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The widespread use of wormlike micellar solutions is commonly found in household items
such as cosmetic products, industrial fluids used in enhanced oil recovery and as drag reduc-
ing agents, and in biological applications such as drug delivery and biosensors. Despite their
extensive use, there are still many details about the microscopic micellar structure and the
mechanisms by which wormlike micelles form under flow that are not clearly understood. We
focused on studying an aqueous micellar solutions of cationic surfactant cetyltrimethylam-
monium bromide (CTAB) and organic hydrotropic salt 3-hydroxy naphthalene-2-carboxylate
(SHNC), including linear and nonlinear rheological characterizations, flow instabilities of
CTAB/SHNC solution around microfluidic cylinders. The strong hydrophobicity and naph-
thalene structure present in the SHNC induces significant growth of CTAB wormlike micelles
and promotes stable micellar network formation. We correlated its rich rheological behav-
ior with structural transitions of the micelle network under different deformation histories
and temperature variations. Since microfluidic devices provide a versatile platform to study
wormlike micellar solutions under various flow conditions and confined geometry, we are able
to showcase that the influence of spatial confinement and moderate hydrodynamic forces
present in the microfluidic device can give rise to a host of possibilities of microstructural

rearrangements and interesting flow phenomena.
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GLOSSARY

CTAB: cationic surfactant cetyltrimethylammonium bromide.

SHNC: organic hydrotropic salt 3-hydroxy naphthalene-2-carboxylate.

NASAL: organic salt sodium salicylate, with one benzene ring along with the salt.
WLM: wormlike micelles.

LAOS: large amplitude oscillatory shear flow.

FIB: Flow induced birefringence.

wu-PIV: Micron particle image velocimetry.

FISP: Flow induced structured phase.

no:  Zero shear viscosity.

op: Plateau shear stress.

G'_: Plateau modulus.
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Chapter 1

OVERVIEW OF WORMLIKE MICELLES UNDER
DIFFERENT FLOW FIELDS

Surfactants are amphiphilic molecules that consist of a bulk hydrophilic head group,
which can be neutrally, positively, or negatively charged, and a hydrophobic tail. When
the surfactant concentration is increased above a critical micelle concentration (CMC), sur-
factant monomers will spontaneously self-assemble into large aggregates known as micelles
(in aqueous solutions) to shield the hydrophobic tails from water!'. The morphological
variations of these micelles are dependent on the temperature, pH, concentration, salinity,
surfactant packing parameter, and flow conditions. Wormlike micelles are characterized as
cylindrically elongated and semi-flexible aggregates. For example, cationic surfactants such
as hexadecyltrimethylammonium bromide (CTAB) or cetylpyridinium chloride (CPyCl) in
aqueous solutions can form wormlike micelles under specific temperatures and concentra-
tions. The addition of inorganic salts, such as sodium chloride (NaCl) and sodium nitrate
(NaNQO3), or strongly binding counterions such as organic salt sodium salicylate (NaSal),
have shown to considerably reduce the CMC. These salts serve to screen electrostatic re-
pulsion of neighboring charged hydrophilic headgroups in the aqueous solution and result
in a steep increase of the shear viscosity, which can be correlated with the transition from
spherical to wormlike micelles in the surfactant solution!?"!4. The characteristic length scale,
flexibility, and interaction between wormlike micelles largely depend on the chemical nature

and concentrations of surfactants and salts! 15719,

Wormlike micelles are commonly found as additives in consumer hair products, drag

reduction agents, and fracture fluids in oil and gas productions?*?* because of their vis-

12-14,24-28

coelastic and gel-like properties The size and shape of wormlike micelles bear



striking similarities to those of polymer chains but with larger diameters (1~10 nm) and
longer persistence lengths (10~100 nm)?*3!. Thus, wormlike micelles have also been re-
ferred to as living polymers because they resemble micron sized polymeric chains weakly
held together by physical interactions that constantly undergo scission and recombination.
Cates’ model®?, which assumes that a wormlike micellar chain can break and recombine with
equal probability, predicts that the stress relief in the wormlike chains can be accomplished
by brownian motion driven reptation, and reforming new end caps if the micelles break
and reform faster than their reptation time scale. The linear viscoelastic response of these

wormlike micellar solutions can be described by the Maxwell model that characterizes fluid

1 33-35

viscosity and elasticity as a spring and dashpot. Shikata et a characterized wormlike

micellar solutions as either linear and partly entangled or highly entangled and branched
micellar networks. They observed that the weakly interacting and short wormlike micellar
system could be described by the Cates’ model (with reversible chain recombination and
scission) 2. However, when a considerably stable and longer micellar network is formed (i.e.,
an equal molar CTAB:NaSal system), the micelles become too long and stable to reptate.

Instead, the micelles exhibit scission and recombination at their entanglement points, with

33,35

Sal™ ions serving as catalysts . By using both traditional bulk rheometry and microfluidic

approaches?353646 the study of wormlike micellar solutions under flow has been ongoing
for the past few decades with increasing understanding of their linear and non-linear rheo-

logical behavior, microstructural transitions, and higher-ordered structural formations under

various external conditions (see reviews20:47-54),

Microfluidics has emerged in recent years as a versatile method of handling fluids at

small length-scales, in particular, for generating and manipulating complex fluids with con-

55,56

trollable size, tailored structure and functionality . Microfluidics has been employed to

study effects of confined geometry on fiber deformations®”, dynamics of DNA molecules??,

60-62

and bacteria motion at low-Reynolds numbers (see reviews on microfluidics and their

63765)

applications in . More recently, microfluidic systems have been exploited as microfluidic-

3,38-41,43-46,66

rheometers or as tools to study and generate new microstructures and new flow



phenomena3,7,38741,43746,67771

. Traditional shear rheometry, with typical rheometer gap sizes at
least one order of magnitude greater than the intrinsic length scale of the material microstruc-
ture, is generally used for measuring fluid responses to shear with gap sizes of O(1 mm) and
deformation rates in the range of O(10? ~ 103 s71)41:45:46 " Although rheometers with paral-
lel plate geometries and gap sizes in the range of 10 ~ 500 pym can be used to access high
deformation rates (up to 10* s7!), it requires careful alignment of the plates and identify-
ing zero gap error®627. Additionally, when the deformation rate reaches 10* s~! or higher,
complications with edge fracture, secondary flow, and viscous heating become significant for
complex fluids*14%46:66 - By taking advantage of the micron length scales present in microflu-
idics, higher deformation rates (> 10° s7!) can easily be achieved with negligible inertial
or viscous heating effects*®. A comprehensive review of microfluidic theometry on capillary,
stagnation, and contraction flows has been reported by Pipe and Mckinley*>46. A comple-
mentary review on extensional flow fields within the context of microfluidic rheometry can
be found in Galindo et al.”. In addition, microfluidics have recently been used to probe

3,7,38-41,43-46,68-71

the influence of spatial confinement on wormlike micelles and to provide a

robust and efficient path to study the flow of wormlike micelles in geometries similar to the

ones found in porous media flow, oil recovery, and drug delivery applications 8707173776,

1.1 Wormlike micelles under shear flows

1.1.1  Shear banding of wormlike micellar solutions in Couette flow

Under simple shear flow, such as in a Couette Cell shown in Fig. 1.1(A), homogeneous flow
of wormlike micellar solutions can become unstable and separate into coexisting shear bands

30,7778 " above a critical shear rate or

with different local viscosities and internal structures
shear stress ;. Rehage and Hoffmann®® first reported the rheological behavior of the stress
plateau in reversible giant wormlike micellar solutions experimentally with the micelles be-
ing slightly oriented and maintained homogeneous when 4 < v;. When 7; < 4 < 7s, the

flow becomes unstable with two stable branches containing different viscosities coexisting
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Figure 1.1: (A) Schematic of shear banding flow in a Couette cell and the corresponding
shear stress versus shear rate curve; (B) Plot of shear stress o versus shear rate 4 of wormlike
micellar solutions in a Couette flow (adapted from Fardin et al.!), the inserted images are
snapshots of interfacial instabilities of shear bands at different shear rates in the r — z section
of the Couette cell; (C) Schematic of microchannel showing the channel height (L), a typical
(L, x L,) cross-section for particle image velocimetry shown in Fig. 1.1(D), where y direction
is perpendicular to the horizontal plane, and z is along the vorticity direction; (D) Instability
image of shear bands in a straight microchannel (adapted from Nghe et al.?). The upper gray
scale in the image shows velocity component v, in the channel cross sections (y — z plane)
where the instability is fully developed. The bottom image is the corresponding snapshot

of numerical simulations of the fully developed flow pattern at the same position of the
microchannel.



at the constant stress o* regime. When 4 > 75, a homogeneous fluid phase is recovered
and the micelles are again strongly aligned in the flow direction. Macroscopic rheology cou-
pled with the local measurements such as nuclear magnetic resonance ™, dynamic light

8384 rheo-optics® and other tech-

scattering®!, PIV®2, high frequency ultrasonic velocimetry
niques 48 78859% have been widely used to explore the complex dynamics of the internal
structure of the fluid and flow at the shear plateau regime. For example, employing a shear
rheometer coupled with flow birefringence and small angle neutron scattering (SANS), Cap-
pelaere et al.”™ showed an isotropic to nematic phase transition of a CTAB based wormlike
micellar system under shear flow, by spatially resolved the shear bands in the flow-vorticity
plane and convoluted across the structures of both bands. Liberatore et al.?*% probed the
microstructure evolution of similar CTAB based shear banding solutions in a Couette cell,
by using a combination of dynamic rheology, rheo-optics, and small angle neutron scatter-
ing (SANS). Compared with the results from Cappelaere et al.™, spatially-resolved SANS
measurements in the flow-gradient plane provided more insights towards both segment ori-
entation and degree of alignment of micelles in low and high shear bands. Subsequently,
Helgeson et al.1%%1%! ysed the same shear cell SANS setup to study two CTAB solutions
with similar values of Ao, Gy, and &, one shear thinning (15.6 wt% CTAB in D,O) and one
shear banding (16.7 wt% CTAB in D,0O). In contrast to a weak distortion of scattering pat-
terns in the non shear banding system, a high degree of scattering anisotropy was observed
in the shear banding solution after reaching a critical shear rate. By quantitatively coupling
anisotropy data with the Giesekus constitutive model with stress diffusion, Helgeson et al.
proposed a critical anisotropic parameter o that corresponded to the critical level of seg-

1.8587 also observed

ment orientation and alignment required for shear banding. Berret et a
the isotropic to nematic phase transition induced by shear flow in CPyCl/NaSal in 0.5M
NaCl aqueous solution with the surfactant CPyCl concentration ranging from 1% to 30%
by bulk rheometry. They proposed that the characteristic transient behavior in the coexist-

ing isotropic/nematic region was driven by nucleation and one-dimensional growth process

in different phase branches after the onset 4 of shear banding, which could be validated by



102 For dilute or semidilute surfactant solutions in

Spenley and Cates’ theoretical predictions
which concentrations are smaller than the phase transition regime, the shear induced phase
transitions are unlikely to happen in the system®2. Instead, a more viscous (less aligned but
more entangled micelles) and a more fluidic phase (more aligned micelles and less viscous)
of different viscosities coexist when 7; < ¥ < 75, accompanied by complex spatio-temporal
dynamics in the heterogeneous structures. This is the phenomenon we are going to discuss
in detail next.

Fluctuations in concentration and orientation between the adjacent shear bands have been
demonstrated in experimental studies in a macroscale Couette cell geometry 1:82:94,95,97,98,103
Miller and Rothstein®® used a Couette cell to capture the spatial and temporal existence of
shear bands with p-PIV in both steady and start-up flows with aqueous CPyCl:NaSal:NaCl
solutions at four different concentrations. Point-wise FIB was also applied to study the
onset of shear banding and visualize the evolution of diffusive deformation and orientation of
micelles at the shear band interface. These FIB images® were resolved at short time scales
(~ 1sor less) which suggested the existence of dynamic elastic waves affecting the undulation
of the interface within the shear bands. Fardin et al.9%9798103 oxperimentally studied the
dynamics of shear bands in the flow vorticity (6-z) and velocity gradient (r-z) planes by using
particle image velocimetry (PIV) in a transparent Couette cell, for a semi-dilute aqueous
wormlike micellar solution containing 11wt% CTAB and 0.405M NaNOj. Fig. 1.1(B) shows
a shear stress plateau with a positive slope obtained for the solution under steady state shear
flow in a Couette cell'. Along the positive stress plateau, shear bands were generated with
an undulating interface along the vorticity direction. The inset in Fig. 1.1(B) are snapshots
taken along (r—z) plane at various times. Fardin et al.! observed that at ¥ = 40 s™!, flow was
no longer ortho-radial with the appearance of secondary flow shown as an irregular undulation

1

wave at the shear band interface. When the % increased further to 80 s™, emergence of

95,104 = However, since

taylor-vortices led to three dimensional flow and elastic turbulence
the dynamics of Taylor vortices was strongly correlated with the interfacial instability and

inertia of the shear bands, it was difficult to determine the primary driving force for the



observed phenomena. Fardin et al.! further proposed that the instability of shear bands in a
Couette cell originated from both curvature and large first normal stresses effects in the high
shear bands. They summarized the onset of bulk and interfacial instability mechanisms with
respect to a critical Weissenberg number (W73) for different curved geometries in a single phase
diagram. For the same wormlike micellar solution (CTAB and NaNQOj3), Alexandre et al.!%

performed non-axisymmetric linear stability analysis using the modified Johnson-Segalman

model with a diffusion term based on experimental observations of interfacial instability by

1 106 1 105

Lerouge et a . Alexandre et a proposed that the instability evolution at the shear
stress plateau depended on applied shear rates, where the interfacial undulation drove the
instability at the beginning of the stress plateau at low shear rates, with the bulk instability

in the high shear bands dominating at high shear rates.

