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ABSTRACT

VISCOELASTIC FLOW THROUGH CONTRACTION
GEOMETRIES

MAY 2012

ASHWIN K SANKARAN

B.Tech, NATIONAL INSTITUTE OF TECHNOLOGY, TRICHY

M.S.M.E., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Jonathan P. Rothstein

Contraction 
ow of viscoelastic 
uids has been a benchmark problem in non-

Newtonian 
uid mechanics because it mimics 
ows occurring in a number of indus-

trial applications. It is also of considerable interest to academia to gain fundamental

understanding of factors that a�ect the evolution of vortices and a complete under-

standing of the dynamics for a simple polymeric 
uid has not been achieved. In

this two part study we investigate the e�ect of pre deformation of a Boger 
uid in a

contraction geometry and the 
ow of surfactants in a parallel contraction geometry.

Entry 
ow of a polymeric 
uid results in the formation of upstream vortices,the

presence of recirculation zones may lead to a nonuniform residence time and hence

inferior quality products. In this work we study the e�ect of pre-stretching dilute


exible chain polymers by placing a cylinder in front of a contraction in a micro
uidic

device. This deformation applied to the polymer is remembered before it completely

relaxes, this memory e�ect changes the rheological properties during the fading period
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of the deformation history. Applying pre-deformation gives rise to new type of vortex

evolution that is di�erent from the standard contraction case.

Semi-dilute surfactant solutions that exhibit shear thickening nature can be po-

tentially used in enhanced oil recovery to increase the sweep e�ciency. Two parallel

micro
uidic contractions of di�erent cross sectional area are used to investigate the

rheological e�ect on the mass 
ux of the two channels. Shear thickening micellar

solutions were found to increase the mass 
ux through the small channel compared

to a newtonian 
uid. This e�ect was observed only for a small range of 
ow rates.

As 
ow rates increased inlet instabilities were observed that evolved into a chaotic

behavior upon further increase in the net 
ow rate.
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CHAPTER 1

THE EFFECT OF PRE-DEFORMING A BOGER FLUID
IN A CONTRACTION GEOMETRY

1.1 Introduction

Upstream vortices are formed above a critical deformation rate (Weissenberg num-

ber) in contraction 
ows of viscoelastic 
uids. The presence of these vortices has been

attributed to a stress relief mechanism �rst proposed by Cogswell (14). The 
uid is

subjected to a transient extensional 
ow along the centerline of the contraction,which

for viscoelastic 
uids can result in a dramatic increase of the extensional viscosity

and an enhanced pressure drop across the contraction (33). Cogswell performed a

geometrical analysis of the entry pressure of 
ow into a capillary separating out the

contributions of both the extensional and shear components. He suggested that recir-

culations may be due to the increase in elongational viscosity with increasing strain

rate. White and Kondo (40) compared the occurrence of recirculations with rheolog-

ical properties of polymer melts and entrance angle variations. They concluded that

recirculations are more dependent on the convergence of the 
ow rather than the angle

of the re-entrant corner and they correlated the recirculations to the increase in the

tensile stress due to strong elongational strain. In a later work by White and Baird

(41), it was noticed that low intensity vortices are formed for polystyrene which does

not appear to strain harden but does shear thins. This suggested the key determinant

reason might be the ratio of elongational to shear viscosity to determine the occur-

rence of the secondary 
ow recirculations. Unfortunately it is still not fully clear how

shear stresses in
uence the 
ow behavior and vortex development. Boger (7) pointed
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out the di�culty in obtaining an inelastic shear-thinning 
uid in experiments.More

recent works show that the shear thinning nature alone can not contribute to the

instabilities in viscoelastic 
uids. In a recent work by Kang (22), instabilities were

found to occur in polyethylene oxide (PEO) solutions but not in hydroxyethylcellu-

lose (HEC) solutions. This observation was correlated to the extensional thinning

behavior of the HEC sample, measured with a �bre spinning apparatus.

During the last decade, microfabrication techniques have advanced to facilitate

easier fabrication of micron length scale devices at a low cost. Complex geometries

can now be created with high precision and reproducibility. Quoting Whitesides (42):

\As a technology, micro
uidics seems almost too good to be true". For researchers

in non-Newtonian 
uid mechanics, micrometer length scales o�er high deformation

rates at a low Reynolds number. This makes it possible to explore 
ow regimes

that are di�cult to realize in macro scale geometries (32). Rodd et al. (32) used

micro-geometries fabricated using standard lithography techniques to achieve a wide

range ofWi and Re numbers by changing the rheological properties of the 
uid. The

interplay between inertial and elastic e�ects of the 
uid result in various 
ow regimes:

symmetric vortex growth, bistable vortex growth, asymmetric vortex growth and

diverging streamlines. The reported vortex growth starts atWi > 5, but for suitable

comparison theWi has to be scaled with the contraction ratio (3). Rodd et al. (32)

probed the e�ect of the elasticity number (El = Wi / Re) by altering the 
uid viscosity

in a planar contraction. The regimes of 
ow have been identi�ed as: Newtonian-like,

steady viscoelastic 
ow, diverging 
ow and vortex growth. LowEl 
uids exhibit a

lower vortex growth rate, because 
uid inertia suppresses upstream vortex growth. In

a more recent study, Rodd et al. (31) investigated the e�ect of contraction length on

upstream recirculations. It was found that the polymer relaxation process inside the

contraction plays an important role in the upstream vortex development. Increasing

the length of the contraction was found to destabilize the 
ow at a lowerWi , where

2



it transformed from symmetric vortex growth to highly chaotic asymmetric 
ow.

This change in 
ow dynamics was attributed to polymer relaxation, due to the shear

inside the contraction. Miller and Cooper-White (28) studied the e�ects of chain

conformation using a PEO-SDS polymer surfactant system. The study showed that

by increasing the polymer sti�ness and chain expansion drives the onset of steady

viscoelastic 
ow, growth of lip vortex and diverging 
ow regime.

