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ABSTRACT: We examine the role of pre-shearing on the flow properties of polymer solutions containing essentially an acrylamide-

based copolymer obtained from an emulsified polymer emulsion inverted by a surfactant. The polymer solutions were pre-sheared 

using three methods: (1) a Buddeberg disperser (2) an Ultra-Turrax disperser and (3) pressure-driven flow through a capillary. 

Shearing the polymer solution was done under fast flow to induce high-stretching of the polymer chains and thus promote the break-

up of the longest ones (i.e. decrease in relaxation time and shear-thinning level). The un-sheared and pre-sheared polymer solutions 

were forced through sand-packs to compare their corresponding flow resistances. We observed that the reduction in the viscosity and 

screen factor of the pre-sheared polymer solutions is path independent regardless of the shearing device. We found a critical 

Weissenberg number (𝑊𝑖𝑐~13) above which the viscosity of the polymer solutions started to decrease. The resistance factor for the 

polymer solutions pre-sheared with the Ultra-Turrax disperser at an energy input of 31.3 MJ/m3 and 290.7 MJ/m3 was nearly 3 and 7 

times respectively lower than for the un-sheared polymer solution, while the viscosity decreased only by 27% and 48% respectively. 

The sand-pack experiments were successfully interpreted using a numerical model taking into account time-dependent retention. The 

model showed that the flow of the pre-sheared polymer solutions through the sand-packs was enhanced mainly due to breaking the 

longest polymer chains, which results in smaller mechanical entrapment. This pre-shearing of the water-soluble polymers can be used 

in multiple industrial applications including chemical enhanced oil recovery and optimization of polymer processing.

1. INTRODUCTION 

 Long polymer chains can break due to strong flow-

induced chain scission. This can be undesirable in many 

practical applications including turbulent drag reduction of 

dilute solutions of high molecular weight polymers1 or 

polymer/DNA characterization methods such as high shear 

rheology in microfluidics2-4 and gel permeation 

chromatography (GPC). However, if done in a controlled 

manner, chain scission can be desirable in other applications. 

Examples include drug delivery5, 6, lithography7, 8, and 

chemical enhanced oil recovery (cEOR)9, to mention only a 

few. 

 In cEOR applications, the addition of polymers aims at 

viscosifying the water. Controlled chain scission of 

polymers (often referred to as controlled pre-shearing) has 

been used to improve their flow efficiency in porous media 

i.e. to reduce the flow resistance.10-12 Polymers used in cEOR 

typically have a large size and are polydisperse, i.e. have a 

broad molecular weight distribution (MWD).11 Long 

polymer chains offer more flow resistance and tend to block 

the smallest pores in porous media leading to a time-

dependent injectivity decline.13-15 The premise of the 

controlled pre-shearing is to (a) stretch all the polymer 

chains and (b) break the longest polymer chains into smaller 

size chains by strong flow-induced chain scission16, as will 

be discussed in more detail below. The latter includes the 

homolytic scission of valence bonds, which connects the 

atoms to form the macromolecule.17 

 Pre-shearing of polymer solutions in dilute and semi-

dilute regimes was investigated by several authors building 

upon the work of De Gennes.18 This work predicted that 

random polymer coiled in dilute solutions will be fully 

extended due to a coil–stretch transition at a critical strain 

rate (𝜀�̇�). This strain rate is larger than the rate of relaxation 

(
1

𝜆
 where 𝜆 is the longest relaxation time of the polymer 

chain). This is equivalent to the Weissenberg number (𝑊𝑖), 
defined as the product of strain rate and relaxation time, 

larger than 1. Theoretical calculation based on the Zimm 

model19 and numerical calculation by Larson and Magda20 

indicated that the onset of the coil–stretch transition takes 

place when 𝑊𝑖 > 0.5. Later, single molecule experiments 

(based on DNA visualization) were combined with 

microfluidic devices to confirm the onset of the coil–stretch 

transition during flow at 𝑊𝑖 > 0.5.21-23 Odell et al.24 



predicated the mid-chain scission occurs due to a continuous 

increase of stress on the center of the chain when the strain 

rate is larger than a critical strain rate known as a critical 

fracture (𝜀�̇�). Since the relaxation time increases with chain 

length25, for a polydisperse polymer, 𝑊𝑖 for the longest 

chains is larger than for the shortest chains. Hence, the 

longer chains are more prone to mid-chain scission than the 

smaller ones. This implies that first, at a certain critical strain 

rate (𝜀𝑓𝑙̇ ), the longer polymer chains are broken and 

consequently, at a higher critical strain rate (𝜀𝑓𝑠̇ ), the shorter 

chains are broken. It was experimentally shown that mid-

chain scission is induced by elongational flow field26, 27 as 

well as ultrasonic cavitation.28, 29 On the other hand, pre-

shearing a polymer solution in semi-dilute regime is 

concentration dependent.30 Unlike the dilute regime for 

which the mid-chain scission occurs, in the semi-dilute 

regime the chain scission is increasingly randomized at 

higher concentrations.31  

 Several studies have investigated rheological properties of 

sheared polymer solutions24, 31, and their flow behavior in 

contractions.30, 32 They found that shearing the water-soluble 

polymers, such as hydrolyzed polyacrylamide (HPAM) and 

polyethylene oxide (PEO), improve their flow efficiency in 

contractions. However, the behavior of pre-sheared polymer 

solutions in porous media remains poorly understood, which 

demands a detailed study that links the rheology of pre-

sheared water-soluble polymers to their porous media flow 

characteristics.  