1.1.2  Shear banding of wormlike micellar solutions in microfluidic shear flows

Planar microchannel flow was recently exploited to illustrate the interfacial undulation among
the shear bands without complications from the bulk instability and secondary flow that
originated from the curvature effects present in a Couette cell (discussed above). Unlike
the bulk instability of high shear bands that originated from both curvature effects and
normal stress difference, linear stability analysis of planar shear banded flow predicts that
the instability at the shear banding interface in a planar geometry is driven by the normal
force jump across the shear bands**!%7. Nghe et al.? first reported experimental observations
of interfacial instability of shear banding flow in a semi-dilute wormlike micellar solution
([CTAB|=33 mM; [NaNO3|=20 mM) in a straight microchannel (dimensions as L,=5 cm,
L,=64 pm, L,= 1 mm, see Fig. 1.1(C)). They recorded velocity along x-direction v, at the
cross section (y—z plane) by using 3D velocity imaging with fluorescent particles, as shown in
the upper left image of Fig. 1.1(D), where y direction is perpendicular to the horizontal plane,
and z is along the vorticity direction. The right side bar represents the magnitude of v,.
The dark areas correspond to the high shear phase close to the bottom wall and the brighter

areas correspond to the low shear phase at higher L,. Similar to previous observations



in Couette cell geometries, spatial interfacial undulations downstream were observed when
the flow was fully developed, but this instability is driven by the normal force jump rather
than the curvature effect. The quantification of the wave vector ¢,, which was obtained
from the multiplication of fully developed undulation wavelength and the channel height,
agreed with the numerical studies from the linear stability analysis coupled with a diffusive
Johnson-segalman (DJS) model, shown in the lower image of Fig. 1.1 (D). The analysis also
predicted the appearance of vortices at higher pressure drops that could not be reached in

the experiments?.

Dhnot % introduced a “non-local” stress diffusion term in a linearized Navier-Stokes
equation with a Maxwell constitutive model to “smooth” out the strong inhomogeneity in
shear rate 4 and normal stress jump across the shear band interface. A correlation length [
involved in this process was proposed to capture the structure induced by the concentration
fluctuation in high shear bands due to “non-local” effects, when the geometric dimension
from the device became comparable with /. For example, a typical microchannel has a char-
acteristic length ~ 100 um while traditional cone-plate geometries render gap sizes on the
order of 0.5-1 mm. Experiments showed that the correlation length [ was very sensitive
to experimental conditions and ionic environments. For example, Masselon et al.%" studied
shear banding behavior in a straight microchannel with two different wormlike micellar solu-
tions: [CTAB]=300 mM /[NaNO3]=405 mM and 6wt% CPyCl/NaSal ([NaSal|/[CPyCl]=0.5)
in a 0.5M NaCl brine. They found that the CPyCl/NaSal system exhibited a sharp inter-
face between shear bands with [ ranging from 3-20um, which was deduced from constitutive
equations with experimental boundary conditions, described as follows. The applied bound-
ary condition involved a shear rate value determined from the linear fit of the last three
points in the velocity profile (due to large stress gradient) and the slip velocity. Viscosity
n(%) was obtained by fitting the constitutive equations with experimental data. The corre-
lation length [ can thus be deduced from | = y/D/n(¥), where D is the micelle diffusivity.
However, the high shear bands of CTAB/NaNQOj system in the y-z plane showed compara-

tively both darker and brighter areas that resulted in a blurred interface. Masselon et al.°



proposed that this complex interfacial phenomenon might be caused by the smaller range of
correlation lengths [ in CTAB/NaNOjz when compared with the CPyCl/NaSal system, which
led to higher concentration fluctuations at the interface. The correlation length [ ~ O(um)

1.40 was similar to the measurements from Lerouge et al.'?® and Ballesta

from Masselon et a
et al.!’? in a Couette cell, but much larger than the quantity [ ~ O(nm) measured by Nghe
et al.? and Radulescu et al.''!, for similar wormlike micellar solutions. These discrepancies
might be caused by the following factors: 1D approximate analysis of the Couette flow re-
sulted in a much thinner interface despite actual spatial variations within the interface!®, or
the difficulty in separating the displacement of the interface (including the destabilization,

)40,106

reconstruction, and propagation of the interface . Therefore, further work is required

to verify these arguments.

1.2 Wormlike micelles under extensional flows

1.2.1 Background

The behavior of wormlike micellar solutions in extensional flows is qualitatively different from

112-114

that of shear flows, involving various microstructural modifications and pure elastic

343844115 - Under extension, wormlike micelles exhibit an increase in the

flow instabilities
elastic tensile stress and extensional viscosity due to the stretching and possible growth of
wormlike micelles . Above a critical elongation rate, the extensional viscosity decreases due
to the scission of micelles and rapid end cap formation!'*. This mechanism was verified by
Chen and Warr 2 with light scattering measurements and more recently by Rothstein '3 by
quantifying scission energy of filament rupture of wormlike micelles under elongation. Bhard-
waj et al. % showed that a highly entangled and interconnected micellar network experienced
different structural changes when different elongation fields were imposed by filament stretch-
ing and capillary breakup rheometers. A comprehensive review of strong extensional flows

of wormlike micellar solutions and applicaitons has been provided by Rothstein!'3.

The onset of strain thinning or hardening in extensional flow is often characterized by
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the Deborah number (De) that characterizes the strength of elastic effects and the Reynolds
number (Re) that is defined as the ratio of inertial to viscous effects. The strong viscoelastic
effects on the dynamics of wormlike micelles often occur at high De or Wi, which usually
take place at the midplane in the rheometer and are accompanied by the breakup of wormlike
micellar networks. These strong viscoelastic effects can be further enhanced as the charac-
teristic length scale of the geometry is reduced. Therefore, the impact of strong viscoelastic
effects at large Wi or De can be easily achieved in microchannels, with minimum gravi-
tational and inertial effects that are otherwise present in filament stretching and break up
rheometers. Thus, macroscale extensional rheometers may not be a good candidate for both
qualitative observations and quantitative measurements of weakly viscoelastic solutions with

low elastic number El, defined as the ratio of W17 to Re numbers.

1.2.2  Wormlike micellar solutions in 4-roll mills and cross-slot flows

117 3,4,38,44,115 118,119

Recently, microfludic four-roll mills**, cross-slots , and contraction geometries
have been used to study rheological and microstructural behavior of wormlike micelles un-
der different extensional flow fields. Stagnation flows can be described by two opposing
fluid streams flowing through a cross slot that produces an extensional flow at the stagna-
tion point**. The flow kinematics in a cross slot is comparable to the four-roll mill flow
designed by Taylor, which has been extensively used to generate pure extensional and rota-
tional flows or a mixture of both flows with different speeds and rotational directions of the
four cylinder rolls!?°. Four-roll mill flow has been widely used for studying polymer chains

121-123

conformations with flow induced birefringence and direct visualization of DNA tum-

bling dynamics by tracking fluorescent DNA molecules 24125

. However, it has been proved
extremely challenging to develop an analog microfluidic four-roll mill*'7126:127  Hudson and
co-workers 126127 designed a microfluidic device with intersecting channels with asymmetric
baffles. A stagnation point can be created in the center by choosing appropriate flow rates,

but a pure rotational flow field can not be obtained due to the low asymmetry. Muller and

co-workers!!” later proposed an improved microfluidic four roll design to generate flow types
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from pure rotational to pure extensional flow field, with four inlet and four outlet streams
that were paired and arranged symmetrically about a central cavity. As an alternative, the
cross-slot device, consisting of orthogonal bisecting channels with opposing inlets and outlets,
can generate a planar extensional flow along the symmetric plane with a stagnation point at
the center of the cross!?®. Due to its vorticity-free state, the largest extensional deformation
and orientation in the microstructure can be achieved near the stagnation point3. Compared

1** and has

with the four-roll mill, the cross-slot geometry is much easier to build and contro
been widely used to study dynamics of complex fluids under extensional flows. For exam-
ple, Gardner!? used the cross slot device to observe polymer stretching with extensional
flow. This work was extended by Keller et al.'3® and Odell et al.!3! by coupling a cross
slot device with flow induced birefringence to visualize the strain rates of highly stretched
polymer molecules in localized regions. By quantifying birefringence strength and tracking
the velocity profile with u-PIV, the stability of the flow field and molecular orientation can

be recorded simultaneously 34381327136

Pathak and Hudson** first used a cross-slot microfluidic device, with a channel height of
500 pum and an aspect ratio (height/width) of ~0.53, and measured flow-induced birefrin-
gence to study the elastic instability of two different wormlike micellar solutions ([CTAB| =
33 mM/[NaSal|] = 240 mM and [CPyCl] = 100 mM/[NaSal] = 60 mM) with cross-polarizers.
They established the existence and evolution of both birefringence and transmittance bands
of wormlike micelles at the stagnation point for different Wi numbers. Since the residence
time within the channel is much larger than the scission and relaxation time of micelles, the
micellar chains were able to disentangle near the stagnation point at each examined flow
rate. This led to a high degree of alignment and formation of highly birefringent bands that
broadened with increasing flow rates. They also observed an asymmetric flow transition and
proposed that this transition was induced by elastic instabilities. Haward et al.?3® stud-
ied the same wormlike micellar solutions with the same geometry as Pathak and Hudson**
but with a deeper channel (~1 mm in depth and an aspect ratio of channel height/width

~b) to provide a wider Wi range and achieve an approximately 2D flow. In their study,
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complete flow asymmetry, equivalent to the flow bifurcation observed by Pathak and Hud-
son?, was observed at a different critical Wi. This observation was considered to be a
consequence of the different channel dimensions and possible 3-D effects. Haward et al.33®
established an instability map according to the local Wi number with three broad categories
(see Fig. 1.2(A)): a stable flow regime at low Wi, an intermediate Wi between a stable and
unstable flow regime, and large W when flow became time dependent and three dimensional.

Pseudo color retardance birefringence images shown in Fig. 1.2(A) illustrate the evolution

of the stagnation flow.

More recently, Dubash et al.* mapped out a similar stability phase diagram as shown in
Fig. 1.2(B) for CTAB:NaSal solutions with different surfactant concentrations and salt to
surfactant concentration ratios: strongly viscoelastic ([CTAB]=100 mM; [NaSal]=32 mM),
shear thinning ([CTAB]=75 mM; [NaSal|=24 mM), weakly viscoelastic ([CTAB]=75 mM,;
[NaSal|=18 mM), and shear thickening ([CTAB|=50 mM; [NaSal]=16 mM). Similarly, Dubash
et al.? also observed a steady symmetry breaking instability and the appearance of a sec-
ondary flow, with formation of lip vortices (as shown in the upper inserted image in Fig. 1.2(B))
along the channel walls for the strongly viscoelastic solutions. They found that a critical W2
and Re were necessary for the onset of symmetry-breaking instability and the formation of
vortices were in an opposite trend both from Haward et al.’s experimental work33® and nu-
merical predictions by Afonso et al.'32137  Although neither Haward et al.?3% nor Afonso et
al. 32137 reported the appearance of lip vortices, the experimental work by Rodd et al.*** had
similar trends as Dubash et al.%. Therefore, the formation of lip vortices may have an impact
on the onset of symmetric breaking instabilities. It is worth noting that the environment of
the micellar system such as the specific binding and unbinding salt, salt concentration, and
surfactant types should be taken into consideration for the reported differences in the onset
of instability among various research groups. The CPyCl:NaSal:NaCl micellar solutions used
by Haward et al.?3® have longer micellar chains that require greater hydrodynamic forces
to be fully stretched in contrast with shorter micellar chains studied by Dubash et al..

Furthermore, CTAB micellar breakage can lead to different instabilities, especially under
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Figure 1.2: (A) Stability diagram in Wi—Re space shows the boundaries between elastic
instabilities with the 4 different CPyCl:NaSal:NaCl wormlike micellar fluids (adapted from
Haward and McKinly?); (B) Stability diagram in Wi—Re space shows the steady symmet-
ric flow region, the asymmetric flow region, and the unsteady flow region pertaining to the
symmetry-breaking instability. The inserted images are the steady symmetric flow and un-
steady flow with lip vortices for [CTAB]=100 mM/[NaSal]=60 mM solution (adapted from
Dubash et al.*).
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138°140  For example, Gladden and Belmonte!*® flowed a

strong shear or extensional flow
wormlike micellar solution composed of [CTAB]=200 mM/[NaSal]=100 mM past a cylinder
and showed a transition from fluid-like to solid-like fracture in the wake of cylinder after
reaching a critical elongation rate. Numerical simulations by Hsieh et al.'*' showed that in
a cross-slot, micellar chain breakage was localized near the stagnation point or the upstream
of the corner, which is consistent with the experimental observation of lip vortices formation
from Dubash et al.#. Thus, it is possible that the micellar breakage played an important role
in affecting the onset of instability. Additionally, to simplify the calculations and comparison
with numerical models, the magnitude of Re was based on the zero shear rate viscosity of
the fluids and not the true local viscosity at different shear rates. At flow rates where shear
thinning becomes important, Re varies with the local viscosity while the relaxation time
in the W7 number shows a rate dependent decrease, which reflects the local change of the
ratio of elastic normal stress to viscous shear stress under flow. This behavior is responsible

for the different critical Wi and Re for symmetry-asymmetry transitions for different shear

thinning solutions reported in literature.

1.2.8  Wormlike micellar solutions in contraction and expansion flows

Microfluidic contraction and expansion flows have also been widely used to generate exten-
sion dominated flow to impose large deformation rates for complex fluids without interference
from inertia. The fluid travels with a positive strain rate upstream of the contraction and a

1427144 The desired extensional deforma-

negative strain rate downstream of the expansion
tion is realized by adjusting the geometry of the contraction and applied flow rates. Such
devices introduce a shear dominated flow near the wall and extensional dominated flow at the
channel centerline. The earlier studies with converging geometries have been performed with
abrupt contraction-expansion geometries with both Newtonian and polymer solutions 457147,
By determining the excess pressure drop across the contraction-expansion region, the exten-
sional rate in the contraction flow device can be controlled. However, a main drawback of

such devices is that the strain rate in the center line of the channel is not a constant. To
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address this issue, a hyperbolic contraction is preferred by imposing a nominally constant
extension rate along the centerline without upstream vortices. Even though entrance and
wall effects cannot be completely ignored®, the effective lubrication layers at the channel wall
formed by the shear bands of wormlike micelle solutions enabled a plug-like flow in the core
of the fluid that resulted in a greater homogeneous extensional flow field along the contrac-

1.146 performed numerical simulations with a Finitely Extensible

tion region. Nystrom et a
Nonlinear Elastic-Chilcott Rallison (FENE-CR) model to study Boger and Newtonian fluids
in a contraction geometry. By simulating the flow and analyzing the strain and shear rate
profiles with different axisymmetric contractions, they proposed an optimal contraction ge-

ometry design for achieving a constant uniaxial extensional flow with little impact from the

shear flow in the system.