1.1.1 Viscoelastic 
ows around cylinders and spheres

The downstream wake of a cylinder or a sphere is characterized by uniaxial elon-

gational 
ow in the axial direction, caused by the velocity increase from zero at the

rear stagnation point to freestream velocity downstream. This acceleration subjects

the polymer molecules to a shear free extensional 
ow. Polymer elongation in the

cylinder wake does not occur directly at the rear stagnation point but a few radii

downstream (9). Another region of polymer extension is the upstream stagnation

point where the polymer experiences biaxial extension transverse to the 
ow direc-

tion at the side of the cylinder body which would increase the shear stress on the

polymer. Measurements on the 
ow of slightly shear thinning polyacrylamide over a

con�ned sphere by Bush (10) showed a recovery to free stream velocity at distances

smaller than 10d forWi < 2. For higher Wi the e�ect of sphere on the centerline ve-

locity is extended beyond a 10d distance from the rear stagnation point. Simulations

by Chilcott and Rallison (13) with a �nite dumbbell extension model showed that

this recovery length for the 
ow over a cylinder is approximately twenty diameters

away for a De > 10. Simulations (13) with a bounded dumbbell extension model

suggest that there is an area of velocity decrease after the polymer reached its max-

imum extension because of the recoil of the polymer towards its coiled state.In case

of a 
ow around a bubble the extension of the polymer would occur right at the rear

stagnation point because of the slip condition at the surface resulting in a non zero ve-

3



locity gradient. This is in contrast to the zero velocity gradient at the rear stagnation

point of a cylinder which causes the polymer to extend in the wake. Hartt and Braid

(19) studied LDPE and LLDPE polymer melt 
ow past a con�ned cylinder. LDPE

is a highly entangled polymer system which strain hardens. LLDPE has short linear

polymer chains and does not strain harden in elongational 
ows. The elongational

stress di�erence in the wake of a cylinder was less for LLDPE compared to LDPE.

LDPE 
ow through an array of multiple cylinders showed that the shearing regime

between the cylinders reduced the elongational stress in the wake of the last cylinder.

Liu et al. (24) investigated the creeping viscoelastic 
ow past an eccentric cylinder

con�ned between parallel walls using high density PIV. The streamlines in the near

wake of the cylinder were found to shift upstream and the streamline from the rear

stagnation point shifted to the wall nearby as eccentricity increased. The presence of

a wall close to the cylinder in
uences the 
ow and vortex patterns observed. Huang

and Feng (21) used POLYFLOW-3 to perform numerical simulations on the e�ect of

walls in 
ow past a cylinder. For unbounded or weak wall blockage viscoelastic 
ows

the wake is increased due to elastic e�ects but for stronger wall blockage the e�ect is

reversed i.e. the wake is shortened due to elasticity. Shear thinning caused the wake

of strong wall blockage and induces a negative wake e�ect. Bush (9) compared the

case of a moving wall like the falling ball viscometer and the stationary wall as in

a con�nement geometry. The considerable acceleration caused by the cylinder was

reduced when the wall was moving, deformations caused in the regions between the

stationary wall and the cylinder enhance the acceleration in the wake. The cylin-

der wake of a viscoelastic 
uid is dependent on the type of 
uid and the boundary

conditions such as the distance from the wall.

Shear thinning 
uids were found to exhibit a "negative-wake" which causes a

velocity overshoot in the wake of a cylinder and the wake was measured to be longer

than the Newtonian reference case. Both these e�ects are ampli�ed asWi number is

4



increased (10). A constant viscosity elastic 
uid i.e. a Boger 
uid, does not exhibit

such an overshoot in velocity but is accelerated slower to free stream velocity than a

Newtonian 
uid. Mckinley et al. (27) introduced the dimensionless Deborah number

Decylinder to quantify the in
uence of a cylinder in viscoelastic 
ows, equation (1.1).

Decylinder =
� v
R

(1.1)

Where, � is the relaxation time of the 
uid, v is the average velocity of the 
uid

and R is the radius of the cylinder. AtDecylinder < 1 there is steady symmetric 
ow.

When Decylinder � 1 the e�ect of 
uid elasticity becomes prominent on the velocity

�eld. Decylinder >> 1 results in unsteady 3D 
ow instabilities (27), which is beyond

the scope of the present work.

���D�����&�\�O�L�Q�G�H�U���L�Q���I�U�R�Q�W���R�I���F�R�Q�W�U�D�F�W�L�R�Q ���E�����&�R�Q�W�U�D�F�W�L�R�Q���* �H�R�P�H�W�U�\

Figure 1.1. Schematic of cylinder contraction and standard contraction geometry

Pre-deformation of a viscoelastic 
uid before entering a contraction have been

reported in literature. Walters and Rawlinson (39) compared the 
ow of a poly-

acrylamide Boger 
uid through a mm-size square-square contraction to a square-

slit-square contraction geometry and reported a drastic change in upstream vortex

dynamics. More recently,Groisman and Quake (18) proposed a� m-size triangular-

shaped 
ow recti�er to act as a diode, or dynamic valve, in integrated micro
uidic

circuits and reported a factor two di�erence in pressure drop between forward and

backward 
ow. Sousa et al. (35) extended this range by the use of a hyperbolic shape

to a factor of three.
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In this work, we investigate the e�ect of pre-deforming the polymer molecules

before entering a contraction geometry by placing a cylinder in front of a planar con-

traction. The observed 
uid dynamics with the cylinder upstream of the contraction

is unique to this work. We will show that there is a stable symmetric vortex formed

at Wi < 17 which evolves to a lip vortex asWi increases. From optical streak images,

we will show that the vortex length decreases as cylinder diameter is increased and

the rate of increase of vortex lengths is reduced signi�cantly. At lowWi number it

will be seen that the divergence of streamlines also seems to be moving closer to the

contraction. The 
ow �eld will be quanti�ed using � -PIV measurements along the

centerline velocity of the contraction. We believe that the vortices that are formed

at lower Wi numbers due to the extensional strain added by the presence of cylinder

and the 
ow in its wake. We will show that the velocity gradients are higher up-

stream of the contraction in comparison to the standard case without the cylinder.

This presumably reduces the elongational stresses at the entrance of the contraction

and therefore the size of the re-entrant vortex by locally reducing the elongational

strain rate at the entrance of the contraction. We will also show that the decrease in

centerline velocity locally caused by the diverging streamlines reduces as the cylinder

diameter is increased. Finally we will attempt to elucidate the mechanism of diverging

streamlines which we will propose is caused by the di�erence in elongational viscosity

between the position upstream of the contraction and the contraction entrance.