 In this study, we investigate the porous media flow 

enhancement of polymer solutions by controlled pre-

shearing. The polymer solutions contained an acrylamide-

based copolymer obtained by inversion of an emulsified 

polymer emulsion. The pre-shearing was achieved using two 

agitators (a Buddeberg disperser and an Ultra-Turrax 

disperser) and pressure-driven flow through capillaries. The 

pre-shearing was done at various shearing intensities, 

equivalent to different strain rates. To ensure the reduction 

of the porous media flow resistance while maintaining the 

viscosity, the applied strain rates were higher than 𝜀�̇� and 𝜀𝑓𝑙̇  

but smaller than 𝜀𝑓𝑠̇ . A detailed rheological analysis was 

carried out to examine the response of pre-shearing on the 

polymer solutions for each shearing device. The viscosity, 

screen factor, and imposed energy input by pre-shearing 

were determined, which allows for studying the 

dependencies and correlations between the rheological 

parameters. Based on the rheological experiments, sand-

pack flow experiments were conducted. The porous media 

flow behavior for differently pre-sheared polymer solutions 

was studied by observing dependencies between these tests 

and rheological experiments. Moreover, a numerical 

simulation based on a one-dimensional model was 

developed aiming at studying the mechanisms of flow 

efficiency in porous media. 

2. EXPERIMENTAL 

 2.1. Materials. The polymer solution used to conduct the 

experiments, designated as PS-A, contained essentially an 

acrylamide-based copolymer. PS-A was obtained from an 

active emulsion polymer (designated as EP-A) which was 

inverted by an active inverter surfactant (designated as IS-

A). PS-A contained 0.4 wt% EP-A and 0.24 wt% IS-A (1 

wt% ~ 10,000 ppm). The molecular weight of the polymer 

(𝑀𝑤) was estimated to be around 2.5× 106 g/mol (see 

Section 4 in the supporting information). The solvent was 

synthetic seawater SSW-A having total dissolved solids 

(TDS) of approximately 5 wt%. The exact composition of 

SSW-A is given in Table 1. Detail of a typical inverse 

polymerization to synthesize acrylamide-based polymers is 

described elsewhere.33, 34 Here, we highlight only the 

important aspects and focus on the role of pre-shearing on 

the flow response of polymer solutions. PS-A was prepared 

by first adding IS-A to SSW-A, followed by the addition of 

EP-A under continuous mixing with a magnetic stirrer set to 

600 revolutions per minute (rpm) at room temperature. The 

polymer system was fully inverted after a few minutes of 

gentle stirring, yet to ensure that all polymer chains were 

released, the solution was stirred for an additional 45 min. 

No viscosity loss occurred as proven by measuring the 

viscosity at different stirring times. The obtained polymer 

solution is referred to as the un-sheared polymer solution. 

The critical overlap concentration of the polymer was found 

to be 0.40 ± 0.01 wt% (see Figure S3 in the supporting 

information). This indicates that the selected concentration 

of polymer in PS-A is close to the overlap concentration. 

 2.2. Polymer Pre-Shearing. Polymer solutions obtained 

as described above were pre-sheared using three different 

shearing devices. Two agitators were used, namely, a 

Buddeberg DS5 disperser (hereafter referred to as 

Buddeberg), and an Ultra-Turrax S25 N-18G disperser 

(hereafter referred to as Ultra-Turrax) to shear the polymer 

solution at various intensities The polymer solution was 

sheared in Buddeberg using a toothed circular disk stirrer 

and in Ultra-Turrax by forcing the solution through the gaps 

of the rotating rotor in the shear gap between the rotor and 

stator. In the third method, the polymer solution was sheared 

by forcing it through a capillary die. This set-up consists of 

a steel cylinder with a volume of 300 mL and an attached 

capillary with an inner diameter of 1 mm and varying lengths 

of 3, 10, and 20 cm at the end of the cylinder. At the top of 

the cylinder, pressures between 1 to 20 bar were applied 

using compressed air. 250 mL of inverted polymer solution 

was filled in the cylinder and forced through the capillary at 

a constant pressure drop. At the exit of the capillary, the 

extruded polymer solution was collected in a beaker placed 

on a balance to estimate the volumetric flow. 

 A summary of pre-shearing the polymer solutions at 

different shearing intensities for Buddeberg and Ultra-

Turrax or different applied pressures for capillary is given in 

Table 2 which were translated to volume specific energy 

input and Weissenberg number (see Sections 2 and 3 in the 

supporting information for more details). As mentioned, pre-

shearing the polymer solution promotes stretching the 

polymer chains (equivalent to increasing 𝑊𝑖, see Figure 1a) 

and breaking the longest ones. In literature, the latter is 

attributed to breaking the high molecular weight fragments 

of MWD into lower molecular weight fragments resulting in 

a narrower MWD (see Figure 1b).16, 35 

 

 



Table 1. The synthetic Seawater SSW-A composition with ~ 5 wt% TDS (1 wt% ~ 10,000 ppm) 

 

Table 2. The shearing intensities or applied pressures for each shearing device  

Shearing device Shearing intensity 

(rotational speed or pressure drop) 

Shearing duration or length of the capillary 

Buddeberg 

Ultra-Turrax 

Capillary 

500, 750, 1000, 1250, 1500 and 1750 rpm  

5,000, 10,000, and 20,000 rpm  

1, 2, 3, 4, 5, 10, and 20 bar  

30 and 60 min 

1, 3.25, 5, 7.75, and 10 min 

3, 10 and 20 cm 

 

 2.3. Rheological Measurements. To study the role of the 

shearing devices on the flow properties of the polymer 

solutions, we have performed a rheological analysis on the 

polymer solutions (before and after pre-shearing). The 

viscosity of the polymer solutions (𝜂) was determined by an 

Ubbelohde viscometer (type number 501 13 Ic). The screen 

factor (𝑆𝐹) which is a measure of the elongational viscosity 

from stretched to the coiled state was determined in a screen 

viscometer.36 The screen factor is defined as the time that a 

certain volume of the polymer solution needs to pass through 

five 100-mesh screens to the flow time for the same volume 

of the solvent through the screens.12 𝑆𝐹 measurement has 

been typically employed to determine whether mechanical 

degradation of a polymer solution has occurred during a 

process.11 The viscosity of the un-sheared polymer solution 

(𝜂0) was found to be 12.5  0.6 mPa s and its screen factor 

(𝑆𝐹0) was 19.0  0.9. 