Both experimental and computational studies of wormlike micelle solutions flowing through
microfluidic contraction and expansion geometries have also been reported >145148°150 " pig 1.3
(A) shows a microfludic contraction geometry designed by Ober et al.® to characterize flow
kinematics of wormlike micellar solutions as an extensional viscometer, coupled with pressure
sensors (solid squares in Fig. 1.3(A)).The pressure drop at the contraction region 6 P, can be
related to the pressure drop ¢ Po3 normalized by d P14. The elongation rate €, at the contrac-
tion middle plane can be deduced from the slope via linear regression to the centerline axial
velocity profile mapped out from p-PIV. Coupled with the total Hencky strain ey, given by
In + where w, and w,. are the widths of the large and narrow sections of the hyperbolic

c

contraction, respectively, the elongational viscosity can be determined by i%, where 0P,
represents the elongational contributions in the total pressure drop 0 P.. The experimental
results showed good agreement with theoretical predictions of the extensional viscosity in a
homogeneous extensional flow with a shear thinning exponential Phan-Thien/Tanner (PTT)
fluid model. The first normal force difference (N;) can be estimated by 6% and confirmed
with quantitative FIB measurements (as shown in the low half of Fig. 1.3 (B)), from which
the optical anisotropy of wormlike micelles can be obtained and related to stress through the

stress optical rule!®!.
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Figure 1.3: (A) Schematic of hyperbolic planar contraction microfluidic device used as an
extensional rheometer with solid squares representing pressure sensors (adapted from Ober et
al.?); (B) Streakline embedded with fluorescence particles (upper half) and pseudocolor retar-
dance maps of flow induced birefringence (lower half) for [CPyCl|=100 mM/[NaSal]=60 mM
flowing through a microfluidic hyperbolic contraction geometry (adapted from Ober et al.?).
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1.3 Wormlike micelles under complex flows

The characterization of wormlike micelle solutions under shear and elongation has exhibited
a wealth of interesting new flow dynamics and rheological responses. “Pre-conditioning”
(including pre-shearing and small amplitude oscillatory straining) prior to stretching has been
applied to monodisperse and bidisperse polystyrene solutions!'®?, dilute DNA solutions 3,

1547157 " and wormlike micellar solution!'31%8 Bhardwaj et al.'®® reported

polymer solutions
that by pre-shearing wormlike micellar solutions prior to stretching, the onset of strain
hardening was significantly delayed. The need for the micelles to either rotate from the
pre-sheared direction to the stretched direction, or to compress its equilibrium conformation
before stretching caused this strain hardening delay. Since the maximum elastic tensile stress
decreases dramatically with increasing pre-shear rate, a pre-sheared step might also reduce

the size of the wormlike micelles, or change the interconnectivity of the micellar network

before stretching.

Motivated by these existing reports, well controlled investigations of wormlike micelles in
complex flow fields would offer further insight on new flow dynamics as well as microstruc-
tural evolution. Compared with traditional rheometry, microfluidic devices offer a robust and
convenient approach to study the behavior of wormlike micelles under complex flow field due
to their flexibility in design. Previous studies of wormlike micellar solutions in the complex
geometries involved macroscopic investigations up to the millimeter scale, such as flow past

cylinders with or without confined boundaries around the cylinder %13 falling spheres !,

76,160-165 161

bubbles, and porous media flow ™" . Ruckenstein and co-workers ™" studied equimolar
cationic surfactant hexacyltrimrthylammoniumsalicylate (C16MTA-Sal) and NaBr mixture
flowing through randomly packed glass beads (diameter of 392 pum, a porosity of 0.38 and
a hydraulic radius around 40 pum). They studied the relationship between the Reynolds
number and the resistance coefficient A (A = f * Re, where f is the friction factor and Re
is the Reynolds number, A can also be interpreted as a dimensionless apparent viscosity 19%).

In Newtonian fluids, A is a constant in a wide range of Re (5% 107 < Re < 500) before
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reaching turbulent flows. In the shear thickening surfactant solutions, a sharp increase in
A beyond a critical Re was observed and followed by a decrease in A with increasing Re.

k"7 mapped out A as a function of Re at different temperature and con-

Brunn and Vorwer
centration for the same cationic surfactant system. A good similarity between A — Re curve
and 1 — 4 in viscometric flow was observed: the onset of sudden increase in A(Re) corre-
sponded to the onset of shear thickening in 7(%). The characteristic shear stress 7* in porous
media flow can also be represented as a function of hydraulic radius R;, and pressure drop
AP Tt was suggested that shear played an important role in the analogous flow behavior
in porous media: shear induced structure formation in porous medium is similar to the SIS
formed under pure shear flow. The association and dissociation of the structures depended
on the velocity gradient, ionic environment, temperature, and flow characteristics in porous

media flow 376,161

. More recently, Rojas et al.'6%1%5 investigated porous media flow (with
a disordered packed glass spheres of 1.13 mm in diameter and a porosity of 0.38, a charac-
teristic length of the pore-scale is around 60 pm) of wormlike micelles solutions formed by
oppositely charged surfactant mixture cationic cetyl trimethylammonium p-toluene sulfonate
(CTAT) and anionic sodium dodecyl sulfate (SDS). Compared with viscometric shear flow,
the increase of resistance coefficient A was substantially larger than the viscosity n increased
in shear thickening region. They pointed out besides shear, the extensional component in
the local pore regimes promoted the entanglement of wormlike micelles, which could yield
stronger cooperative structures, leading to enhanced viscoelasticity in the solution. Miiller
et al.!%7 studied a concentration range of 0.05 wt% to 0.23 wt% shear thickening CTAT
aqueous solutions under pure shear, pure elongation, and porous media flow. They proposed
that the magnification of shear thickening in porous media flow was a synergistic effect from
both shear and elongation impacting on the microstructure of wormlike micelles. Different
from strong extensional flow alone, the elongation component in the porous medium was
strong enough to promote the increasing interactions between micelles with shear flow with-

out completely breaking and deconstructing structures. These macroscopic porous media

flow can generally provide a shear rate up to O(10® s7!) but the data at higher shear rates
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were usually accompanied by flow instabilities and turbulent flows when Re exceeds 1077,

It is important to note that studies on complex macroscale flow field may not be completely
comparable to wormlike micelles solutions under complex flow field in microfluidics due to
the high strain O(10*) and strain rate O(10? s7!) with vanishing inertia effects present in the
microchannel. In this section, we highlight wormlike micelles in porous media simulated flow
in microfluidics to illustrate how spatial confinement in microfluidics influences the rheology

and microstructure of wormlike micelles.

It is well documented that in certain dilute wormlike micellar solutions, under simple
shear flow above a critical shear rate, a more viscous phase is formed with highly aligned
and locally concentrated micellar strings that have been termed as shear induced structures
(SIS) or shear-induced phases (SIP) in literature®. In the SIS state, the solutions are bire-
fringent and exhibit strong anisotropic light and neutron scattering. Fig. 1.4(A) shows light
scattered from the formation of SIS as observed by Liu and Pine®, described as “gel-like
fingers”, within a transparent Couette cell under shear. Experiments have shown that the
formation of SIS does not permanently change the local micellar structure and were found to
disintegrate after cessation of flow®. However, Vasudevan et al.”™ recently reported the for-
mation of a long-lived flow-induced structured phase (FISP) by flowing a series of semi-dilute
CTAB:NaSal solutions (termed precursors) through a microfluidic tapered channel packed
with glass beads (20 ~ 100 pm in diameter). The packed glass beads simulated porous media
flow capable of achieving a total strain of O(10%) with a combination of shear and elonga-
tion deformation rates of O(10* s71). Dubash et al.”! later introduced a new microfluidic
device by embedding microposts that generated the same irreversible FISP without the use
of glass beads (see Fig. 1.4(B)). The micropost device with gap sizes around 15 um was able
to achieve similar high strain and strain rates for precursors, with Fig. 1.4(C) showing the
FISP flowing out of the microposts. Using a technique termed microrheology®®, they found
that the zero shear viscosity 7, plateau modulus GG,, and relaxation time A in the FISP were
one order of magnitude larger than those of the precursor. Cheung et al.” later visualized the

formation and concentration variations of wormlike micelles in the micropost device using a
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Figure 1.4: (A) Visualization of shear induced structure (SIS) generated and buildup after
commencement under pure shear flow in a Couette cell (adapted from Liu et al.®); (B)
The microfabricated PDMS micropost arrays used for the generation of the flow induced
structured phase (FISP); (C) An in-situ image of FISP generation from microposts with
deformation rates of O(10* s71) and total strain of O(10%) (adapted from Cheung et al.”).
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fluorescent Nile Red dye that preferentially bound to the micelle interior and interface. The
fluorescence intensity was found to be linearly dependent on the CTAB concentration and
allowed determination of local concentration fluctuations within the channel during flow”.
This micropost configuration was shown to generate local micellar concentration variations
~ 25% higher than that in bulk flow, crucial for creating FISP.

Cardiel et al.® later used a similar micropost design to form the FISP and utilized elec-
tron microscopy imaging to visualize the multiconnected micellar networks with three-fold
junctions and branches as shown in Fig. 1.5. Similar multiconnected micellar networks were
reported in ionic micellar solutions in the literature but at very high salt concentrations 6917,
Cardiel et al.® proposed that the transition from rodlike micelles in semidilute precursors
to multiconnected networks in FISP was induced by the spatial confinement (or gap spac-
ing) between microposts (5-15 pum), with deformation rates of O(10* s7') and total strain of
O(10%). When rodlike micellar bundles were stretched and aligned under flow between the
microposts, the bending energy of micelles was reduced which allowed flexible micelles to fuse
and form junctions and branches with other surrounding micelles, see Fig. 1.5. Note that
these phenomena were only reported with microfluidics with a spatial confinement down to
15 pm. When the spatial confinement was enlarged up to 100 pm and greater, only SIS was
observed that disintegrated after cessation of the flow, which is consistent with the results
from traditional rheometry®. These irreversible FISP have shown great potential in enzyme
encapsulation, environmental sensing, and other applications due to their highly nanoporous

scaffold structures!™.

1.4 Thesis Outline

In this thesis, we focused on an aqueous micellar solution of cationic surfactant cetyltrimethyl
ammonium bromide (CTAB) and organic hydrotropic salt 3-hydroxy naphthalene-2-carboxylate
(SHNC) in the semidilute regime. Different from NaSal with one benzene ring, the strong
hydrophobicity and naphthalene structure present in the SHNC induces significant growth

of CTAB wormlike micelles and promotes stable micellar network formation. We first sys-
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'Precursor

gap~15um

Figure 1.5: Microstructural evolution of a semi-dilute wormlike micellar solution flowing
through a microdevice with microposts. The precursor ([CTAB]=50 mM; [NaSal]=16 mM)
contains randomly distributed rodlike micellar bundles, while the corresponding FISP gen-
erated from microposts shows multiconnected micellar branches indicated by white circles
(adapted from Cardiel et al.®).

tematically studied the rheological behavior of the CTAB/SHNC mixture at different con-
centrations and under thermal variations, compared with CTAB/NaSal micellar system at
the same concentration. With a thorough understanding of the rheological behavior of the
micellar system, we then moved forward to study how the WLM behaved under complex
flow fields, by utilizing confined microfluidic cylinder devices with three different cylinder
blockage ratios. A variety of flow phenomena revealed by flow visualization techniques are
quite different from that with Newtonian and polymer solutions. We associate the onset of
instability upstream of the cylinder with the compression at the leading edge of the cylinder
and the growth of viscoelastic stresses generated by the squeezing flow into the the narrow
gaps between the cylinder and the channel walls. The instability downstream of the cylinder
is associated with stresses generated at the trailing stagnation point and the resulting flow
modification in the wake, coupled with the onset of time-dependent flow upstream and the

asymmetric division of flow around the cylinder.
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Chapter 2

WORMLIKE MICELLAR SOLUTION OF CTAB/SHNC
MIXTURE

In this chapter, we investigated the linear and nonlinear rheology of CTAB/SHNC mix-
ture in the semi-dilute regime. We correlate the rich rheological behavior with structural
transition of the micelle network under different deformation histories with temperatures in
the range 20 °C < T < 40 °C. Viscous dissipation dominates at low temperature, while
short range interactions among micellar head groups, reformation and re-organization of
micellar networks play important roles at higher temperatures, leading to complex stress
responses under large deformations. The influence of double benzene rings on the response
of transient and large amplitude oscillatory shear flows in the system was further elucidated
by comparing the rheological behavior of CTAB/SHNC and CTAB/NaSal at the same salt
and surfactant concentrations. Our studies distinguished SHNC as a stable hydrotrope in a
semi-dilute cationic surfactant system under thermal variations, with potential applications

such as drag reduction and fracturing fluids in oil recovery.

2.1 Introduction

Hydrotropic salts are a class of amphiphilic compounds that cannot form micellar aggregates,
but can solubilize organic molecules in water. Structurally similar to surfactants, hydrotropic

salts can act as strong “binding” additives and reduce surface tension in an aqueous solu-

tion. A number of organic hydrotropic salts such as NaSal!333, SHNC by Mendes et al. 172173,

174 175

p-toluene sulfonate by Soltero et al.""™*, chloribenzoate by Carver et al."™ and naphthale-
nesulfonate by Brown et al.1” have been studied in combination with cationic surfactants

because these mixtures can reduce the charge density of surfactant micellar aggregates sig-
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nificantly, enhancing ion pairing and surface activity of the micelles above a minimum hy-
drotropic concentration (MHC), and promoting growth of wormlike micelles at a much lower
salt /surfactant ratio in comparison to other salts!”"180. In addition, Schubert et al.'® re-
ported that adding hydrotropic salts NaTosylate (0.25 wt%) could screen the electrostatic
interactions and reduce the micellar surface charge in a mixed cationic/anionic wormlike
micellar solution consisting of cetyl trimethylammonium tosylate (CTAT, 0.5-4.0 wt%) and

sodium dodecyl benzyl sulfonate (SDBS), with CTAT/SDBS = 97/3.