1.2 Flow Parameters

The main parameters to quantify non-Newtonian 
ows are the Reynolds number

(Re), which characterizes the ratio of intertial to viscous forces and the Weissenberg

number (Wi ), which characterizes the ratio of a characteristic time scale of the 
ow to

the relaxation time of the 
uid. The Elasticity number ( El ) is de�ned as the ratio of

Weissenberg number to the Reynolds number, and determines the relative importance
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of elasticity to inertial e�ects of the 
ow. The elasticity number is independent of

the 
uid rate and is only a function of 
uid properties and 
ow geometry. The use of

a micrometer scale geometry keeps inertial forces low, avoiding vortices downstream

of the contraction while the Weissenberg number is chosen high enough to result in

elastic vortices upstream of the contraction. For a contraction 
ow the parameters

are given by:

Re =
� �vcDh

� 0
=

2�Q
(wc + h)� 0

; (1.2)

W i = � _
 c =
2Q�
hw2

c
with _
 c =

�vc

wc=2
=

Q
h w2

c=2
; (1.3)

El =
Wi
Re

=
� (wc + h)� 0

�w 2
ch

; (1.4)

where,Q is the volumetric 
ow rate, _
 the shear rate in the contraction, �vc the average

velocity in the contraction, wc the width of the contraction, h the height of the device,

� the characteristic relaxation time of the 
uid, � the density of the 
uid, Dh the

hydraulic diameter Dh = 2wch=(wc + h) and � 0 the zero shear viscosity. Deformation

rates up to _
 = 120001/s are attained in the micro
uidic device, resulting in the

following ranges of dimensionless numbers for measurements performed: 0:003 <

Re < 0:019, 8< Wi < 60 andEl = 2758.

1.3 Dimensionless vortex length

To guide in the comparison of results it is common to scale the size of recirculation

zones to a dimensionless quantity (7). Due to the relative small vortex size measured

and the high contraction ratio used we deviate from the convention for macro-scale

entry 
ow experiments de�ned in (7) that was also used in (32) to quantify vortex

length with upstream channel width, wu. Instead, we have chosen the contraction

width wc to quantify the axial distance upstream from the contraction entrance to

which the recirculation zone extends. Resulting in a dimensionless vortex length

de�ned as: L = L=wc.
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1.4 Micro-channel 
ow geometry and pumping system

Experiments were performed in polydimethylsiloxane (PDMS) microchannels pro-

duced using standard soft-lithography. A SU-8 (Microchem) coated wafer on which

the design was transfered by photo-lithography was used as a master. Polydimethyl-

siloxane (PDMS) and curing agent (Sylgard 184 silicone elastomer kit Dow Corning)

were mixed in a 10:1 weight ratio and degassed. After curing the PDMS was removed

from the SU-8 master and structures were cut to size. Ports for connection tubing

were made and the PDMS device was bonded to a microscope glass slide by exposing

both to high intensity plasma at 2 psi (Harrick PDC-002) for 120 sec and sealing them

together. Channel dimensions were measured with a stylus pro�ler (Dektak, Bruker

AXS) and were measured within 2% of the designed dimensions. The base geometry

consists of a planar 83:1:83 contraction-expansion with an upstream channel width

of wu = 5000�m , a contraction throat width of wc = 60�m (henceforth referred to as

d), a contraction length of lc = 400�m and an uniform channel depth ofh = 100�m .

Giving a height/width ratio in the contraction of h=wc � 1:67, comparable to the

work presented by Rodd et al.(31). Corners of the reservoirs leading to the contrac-

tion are rounded (radius 1000� m) to prevent air inclusion during �lling of the device.

The entrance length of the channel was su�cient to ensure fully developed 
ow for

all 
ow rates reported. Cylinders of radius 120� m, 240 � m and 360� m henceforth

refered to as 2d, 4d and 6d respectively are placed at 600� m (10d) distance from

the contraction entrance. With d=wc the width of the contraction. The 10d distance

between the cylinder and the contraction ensures that the deformation added by the

cylinder is carried up to the contraction (10, 13). This distance scaled with cylinder

diameter gives for the three cases: 10d/2d=5 10d/4d=2.5 10d/6d=1.67. By scaling

the distance with the cylinder diameter the in
uence of the cylinder wake is increased

which causes a stronger elongational 
ow in the wake of the cylinder. To maintain

uniformity in this work we scale distances with the contraction width,wc. Since side
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walls are at a distance of 2500� m from the cylinder the 
ow over the cylinder can

be considered unbounded. A 10 ml syringe (BD plastic) installed on a syringe pump

(Harvard PHD2000) was used for 
uid supply. A paper �lter with 11 � m pore size

(Whatmann �lter paper grade 1) was �tted to the syringe to prevent blockage of the

microchannel by contaminations.

1.5 Flow visualization techniques

1.5.1 Streak images

The 
uid was seeded with 2� m diameter polystyrene 
uorescent tracer particles

(Duke Scienti�c) to a concentration of 0.003 wt.%. Streak images were made through

a 5 � air objective (NA=0.25) mounted on an inverted epi
uorescent microscope

(Zeiss Axiovert 200M), focused on the mid-plane of the channel. These settings result

in an estimated depth of �eld in which particles are contributing to the streak image

� streak of 83 � m which corresponds to 83% of the channel height(11). Streak images

were made by illuminating the 
ow with a continuous mercury lamp. Quanti�cation

of vortex lengths was done optically from streak images after appropriate scaling was

applied, a number of streak images were averaged for a singleWi number to quantify

the micrometer scale temporal changes in the 
ow. Human error was reduced by

quantifying the vortex lengths at a higher magni�cation.

1.5.2 Micro-particle image velocimetry ( � -PIV)

PIV images were recorded with a dual frame intensi�ed CCD camera (Lavision,

Imager Intense) mounted to the same microscope setup. For the acquisition of PIV

image pairs a dual laser-head Nd:YAG laser (New Wave, Solo II) was used and image

pairs were recorded through a 10� air objective (NA=0.3), giving an estimated

depth of correlation, � DOC (29) of 58 � m which corresponds to 58% of the channel

height. For individual PIV image pairs �t was set to achieve a particle displacement
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�x between images of 2dp < � x < 4dp, with dp the particle diameter. After startup

of the 
ow su�cient time elapsed to reach steady state before measurements were

started. Image pairs were evaluated with a multi-pass algorithm (DaVis 7.0 LaVision)

with a �nal interrogation window size of 64x64 px2 and 25% overlap. To optimize

results two di�erent particle concentrations were used (23). For low deformation rates

(Wi < 13) and corresponding stable 
ow �elds a particle concentration of 0.003 wt.%

was used and the correlation �elds of 150 image pairs were averaged to generate the

�nal velocity vector map. For high deformation rates (Wi > 13) and corresponding

transient 
ow �elds a particle concentration of 0.02 wt.% was used and the correlation

�elds of 50 image pairs were averaged to generate the �nal velocity vector map. One

set of 50 image pairs took about 10 seconds to record.