The viscosity of polymer solutions as a function of shear 

rate was measured using a commercial rheometer (MCR-

302, Anton Paar GmbH) in a Couette cell (cup ID = 28.92 

mm, bob OD = 26.66 mm, gap = 1.18 mm). To study the 

shear-thinning behavior of the polymer solutions, Carreau–

Yasuda model37 as shown below was used: 

𝜂 − 𝜂∞ = (𝜂i − 𝜂∞)[1 + (�̇�𝜆)𝑎]
𝑛−1

𝑎  (1) 

where 𝜂 is the shear dependent polymer viscosity, 𝜂∞ is 

assumed to be the solvent viscosity, 𝜂i is the zero shear rate 

viscosity, �̇� is the shear rate and 𝜆 is the relaxation time 

which is the inverse of a critical shear rate where the 

transition from Newtonian to shear-thinning occurs. Here, 

the parameter 𝑛 is the power-law exponent obtained from the 

shear-thinning part and allows controlling over the width of 

the transition region from Newtonian to shear-thinning. 

The amplitude sweep was also performed and the storage 

and loss moduli were measured as a function of strain. All 

the rheological measurements in this study were performed 

at 30 ℃. 

 2.4. Sand-Pack Flow Experiments. A sand-pack was 

used as the model porous medium: 20.0 ± 0.1 g of quartz 

sand (99 pure quartz with trace quantities of iron oxide) 

having grain sizes smaller than 125 µm was packed in a 

cylindrical cell with inner diameter and length of 1.52 and 

7.50 cm respectively. At the bottom of the sand cell, a 30 µm 

square mesh filter and a coarser filter were installed. The 

sand was fitted into the sand cell under continuous gentle 

hammering in the vertical and horizontal directions. The 

pore volume (PV) and porosity of the sand-pack were found 

to be 6.5 ± 0.1 mL and 46 ± 1% respectively. Before the flow 

test, the sand-pack cell was evacuated and then flushed with 

SSW-A for 10 min. 

Figure 1c presents the schematic of the sand-pack flow set-

up that was designed to conduct the experiments. A pressure 

sensor type A-10 from WIKA with a measurement range of 

0 to 4 bar and an accuracy of 0.5% was installed on top of 

the sand-pack cell. SSW-A was pumped either directly into 

the sand-pack or in an equalizing tank filled with a spacer-

oil. The spacer oil displaces the polymer solution in the 

polymer tank, which allows the polymer solution to flow in 

the sand-pack cell without being directly pumped. This 

ensures that no mechanical degradation of the polymer 

occurs by pumping. 

 2.5. Sand-Pack Flow Experimental Procedure. The 

procedure of the sand-pack flow tests is shown in Table 3. 

The sand-pack was flushed with SSW-A for 30 min at 

3 mL/min, which is equivalent to 14.0 ± 0.5 pore volume 

(PV), to ensure 100% saturation of the sand-pack with SSW-

A. After that, the permeability test was performed and the 

permeability of the sand-pack cell was determined to be 

1,000  100 mD. Next, the flow rate was switched from 3 to 

0.5 mL/min and the injection continued for another 30 min 

(equivalent to 2.0 ± 0.5 PV) followed by the polymer 

injection. The polymer solution was injected for 30.0 ± 0.5 

PV. Resistance factor 𝑅𝐹 (defined as the ratio of the pressure 

drop of polymer solution over the pressure drop of SSW-A) 

was monitored for the whole injection cycle (see Section 1 

in the supporting information for more details on 𝑅𝐹). This 

was to assess the flow resistance of the polymer solutions. 

Component 

Concentration (ppm) 

Na+ 

151,121 

K+ 

511 

Mg2+ 

1,928 

Ca2+ 

649 

Sr2+ 

3 

Cl- 

27,771 

SO42- 

3,700 

HCO3- 

153 

TDS 

49,836 



 
Figure 1. (a) Stretching a polymer chain by increasing Weissenberg number (Wi). At Weissenberg numbers higher than 1 the polymer is 

fully extended due to the coil–stretch transition. (b) Breaking the high-end fragments of the polymer MWD by controlled pre-shearing. The 

red ellipse highlights the longest chains which have a higher potential to be ruptured. In the molecular weight distribution on the right-hand 

side, the dashed line represents the original MWD and the solid line represents the MWD for the pre-sheared polymer. (c) Schematic of the 

flow of the pre-sheared polymer solution through a sand-pack. SSW-A is either directly forced into the sand-pack or is pumped in the first 

equalizing tank where the spacer oil stays on top. Thereafter, the spacer oil moves to the second equalizing tank and pushes the polymer 

solution into the sand-pack.38 Reproduced with permission from ref. 38. Copyright 2019 Society of Petroleum Engineers 

Table 3. Overview of sand-pack flow experimental procedure 

Sequence Injected fluid Injection rate 

(mL/min) 

Injection time 

(min) 

Number of 

injected pore 

volumes 

1 Synthetic seawater SSW-A 3 30 ~14 

2 Synthetic seawater SSW-A 0.5 30 ~2 

3 Polymer solution PS-A 0.5 Overnight ~30 

 

 2.6. Sand-Pack Flow Numerical Simulation. The 

polymer flow efficiency in the sand-packs was also 

investigated by solving numerically the one-dimensional 

model for polymer flow in porous media introduced by 

Yerramilli et al.39 The model accounts for time-dependent 

polymer retention in addition to advection, dispersion, 

filtration, and static adsorption. A custom-made MATLAB 

code was used to solve the equations. The details and 

equations used in the model can be found in ref. 39. Figure 

S6 in the supporting information represents the workflow 

used for the simulation. Here, we only present key features 

of the proposed model. 