In particular, the hydrotropic organic salt SHNC has drawn considerable attention as
HNC™ ions have exhibited sensitive responses with varying temperatures, ionic strength, and
flow conditions. In addition, mixtures of cationic surfactant and excess amount of SHNC have
shown pronounced birefringence phenomena lasting from milliseconds up to even hours after
the flow stoppage!®182. Recent studies have used light scattering, flow birefringence, electron
microscopy, and rheometric techniques to investigate the material properties of SHNC and

cationic surfactant mixtures. Mishra et al.10-183

reported the phase behavior of the mixture
of cationic surfactant cetyltrimethylammonium bromide (CTAB) and SHNC. By fixing the
CTAB concentration at 60 mM and gradually increasing the CTAB/SHNC molar ratio, the
CTAB/SHNC mixture underwent phase transitions from small micellar aggregates to a pos-
itively charged gel phase, followed by a liquid crystalline lamellar phase, then precipitated
into a multi-lamellar vesicle phase at equi-molar surfactant/salt concentration. In particu-
lar, when the concentration ratio of SHNC over cationic surfactant exceeds 1.0, SHNC was
observed to inhibit growth or entanglement of micelles by negatively charging micelle sur-
faces 91837185 When the temperature increases or the solution is further diluted, the HNC~
ions can actually desorb from the micelles and decrease the surface charge of micelles, which
in turn promotes growth of wormlike micelles and enhances the viscoelasticity of the solution.
Notably, the rich phase behavior of CTAB/SHNC mixture is similar to that of the mixture
of cationic-anionic surfactant system (CTAB/Sodium dodecyl sulfate (SDS)) as described by
Kaler et al.'8¢, SHNC is thus considered as an anionic surfactant similar to SDS but with a

shorter hydrophobic tail (around 4 nm'87189),
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Interestingly, the phase behavior of CTAB/SHNC and CTAB/NaSal shows distinct differ-
ences even though SHNC and NaSal are both hydrotropic organic salts that possess the same
chemical elements. With fixed CTAB concentration, addition of NaSal also promotes the
aggregation of CTAB micelles by screening the electrostatic interaction between surfactant
micelles, thereby yielding long and flexible threadlike micelles'®33. When the concentration
ratio of CTAB/NaSal reaches 1.0, the most stable and rigid micelles are formed in the so-
lution and the linear viscoelasticity of the resulting fluid can be described by a single mode
Maxwell model. As the concentration of NaSal increases further, a branched micellar network

is observed, with no precipitation or vesicle formation 333,

(a) Sodium Salicylate (NaSal) (b) 3-hydroxy naphthalene-2-carboxylate (SHNC)
09, 8 1 . ion-
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Figure 2.1: Chemical structures and schematic representation of the orientation of (a) NaSal
and CTAB/NaSal micelles?; (b) SHNC and CTAB/SHNC micelles'®. The numbers rep-
resent positions around naphthalene ring where carboxyl and hydroxyl can be substituted.
The green dots represent hydrophilic headgroups of CTAB while purple lines represent its
hydrophobic tails .. The green tubelike entities represent wormlike micelles in solution.
In CTAB/SHNC micelles, extra intramolecular forces are introduced by 77— and cation—m
interactions.

Figure 2.1 illustrates a side-by-side comparison of the chemical structure of two hy-
drotropic salts: NaSal and SHNC, and their respective interactions with cationic surfactant
CTAB. NaSal has one benzene ring while SHNC has two fused benzene rings (termed as the

naphthalene ring). The numbers shown in Fig. 2.1(b) represent positions around the naph-
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thalene ring where carboxyl and hydroxyl groups can be substituted. The green threadlike
entities represent wormlike micelles in the solution. Due to closer proximity and better inter-
actions between carboxyl (position 2) and hydroxyl (position 3) groups in SHNC molecules,
stronger bonds from m — 7 and cation — 7 interactions can be formed in SHNC-cationic
surfactant micelles, yielding changes in the size and shape of micellar aggregates in the so-

190 " To validate this argument, HNMR spectra show that one of

lution by Gravsholt et al.
the benzene rings strongly adsorbs on the surface of cationic micelles with the other one
connected with carboxyl and hydroxyl groups protruding out of the micelles, serving as an
extra “tail” because its length is comparable with that of CTAB tails by Mishra et al.'? (see
Fig. 2.1). The length of the benzene ring extruding out of the micelle surface was reported
to be ~0.4 nm and the hydrotrophobic tail length of CTAB is ~ 1.7 nm!°. The sponta-
neous curvature of micelles changes significantly when SHNC is mixed with CTAB solution,
in comparison to that of CTAB/NaSal mixtures. As a result, CTAB/SHNC mixtures have
shown complex rheological behavior that is associated with higher surface activity and extra

intramolecular interactions of micelles?1:192,

The position of the carboxyl and hydroxyl groups in the naphthalene ring of the salt
molecule can also play an important role in the wormlike micellar system due to different
hydrophobicity. Comparing with SHNC (3,2 HNC), 6-hydroxy-naphthalene-2-carboxylate
(6,2 HNC) shares the same chemical compounds as those of SHNC but the carboxyl and hy-
droxyl groups in the naphthalene ring reside in position 2 and 6 respectively (see Fig. 2.1(b)).
For 6,2 HNC and CTAB at equal molar concentrations, multilamellar precipitates were not
observed by Abdel et al.'>. Brown et al.'™® studied the mixture of CTAB and sodium naph-
thalene sulfonate, in which one of the positions in the naphthalene rings was substituted by
a single sulfonate ion. The aqueous solution exhibited similar phase behavior and viscoelas-
ticity as those in the mixture of CTAB/NaSal, which remains aqueous in a wide range of salt

17,33,176

concentrations . It was proposed that the combination of the naphthalene structure

and the strong hydrophobicity of HNC™ was responsible for the unique phase behavior in

SHNC-cationic surfactant mixtures'®193.
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Most of the existing literature investigated SHNC /surfactant systems with molar ratios
R=/[salt/surfactant| being 1/1 or greater in cationic surfactant systems. Since semi-dilute
micellar solutions usually possess weak viscoelasticity, they are more desirable for oil recov-
ery and encapsulation related applications with higher mobility. Moreover, cationic surfac-
tant solutions with organic salts in the semi-dilute regime have shown not only interesting
rheological behaviors33194195 hut also exhibited unique capabilities in forming irreversible
nanostructured phases®7%7:19 for encapsulation and sensing applications!97. Motivated
by the temperature sensitive nature of SHNC and the advantage of semi-dilute wormlike
micellar solutions, this work focused on the rheological behavior of aqueous CTAB/SHNC
mixtures in the semi-dilute regime, in which micelles are positively charged and isotropi-
cally distributed. Moreover, since we have existing rheological data of CTAB/NaSal system
at R = [NaSal/CTAB| = 0.32™, studying CTAB/SHNC systems at R = 0.32 allows us
to understand the influence of double benzene ring (SHNC) versus the single benzene ring
(NaSal) on the rheological properties of CTAB/salt systems. We performed detailed linear
and nonlinear rheological characterizations of CTAB/SHNC solution with [CTAB]=75 mM
(R = 0.32), at different temperatures. The influence of double benzene rings on the response
of transient and large amplitude oscillatory shear flows in the system was further elucidated
by comparing the rheological behavior of CTAB/SHNC and CTAB/NaSal at the same salt

and surfactant concentrations.

2.2 DMaterials and Methods

2.2.1 Materials

Cationic surfactant CTAB and organic hydrotropic salt NaSal were purchased from Sigma-
Adprich (Saint Louis, MO) and organic hydrotropic salt 3-hydroxy naphthalene-2-carboxylate
(SHNC) was purchased from TCI America (Portland, OR), all used as received. The solutions
were prepared by adding the appropriate amount of CTAB and SHNC (or NaSal) to deionized

water and mixing vigorously for a minimum of 24 hours, and left to equilibrate for 1 week.
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Four different solutions were examined in this work: CTAB concentrations at 40 mM, 60 mM,
and 75 mM with fixed molar ratio of R = 0.32. An aqueous solution containing [CTAB] =

75 mM and NaSal with the molar ratio R = 0.32 was also studied as a comparison.

2.2.2  Rheological measurement principles and methods
Linear viscoelasticity of wormlike micelles

Micelles can break and reform continuously. When the kinetic process of micellar break-
ing and reforming dominates over the timescale for reptation, the micellar solution shows
Maxwellian behavior with a single-dominant relaxation time!*!%. The elastic modulus (G’)
and loss modulus (G”) of the wormlike micellar solution can be described by the Maxwell

model with a single stress relaxation time A,

GQ (CU/\T)Q Gou))\r

G'(w) = m7 "(w) = m,

(2.1)

where w is the angular frequency and the stress relaxation time A, can be obtained either
as the reciprocal of the w at the crossover of G’ and G”, or from the above single Maxwell
model. Plateau modulus Gy is extracted by fitting the experimental measurements with a

single Maxwell model and can be related to the micellar mesh size as'®

kBT
= [ 22)

where kT corresponds to the thermal energy.

On the other hand, when the micelle breakup time is long compared with its reptation
time, dynamic properties of these entangled micelles are dominated by reptation by Cates

et al.198

. In the reptation process, stress relaxation is induced by the gradual disentangle-
ments of micellar chains along the curvilinear tube environment, leading to deviations from
the single Maxwellian behavior and displaying multi-mode relaxation times. Shikata et al.
reported that if the micelles were too long and unstable to reptate (i.e., for an equal molar

concentration of CTAB and NaSal solution), wormlike micelles could form networks with

finite extensibility and sticky temporal cross-links at entanglement points. These temporal
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crosslinks can contact and clash with each other with salts serving as catalysts. Granek et
al.2% further proposed a Poisson renewal model to study wormlike micellar systems with
short breakup times, while the relaxation process is dominated by breathing and local Rouse
motion rather than reptation. The effects from breathing and Rouse motion were character-

ized by an upturn of both G'(w) and G”(w) at higher frequencies in the oscillatory shear flow,

exhibiting a dip of minimum value G, in the Cole-Cole plot, in which the viscous modulus
G"(w) is normalized by the plateau modulus Gy and plotted against the normalized elastic
modulus G'(w). The depth of GV, found in the Cole-Cole plot can be used to estimate
the entangled chain length in wormlike micellar solutions, where the entanglement length is
much longer than the persistence length of the micelle. The ratio of the local dip value of
G" (i.e., GI..) with respect to the plateau modulus G can be used to estimate the average

length of the entangled micelles as 200

le el
= 2.3

where [ represents average micelle length in the micellar system, and [, is the length of

micellar chains between entanglement points that can be estimated by 199290

le = £33 /1213, (2.4)

where [, presents the persistence length of micelles. The persistence length [,, can be obtained
from small-angle neutron scattering measurements. Since ,, can be obtained from Eq.(2.2),
the length of micellar chains between entanglement points [ can be estimated by Eq.(2.4),
and the average micelle length [ can then be approximated from Eq.(2.3). For a wormlike
micellar system when A\, ~ \.,, Eq.(2.3) is not applicable but provides an upper bound of
l./l. Hence, the calculated [ can be used as a lower bound for the estimation of the averaged

micellar length.
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Large amplitude oscillatory shear (LAOS)

In the linear viscoelastic regime, the material response is related to the intrinsic proper-
ties of the material and is independent of the strain and frequency input. In the nonlinear
regime, where the linear viscoelastic model is no longer valid, the evolution of the micellar
microstructures under large deformations plays an important role in determining the tran-
sient rheological response. Although linear viscoelasticity is useful for understanding the
relationship between the microstructure and rheological properties of complex fluids, the lin-
ear viscoelastic moduli (G" and G”) are limited by the first harmonic Fourier coefficients of G’
and G”, which are insufficient to describe the nonlinear material response with a distorted
sinusoidal stress response. The large amplitude oscillatory shear (LAOS) procedure has
been employed to provide more detailed information on the viscoelastic response of materi-
als under nonlinear regimes, by capturing higher harmonic Fourier coefficients or Chebyshev

201,202

coefficients of stress responses, or fitting experimental data with different viscoelastic

202209210 T fact, materials containing

models??3 2% by applying different flow procedures
microstructures can exhibit different stress waveforms in the nonlinear regime?!' 213, For
example, Hyun et al.?4 compared the rheological response of a linear structured polymer
solution with a branched polymer solution under large amplitude oscillatory shear, and ob-
served two different distorted sinusoidal stress waveforms. A Pipkin diagram was built to
illustrate the microstructure evolution of complex fluids (such as biopolymer gels, polymer
networks, chewing gums, and wormlike micellar solutions) under different strains and fre-

201202215 The interpretation of nonlinear stress response

quencies in the nonlinear regime
was based on Chebyshev orthogonal functions correlated with the distinctive response from
viscoelastic materials. Comprehensive reviews of interpreting rheological behavior under
large amplitude oscillatory shear flow can be found in the literature?202:212:216,217,

In oscillatory shear flows, the material deformation can be described by

v = o sin(wt), (2.5)

where w is the angular frequency, ¢ is the time, and ~q is the input strain amplitude. In the
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linear viscoelastic regime, the stress response is sinusoidal and corresponds to an elliptical
stress curve with respect to the strain. When the strain reaches the nonlinear regime, the
stress curve starts to become asymmetric and deviate from the sinusoidal shape. Accordingly,
the stress (o) versus strain () curve (also known as Lissajous-Bowditch curve) would be
distorted from the elliptical shape due to the stress contributions at higher harmonics. The
normalized higher harmonics represent the degree of distorted stress signals and quantify the
nonlinear response. To quantify the degree of the stress distortion, a half-sided (only odd
parts for the sine function) discrete Fourier transform can be applied to the stress signal as

o(t) = Z oy sin(nwt + ¢y,), (2.6)

n=1,0dd

where o0, and the phase angle ¢, depend on the imposed 7y and w?'8. Neidhofer et al.?!?

substituted time ¢ = ¢’ — ¢/w to obtain the following relation:

o(t) o sin(wt’) + I3 sin(3wt’ + @) + I5 sin(bwt’ + @) + I7 sin(7wt’ + ¢r), (2.7)
where ¢! = ¢, — n¢; is the relative phase angle relating to the shape of the stress signal.
The odd coefficients, I3, I5, I; correspond to 3rd, 5th, 7th harmonic coefficients normalized
by the first harmonic respectively that can be calculated to analyze the nonlinearity of the
shear stress under large deformations. Assuming higher harmonic coefficients (i.e, I5, I7)
are negligible, ¢4 is the relative phase angle that determines the shape of stress versus time
curve, with ¢4 = 0° corresponding to a normalized stress curve as a function of time??°. At
@5 = 90°, the stress versus time curve has backward tilted tendency, while the curve returns
to the sinusoidal shape at ¢5 = 180°, eventually evolving to a “forward tilted shoulder” at
@y = 270°2%. Similar patterns were observed in our experiments. The even harmonics of
Fourier series (Oth, 2nd, and 4th) have been suggested to be associated with the nonlinearity

202,221 © Giacomin et al.??! derived analytical expressions for Oth,

of normal stress coefficients
2nd, and 4th harmonics of the second normal stress difference in LAOS by using a non-
linear co-rotational model and matched their results with the co-rotational Maxwell model.

