-200 ppm (using a variety of solvents), and one con-

centration of three different molecular weight polyethylene oxides, were used as

working fluids. All fluids were characterized in both shear and extension using a

rotational rheometer and a capillary break-up extensional rheometer (CaBER)705

respectively. To quantify the importance of elasticity, a Weissenberg number

(Wi) is calculated as the product of CaBER relaxation time and the nominal

shear rate in the flow. Irrespective of porosity, a reasonable collapse with Wi

based on the extensional relaxation time was found for all viscoelastic fluids

when the flow resistance was suitably non-dimensionalised and also normalised710

by benchmark Newtonian pressure-drop measurements (which show a linear

relationship with Reynolds number in the Darcy regime and a non-linear rela-

tionship in the non-Darcy regime) at equivalent Reynolds number. Therefore,

the CaBER relaxation time is an important rheological measurement for char-

acterising the flow of viscoelastic fluids through porous media. This suggests715

that the primary viscoelastic effects in porous media maybe extensional, even

though the flow is a complicated mixture of shear and extensional flow. Alter-

nating this relaxation time is a good measure of transient stretching in mixed

flows. A Such a result can be interpreted as highlighting the importance of

the repeated contraction/expansion flow as the fluid travels through the narrow720

necks between pores. A critical Wi, which indicates the onset of the dominance

of elastic effects, has a value of approximately 0.01. This value is perhaps rather

low and is possibly a result of the rudimentary estimates of nominal pore size

and velocity that feed into the shear rate estimate, with the actual shear rates
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in the flow almost certainly being much higher than the nominal shear rates725

used here. At low Wi number the polymer solutions show similar results to the

Newtonian fluids in the Darcy regime, except at higher concentrations of PAA

where significant shear thinning is observed. The variation in Darcy permeabil-

ity is within 6% for the Newtonian and viscoelastic fluids. In the non-Darcy

regime, the pressure drop is considerably higher for the polymer solutions and730

the magnitude of this rise is directly proportional to the degree of elasticity of

the polymer solution. This can be quantified by the Forchheimer drag coeffi-

cient, which is found to increase drastically beyond a critical elasticity number

of approximately 0.1. A similar collapse but with a higher critical value was ob-

served when the Weissenberg number is altered with a length scale based on the735

permeability of the pore space. This means that
√

K is also a useful definition

of the characteristic length in porous media as has been shown numerically by

De et al. [17]. Results for the systematic, mechanical degradation of one of the

polymers show an exponential decay in flow resistance with degradation, which

is a direct reflection of the trend in the extensional elasticity. The extensional740

relaxation time can therefore be used to reliably collapse the flow resistance

data for all degrees of degradation (using Wi).
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