 Polymer response to pre-shearing: The effect of pre-

shearing the polymer chains was modeled using the 

conceptual model introduced by Sorbie and Roberts35 which 

is based on a discrete multi-component representation of the 

polymer MWD. The model assumes that during pre-

shearing, the MWD changes as higher components degrade 

into lower molecular weight fragments. Therefore, the 

average molecular weight (𝑀𝑤̅̅ ̅̅ ̅) of polymers shifts to the left 

(i.e. lower molecular weight) while the amount of polymers 

corresponded to this the average molecular weight (𝐶̅) shifts 

upward (i.e. increase in the amount). Sorbie and Roberts35 

proposed the following equations to model the change in 

MWD because of pre-shearing: 

[𝜂]̅̅ ̅̅ = 𝐴(𝑀𝑤̅̅ ̅̅ ̅)𝑏 (2) 

�̅� = 𝜂𝑠[𝜂]̅̅ ̅̅ 𝐶̅ (3) 

where �̅� and [𝜂]̅̅ ̅̅  are the average polymer viscosity and 

average intrinsic viscosity respectively. b and A equal to 0.87 

and 2.6 × 10-7 respectively gives [𝜂]̅̅ ̅̅  in  ppm-1 and 𝐶̅ in ppm. 
35

 For the un-sheared polymer solution, 𝑀𝑤̅̅ ̅̅ ̅ used in the 

model was obtained using the methodology explained in 

Section 4 in the supporting information and [𝜂]̅̅ ̅̅  and 𝐶̅ can be 

calculated using Equations 2 and 3 respectively. For pre-

sheared polymer solutions, the average polymer viscosity is 

already known from the experiments and 𝑀𝑤̅̅ ̅̅ ̅ and 𝐶̅ are used 

as the matching parameters according to Equations 2 and 3 

to obtain the same value of viscosity. The change in 𝑀𝑤̅̅ ̅̅ ̅ and 

𝐶̅ is based on the trend explained above (i.e. a decrease in 

𝑀𝑤̅̅ ̅̅ ̅ and an increase in 𝐶̅ with increasing energy input). As 

a result, for each shearing condition 𝑀𝑤̅̅ ̅̅ ̅ and [𝜂]̅̅ ̅̅  are input to 

the model. 

 Polymer viscosity model: The dependence of polymer 

viscosity on concentration was modeled using the modified 

Flory–Huggins equation described by Equation 4:  

𝜂𝑖 = 𝜂𝑠 [1 + (𝑎1𝑐𝑝 + 𝑎1𝑐𝑝
2 + 𝑎1𝑐𝑝

3)𝑆𝑠
𝑚] (4) 

where 𝑎1, 𝑎2 and 𝑎3 are the polymer viscosity fitting 

parameters and vary with the salinity of the solvent (𝑆𝑠) and 

𝑚 is the slop of (𝜂𝑖- 𝜂𝑠)/𝜂𝑠 versus 𝑆𝑠 on a log-log plot for 

given energy input.39 Considering the viscosity values found 

from experiments, the matching parameters for each 



shearing condition are obtained which can be seen in Table 

S2. 

 Time-dependent reduction of pore throat radius: To 

capture the time-dependent pressure behavior observed for 

the un-sheared model we proposed a simple model where 

pore throat radius decreases with time. Physically this is 

equivalent to the formation of an impermeable polymer 

adsorption layer on the pore walls with a thickness that 

grows over time. The growth rate of the polymer layer 

thickness depends on the characteristic size of the polymer 

molecules in the solution and thus also on the molecular 

weight. The model considers that pore throat radius reduces 

with the injection of many pore volumes of the polymer 

solutions. In this simple model, the polymer retention, as a 

result of adsorption and mechanical entrapment, increases 

continuously rather than leveling off to an equilibrium value.   

3. RESULTS AND DISCUSSION 

 3.1. Rheological Response of Pre-Sheared Polymer 

Chains. To understand the impact of pre-shearing on the 

polymer performance, the viscosity and screen factor were 

measured for polymer solutions sheared by Buddeberg, 

Ultra-Turrax, and the capillary die with different shearing 

intensities (see Table 2 for details of the shearing conditions 

with each device). The viscosities were measured with an 

Ubbelohde viscometer and were converted to zero shear rate 

viscosity using the correlation explained in Section 7 of the 

supporting information. Figure 2a-b shows the viscosity and 

screen factor of Buddeberg sheared PS-A as a function of 

rotational speed. It was observed that shearing PS-A for 30 

and 60 min leads to comparable viscosities and screen 

factors suggesting that doubling the shearing time had no 

significant impact on the viscosity reduction. Shearing the 

polymer solution at a rotational speed of 500 rpm hardly 

influenced the screen factor suggesting that the applied 

strain rate was too small to break the polymer chains. 

However, from this rotational speed onwards, the screen 

factor decreased continuously. At 1,750 rpm, for instance, 

the screen factor was reduced by 36%. Furthermore, the 

viscosity was not substantially affected by shearing 

irrespective of the rotational speed and it decreased only by 

7% after 30 min at 1,750 rpm. A significant difference 

between the change in screen factor and viscosity indicates 

that Buddeberg ruptures the high-end fragments of MWD 

without significantly rupturing the shorter chains. 