Ewoldt2%? pointed out that even harmonics of Fourier series (related to the first normal stress
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difference) in LAOS strongly depended on the input strain representation (whether sine or
cosine function). Therefore, we neglect the even harmonics and focus on the odd harmonics

in the stress response for the quantification of LAOS responses in this work.

Measurements

The viscoelastic properties of the wormlike micellar solutions were characterized by using
a stress controlled rheometer (Anton Paar MCR 502). All measurements were performed
by using a stainless steel cone and plate geometry (50 mm diameter and 2° angle) with a
truncation gap of 59 um. Experiments were performed at temperature between 20 °C and
40 °C. The Anton Paar MCR 502 employs a Peltier element within the base plate and the
temperature is maintained stable within + 0.1°C. We wait 10 min after loading the sample
in order for temperature to reach equilibrium before measurements. Considering potential
artifacts in the large amplitude characterizations, all measurements were repeated 3 times
and verified by a roughened plate-plate geometry (25 mm in diameter) with a gap size of

500 um. A solvent trap was used to prevent drying effects.

2.2.8  Dynamic light scattering

Dynamic light scattering (DLS) provides a convenient method to probe the dynamic prop-
erties of wormlike micellar solutions in a large range of concentrations!¥$2227228  In the
semi-dilute regime of a wormlike micellar solution where a viscoelastic network is formed by
entangled and overlapped wormlike micelles, the diffusion coefficient D characterizing the lo-

k227

cal cooperative diffusion motion in the networ , can be determined from the measurement

of auto-correlation functions of the scattered light ¢® (1, q) as

gl q) = A(L+blg" (X, q)?), (2.8)

where A is the experimental baseline, b is the spatial coherence factor that depends on the

number of coherence areas generating the signal (0<b<1), ¢ is the scattering vector that

9
2

can be expressed as ¢ = ™ sin(

; ), with [ being the incident laser wavelength, n and 6
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being the refractive index of the scattering medium and the scattering angle, respectively.
In the dilute regime, g™V(l,q) is a single exponential function with a characteristic time
inversely proportional to ¢?, which characterizes a diffusive behavior. In a polydispersed
system with several relaxation times, g(*)(l, q) can be analyzed by a constrained regularized
CONTIN method??#9 to yield information on the normalized distribution of the decay
constant G(I") as

g (1, q) = /0 G0 exp(—TH)dr. (2.9)

This method can be applied to determine the average relaxation time A of gtV (l, ¢) by

_ [G(T,q)Tdr

A= 2.1
J G(T, g)dl (210
Thus, the diffusion constant D can be calculated from !
1

which can be further related to the hydrodynamic correlation length &g, which estimates the

mesh size of the micellar network 198223225

]{ZBT . ]{IBqu)\

S = 67D B 67N,

(2.12)

where kT is the thermal energy and 7, is the solvent viscosity at absolute temperature 7T'.

In our work, the hydrodynamic correlation length ¢y was measured by a dynamic light
scattering (DLS) apparatus, equipped with a He-Ne laser (Zetasizer Nano ZS, Malvern). The
time correlation function measured by DLS was analyzed by a Laplace inversion program
(CONTIN)?2231 " Experiments were carried out with temperature ranging from 20 °C to
40 °C, at a scattering angle of 173° and the wavelength at 633 nm under vacuum setting.
Each sample was equilibrated for 20 minutes before measurements for a given temperature.
The correlation length £y of the micellar solution was obtained to evaluate the diffusivity

coefficient D of each sample.
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We also obtained the polydispersity of the solution from dynamic light scattering measure-
ments (Zetasizer Nano ZS, Malvern). In particular, the polydispersity index was calculated
from the cumulants analysis of the DLS-measured intensity autocorrelation function?2%-23!,
In the cumulants analysis, a single particle size mode is assumed and a single exponential fit

is applied to the autocorrelation function and the polydispersity describes the width of the

assumed Gaussian distribution.
2.3 Rheological characterizations

To understand the influence of strong bindings of naphthalene rings present in the CTAB/SHNC
micellar system, we first examined the linear viscoelasticity of CTAB/SHNC solutions at
25 °C by varying the CTAB concentration while keeping the salt to surfactant concentra-
tion ratio fixed at R = 0.32, coupled by dynamic light scattering measurements. Next we
focused on the semi-dilute CTAB/SHNC solution at [CTAB]=75 mM with salt to surfac-
tant (CTAB/SHNC) concentration ratio at R = 0.32, and performed linear, transient, and
nonlinear rheological characterizations at varying temperatures. Finally we compared both
linear and nonlinear rheology behavior of CTAB/SHNC solution with that of CTAB/NaSal
at the same salt and surfactant concentration ([CTAB]=75 mM), to shed more insight on

the double benzene ring effect.

2.3.1 Linear and nonlinear rheology at 25 °C with varying CTAB concentrations

The rheological characterizations for micellar solutions at [CTAB| = 40 mM, 60 mM, and
75 mM with [SHNC]/[CTAB]| molar ratio R = 0.32 were performed by using a stress con-
trolled rheometer (Anton Paar MCR 502) with a cone and plate geometry, under steady
shear and small amplitude oscillatory shear procedures at 25 °C, see Fig. 2.2. The rheologi-
cal parameters are summarized in Table 2.1. For 60 mM and 75 mM CTAB/SHNC solutions,
the plateau modulus Gy and relaxation time A, (cross over of G' and G”) were determined
directly from the frequency sweep data. For 40 mM CTAB/SHNC solution, Gy and A, were

obtained by fitting the experimental data to a single mode Maxwell model (see detailed fit



35

information in the supporting information).
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Figure 2.2: All three CTAB/SHNC solutions at 25 °C: (a) Shear viscosity and (b) shear stress
as a function of shear rate under steady shear procedure; (c) The elastic modulus (G', filled
symbols) and viscous modulus (G”, open symbols) are plotted as a function of frequency
under small amplitude oscillatory shear at 10 % strain in a cone and plate geometry; (d)
Normalized Cole-Cole plots.

In Fig. 2.2 (a), a dramatic increase in zero shear viscosity 7y at [CTAB]= 60 mM
(~100 Pa.s) and 75 mM (~1000 Pa.s) was observed by Khatory et al.?*?> when compared
with that of 40 mM CTAB/SHNC solution, indicating a substantial length increase of worm-
like micelles at higher surfactant concentrations. In particular, CTAB/SHNC solutions at
[CTAB]= 60 mM and 75 mM exhibited strong shear thinning behavior in more than 3
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decades of shear rates and 7n(7) was well fitted by a power law relation with the power in-
dex n = —0.88 + 0.21. In the shear stress versus shear rate curves (Fig. 2.2 (b)), a stress
plateau was observed for 40 mM CTAB/SHNC solution over a narrow shear rate range, while
60 mM CTAB/SHNC solution exhibited typical shear banding behavior with a shear stress
plateau o, extending between low and high shear rates branches in the wormlike micellar
solution >485,86,88,96,109,233.231 " Tpy contrast to the 60 mM solution, 75 mM CTAB/SHNC so-
lution achieved a 05,4, much larger than the stress plateau o, at a low shear rate 4; before

1.235 suggested that the appearance of a stress

reaching the shear stress plateau. Grand et a
maximum was indicative of the existence of a transient branch with a stress larger than
op. It was proposed that the maximum shear stress could be estimated by 0,4, = 0.67Gy
(Gy the plateau modulus), occurring at a shear rate of vy, = 2.6/\, for an ideal Maxwell
fluid #2356 Since our 75 mM CTAB/SHNC solution is not an ideal Maxwell fluid, we
observed that ,,,. ~ 0.64G( and the critical shear rate for the maximum stress was around
71 ~1.1/A. (A = 100.4 s) (see Fig. 2.2 (b)). Nevertheless the product of 7; x A\, = 1.1 lies
within the range of (0.94-1.53), consistent with the range of values reported for wormlike mi-
cellar systems with non-ideal Maxwellian behavior??®. Fig. 2.2 (c) shows the elastic modulus
G' and viscous modulus G” being plotted against the frequency w in the linear viscoelastic
regime at 10 % strain for all three solutions, at 25 °C. The stress relaxation time A, for
60 mM and 75 mM CTAB/SHNC solutions can be obtained from the crossover frequencies
while 40 mM CTAB/SHNC solution showed weakly viscoelastic response without a crossover
in the frequency range tested. Normalized Cole-Cole plots for all three solutions are shown
in Fig. 2.2 (d) with the solid black curve corresponding to the single-mode Maxwellian linear
viscoelastic model. Fig. 2.2 (d) illustrates that viscoelastic 75 mM CTAB/SHNC solution
does not follow the single-mode Maxwellian model, while 40 mM and 60 mM CTAB/SHNC
solutions deviate even further from the semicircle and no obvious G” . is observed. Shikata

min

et al.?%7

argued that the deviation from the single Maxwell model behavior is caused by the
low salt to surfactant molar ratio and low surfactant concentrations, with wormlike micelles

in varying lengths in solutions (see Table 2.1), leading to a spectrum of relaxation times.
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Compared with the linear rheological characterizations at 25 °C performed by Dubash et
al. with the same surfactant [CTAB] = 75 mM and 100 mM with [NaSal]/[CTAB|=0.32, a
similar trend of increasing viscoelasticity with increasing CTAB concentration was observed,
see Table 2.1. We observed that both the zero shear viscosity 7y and relaxation time A, were
3 orders of magnitude higher in the 75 mM CTAB/SHNC solution than those of 75 mM
CTAB/NaSal solution, while the plateau modulus Gy was only two times higher. In the
entangled regime, plateau modulus Gy only depends on the entanglement mesh size, thus,
the difference in these rheological parameters would be indicative of micelle persistence length
difference in CTAB/NaSal and CTAB/SHNC systems. Note that the 75 mM and 100 mM
CTAB/NaSal solutions reached a non-monotonic shear stress plateau without any stress
maximum®, which is consistent with the argument that the counterions from the salt at the
micelle surface may change the micelle stiffness and interactions between the neighboring
micelles'®1®3. On the one hand, the extra tail in CTAB/SHNC reduces the curvature of
CTAB micelles more significantly when compared with the CTAB/NaSal micelles, facilitating
elongated micelle formation with smaller packing parameters in CTAB/SHNC micelles. On
the other hand, the naphthalene structure in CTAB/SHNC micelles is more hydrophobic
than the salicylate ions in CTAB/NaSal micelles. In order to shield themselves from water,
the HNC™ ions tend to form either m — 7 bonds with another naphthalene ring or cation—m
bonds with adjacent hydrophobic CTAB headgroups, as illustrated in Fig. 2.1. These non-
covalent bonds are much stronger than hydrogen bonds, and can increase the shear viscosity
and micelle relaxation time of CTAB/SHNC solutions significantly. This argument can be
applied to another set of sample parameters: the 7y and G in 60 mM CTAB/SHNC solution
are comparable with those in 100 mM CTAB/NaSal solution, but the relaxation time A,
in 60 mM CTAB/SHNC solution is much longer when compared with that of 100 mM
CTAB/NaSal solution, due to stronger interactions between noncovalent bonds and high

viscosity in the CTAB/SHNC solution that hinder the breakup of micelles in the system'%!.