1.6 Boger 
uid preparation and rheology

1.6.1 Preparation of solution

PEO molecular weight 4�106 g/mol and PEG molecular weight 8,000 g/mol were

bought from Sigma-Aldrich Chemicals. A solution of 30 wt.% PEG was �rst prepared

by rolling it in a 
ask at 30 rpm for 24 hours. The solution was allowed to rest for

another 24 hours. PEO was added to a �nal concentration of 0.06 wt.% then rolled

for another 24 hours and allowed to stand for 24 hours before any measurements were

taken. The 
uids were seeded with 2� m polystyrene particles (Duke Scienti�c) at a

concentration of 0.003 wt.% and 0.02 wt.%. After the addition of particles the 
uid

was stirred at a low speed for 30 mins to attain homogeneity. No di�erences in 
uid

properties were measurable between the seeded and non-seeded solutions for any of

the characterization methods used. Measurement results are shown in table 1.1 and

�gure (1.2) and �gure (1.3).
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1.6.2 Steady state shear

The shear rheology of the 
uid was determined with a stress controlled shear

rheometer (TA Instruments, AR2000) with a acrylic cone-plate geometry, cone angle

2� , diameter 40 mm with a gap size of 60� m at 25� C. A preliminary test to probe for

inertial e�ects at higher shear rates was performed. No inertial e�ects were observed

for shear rates below 2000 1/s.

Fluid property Value
zero-shear viscosity,� 0 (Pa�s) 0.66
density, � (kg/m 3) 1040
intrinsic viscosity, [� ] (m3/kg) 1.4
solvent viscosity,� s (Pa�s) 0.047
Zimm relaxation time, � z (s) 0.0042

Table 1.1. Fluid properties of 30 wt.% PEG 0.06 wt.% PEO in water at 25� C
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Figure 1.2. Shear rheology of Boger 
uid and solvent measured with 40mm acrylic
cone-plate geometry with gap size of 60� m.
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Figure 1.3. Small angle oscillatory shear measurements of Boger 
uid and solvent
measured with 40mm cone-plate geometry with gap size of 60� m.

Measurement results of small angle oscillatory shear as shown in �gure (1.3) closely

match data reported by Dontula et al. (15).

1.6.3 Fluid relaxation time

Within this work the Zimm relaxation time is chosen as characteristic time scale

for quanti�cation of the Weissenberg number. The polymer concentration is below

the critical concentration needed for polymer chain overlap, hence the viscoelastic

properties of the solution can be modeled with a single polymer molecule. With

Zimm relaxation theory the longest polymer relaxation time can be calculated under

the assumption that the concentration of the polymer does not in
uence the intrinsic

viscosity and relaxation time. The critical concentration is given by equation 1.5, as

shown by Graessley (17), which was calculated to be 0:55kg=m3 and hence,c=c� =

1:135.
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c� =
0:77
[� ]

(1.5)

Where [� ] is the intrinsic viscosity given by the Mark-Houwink-Sakurada (MHS)

equation for PEO solutions (37), [� ] = 0:072M 0:65
w . Zimm relaxation time is de�ned

by equation 1.6.

� z =
F [� ]Mw � s

NakB T
(1.6)

Where Mw is the molecular weight,Na the Avogadro's constant,kB the Boltzmann's

constant, T the absolute temperature,� s the solvent viscosity, [� ] the intrinsic vis-

cosity and F is determined by the Riemann Zeta function,� (3� )� 1 =
P 1

k=1 i=(3� ),

� is the solvent quality exponent which is 0:55 for a good solvent andF is calculated

to be 0:46277. Capillary break up (CaBER) measurements of the relaxation time

deviated from Zimm theory as polymer concentration increases, which suggests the

use of another relaxation time. Rodd et al. (31) reported relaxation times measured

by CaBER for PEO/Water solutions that are larger than the reported Zimm time

modeling it as a good solvent. Since we use PEG which has the same chemical struc-

ture as the higher Mw PEO we assume that the system behaves like a theta solvent.

The Zimm relaxation time is lower than the relaxation time calculated from oscil-

latory shear measurement as well (31), good correlation between Zimm theory and

experiments are found to occur forc=c� << 1 (38).

1.7 Results and Discussion

1.7.1 Standard vs cylinder geometry

Flow dynamics with a cylinder placed in front of the contraction di�er from the

standard contraction case. ForWi < 5 the 
ow is Newtonian like in both cases. For

the 4d cylinder case a stable symmetric vortex pair is formed atWi � 5 (�gure 1.4

a). This vortex pair shows an increase in size and moves upstream also producing a

divergence of streamlines just in front of the contraction for 5< Wi < 19 (�gure 1.4

b). Recirculation zones in the standard case start to occur fromWi > 16. For the
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cylinder case at 19< Wi < 23 a transition region occurs where the vortices move

from a stable symmetric state to form a lip vortex. This region also incorporates

diverging streamlines just in front of the contraction. Streamlines coming in from the

perpendicular direction to the main 
ow start to show signs of recirculation (�gure

1.4 c). The transition region is accompanied by both the diverging streamlines and

the starting streamlines of a lip vortex. AsWi is further increases from 23 a clear

lip vortex is formed just like in the standard contraction case (�gure 1.4 d). The

dynamics beyond this point are very similar to the standard contraction case where

the vortices grow upstream and the 
ow pattern becomes asymmetric. In the cylinder

case as the vortices approach the cylinder the 
ow also becomes asymmetric due to

the cylinder-vortex interaction. This causes one big vortex to be formed on one side

of the cylinder blocking the 
ow into the contraction from this side resulting in an

asymmetrical 
ow �eld (�gure ??, 4d caseWi of 40). The presence of the cylinder

makes the 
ow symmetrical atWi < 33. The 
ow �eld in the standard geometry is

already asymmetrical at thisWi number. The cylinder wake acts as a 
ow focusing

device which helps in creating a symmetrical 
ow.