 Figure 2c-d shows that for Ultra-Turrax sheared PS-A at a 

rotational speed of 5,000 rpm, the screen factor dropped by 

29% whereas the viscosity decreased only by 11%. This is 

identical to what was observed for Buddeberg (i.e. rupturing 

the high-end fragments of MWD only). However, increasing 

the rotational speed to 10,000, and 20,000 rpm had a much 

more significant effect on the viscosity and screen factor; 

viscosity decreased by 35% and 50% and screen factor 

dropped by 51% and 71% respectively. It can thus be 

inferred that shearing the polymer solution at rotational 

speeds larger than 5,000 rpm makes the strain rate higher 

than 𝜀𝑓𝑠̇  and decreases viscosity more significantly. 

Moreover, for each rotational speed, the screen factors 

asymptotically tend to a final value meaning that after some 

point the shearing time no longer affects the screen factor. 

This is consistent with experimental observation for 

Buddeberg where shearing the polymer solution for an 

additional 30 min had little effect on the screen factor. 

 For the capillary sheared polymer solutions, the viscosity 

and screen factor were measured for capillaries with 

different lengths at various pressure drops (see Table 2). The 

total pressure drop across a capillary die is a summation of 

three contributions: entry pressure drop, end pressure drop, 

and pressure drop due to the friction of the polymer solution 

with the wall over the length of the capillary. Entry and end 

pressure drops are nearly equal for different lengths while 

the frictional pressure drop increases with the capillary 

length. Therefore, for a certain pressure drop, degradation is 

higher in shorter capillaries. To investigate the viscosity and 

screen factor change as a function of flow rate in capillaries, 

the pressure drops were translated to equivalent flow rates 

using the Poiseuille equation. As can be seen in Figure 2e-f, 

the viscosity and screen factor decreased with the flow rate. 

This decrease was more pronounced in the shortest capillary 

(𝐿/ 𝑟 = 60, where 𝐿 and 𝑟 represent the length and radius of 

the capillary die) where the observed viscosity and screen 

factor losses were 30% and 52% respectively. 

 Deformation and breaking of the polymer chains is 

dependent on the type of flow and the chemistry of the 

polymer 40. The nature of the flow field created by these 

shearing devices is complex and differs from one device to 

another. Using shearing devices with a region of strong 

extensional flow such as Buddeberg and Ultra-Turrax, the 

chains may be completely stretched before breaking in their 

center. 30 In flow through capillaries, however, a large 

proportion of the chains experience the extensional flow 

field and rupture before they are fully stretched (this has 

been reported for polyacrylamide in the turbulent flow and 

dilute regime32, 41 which is identical to the condition of our 

experiments). Moreover, the residence time for flow in the 

capillary die was shorter than for the flow in Buddeberg and 

Ultra-Turrax. 

 To gain a more detailed insight on how the polymer chains 

are deformed as a result of pre-shearing, the normalized 

viscosity is plotted as a function of 𝑊𝑖 (see Figure 3). Note 

that the viscosity data reported in Figure 3 for the polymer 

solution pre-sheared with Ultra-Turrax are after 7.75 min 

shearing at a rotational speed of 5,000, 10,000, and 20,000 

rpm. The relaxation time for the calculation of 𝑊𝑖 was 

obtained from the Carreau–Yasuda model (see Figure 5). 

 The minimum calculated 𝑊𝑖, for the polymer chains 

sheared by three shearing devices, was 6 ± 1. This suggests 

that a coil–stretch transition has occurred even at the lowest 

rotational speed of the agitators and lowest flow rate of the 

capillary die in our study. The viscosity of the polymer 

solutions remained un-changed up to a critical Weissenberg 

number (𝑊𝑖𝑐~13). Then beyond this value, it decreased 

according to a logarithmic function of 𝑊𝑖. Data in Figure 3 

indicates that polymer pre-shearing is path independent, i.e. 

the viscosity decreases in the same way regardless of the 

shearing device used for pre-shearing. Moreover, it can be 

inferred that the rate of viscosity reduction becomes slower 

at higher 𝑊𝑖 (> 60 ± 1). This suggests that once certain stress 

is applied to the polymer, first, longer polymer chains 

(higher-end fragments of MWD) are ruptured. To rupture the 

smaller polymer chains (lower-end fragments of MWD), a 



 
Figure 2. Impact of pre-shearing on the viscosity and screen factor of the polymer solutions. For Buddeberg: (a) the normalized viscosity 

and (b) the normalized screen factor as a function of rotational speed after 30 and 60 min of shearing. For Ultra-Turrax: (c) the normalized 

viscosity and (d) the normalized screen factor as a function of shearing time at a rotational speed of 5,000, 10,000, and 20,000 rpm. For 

capillary: (e) the normalized viscosity and (f) the normalized screen factor as a function of flow rate for 𝐿/r ratios of 60, 200 and 400

higher 𝑊𝑖 is needed. This is in good agreement with the 

observation of Odell et al.24, 42 where the critical strain rate 

to rupture the chains scales with 1/𝑀𝑤2. 𝑀𝑤 for the pre-

shared polymer solutions was measured and plotted as a 

function of 𝑊𝑖 (see Figure S4 in the supporting 

information). The fact that 𝑀𝑤 decreases only at 

Weissenberg numbers higher than 𝑊𝑖𝑐  indicates the rupture 

of the longest chains at high strain rates. The effect of 

shearing time on the reduction of the molecular weight for 

polymer solutions sheared with Ultra-Turrax was also 

investigated (see Figure S5 in the supporting information). 