The diffusivity constant D and hydrodynamic correlation length £y for all three CTAB/SHNC

solutions were obtained by performing DLS (see section II for experimental details), as shown
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Table 2.1: Rheological properties of CTAB/SHNC and CTAB/NaSal solutions at 25 °C

Samples no (Pa.s) Gy (Pa) Ar (8) Em (nm)
40mM(S)  0.20£0.02 1.240.5 0.3£0.1 202+12
60mM(S) 10045 1041  50.340.5 T4.4+7.5
75mM(S) 1000+9 13+£2 101+£2 68.1+7.6
75mM(N)4 2.5£0.3 6.0£0.6 0.21£0.03 88.2£8.9
100mM(N)* 12642 1242 6.4+0.7  60.3£5.9

in Table 2.2. Nemoto et al.??>?25 reported that the diffusion coefficient D depended on
both surfactant concentration Cy; and salt to surfactant concentration ratio R in an aque-
ous CTAB/NaSal solution. When a small amount of salt was added, the wormlike micellar
network would entangle while the electrostatic repulsion would increase the diffusivity D
and suppress the hydrodynamic correlation length &f, see Eq.2.12. Cates and Candau!®®
suggested that scaling prediction of hydrodynamic correlation length £ on surfactant con-
centration could be inferred from the scaling of micelle mesh size &, if the average micelle
size was large compared with the network mesh size. However, this argument was not
valid in CTAB/SHNC solutions with low salt concentration, which exhibit polydispersity
in micelle length and deviation from the single Maxwell model (see the polydispersity in-
formation in Table 2.2). Cates et al.'% also proposed that the monotonic decrease of &g
with increasing surfactant concentrations implied strong interactions among micelles, either
through entanglements or the formation of micelle crosslinks. Since the crosslink formation
in CTAB/SHNC system is not favorable with a low decreasing exponent of £y (~0.1), the
entangled micelle network is likely to be more dominant in our CTAB/SHNC solutions.
Among the three CTAB/SHNC solutions examined, a distinct stress bump was observed
for 75 mM CTAB/SHNC solution (see Fig. 2.2 (b)), implying possible transient behavior
induced by double benzene rings in the system. To further investigate the binding stability
of naphthalene micelles in 75 mM CTAB/SHNC solution, we conducted systematic linear,
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Table 2.2: Diffusivity of CTAB/SHNC and CTAB/NaSal solutions at 25 °C

Samples £y (nm) D (107 m?/s) Polydispersity

40mM(S) 145419  0.1540.03 0.330.06
60mM(S)  12.5+1.5  0.17+0.03 0.32-40.05
75mM(S)  11.3+1.2  0.1940.04 0.2840.04
75mM(N)*  10.0+1.3  0.21+0.04 0.2940.04
100mM(N)*  7.840.9 0.2740.05 0.26£0.02

transient, and nonlinear rheological characterizations with temperatures varying from 20 °C

to 40 °C, with comparisons to that of 75 mM CTAB/NaSal solution, see details below.

2.8.2  Rheological characterizations of 75 mM CTAB/SHNC solution
Linear rheology with elevating temperatures

Steady shear flow and small amplitude shear oscillations were performed on 75 mM CTAB/SHNC
solution at temperatures between 20 °C and 40 °C. Comparison in steady shear flow behav-
ior was made between CTAB/SHNC and CTAB/NaSal solutions ([CTAB] = 75 mM) at
selected temperatures (see Table II). Fig. 2.3 (a) shows that CTAB/SHNC solution shear
thinned and 7(¥) can be fitted by a power law index of n = —0.88+0.21 for all temperatures.
Even though zero shear viscosity 7y dropped dramatically with increasing temperatures, 7,
remained above 10 Pa.s at 40 °C and exhibited shear thinning at higher shear rates. On
the contrary, the single benzene ring system (75 mM CTAB/NaSal solution) was sensitive
to temperature variations (see inset in Fig. 2.3(a)), with 7y reducing to < 0.01 Pa.s at 40°C
and behaving like a Newtonian fluid. Table II tabulates all the key rheological parameters
from these measurements. The relative stability at high temperatures for the CTAB/SHNC
system can be attributed to the long relaxation time of micelles with strong non-covalent

interactions from the naphthalene ring. In addition, HNC™ ions became less hydrophobic
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Figure 2.3: (a) Shear viscosity as a function of shear rates for 75 mM CTAB/SHNC solution
at different temperatures under steady shear, with inset showing the viscosity variations

in 75 mM CTAB/NaSal system. (b) Shear stress as a function of shear rates for 75 mM
CTAB/SHNC solution at different temperatures under steady shear.
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at higher temperatures, adapting to a closer binding to the micellar surface to prevent mi-
celle breakup. In Fig. 2.3(b), a maximum shear stress was observed at 20 °C and 25 °C
around shear rates 43 ~ 1.1/X, &~ 0.01 1/s, followed by a shear stress plateau. At higher
temperatures, stress overshoot was significantly diminished before reaching a shear stress
plateau.

The shear stress overshoot of aqueous CPyCl/NaSal (100 mM /60 mM) system has been
reported by Grand et al.?3® in the temperature range of 20 °C — 25 °C. The steady state shear
rate 7 in the low shear band corresponded to the largest shear stress . This stress overshoot
was termed as “top—jumping”, in which case a transient branch exists with a stress larger than
the shear stress plateau o,. The time scale to relax this transient state to a “truly” steady
state flow is much longer than the Maxwell relaxation time of the micellar solution. Grand et

al.?3® estimated this time scale ~ (¥ — 4.)?, with p depending on the chemical composition

1.8% also observed stress overshoot in a 0.5 M

and temperature of the solution. Berret et a
NaCl solution containing CPyCl and NaSal (R = 0.5 with total surfactant concentration
of 12%). Their stress overshoot was due to the nucleation and growth of a shear induced
nematic phase, which is not applicable to our low weight fraction (¢ < 5%) surfactant system.
More discussion can be found in the section of transient rheology on page 24.

In Fig. 2.4 (a), we plot the elastic modulus G’ and viscous modulus G” versus the angular
frequency w in the linear viscoelastic regime with 10% strain, for 20 °C — 40 °C. The stress
relaxation time A, was then determined from the first crossover regime of G’ and G” curves
and a descending trend was observed with increasing temperatures. The plateau modulus
Gy was obtained as the plateau value of G’ from Fig. 2.4 (a), listed in Table 2.4. The key
rheological parameters (i.e., 79 and \,.) were very sensitive to temperature variations and

could be described by the Arrhenius relations in!'%®

E E
A = Aexp(R—;) and 1y = Gy exp(R%) (2.13)

where E, is the flow activation energy, R the gas constant, and T the absolute temperature.

The inset in Fig. 2.4 (a) showed that both A, and 7y could be linearly scaled with 1000/7" with
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similar slopes. The flow activation energy FE, obtained from the A, Arrhenius relationship

yielded E, ~192.3 kJ/mol, while the ny Arrhenius relationship resulted E, ~206 kJ/mol.

These two estimated E, values are within 7% difference and are also consistent with previous

reported range of F, values (70-300 kJ/mol) by Han et al.?3%.

The plateau modulus Gy

extracted from the Arrhenius relation (Gy ~13 Pa) is also consistent with the frequency

sweep measurements at varying temperatures, indicating that although the average micelle

length decreased in the system as a function of temperature, the micelles stayed mostly intact

with consistent flow activation energy.

Table 2.3: Rheological properties of 75 mM CTAB/SHNC solution at different temperatures

T (°C) m (Pas) Go(Pa) G, (Pa) — Sam A (5)
20 3920440 1342 0.30+0.04 0.0240.03  317+3
25 100049 13+£2 1.1£0.3  0.0940.01 101+£2
30 240421 13+£2 2.0+£0.3 0.15£0.02 25.243.3
35 4745 1242 3.6+£0.5 0.30+0.04 3.2+0.6
40 1.8£0.2 11£1 5.0£0.5  0.45+0.03 0.41+£0.04

Table 2.4: Characteristic length of 75 mM CTAB/SHNC solution at different temperatures

T (°C) &, (nm) . (nm) [ (wm) &g (nm) D (1071 m?/s)
20 67.8+£7.5 185%+15 9.3£1.5 12.6%+1.3 0.16£0.03
25 68.1£7.6 18715 2.1+0.2 11.3£1.2 0.19+0.04
30 68.0+£7.9 189+17 0.95£0.13 9.8+£1.1 0.23£0.05
35 70.84£8.2 199+19 0.62+£0.06 8.7+0.9 0.26£0.05
40 73.2£8.9 211+£20 0.41£0.03 8.2£0.9 0.30£0.06

Normalized Cole-Cole plots for 75 mM CTAB/SHNC at four different temperatures are

shown in Fig. 2.4 (b) with the solid black curve corresponding to the single mode Maxwell
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model. All curves agree well with the semi-circle at low frequencies, but display an increasing
deviation from the semi-circle with increasing frequencies, accompanied by an apparent dip
of GV ., and an upturn of G”, which are related to Rouse and breathing modes by Granek
et al.?"?. The depth of G” . in the experimental data provides a semiquantitative estimate
of the ratio of I/l by Eq.2.3, where [ represents average micellar length in the system and
l. is the length for micellar chains between entangled points. At 20 °C and 25 °C, the ratio
of G . /Gy is 0.02 and 0.09 respectively, suggesting that the average chain length [ is much
longer than the micelle entanglement length, consistent with the fact that ny and relaxation
time A, are higher at the 25 °C. When the ratio of G . /Gy increased further, the dip of
G .. got shallower at 30 °C and finally disappeared at 35 °C and 40 °C, in which case the

micelle chains were only a few times of the entanglement length and the micelle break up

time became comparable with the entanglement time.

Following the Poisson renewal model, we estimated the entanglement mesh size &,, from
Eq.2.2 and further obtained the entanglement length [, and average micelle length [ of 75 mM
CTAB/SHNC solution from Eq.2.3 and Eq.2.4 respectively, see Table 2.4. Note that a sig-
nificant decrease of [ and )\, was observed while the entanglement mesh size &,, was not
strongly affected by elevating temperatures, implying that entangled micellar network almost
remained intact even though the micelles were easier to break and reform at high temper-
atures. This observation is consistent with the hydrodynamic correlation length obtained
from DLS measurements. A monotonic increase in micelle diffusivity D implies increasing
thermal agitation of micelles, while the corresponding £y remained ~ 10 £ 1.5 nm for all
temperatures tested, suggesting that the hydrodynamic properties in the CTAB/SHNC so-

d??®. However, the

lution were not strongly affected in the temperature range we investigate
competition between various time scales under elevating temperatures can yield interesting

transient and nonlinear rheological behaviors, see details below.
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Transient rheology

Hydrophobic HNC™ ions have shown sensitive temperature responses: HNC™ ions can desorb
from the micellar surface, where m—7 and cation—m bonds between micelles become weakened
with increasing temperatures with excessive HNC™ in a micellar solution by Kalur et al. !,
Here we employed both startup shear and shear hysteresis flow procedures to probe the

transient rheology behavior of 75 mM CTAB/SHNC solution.

Start up shear: Since a pronounced stress overshoot of 75mM CTAB/SHNC solution
was observed at 20 °C (orange curve in Fig. 1.2 (b)), shear stress o was plotted against shear
strain 7 at different shear rates (¥ = 0.0005—10 s™1) at 20 °C, see Fig. 2.5. In the upper inset
we plotted shear stress versus shear rate from the steady shear flow procedure and was divided
into 2 regimes. Regime 1 is the low shear rate branch/elastic deformation regime where shear
rate 1072 < 4 < 0.01 s7!. Regime 2 is the shear banding regime where 0.01 < 4 < 10 s~
In the shear banding regime, homogeneous flow of wormlike micellar solutions can become
unstable and separate into coexisting shear bands with different local viscosities and internal

30,77,78

structures Macroscopic rheology coupled with local measurements such as nuclear

magnetic resonance ™, dynamic light scattering by Salmon et al.3!, PIV by Hu et al.®2,

83,84

high frequency ultrasonic velocimetry , theo-optics by Lerouge et al.?®, spatially-resolved

93,99,239,240

SANS measurements in the flow-gradient plane , and a combination of different

techniques have been widely used to explore the complex spatio-temporal dynamics in the

heterogeneous structures at the shear plateau regime*®78,8591,94-97,241

Lower shear rates (4 = 0.001 and 0.005 s™') were chosen in the low shear rate regime
prior to shear banding. The maximum shear stress ¢ increased monotonically with imposed
strain v and continuous shear deformation. When the shear rate exceeds the reciprocal of
the relaxation time 1/A, (¥ ~ 0.01 s7!), o reaches a maximum, then decreases over time.
Shear rate ¥ = 0.01 s~! corresponds to the onset of the shear banding plateau, and ¥ =
10 s™! corresponds to the tail portion of the shear banding regime. Within this shear rate

range, the stress versus strain curves for all chosen shear rates exhibit a similar slope before
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Figure 2.5: Transient shear stress plotted as a function of shear strain from the start-up
experiments. The inset shows shear stress versus shear rates in the steady flow and was
divided into 2 regimes. Regime 1 is the elastic deformation regime where shear rate 1073 <
4 < 0.005 s7L. Regime 2 is the shear banding regime where 0.01 <+ < 10 s7%.

reaching the maximum shear stress, and the shear stress would eventually approach a value
that is consistent with the shear stress plateau o,, at different time scales for different shear
rates (see light blue and gold curves). The relatively long time scale (longer than the stress
relaxation time) to reach o, value is potentially related to micelles slowly relaxing back to
a shear banding state, or caused by the chain alignment and orientation induced by shear
] 242

deformation by Lu et a

82,243-245 " and flow hetero-

Since start up experiments are susceptible to wall slippage
geneities in shear banding flow by Mewis et al.?*6, nonlinear rheological characterizations

were required to shed more insight.

Shear hysteresis: Shear hysteresis characterizations have been widely studied in gel-
like fluids with thixotropic and viscoelastic properties?*6249 The shear rate usually starts

from a maximum value before being swept down to 1073 1/s, and ramped up to the original
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maximum value. Transient shear stress can be plotted as a function of the shear rate and a
hysteresis loop can be formed due to the lag between the shear stress and shear rate. The
shape and area of the hysteresis loop are dependent on the shear history of a given material
by Mewis et al.246. We investigated the shear hysteresis behavior for 75mM CTAB/SHNC
solution at 20 °C, 25 °C, and 35 °C respectively, see Fig. 2.6. The initial shear rate was set
to be 4,,= 10 s71, then swept down to a low shear rate Ygp,n = 1072 s71 (red filled symbols),
and subsequently increased back to 4,, (black filled symbols). Various time steps related
to micelle relaxation times (approximately the same or half of or 1/10 th of) were chosen
at different temperatures, see Fig. 2.6. The maximum shear rate (10 s™') was selected to

ensure samples were not expelled from the geometry gap in any of the measurements.