1.7.2 Transient nature of 
ow

There are two time scales associated with the temporal stability of the vortices.

In the microsecond time scale the vortices are unstable as can be seen from the small

changes in streamline trajectory. When observed over a minute time scale the vortices

are quasi stable, maintaining a constant average vortex length. This type of behavior

was previously reported by Rodd et al. (32). The instabilities on micro time scale

cause the instantaneous vortex length to 
uctuate around an average vortex length.

This quasi stable nature of the vortices makes quanti�cation more error prone because

of the ensemble averaging correlation function used in the� -PIV routine. Nevertheless

good correlation is seen in comparing PIV generated streamlines to streak images
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Figure 1.4. Evolution of vortices asWi number increases. Top: standard contrac-
tion, bottom: 4d cylinder case at the sameWi number. Flow direction from left to
right, magni�cation 10 � .

(�gure 1.8). For clarity, only the 2d cylinder case is shown. Other cases also show

good correlation between PIV generated streamlines and streak images. AtWi � 25

the �ner details of the divergence of streamlines are lost but the general 
ow structure

is reproduced accurately.

1.7.3 Evolution of dimensionless vortex length

The dimenionless vortex lengthL = L=wc decreases with increasing cylinder di-

ameter asWi increases (�gure 1.5). The most e�ective being the 6d cylinder case

where the vortex length was found to be smaller than for the standard contraction

geometry Wi > 26. Up till the point where the 
ow breaks down into asymmetry

due to interaction of the vortex with the cylinder boundary layer. For the 2d and 4d

cylinder cases atWi < 26 vortex length seems to be higher than for the standard

contraction case. For higherWi numbers the vortex lengths reduces for the 2d but

there is a break down of 
ow for the 4d case. For the 4d case the 
ow breaks down

for a lowerWi than the 2d and 6d cases, which is interesting as vortex-cylinder inter-
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Figure 1.5. Dimensionless vortex lengthL = L=wc vs Wi number for di�erent
geometries: (� ) standard, (� ) 2d, (4 ) 4d, (5 ) 6d. Note: For Wi > 40 for some
geometries no vortex length could be determined because of the severe asymmetry
and transients of the 
ow.

action becomes higher than the in
uence of pre-deformation. The rate of increase in

vortex length is smaller for the 2d and 6d asWi number increases but not for 4d case.

Vortex length of the 6d case is considerably smaller than the standard contraction

case, atWi = 40 it is about 20% smaller. The slope of the curve for the standard

geometry seems to increase withWi number. This is in contrast with the results

reported for a planar 4:1 contraction geometry by Rodd et al. (32) who reported a

progressively decrease at highWi . This di�erence could well be explained by the fact

that the vortices sizeL > 1 in this Wi regime reported in (32), meaning that the

vortices are extended in upstream direction more than the upstream channel width
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and almost complete occupying the upstream channel. Therefore the vortex growth

is bounded by the upstream channel dimensions. This is not the case for the vortex

size measured in our 83:1:83 planar contraction-expansion geometry.

1.7.4 Centerline velocity

Plotting the non-dimensionalised centerline velocityv = v=vc with non-dimensionalized

position x = x=wc (with vc the centerline velocity at the contraction entrance) helps

in better understanding the 
ow dynamics of polymer stretch in the wake of the cylin-

der a�ecting the vortex dynamics (�gures 1.6,1.7). From the rear stagnation point

the velocity is increased which adds elongational strain to the 
uid. In certain cases

instead of the expected increase a velocity decrease is measured. This is attributed to

poor correlation of PIV measurements caused by the low number of particles passing

at the rear stagnation point of the cylinder. This region of poor correlation is very

small and is not the focus of this study, hence no further e�ort was made to obtain

better correlation at this position. The acceleration region is followed by a region of

constant velocity or a small decrease in velocity where the polymer does not stretch

further possibly due to the hydrodynamic force and the elastic recoil of the polymer

being in equilibrium. The starting point and the extent of the stagnation region vary

with Wi number and cylinder diameter. For higherWi numbers it is seen that the

region of constant velocity is reached faster and lasts longer compared to lowerWi

numbers. Elongational 
ow in the wake of the cylinder increases as cylinder diameter

is increased which results in a smaller constant velocity region closer to the contrac-

tion (Figure 1.7). After this region of polymer relaxing there is a region of high

elongational strain at the entrance of the contraction. This region is characterised by

a large velocity gradient resulting in a high amount of strain over a distance of 2d.

The distinct stable symmetric vortices that are present at 5< Wi < 19 for the

cylinder geometry are caused by the presence of the cylinder as these are not observed

17



in the standard contraction case. This could be a result from the elongational 
ow

in the wake of the cylinder and an elastic instability caused by the increase in the

curvature of the 
ow upstream. From the evolution of centerline velocity pro�les for

di�erent Wi numbers it can be deduced that the elongational 
ow in the downstream

cylinder wake even at lowWi could contribute to the formation of these vortices. The

wake of the cylinder increases the elongational strain upstream of the contraction,

adding signi�cant polymer tensile stress in the direction of 
ow. This makes it hard

for unstretched polymer molecules that are entering from the perpendicular direction

of elongation to overcome this extra pressure drop to 
ow into the contraction. Such

polymer molecules move upstream where the local pressure drop along a streamline

is lower. At a point upstream the tensile forces are low enough for them to rejoin a

streamline. Placing the cylinder in front of the contraction increases the curvature of

streamlines and this could trigger an elastic instability as suggested by Pakdel and

Mckinley (30). It can be qualitatively observed that the increase in the hoop stress

could result in triggering elastic instabilities at lowerWi numbers in the presence of

the cylinder. A complex coupling of these two factors would be responsible for the

formation of this lip vortex at lower Wi .