We found that for a certain strain rate there is a critical 

𝑀𝑤 below which there is no reduction in viscosity. This 

means that the reduction of 𝑀𝑤 as a function of shearing 

time evolves towards a critical plateau value (𝑀𝑤𝑐). Beyond 

𝑀𝑤𝑐, polymer chains can no longer be broken irrespective 

of the duration of pre-shearing. The value of 𝑊𝑖𝑐 obtained 

from our study is in good agreement with that obtained by  

Garrepally et al.32 who found 𝑊𝑖𝑐  for sheared polymers in 

the range of 11 to 22 depending on the 𝑀𝑤.  

An important remark should be made concerning the 

calculation of the Weissenberg number. 𝑊𝑖 can be used for 

both shear and extensional flows.4 For the former, the 

Weissenberg number is defined as 𝑊𝑖 = �̇�𝜆 and for the 

latter, it is defined as 𝑊𝑖 = 𝜀̇𝜆. The geometries used in this 

study combine shear and extensional flows. For these types 

of flow, it is generally accepted that a one-to-one 

relationship between strain rate and shear rate exists;43-45 

however, the exact form of such relationship may differ from 

one geometry to another. We calculate the Weissenberg 

number using 𝑊𝑖 = 𝜀̇𝜆 for the capillary die. The 

Weissenberg number for Buddeberg and Ultra-Turrax, 

however, was calculated using 𝑊𝑖 = �̇�𝜆 as available 

analytical expressions only allowed us to convert the 

rotational speed of these shearing devices to shear rate. 



 

Figure 3. The normalized viscosity versus Weissenberg number. 

Red, green, and grey data points represent Buddeberg, Ultra-

Turrax, and capillary respectively 

 3.2. Effect of Stored Energy. The impact of pre-shearing 

on the performance of the polymer solution was further 

examined by calculating the energy input on polymer chains 

based on the shearing intensity to reconcile the differences 

between flow types in the shearing devices. In this approach, 

the friction and consequent chain stretching and rupturing 

are not attributed to the strain experienced by the polymer. 

They are rather related to the total accumulated strain, 

corresponding to the total energy stored.30 Degradation 

results from energy accumulation during the stretching 

process which is correlated with the energy dissipated by the 

shearing devices.40, 46  

 The superimposed volume specific energy input by the 

agitators can be estimated by the turbine-power correlations, 

which is expressed by power number (𝑁𝑝) versus Reynolds 

number for agitators (𝑅𝑒). For this, the power input (𝑃𝑁) has 

to be determined first as follows:47 

𝑃𝑁 = 𝑁𝑝 ∙ 𝜌 ∙ 𝑛𝑟
3 ∙ 𝑑𝑖

5 (5) 

where 𝜌 is the fluid density, 𝑛𝑟 is the rotational speed, and 

𝑑𝑖 is the diameter of the agitator. 𝑁𝑝 is found from the power 

number-Reynolds number relationship which is known for 

many agitators. 𝑅𝑒 is calculated by Equation 6 in the 

following way:47 

𝑅𝑒 =
𝜌 ∙ 𝑛𝑟 ∙ 𝑑𝑖

2

𝜂
 (6) 

The imposed volume specific energy input (𝐸𝑣) on the 

polymer solution is then determined by Equation 7: 

𝐸𝑣 =
𝑃𝑁 ∙ 𝑡

𝑉
 (7) 

where 𝑡 is the stirring time, and 𝑉 is the stirred volume. A 

more detailed explanation of the calculation of the volume 

specific energy input is given in Section 2 of the supporting 

information. 

 As shown in Figure 4a-b, two master curves could be 

established for the viscosity/screen factor as a function of 

volume specific energy input, independent of the shearing 

device. Both the viscosity and screen factor decreased as the 

 

Figure 4. The change in viscosity and screen factor versus shearing 

intensity (based on the energy input) from the experimental series. 

(a) The normalized viscosity and (b) the normalized screen factor 

as a function of energy input and (c) the normalized screen factor 

as a function of the normalized viscosity. Red, green, and grey data 

points represent Buddeberg, Ultra-Turrax, and capillary 

respectively. The data presented here correspond to the data given 

in Figure 2 

energy input increased. The viscosity decreased as a power-

law function and the screen factor decreased as a logarithmic 

function of energy input.  

 As shown in Figure 4c, another master curve was 

established between the screen factor and viscosity of the 

pre-sheared polymer solutions independent of the shearing 



device. The screen factor increased according to an 

exponential function of the viscosity. At the beginning of the 

pre-shearing process, only the screen factor decreased 

sharply while the reduction in viscosity was not as much. 

Later, both the screen factor and viscosity decreased 

significantly. This supports the hypothesis that by shearing 

the polymer solution, first the long polymer chains are 

ruptured (i.e. mainly reduction in the screen factor) but after 

a critical strain rate, shorter polymer chains are ruptured as 

well (i.e. reduction in both the screen factor and viscosity). 

 The shear viscosity measurements were performed for PS-

A with no pre-shearing and pre-sheared PS-A with 

Buddeberg, Ultra-Turrax, and capillary at different energy 

inputs (see Figure 5a). The Carreau–Yasuda model 

(Equation 1) was used to fit the experimental data. The list 

of fitting parameters is tabulated in Table S1 (see the 

supporting information). Data show that regardless of 

shearing conditions, PS-A exhibits a Newtonian behavior in 

low to intermediate shear rates followed by a shear-thinning 

behavior at higher shear rates. The extension of Newtonian 

and shear-thinning regimes depends on the energy input. The 

shear rate dependency of PS-A decreased with increasing the 

energy input. On the other hand, from Table S1 can be seen 

that relaxation time decreases with increasing energy input. 