Shear hysteresis with a geometry with a higher roughness: The data in Fig. 2.6
was collected by using a 50 mm and 1° smooth cone-plate geometry. In order test whether
slip occurs on the geometry surfaces, we carried out shear hysteresis tests for 75 mM
SHNC/CTAB solution with a rough geometry and confirmed that neither slip nor the shear-
ing sequence (down—up and up—down) affected the results from similar testing using a 25 mm
roughened parallel plate, see Fig. 2.7. In our laboratory, the only rough geometry we have
available is a 25 mm parallel plate for our stress-controlled rheometer. We conducted a num-
ber of hysteresis experiments using a 25 mm smooth plate and the 25 mm roughened plate
and the results were comparable with each other and with those presented in the manuscript
(performed using a 50 mm smooth cone-plate). We showed shear hysteresis curves at two
time stamp: 0t = 50 s and dt = 10 s under 25 °C as an example, see Fig. 2.7. The difference
is very minor, therefore we do not believe slip on the geometry surfaces is a major concern in
most of our results performed with smooth cone-plate geometries. The following discussions
would then focus on the shear hysteresis curve obtained in Fig. 2.6.

Referring to Table 2.4, the stress relaxation time of 75 mM CTAB/SHNC solution is
around 317 s at 20 °C. By employing the slowest ramping rate ot ~ X\ ~ 300 s, shear stress
o decreased sharply with decreasing shear rates first (red curve in Fig. 2.6 (a;)), indicating

an initial quenching/alignment of micelles under high shear rates. However, a slow recovery
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Figure 2.6: Flow curves of o vs. % of 75 mM CTAB/SHNC by ramping down the shear
rate from %, = 10 s7' t0 Ygoun = 1072 s7 (red symbols) and ramping up from Juewn 10 Juyp
(black symbols) at (aj-az) 20 °C; (by-bs) 25 °C; (c¢q-c3) 35 °C. Different shear ramp durations
related to the stress relaxation time at each temperature were marked with blue colors.
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of shear stress appeared when Fgoun, < 0.01 s™1, with possible reconstruction of the micellar
network since the ramping rate 0t was very close to the micelle relaxation time. A stress
overshoot emerged when the shear rates ramped up again, around 0.005 s~!, which likely
originated from heterogeneous shear bands. At faster ramping rates (0t = 150 s and 6t =
30 s), the recovery of shear stress when ramping down was much less significant compared
with dt = 300 s (see Fig. 2.6 (ag) and (a3)), since the micelles did not have time to restructure
the gel network. However, the stress overshoot in the ramp up segment was still observed at

higher shear rates with an increasing area of stress hysteresis loop.

At 25 °C, the stress relaxation time of 75 mM CTAB/SHNC solution is around 100 s.
We again selected three distinct ramping rates corresponding to 1x, 0.5x, and 0.1x of the
stress relaxation time. The stress overshoot and evolution trend at 25 °C are similar to
those shown at 20 °C, but the stress was almost fully recovered when the ramping rate
was equal to the micellar relaxation time at dt = 100 s, see Fig. 2.6 (by). Micelle con-

250,251

tour length fluctuations , micelle chain stretch and convective constraint release (CCR)

mechanism 15252253 have been widely studied to complement Doi-Ewards’s tube model from

1.199 and Poisson renewal model from Granek et al.?°’ by illustrating the transient

Doi et a
stress response for shear thinning fluids. In our case, the micelles were initially stretched
at high shear rates, the decrease of shear rates not only led to the stretch relaxation in the
entangled network, but also enhanced the influence of the constraint release (the relaxation
of oriented anisotropic micelles). The intramolecular interactions of non-covalent 7 — 7 and

cation—m bonds became less favorable at 25 °C and entangled micelles can be relaxed and

re-oriented more easily.

At 35 °C, shear hysteresis patterns are different from those at 20 and 25 °C. The structures
were able to fully recover at the slowest ramping rate 0t = 30 s. When the ramping rates
increased to 6 s shown in Fig. 2.6 (c2) and 3 s in Fig. 2.6 (c3), the residual stress increased
rapidly with *,,, as the stress accumulated with the deformation before inducing breakage
of micellar structures. This type of hysteresis loop has been reported in suspensions, foams

254

and granular materials by Cruz et al. The shear hysteresis loop revealed an apparent
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transition from strong thixotropic behavior at low temperatures to shear thinning property
at higher temperatures in CTAB/SHNC wormlike micellar system.

Down-up and up-down shear hysteresis: In order to investigate whether there is a
big difference from down-up and up-down shear hysteresis, We have performed both down-up
shear hysteresis for a few tests. Shear hysteresis curves at two time stamp: 0t = 50 s and
0t = 10 s under 25 °C were presented below as an example, see Fig. 2.8 and the difference
between up-down and down-up experiments is minor or negligible. Therefore, the hysteresis

should still be observed when up-down shear tests are performed as we performed in the

experiments.
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Figure 2.8: Flow curves of o vs. 4 of 75 mM SHNC/CTAB at 25 °C by ramping down the
shear rate from 4, = 10 s7' t0 Juown = 1072 s71 and ramping up from Yyoun t0 Yup for (ar)
0t = 50 s; (by) 6t = 10 s; ramping up from Ygeu, to i, first and ramp down from 4, to
Yaown for (ag) 0t = 50 s; (by) dt = 10 s.
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Small angle light scattering (SALS) under transient shear flow

We have conducted Small angle light scattering (SALS) to investigate shear induced mi-
crostructure changes in coupled with our rheological measurement to illustrate the transient
behavior. The experiments were carried out by Anton-Parr MCR 502 Rheo-SALS setting up,
equipped with a 43 mm in diameter and a 1 mm in gap transparent parallel plate. The SALS
laser light is emitted by a small laser diode and directed towards the sample by a prism,
the scattering patterns during shear flow are recorded by a CCD camera. The birefringence
index and dichroism are measured by He-Ne wavelength is 632.8 nm and the beam diameter
of the He-Ne laser is 0.81 mm. Birefringence index represents the degree of micelle alignment
and dichroism that indicates the turbidity that originate from new formed structures that
absorb the light. When anisotropic structures are induced by shear or deformation forces,
direct visualization showed the formation of turbid shear bands would be observed with en-
hanced intensity patterns oriented parallel and perpendicular to the flow direction Since we
don’t have enough time available to do a good job of this and it will be the subject of a more

detailed study later on, we only presented the information we have so far.

In order to get a glimpse of shear induced transitions for SHNC/CTAB system 25 °C, we
incrementally increased shear rates within 1072 s7! ~ 10 s™! and recorded the birefringence
index dn and dichroism, along with the real time images showing the changes of intensity with
flow. At low shear rates where the shear rates are not high enough to align the micelles, the
birefringence index is close to 0 and no measurable scattering is obtained from the sample,
suggesting no large-scale structures were formed in the fluid. However, when the shear rate
v reaches to the critical 7, where shear banding occurs, a bright streak was developed along
the flow direction, indicating elongated structures aligned during the direction of the flow.
We held each shear rates for around 1000 s, but no typical “butterfly” pattern that indicates
the coupling of concentration fluctuation with scattering was observed. Instead, the micelles
were aligned with flow directions first, forming a bright streak in the flow direction, another

bright streak that oriented perpendicular to the flow appeared later. Both streaks existed
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Figure 2.9: Plot of shear stress (left vertical axis) and birefringence index (right vertical axis)
versus the shear rates. The inserted black images also shows that, the scattering pattens
appear along the flow direction first and then develops in vertical flow direction as well in
the shear banding regime

and the intensity of the streaks was enhanced and decreased periodically (see Fig. 2.9).
Almost all the 4 in the shear banding regime follow this pattern but the streak intensity
increased and the period + of reappearing decreased for higher 4. Besides this, a periodically
changed of dichroism also indicates the change of absorbance of light due to the formation
of elongated structures. Therefore, SHNC/CTAB micelles exhibit strong elastic behavior
under shear flow and it was the stretching and stress-orientation of micelles that dominated

over the diffusion and concentration fluctuation of micelles during shear flow.

Nonlinear rheology: Large amplitude oscillatory shear flow (LAOS)

Since linear rheology provides limited information related to microstructural transitions in
wormlike micellar solutions under flow, we conducted nonlinear rheological characterizations
with large amplitude oscillatory shear flows (LAOS) to further reveal the naphthalene ring

influence in micellar solutions under oscillatory flow field. LAOS employs accurate sinu-
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soidal strain input to probe the microstructural transitions in a sample without causing edge

208 Accompanied by the results from linear and

failure of the sample by Blackwell et al.
transient rheology procedures, LAOS illustrates a comprehensive picture of how wormlike
micelles are affected by the cyclic switching on and off of the flow. As discussed earlier,
the naphthalene ring can easily form stable non-covalent bonds that “arrest” micelles under

182 We envision that non-

simple shear flows and small deformations by Frounfelker et al.
covalent bonds in CTAB/SHNC wormlike micellar solutions can be potentially decomposed
under large deformations and thermal agitations. We focused on 75 mM CTAB/SHNC solu-
tion for the LAOS characterization in this section not only because of its strong viscoelastic

properties, but also because its rheological properties can be compared with those of 75 mM

CTAB/NaSal solution.
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Figure 2.10: Strain Sweep for 75 mM CTAB/SHNC at (a) 20 °C; (b) 25 °C; (c¢) 35 °C from
v = 1% — 1000% of strain and a frequency of 0.07 rad/s.

First, a strain sweep of strain v = 1% — 1000% for 75mM CTAB/SHNC solution from
20 °C to 35 °C was performed in order to identify its linear/nonlinear viscoelastic regimes,
shown in Fig. 2.10. Hyun et al.?%216 classified four types of LAOS response of complex fluids
based on the strain sweep procedure: type I, strain thinning (both G’ and G” decreasing
with increasing strains); type II, strain hardening (both G’ and G” increasing); type III,
weak strain overshoot (G’ decreasing, G” increasing followed by decreasing); type IV, strong

strain overshoot (G’ and G” both increasing followed by decreasing). There was a weak
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overshoot of G” at both 20 °C and 25 °C, corresponding to type III response. At 35 °C,
the strain overshoot was smoothed out with a decrease in both G’ and G”, corresponding to
type I behavior. This strain sweep measurement provides limited insight of microstructure
transition in the nonlinear regime. For example, the overshoot of G” in type III response
could be either due to the breakup and reformation of microstructures, or the viscous dis-

sipation among microstructural clusters in the material by Hyun et al 20426

Thus, even
though type III behavior was observed for both 20 °C and 25 °C, further information in the
nonlinear viscoelastic regime is needed to capture the microstructure evolution under flow

by using LAOS measurements.
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Figure 2.11: For 75 mM CTAB/SHNC solution at 20 °C, f = 0.01 Hz, w = 27 f with De=
20: (a) stress response as a function of time; (b) Lissajous stress curves; (c¢) normalized high
harmonic Fourier coefficients (I3, I5, I7) under LAOS.
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For 75 mM CTAB/SHNC solution, LAOS measurements were conducted by applying
sinusoidal strain signals at v of 10%, 50%, 100%, 500%, 800% at a fixed angular frequency
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w = 0.07 rad/s, for three different temperatures (20 °C, 25 °C, 35 °C). The Deborah number
De is defined as De = A\, X w, and the Weissenberg number Wi = v x De. Fig. 2.11(a)
shows the shear stress (o) response as a function of time and Lissajous normalized shear
stress o versus shear strain 7 curves (Fig. 2.11(b)) at 20 °C. At v = 10% and 50%, o versus
v plots show a linear trend with a phase angle ~ 4° consistent with the linear viscoelastic
response shown in Fig. 2.10 (a). At higher strains v = 100%, 500%, 800%, the viscoelastic
response becomes evident with an increase in the phase angle, reflected by a sinusoidal stress
response with time (Fig. 2.11(a)) and elliptical Lissajous curves (Fig. 2.11(b)). To quantify
the degree of nonlinearity in the stress response, higher order Fourier harmonic coefficients I,
(using Eq. (6 & 7)) were calculated by Fourier transforms of stress in the frequency domain
and normalized by the first harmonic coefficient I(w;), see Fig. 2.11(c). The magnitude of
these normalized coefficients can quantify the nonlinearity of the shear stress under large
deformations. With increasing strain v, I3 and I5 reached an asymptote with magnitudes

less than 0.06 and a vanishingly small coefficient I7.

At 20 °C, the stress relaxation time obtained from the SAOS measurement (A, ~ 317 s,
see Table 2.4) is greater than the deformation time (1/w ~100 s) from the LAOS oscilla-
tion, hence the micelles were continuously deforming without being completely relaxed. It
has been proposed that entangled wormlike micellar networks would “yield” when the time
scale introduced by the flow is shorter than the intrinsic time scale (relaxation time \,)
of the system. The “yield like” behavior exhibited in these systems is due to the entan-

gled /disentangled micelle chains by Tapadia et al.?5%2%

, especially under periodic flow at
large amplitudes. The imbalance of two forces, the elastic retraction force from shear, and
the extension force from the entanglement points can induce disentangled chains, accompa-
nied by the homogeneous elastic deformation within wormlike micellar networks by Wang
et al.?". In our case (), > 1/w), with increasing strain -, the micellar networks kept on
yielding and the stress was more likely to accumulate and relax in the entangled network,

accompanied by the viscous dissipation during the deformation period.

At higher temperature 25 °C, linear viscoelastic response in 75 mM CTAB/SHNC solution
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Figure 2.12: For 75 mM CTAB/SHNC solution at 25 °C, f = 0.01 Hz, w = 27 f with De=
6: (a) stress response as a function of time; (b) Lissajous stress curves; (¢) normalized high
harmonic Fourier coefficients (I3, I5, I7) under LAOS.

was observed at v = 10% from the LAOS measurement. However, the micellar solution
exhibited high nonlinearities with tilted stress curves (marked in Fig. 2.12) when v > 50%,
showing a nonlinear viscoelastic response with distorted sinusoidal shaped stress versus time
curve (forward tilted stress) and deformed elliptical shape of the Lissajous curve. Hyun et
al.2' observed similar deviations from sinusoidal shaped stress versus time response in a
4 wt% aqueous Xanthan gum solution. They proposed that the “forward tilted stress” was
related to the linear chain structures that were isotropically distributed in the Xanthan gum
solution, which may also align and associate to form a structured gel. The sharp increase
in the stress signal in the Lissajous curve, termed as the “sticking” stress by Hyun et al.?!4,

was caused by short range potentials between two charged headgroups of polymer chains.