Wi Decylinder

2d 4d 6d
12 0.035 0.017 0.011
9 0.047 0.024 0.016
20 0.056 0.030 0.02
28 0.083 0.041 0.028
40 0.119 0.06 0.04

Table 1.2. Wi number from equation (1.3) vs correspondingDecylinder from equation
(1.1) for 2d, 4d and 6d cylinder geometries. ShowingDecylinder to be smaller than
1 for majority of 
ow cases. Flow over the cylinder can be considered in the stable
regime for cases reported. (26, page 296)

It is interesting to see that the cylinder does not delay the onset of lip vortices but

only reduces the vortex length. Alves et al. (1) suggested that the lip vortex forma-
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tion is due to the shear induced normal stresses for a 4:1 square-square contraction

which was proposed earlier in the work of Rothstein and Mckinley (33). The compet-

ing e�ects of elongational stresses and shear induced normal stresses determine the

presence of a lip vortex or a corner vortex where the corner vortex is dominated by

the elongational stresses and the lip vortex by the increase in shear induced normal

stresses. The onset of vortices is independent of the strain rate at the entrance of the

contraction. Reducing the strain rate while keeping the total strain constant would

mean that the elongational viscosity is lower than for cases with a higher strain rate.

This argument strengthens the rational for the lip vortex mechanism postulated by

Rothstein and Mckinley (33), which is explained by the shear induced normal stresses.

In this case by the elongational stresses in the entrance of the contraction reduce the

vortex length. There is also the e�ect of pre-shear to be kept in mind that would

a�ect the elongational rheology. We assume that this e�ect is not prominent here.

Further investigations with pressure drop measurements have to be performed to bet-

ter understand the mechanism of lip vortex formation. Since pressure drop was not

measured the exact cause is not known but it might be due a combination of shear

deformation a�ecting the elongational rheology and increasing the elongational 
ow

in the wake of the cylinder. Pre-shear deformation experiments by Anna and Mckin-

ley (4) on Boger 
uids also show a retardation of the strain hardening e�ect when a

polymer is sheared in the perpendicular direction and an enhancement of the strain

hardening e�ect when the polymer is sheared in the direction of the elongational 
ow

�eld. By increasing the diameter of the cylinder and keeping the distance between

rear stagnation point and contraction entrance constant the e�ect of the cylinder

wake is more prominent.
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1.7.5 Divergent streamlines

Divergent streamlines are a unique characteristic of viscoelastic contraction 
ow.

This regime is characterised by streamlines near the midplane in front of the contrac-

tion which start to diverge and re-enter the main 
ow towards the contraction from

the sides. This has been visualized for an ideal elastic 
uid by Boger (6). In a later

work by Boger (8) showed that this diverging streamlines are independent of a shear

thinning 
uid nature and they claimed that the diverging streamlines were present

due to the interplay of 
uid elasticity and inertia. Rodd et al. (32) investigated the


ow of PEO Boger 
uid through a micro
uidic device where the inertial e�ects were

negligble. The diverging streamlines were attributed to elastic e�ects and inertia was

found to enhance the divergence of streamlines. Alves and Poole (2) simulated the

diverging streamlines for a smooth contraction in the absence of vortices. They report

diverging streamlines to occur because of a transition from a shear dominated regime

to an extension dominated regime. The starting point of the diverging regime was

found to occur when the ratio of normal stress at the walls to elongational stress on

the center line increased faster than the Deborah number. Divergence occurs even

for low inertia 
ows, indicating that it is more elasticity dominated than the inter-

play between intertia and elasticity. Experimental work correlating the rheological

properties of the 
uid to the occurrence of divergence streamlines has not been per-

formed and makes the phenomena di�cult to understand. An explanation correlating

such rheological data was suggested by Mckinley (25), who attributed the diverging

streamlines to the exponential increase in the elongational viscosity near the entrance

of the contraction, postulated by using Boger 
uids in an axi-symmetric contrac-

tion.The precise physical cause of this phenomenon is not known with correlation to

rheological properties.

In the present work, as polymer molecules are accelerated from the rear stagna-

tion point of the cylinder towards the contraction. This trajectory can be divided into
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three parts: acceleration form the stagnation point, a region where velocity is constant

or decreases, and �nally a region of exponential acceleration towards the contraction

itself. From superposition of normalised centerline velocity with streak images (�gure

1.6) it is seen that the start of this �nal exponential acceleration corresponds to the

position of the start of the divergence of streamlines that occurs and the region of

constant velocity is just before the starting of the divergent streamlines. This region

of constant or slightly decrease in velocity is correlated to the occurrence of divergent

streamlines(25). It is interesting to note how this particular region changes with in-

creasing in cylinder diameter, there exists a notable decrease in the velocity for the

2d case but the decrease tends to form a region of constant velocity for bigger cylin-

ders. This evolution of velocity pro�le as a function of cylinder diameter indicates the

reduction in the divergence of streamlines at the mouth of the contraction. The �nal

acceleration after the region of constant velocity near the contraction is responsible

for adding signi�cant strain on the polymer chains. The e�ect of increasing cylinder

diameter reduces the gradient of velocity near the mouth of the contraction, this is

due to the increased elongational 
ow in the wake of the cylinder.

So it can be concluded that by increasing the elongational 
ow between the cylin-

der and the contraction the divergence in front of the contraction reduces the degree

and extent of divergence. Due to the strain hardening nature of the Boger 
uid

the local di�erence in elongational viscosity over the contraction entrance is reduced

although the elongational viscosity cannot be quanti�ed between the di�erent cylin-

der geometries because the e�ect of pre-shear is not known. It is safe to state that

the relative increase in elongational viscosity towards the entrance of the contraction

reduces because of the increased acceleration caused by the cylinder wake. The oc-

currence of the divergent streamline regime throughout theWi regime studied here

suggests that lip vortices and diverging streamlines are quite independent phenomena

as previously suggested by Mckinley (25, page 262), Cable and Boger(12), Evans and
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Walters(16), and Binding et al. (5), for a shear thinning 
uid and a Boger 
uid in a

planar contraction respectively.

The present work reinforces the idea of an elongational viscosity di�erence causing

the diverging streamlines and that this divergence can be reduced by locally increasing

the elongational viscosity upstream of the contraction. The streak images in �gure

1.6 show the divergence of streamlines moving closer towards the contraction as the

diameter of the cylinder is increases. PIV generated streamlines show the divergence

of streamlines to decrease atWi = 16. This reduction in divergence can only be seen

through PIV generated streamlines as the streak images are too cluttered to observe

such �ne detail. We can conclude that the divergence reduces and moves closer

towards the contraction as the diameter of the cylinder increases or the elongational


ow is increased upstream.