This means that at higher energy input, the polymer solutions 

contain shorter polymer chains, and chains are more 

stretched. Consequently, when a polymer molecule is 

deformed by shear forces, it requires a shorter time to relax 

to its original conformation. 

 3.3. Viscoelastic Response of Pre-sheared Polymer 

Chains. Amplitude sweep tests were conducted to measure 

the storage modulus (𝐺′) and loss modulus (𝐺′′) as a function 

of strain (𝛾) at a constant angular frequency (𝜔) of 6.28 

rad/s. This test was attempted with PS-A with no pre- 

shearing and PS-A sheared with Buddeberg and Ultra-

Turrax at volume specific energy input of 14.6 and 40.8 

MJ/m3 respectively. As can be seen in Figure 5b, for PS-A 

with no pre-shearing the loss modulus was larger than the 

storage modulus over the range of strains up to 1000% 

implying that even in the absence of pre-shearing the 

rheological response of the polymer solution is controlled by 

the viscous component and there is no significant 

entanglement among the polymer chains. With increasing 

the energy input imposed by Buddeberg and Ultra-Turrax, 

both 𝐺′ and 𝐺′′ decreased while the response was still 

completely viscous dominant. This is again an indication of 

stretching the polymer chains and breaking the longest ones 

by pre-shearing. 

 3.4. Effect of Pre-Shearing on Porous Media Flow. 
Based on the results of the rheology of pre-sheared polymer 

chains, the following polymer solutions were selected for the 

sand-pack flow experiments: PS-A with no pre-shearing and 

Ultra-Turrax sheared PS-A with an energy input of 31.3 

MJ/m3 and 290.7 MJ/m3. Here, we focus on polymer 

solutions pre-sheared by the Ultra-Turrax only at different 

energy inputs, as the flow field is similar and this enables the 

investigation of the effect of energy input on the flow 

enhancement due to pre-shearing. The performed sand-pack 

flow experiments are summarized in Table 4. Results will be 

discussed and interpreted in terms of the resistance factor  

  

 
Figure 5. (a) The normalized steady-state shear viscosity of un- and 

pre-sheared polymer solutions. The solid line is acquired by fitting 

the experimental data into Carreau–Yasuda model. The fitting 

parameters are presented in Table S1 (see the supporting 

information).  (b) The storage modulus (𝐺′) and loss modulus (𝐺′′) 

as a function of strain at constant angular frequency 𝜔=6.28 rad/s 

  

(𝑅𝐹) of the polymer solution. As a point of reference, 𝑅𝐹 

will be compared at 30.0 ± 0.5  PV for all the experiments. 

Thereafter, the results of the numerical simulation will be 

presented to understand the behavior of polymer solutions 

flow through the sand-packs. 

 In Figure 6a, 𝑅𝐹s of un-sheared and pre-shared polymer 

solutions are plotted as a function of the number of pore 

volumes (PV) forced through the sand-pack. When the un-

sheared PS-A was forced through the sand pack, a 

significant increase in 𝑅𝐹 was observed, and only after 3.5 

± 0.5 PV injection of PS-A, the resistance factor rose to 30.0 

± 0.5. Thereafter, the rate of increase became slower and 

after 30.0 ± 0.5 PV, 𝑅𝐹 reached 84.5 ± 0.5. 

 Pre-shearing PS-A with Ultra-Turrax significantly 

enhanced the flow through the sand-pack. When Ultra-

Turrax sheared PS-A at energy input of 31.3 MJ/m3 was 

forced through the sand-pack for 30.0 ± 0.5 PV, 𝑅𝐹 rose 

 



Table 4. Summary of performed sand-pack flow 

experiments 

 

 

Volume 

specific 

energy 

input 

(MJ/m3) 

Viscosity 

(mPa s) 

Screen 

factor 

Resistance 

factor at 30 

PV 

No pre-

shearing 
0 25.7 18.4 84.5 

Ultra-

Turrax  
31.3 18.7 10.3 29.0 

Ultra-

Turrax 

290.7 13.3 6.4 13.0 

 

only to 29.0 ± 0.5 which represents a 66% decrease in 𝑅𝐹 

compared to un-shared PS-A while the viscosity decreased 

only by 27%. Once the energy input of Ultra-Turrax 

significantly increased to 290.7 MJ/m3, 𝑅𝐹 at 30.0 ± 0.5 PV 

dropped by an additional 19% whereas the viscosity dropped 

by an additional 21%. This reduction in 𝑅𝐹 of the pre-

sheared polymer solutions is consistent with the reduction in 

𝑆𝐹 formerly observed in the screen factor experiments. 

 Our results are in agreement with the study of Dupas et 

al.48 who found that moderate mechanical degradation of 

HPAM prior to injection improves its injectivity in sand-

packs. The authors found also that at high injection 

velocities, the apparent rheo-thickening for the degraded 

HPAM solution was less pronounced compared to the native 

HPAM solution which was attributed to the reduction of 

extensional viscosity at high degradation rates (i.e. rupture 

of longer chains) while the shear viscosity decreased only 

slightly. 