1.7.6 PIV generated streamlines vs streak images

Superposition of PIV generated streamlines on streak images (�gure 1.8) gives

an interesting perspective into lip vortex dynamics. Speci�cally at low deformation

rates where there is Newtonian like 
ow in the standard contraction case and vortex

formation in the cylinder cases. There is acceleration from the rear stagnation point

from the cylinder till it reaches the relaxing region, it is seen that this relaxing region

occurs at the same position as the stable symmetric vortices. After polymer relaxation

region there is a region of exponential velocity increase near the entrance of the

contraction. From superposition of normalised centerline velocity with streak images

(�gure 1.6) it is seen that the start of this increase corresponds to the start of the

divergence of streamlines that occurs.
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Figure 1.6. Overlay of non dimensionalised centerline velocityv = v=vc on streak
images for 2d, 4d and 6d geometries with increasingWi number
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Figure 1.7. Non dimensionlised centreline velocity and elongational strain rates of
cylinder geometries for variousWi numbers. (a) 2d cylinder (b) 4d cylinder (c) 6d
cylinder (d) Elongational strain rates comparison for 2d, 4d and 6d cylinder at various
Wi numbers.

Figure 1.8. Overlay of PIV generated streamlines on streak images for the 2d
cylinder geometry. Flow direction from left to right.
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CHAPTER 2

FLOW OF SURFACTANT THROUGH PARALLEL
CONTRACTIONS

2.1 Introduction

Surfactant solutions are used in a wide variety of application as rheological mod-

i�ers used in detergents, soaps and lubricants. In more recent times they have found

applications in ink jet printing, agrochemical spraying, turbulent drag reduction and

enhanced oil recovery. Its intuitive from from the etymology that the term surfac-

tants are surface active agents, amphiphilic in nature and made up of a hydrophobic

carbon chain and a hydrophillic head from an organic compound. These surfactants

self assemble to from various phases such as micelles, spheres, lamellar plates..etc de-

pending on the type, concentration of organic compounds used for the tail and head,

temperature and the nature of solvent. Worm like micelles are formed when a short

hydrophobic tail and a bulky hydrophillic organic head group are mixed in a water

above their CMC. The hydrophobic tail is shielded by the bulky head group from

surrounding water resulting in a favorable entropic state. In an oil based system the

hydrophobic tail move outward and the bulky head group tends to be protected by

the tail, this con�guration results in sphere like con�guration of the micelles. They

are named as "living polymers" because of their unique ability to break and reform

chains even in a quiescent state dictated by Brownian 
uctuations. This makes their

molecular dynamics interesting to study. The steady state shear response of worm like

micelles in small strains quite similar to shear rheology of entangled polymers. The

viscoelastic response can be accurately modeled as a Maxwellian model consisting of
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a spring and dashpot in series to quantify the elastic and viscous response respec-

tively. At certain concentration ratios of surfactants to salts these systems exhibit

shear thickening behavior. Worm like micelles become electrostatically shielded from

other micelles and on application of su�cient shear strain they interact, interconnect

and entangle to increase the viscosity of the system. The parameters of shear rheol-

ogy such as critical shear rate and amount of shear thickening is very sensitive to the

concentration of salt/surfactant present in the system(36).

Current research of shear thickening systems are focused on improving the perfor-

mance of soft ballistic protection,energy dissipative products in medical, sports and

automotive applications (44). In recent years there has been much research into using

these surfactant solution in oil recovery and fracturing of new wells. After primary

oil recovery methods are used to extract oil using natural pressure from the reser-

voir, secondary oil recovery methods are employed by pumping steam or water into

the reservoir, this would displace about 15% of the oil. During secondary oil recov-

ery gasses are also pumped into the system to displace a fraction of the remaining

oil leaving behind 60% of the oil in the reservoir. Tertiary oil recovery is a �eld of

current research as conventional methods do not work to displace and mobilize the

oil left behind in the reservoir. Polymer 
ooding is used as a tertiary oil recovery

method when conventional methods seem to be ine�cient in bring the heavy oil to

the surface.

After primary and secondary oil recovery methods, the oil left behind is in the form

of a water-oil emulsion, the Laplace pressure is too high due to the high interfacial

tension hence making it very di�cult to deform this emulsion using conventional

recovery methods. Surface active agents help in reducing this interfacial tension and

making it easier to mobilize oil from the reservoir. In a porous media containing

viscous 
uid being driven by a 
uid of lower viscosity results in viscous �ngering

similar to that visualized in the Hele-shaw experiment(34). A common solution for
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this problem is to increase the viscosity of the 
ushing 
uid by adding cheap high

molecular weight polymers such as polyacrylamides. Entangled polymers exhibit

shear thinning behavior i.e the viscosity reduces with increase in shear rate, which

poses another problem. In a typical heterogenous porous media there are many pores

with di�erent cross sectional area containing viscous oil inside. When a driving 
uid is

injected it 
ows easier through bigger pores than the smaller ones, choosing the path

of lesser resistance. The shear rates in the bigger pores are larger than the smaller

pores, hence using shear thinning polymeric 
uids makes it very di�cult to displace

oil from the smaller pores because the velocity in lower than bigger pores. Existing

ideas to solve this problem involves using shear-gelling polymeric gels to e�ectively

decrease the e�ective area of such fractures(20), the advantage of this method is the

ability of the polymer to reversibly shear thicken. This makes it possible to reduce

the velocity in bigger pores and increase in the smaller pores. The downside to

using polymeric 
uids is that they do not reduce the interfacial tension, prone to

mechanical/temperature degradation and the viscosity increase is only a maximum

of three times the base viscosity(43).