 A summary of parameters used in the numerical 

simulation to match the sand-pack flow experiments for each 

pre-shearing condition is given in Table S2. Figure 6a shows 

that the model was able to perfectly match the sand-pack 

flow experiments. A significant increase in 𝑅𝐹 of un-sheared 

PS-A at the beginning of the flow through the sand-pack is 

due to the combined effect of adsorption and mechanical 

entrapment leading to drastic polymer retention. Whether 

mechanical entrapment or adsorption is dominant depends 

on the permeability of the porous medium. Comparing the 

hydrodynamic radius of the polymer coil (𝑅ℎ) and the pore 

throat radius (𝑅𝑝), the adsorption may be the dominant 

mechanism for polymer retention in high-permeability sands 

(𝑅𝑝  > 50𝑅ℎ)49, while the mechanical entrapment dominates 

in low-permeability rocks (𝑅𝑝   < 3𝑅ℎ).14, 15, 49 Hence, the 

adsorption here is more dominant as the permeability of the 

sand-pack is relatively high. Nevertheless, after all the 

adsorption sites in the sand-pack are occupied with the 

polymer molecules, the mechanical entrapment becomes the 

dominant factor for polymer retention. Our model considers 

a time-dependent reduction in pore throat radius meaning 

that the pore throat becomes smaller due to the flow of many 

pore volumes of PS-A through the sand-pack and the 

consequent mechanical entrapment. As can be seen in Figure 

6b, upon flowing PS-A through the sand-pack, the radius of 

pore throat becomes smaller and smaller. After 30.0 ± 0.5 

  

 
Figure 6. The sand-pack flow experimental and numerical 

modelling results. (a) Resistance factor (𝑅𝐹) as a function of pore 

volume for the flow of un-sheared and Ultra-Turrax sheared 

polymer solutions at different energy input through the sand-pack 

and (b) reduction in the radius of pore throat (𝑅𝑝) as a function of 

pore volume 

PV, 34% reduction in the radius of the pore throat is 

observed. This is consistent with a significant reduction in 

the size of polymer chains. 

 The flow of 30.0 ± 0.5  PV of Ultra-Turrax sheared PS-A 

at energy input of 31.3 MJ/m3 through the sand-pack leads 

to a reduction of pore throat radius by 24% suggesting that 

the longest polymer chains have been broken after pre-

shearing which makes the mechanical entrapment and 

continuous increase in 𝑅𝐹 less pronounced. The flow of 30.0 

± 0.5 PV of Ultra-Turrax sheared PS-A at energy input of 

290.7 MJ/m3 results in a decrease in pore throat radius only 

by 7% leading to a very gentle increase in 𝑅𝐹. This is 

consistent with a significant reduction in the size of polymer 

chains. 

 Pre-shearing PS-A at high energy input of 290.7 MJ/m3 

leads to the best porous media flow enhancement. However, 

this is accompanied by a decrease in viscosity by 48%. This 

lower viscosity diminishes the ability of the polymer 

solution to improve the sweep efficiency and thus to enhance 

the oil recovery. Moreover, the significant energy applied to 

break the polymer chains is costly. Pre-shearing the polymer 

solution at the energy input of 31.3 MJ/m3, however, results 



in only a 27% reduction of viscosity while the applied 

energy is 90% reduced compared to the prior case. 

Therefore, there should be a trade-off between the flow 

enhancement, the viscosity reduction, and the cost of energy 

generation to choose the optimum level of energy input for 

pre-shearing the polymer solutions. 

4. Conclusions 

The effect of controlled pre-shearing by three shearing 

devices, namely a Buddeberg disperser, an Ultra-Turrax 

disperser, and pressure-driven flow through a capillary die 

on the flow of a polymer solution containing an inverse 

emulsion polymer dissolved in synthetic seawater was 

investigated. By comparing the flow properties of polymer 

solutions pre-sheared at different intensities, we conclude 

the following: 

 A critical Weissenberg number was found (𝑊𝑖𝑐~13) 

above which the viscosity of polymer solution started to 

decrease. The rate of viscosity reduction at large 𝑊𝑖 
became slower. Polymer pre-shearing was found to be 

path independent regardless of the shearing device. 

 Plotting the viscosity and screen factor of pre-sheared 

polymer solution as a function of the energy dissipated 

by shearing devices resulted in establishing master 

curves. By increasing the energy input, first, only the 

screen factor decreased sharply while the reduction in 

viscosity was not as much. Later, both the screen factor 

and viscosity decreased significantly. These master 

curves for the polymer system were proven to be 

independent of the shearing device.  

 Pre-shearing the polymer solution enhanced its flow 

efficiency in porous media. The Ultra-Turrax sheared 

polymer solution at the energy input of 31.3 and 290.7 

MJ/m3 showed a 66% and 85% drop in resistance factor 

respectively while the viscosity was reduced by 27% 

and 48% respectively. 

 A numerical model for polymer flow in porous media 

accounting for time-dependent retention was built. 

Model predictions were found to be in good agreement 

with the reported experiments. The model assumed that 

the main mechanism for flow efficiency enhancement is 

a reduction in the size of polymer chains after pre-

shearing which in turn leads to smaller mechanical 

entrapment and a less pronounced increase in resistance 

factor. 

 The pre-shearing techniques can be applied to other 

polymers typically used for cEOR such as hydrolyzed 

polyacrylamide (HPAM) as shear degradation of 

HPAM (i.e. decrease in viscosity in shear flow fields) 

has also been reported in several studies.50-54 

 Further studies are needed for determining the precise 

relationship between the shear and extensional flows as 

a result of pre-shearing. Moreover, direct measurements 

of MWD can better illustrate the concept of flow 

enhancement of water-soluble polymers in porous 

media. An extension of our study can be to investigate 

the effect of porous media permeability on the 

effectiveness of pre-shearing for flow enhancement 

particularly in low permeability cores where polymer 

injectivity is a serious challenge. 
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The flow of pre-sheared water-soluble polymers in porous media is enhanced due to stretching the polymer chains (coil–stretch 

transition) and breaking the longest ones (rupturing the high-end fragments of the polymer molecular weight distribution). 

 

 

 

 

 