To bring together the best of surfactant and polymeric 
ooding, we investigate

the prospective use of shear thickening surfactant solutions in enhanced oil recovery

to improve the sweep e�ciency. We use specially designed micro
uidic devices to

emulate pore level dynamics in a porous media and particle image velocimetery to

quantify the 
ow �eld. We will show semi-dilute surfactant solutions increases the

velocity in the smaller pores compared to a Newtonian response and a shear thinning

behavior in a range of 
ow rates. At higher 
ow rates elastic instabilities tend to

occur which increases the transients and di�cult to quantify the velocity pro�les in

the pores.
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2.1.1 Experimental setup

As discussed in the previous chapter's introduction, micro
uidics is an ideal tool

to fabricate complex geometries. The geometry we used consists of two reservoirs

connected by two parallel channels of di�erent cross sectional width of 110�m and

30�m . The height of the device is 170�m over all, the aspect ratio is high enough so

that vertical shear does not play a major role in the dynamics. Lateral shear rates in

the bigger channel is going to be higher than the smaller channel as seen in equation

2.1. By accurately designing surfactant solutions, the bigger channel is made to shear

thicken whereas the smaller channel is not going to shear thicken, hence the velocity in

the smaller channel is going to be higher than a Newtonian 
uid and a shear thinning


uid.
_
 b

_
 s
=

w2
b

Vb
�

Vs

w2
s

=
wb

ws
= 3:66 (2.1)

Where, _
 is the shear rate, w is the width of the channel, V is the velocity in the chan-

nels, subscripts s and b represent small and big channel respectively. This equation

is derived for a newtonian 
uid without any non-newtonian correction factors, under

the condition that the channel heights are the same and the 
ow occurs between the

same pressure drop.

Figure 2.1. Picture of micro
uidic device used to emulate 
ow of complex 
ow in
surfactants.

Standard photolithography is used to make a mask, conventional soft lithography

using a PDMS elastomer is used to make the micro
uidic device, as discussed in
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the previous chapter. The device is plumbed and connected to a computer controlled

syringe pump. An inverted Nikkon microscope �tted with a high speed camera is used

to visualize the micron scale 
ow. The 
ow is seeded with 
uorescent 1�m polystyrene

particles, the 
ow is illuminated with a light box. � -PIV is used to quantify the 
ow

�eld inside the channels, the same technique is used as discussed in the previous

chapter. The raw images are processed with a high pass �lter thus increasing the

contrast of the image sets. A 40x and 20x objective are used to visualize the 
ow

in the small channel and big channel respectively to get a better spacial resolution

of the vector �eld. Using correlation function averaging, a couple of hundred images

are averaged to give a �nal vector �eld. This makes it impossible to calculate vector

�elds for highly transient 
ows. Maximum velocity inside the channel is assumed

to be proportional to the total mass 
ux through the channel assuming symmetrical

velocities in the vertical planes as well. A micro pressure transducer was used to

measure the pressure and plumbed into the two reservoirs to measure the pressure

drop across both the channels. Measuring pressure drop in micro
uidic device's is a

very delicate task, the pressure drop was measured for the shear thickening system.

2.1.2 Fluid rheology

The 
uid used in this work is same from the work of Raghavan et al.(36), the

surfactant used is CTAB with NaCl as the salt. Preparation of the 
uids were quite

straightforward as they were placed on a stir plate for 24hrs to ensure the compounds

dissolved completely and formed a homogenous mixture. Di�erent 
uids were mixed

with various concentrations to make a shear thickening, newtonian and shear thinning


uids for the shear rates achievable in the designed micro
uidic device. As PDMS is

hydrophobic, we adopted a surfactant solution that gave a newtonian response in the

shear rates investigated.
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Figure 2.2. Steady state shear rheology measurements of shear thinning and shear
thickening 
uids on the left and right respectively.

2.1.3 Results and discussion

A non dimensional number is de�ned as the ratio of the maximum velocity in

the big channel to the maximum velocity in the small channel, called the velocity

ratio. This number is plotted against the overall 
ow rate in the micro
uidic device

for di�erent 
uids . The velocity ratio is very similar to the mobility ratio which

is de�ned as the ratio of mobility of the displacing phase over the displaced phase,

where the mobility is de�ned as the ratio of permeability to viscosity. By solving the

Navier-Stokes equation for a rectangular channel and we get the velocity ratio equal

to 12:60, the value was also experimentally veri�ed to be 11:50.

Upon plotting the pressure drop with velocity ratio against the shear rate in the

big channel (Fig: 2.3), with the onset of shear thickening in the big channel the

velocity ratio decreases and the pressure drop increases by a factor of two. It is

evident that the shear thickening in the big channel causes the increase in pressure

drop and reduces the velocity ratio. From velocity �elds generated obtained from PIV

we can calculate the shear rates at the walls for each channel and using steady state
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Figure 2.3. Comparison of pressure drop with velocity ratio for a shear thickening
surfactant solution.

shear rheology measurements we can estimate the viscosity in both the channels. The

viscosity in the big channel is six times higher than the viscosity of the small with the

onset of shear thickening. At 
ow rates above 0:2 there is a lip vortex seen in the big

channel which is transient in time and grows with increase in 
ow rate, the evolution

of this vortex emulates a standard contraction 
ow. A more interesting phenomena

occurs in the small channel 2.4, initial a symmetric lip vortex is formed but as time

progresses the symmetric lip vortex transitions to a an asymmetric vortex. It is very

di�cult to comment on the 
ow rates in both the channels as the 
ow is transient for

accurate PIV measurements, this is an interesting aspect of viscoelastic 
ow through

parallel contractions.

The shear thinning 
uid is found to increase the velocity ratio compared to the

Newtonian case, this is due to the higher shear rate in the bigger channel is going to
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Figure 2.4. Evolution of lip vortex behavior in the small channel with time.

reduce the viscosity and the lower shear rates in the smaller channel is going increase

the viscosity. This is a reverse e�ect to shear thickening 
uid used previously, thought

the pressure drop is not measured in this case, we speculate that the pressure drop

is going to increase but not as much as the shear thickening case.

2.1.4 Conclusions

Using a micro
uidic device we are able to probe into pore level dynamics of a

shear thickening, shear thinning and newtonian 
uid. The shear thickening 
uid is

found to increase the velocity in the smaller channel and the shear thinning 
uid

decreases the velocity in the small channel compared to the newtonian 
uid. It is

interesting to note that lip vortices are formed at higher 
ow rates which suggests

that the elongational e�ects may be important factor to consider. Future work should

be look into di�erent solutions that exhibit a greater shear thickening e�ect at lower

shear rates. More complex micro
uidic geometries emulating a more realistic porous

media can be fabricated using microscopic images.
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Figure 2.5. Comparing the velocity ratio for a shear thickening and a shear thinning

uid against the newtonian limit as a function of 
ow rate.
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