At v = 500% and 800%, we also observed stress bumps in the stress versus time curves,
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see Fig. 2.12. Rogers et al.?

also reported a stress bump for a soft colloidal solution under
LAOS. They proposed the concept of the “cage” strain causing the stress bump: the colloidal
glass system displayed an elastic response and sustained the deformation before reaching the
“cage” strain. The stress buildup and breaking of microstructures consequently led to the
stress bump. This “stick-slip” system would flow again when the strain rate reached zero,
until the “cage” reformed and another stick-slip cycle began.

For our CTAB/SHNC solution at 25 °C, the structured micellar network was first decon-
structed due to large deformation . However, since the deformation time scale 1/w ~100 s
is very close to the longest micelle relaxation time, new noncovalent bonds could be formed
when v ceased during the cycle, accompanied by a significant reorganization of the micellar
network due to the flow. In addition, short range interactions (electrostatic repulsions of
positively charged CTAB headgroups, local frictions between micelles from the extra tail)
between adjacent micelles could induce nonlinear stresses at large amplitude of strain, where
rearrangements of m — 7, cation—m bonds all played important roles in short range inter-
actions, generating “sticky” bumps observed in the stress curve. These short-range inter-
actions between micelles that periodically decomposed and reformed within the oscillatory
cycle played a significant role in the distorted rheological response.

High harmonic Fourier coefficients were calculated at 25 °C, shown in Fig. 2.12(c). Similar
to the case at 20 °C, the normalized I,, (n = 3, 5, 7) increased with increasing strains due to
entangled micellar networks, then reached an asymptote at higher strains, potentially caused
by the viscous dissipation that smoothed out the nonlinearity. The harmonic coefficients at
25 °C were much higher than those I, at 20 °C, implying that short-range electrostatic
interactions and thermal agitations between micellar headgroups at higher temperatures
played important roles in intensified nonlinearity. It can be inferred from Table 2.4 that at
lower strain amplitudes, mesh size &,, remained unchanged, but the zero shear viscosity 7
and relaxation time A, at 25 °C were much smaller compared with those of 20 °C. Thus, at
large strain amplitudes, the micellar networks were easier to disintegrate into smaller clusters

with a balance between viscous dissipation and intramolecular interactions during oscillatory
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cycles.
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Figure 2.13: For 75 mM CTAB/SHNC solution at 35 °C, f = 0.01 Hz, w = 27 f with De=
0.2: (a) stress response as a function of time; (b) Lissajous stress curves; (c¢) normalized high
harmonic Fourier coefficients (I3, I5, I7) under LAOS. De = A X w, and Wi = 7 x De.

With increasing temperature at 35°C, stress versus time curves showed a linear viscoelas-
tic response for 7 between 10% and 100%, followed by emergence of small plateaus and
“forward tilted stress” at v = 500% and v = 800% (see Fig. 2.13), similar to the stress
pattern observed at 25 °C with a ¢3 = 270°, which appeared at relatively lower strains (i.e.,
v = 50%). Since the system at 25 °C and 35 °C exhibited distinct differences from both
linear viscoelastic (Fig. 1.2) and strain sweep (Fig. 2.10 (c¢)) procedures, we propose that the
underlying mechanism for the “forward tilted stress” observed in stress time curves was dif-

ferent at these two temperatures. At 35°C, deformation time (1/w ~ 100 s) was much slower
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than the stress relaxation time (A, ~ 3.2 s) of the entangled micellar networks (1/w >> \,),
meaning micellar networks have sufficient time to relax during the oscillation cycle. Clusters
of micelles at large strain v can then interact and break into small clusters at the maximum
v and reform continuously when 7 was reversed, which corresponded to the stress bump
observed in the stress curve periodically (see Fig. 2.13). In addition, small stress plateaus
accompanied by the development of stress bumps were observed at 35°C, under v = 500%
and v = 800% (see Fig. 2.13). This phenomenon is potentially related to “sliding” layers

1.21: clusters can align and slide between each other under

between micelles by Hyun et a
the flow direction before micellar networks break and reform, yielding a small plateau before
the appearance of stress bumps. The normalized I,, (n = 3, 5, 7) at 35°C were also calcu-
lated and plotted in Fig. 2.13(c). There was a monotonic increase in [, with increasing ~,
indicating an increasing nonlinearity at this temperature, owing to the continuous break and
reform of micelle clusters with higher thermal diffusivity. The hydrophobicity of HNC™ ions
decreased with elevating temperatures, leading to weakened m — 7 and cation—7 bonds. As a

result, each extra benzene ring protruded out of micellar headgroups freely, adding frictions

and interactions between micelles during flow that led to increased nonlinearity.

We have also conducted some preliminary tests at fixed value De= 20 under 20 °C (f =
0.01 Hz), 25 °C (f = 0.03 Hz), and 35 °C (f = 1 Hz). The strain amplitudes for the LAOS
are applied at v = 10%, 50%, 100% , 500% and 800%. Compared with the LAOS results for
20 °C at De = 20, the solution did not exhibit a nearly pure elastic response at 25 °C and
35 °C at low strain amplitudes v = 10% and 50%. At higher strains v = 100%, 500%, 800%,
the viscoelastic response became more evident for all three temperatures, reflected by more
elliptical shaped Lissajous curves. These preliminary results show interesting features that

deserve further investigation, which will be the topic of future work.

258 used Rheo-PIV to characterize the velocity profile and shear bands

Dimitriou et al.
locations of wormlike micellar solution of 100 mM CPyCl and 60 mM NaSal in their LAOS

measurements. They observed that the shear bands existed over the full cycle of the oscil-

lation. Shear bands in our study might form and vanish during the LAOS cycle. We are
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Figure 2.14: Stress response as a function of time (A) and Lissajous stress curves (B) for
75 mM CTAB/NaSal solution at 25 °C, f = 0.01 Hz, w = 27 f with De= 0.01.

currently working towards developing a rheo-PIV system and we hope to be able to perform

such experiments and report our results in the near future.

Comparing LAOS behavior of CTAB/SHNC at constant De

In order to decouple the effect of structure change and flow conditions, we performed more
experiments by just holding De number constant while changing the oscillation frequency,
(see Fig. 2.15). We have performed more experiments by holding De = 20 for 25 °C and
35 °C. Since it’s taken incredibly long time for the fluid to get a low De at 20 °C, we decided
to keep the De = 20 for 20 °C in the manuscript and added LAOS tests f = 0.03 Hz at
25 °C and f = 1 Hz at 35 °C, see Fig. 2.15, and the Fourier coefficients are extracted and
plotted in the Fig. 2.15. As suggested by Morozov and vanSaarlos®?, for viscoelastic fluids,

the combination of normal stress effects, intrinsic micelle properties (memory effects) and
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Figure 2.15: Plot of Lissajous curves (Torque versus angular displacement) under 20 °C (with
a deformation time scale < micelle relaxation time \,.), 25 °C (with a deformation time scale
micelle relaxation time \,), 35 °C (with a deformation time scale > micelle relaxation time
Ar). Each Lissajous curve from the smallest circle to the largest circle corresponds to different

strain at 10%, 50%, 100%, 500% and 800%.
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the elastic effects, which are stored at high sheared region and released when the shear force
decreases, are responsible for the onset of flow instabilities and nonlinearities. In our new
tests, De is held constant, Wi is the same under same strain input, the flow conditions
and elastic effects are decoupled. By compared the Lissajous curves and 3rd, 5th and 7th
normalized Fourier Coefficients between 20 °C, 25 °C and 35 °C, we noticed the stress doesn’t
show significant nonlinearities and the three cases are very close to each other. The nonlinear

stress response is more-likely elasticity-dominated and subcritical.

Comparing LAOS behavior of CTAB/SHNC and CTAB/NaSal solutions

To distinguish the extra benzene ring effect in the CTAB/SHNC solution, we compared LAOS
measurements on both CTAB/SHNC and CTAB/NaSal solutions at the same surfactant
and salt concentrations ([CTAB|=75 mM with R = 0.32), at 25 °C (see Fig. 2.14). The
CTAB/NaSal solution exhibited less nonlinear viscoelastic response for all v (see Fig. 2.14),
while forward tilted stress was observed for the CTAB/SHNC solution at increasing ~y (see
Fig. 2.12). The zero shear viscosity and the stress relaxation time were significantly lower for
CTAB/NaSal solution when compared with those of CTAB/SHNC system (see Table 2.1).
At 25 °C, ng is 2.5 Pa s and A, is 0.21 s for CTAB/NaSal, while 7 is 1000 Pa s and
A is 100 s for CTAB/SHNC system, suggesting faster breaking and reforming rates of
micelles in CTAB/NaSal solutions. In the CTAB/NaSal system, the stress versus strain
curve also exhibits more circular shaped Lissajous plots, with a phase angle close to 90°,
corresponding to a more viscous response under the same large strain deformation. The
quantitative comparison of the nonlinearity of the two solutions can be highlighted by plotting
Fourier spectrums at v = 500% and 25°C. Fig. 2.16 (a) illustrated the rich nonlinear behavior
of CTAB/SHNC solution with relatively high I3, I5 and I; at the frequency range from 0 —
0.1 Hz. By contrast, the stress response in the CTAB/NaSal solution exhibited vanishing
higher harmonic Fourier coefficients (see Fig. 2.16 (b)).

These comparisons demonstrated that the strong hydrotropic salt SHNC with dual ben-

zene rings induced pronounced viscoelasticity when compared to that of CTAB/NaSal so-
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lution. The strong hydrophobicity and high surface activity of SHNC molecules can yield
stronger noncovalent interactions between adjacent micelles as hydrophobic HNC™ ions need
to be shielded from water to stabilize these micelles. Consequently, domains of 7—m ions are
paired and cation—m groups are formed between HNC™ ions and adjacent hydrophobic CTAB
headgroups, inducing stable and extensible micellar networks that exhibit versatile response
under large deformations and temperatures. In particular, for 75 mM CTAB/SHNC solu-
tion, micellar network formed with 77 ions are paired and cation—m groups exhibit stability
under different temperatures from 20 °C to 40 °C. Despite the increasing diffusion coefficient
D at higher temperatures that led to more agitated interactions of micelles, the Arrhenius

relationship remained valid.
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Figure 2.16: Fourier coefficient spectrum at v = 500% under 25 °C (a) 75 mM CTAB/SHNC
solution and (b) 75 mM CTAB/NaSal solution. The inserted images are plots of stress versus
time curve and Lissajous curve at this particular strain and temperature.

2.4 Concluding remarks

We performed both linear and nonlinear rheological characterizations of an aqueous mixture
of cationic surfactant CTAB and hydrotropic organic salt SHNC in the semi-dilute regime,

coupled with dynamic light scattering measurements. With SHNC as counter ions, domains
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of m— 7 ions were paired and cation—7 groups were formed between HNC™ ions and adjacent
hydrophobic CTAB headgroups, inducing more viscoelastic and stable micellar networks
compared with that of the CTAB/NaSal system. By focusing on 75 mM CTAB/SHNC
solution, we observed a rich variety of nonlinear rheological behaviors under different defor-
mation histories with temperatures ranging from 20 °C to 40 °C. Since the naphthalene ring
can easily form stable noncovalent bonds that “arrest” micelles under simple shear flows and

small deformations by Frounfelker et al.!82

, when the deformation time is short compared
with micelle relaxation time A, at 20 °C, the viscous dissipation is dominant at higher de-
formation. At 25 °C where the two time scales are comparable, yielding like behavior occurs
and is accompanied by short range interactions between micelle head groups. At 35 °C,

when the deformation time is much faster compared with A,, micelle network breaks and

recombines at a fast rate and lead to more frequent interactions.

More specifically, for LAOS and shear hysteresis flow measurements of CTAB/SHNC so-
lutions conducted at different temperatures, two important time scales emerged: deformation
time scale from the flow procedure, and the longest micelle relaxation time as an intrinsic
material time scale. we adopted the continuous Lissajous plot to illustrate the transient
behavior in 75 mM SHNC/CTAB system under 20 °C, 25 °C, 35 °C (see Fig. 2.17).

At 20 °C, the micelle network was “soft” (with low harmonic Fourier coefficients) but
the rearrangement of micelles were hindered due to the high viscosity of the solution. As
a result, the “soft” gel continued “yielding” and the progressive alignment and stretching
during the flow led to strong and heterogeneous localization of stresses in the entangled
networks, with relatively high viscous dissipation during the cycle. At 25 °C and 35 °C,
while the micelles were shorter and more mobile, a reorganization of entangled networks
and short range interactions between adjacent micelles became more dominant. Meanwhile,
reformation of new non-covalent bonds occurred during the deformation period since the
micelle relaxation time was shorter. Moreover, additional stress relaxation mechanisms such
as contour length fluctuations of reptation chains and constraint release from the motion and

rearrangement of neighboring chains, might play an important role in the micelle relaxation
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Figure 2.17: Plot of Lissajous curves (Torque versus angular displacement) under 20 °C (with
a deformation time scale < micelle relaxation time \,), 25 °C (with a deformation time scale
micelle relaxation time A,), 35 °C (with a deformation time scale > micelle relaxation time
Ar). Each Lissajous curve corresponds to different strain within in the range marked above.
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32,155,251,253 * Tpy polydispersed wormlike micellar systems, a simple superposition

mechanism
of the Doi-Edwards model by Cates et al.3? for different chain length was proved to be inad-
equate in describing the relaxation of micelle system. Therefore, other potential relaxation
time scales from the length/concentration fluctuation of micelles might also be responsible
for the stress response we observed earlier. Investigations of spatial resolution of heteroge-

260,261

neous bands, formation of shear induced structure phase and localization of stresses

262-264 will be considered in future work to correlate

at different deformations by rheo-optics
shear stress and flow-birefringence, and flow instability in the CTAB/SHNC system. Con-
centration fluctuation and shear induced bond formation should be studied to further explore

the transient behavior of highly viscoelastic hydrotropic micellar system.
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Chapter 3

FLOW OF CTAB/SHNC MIXTURE AROUND CONFINED
MICROFLUIDIC CYLINDERS

In this chapter, we utilized microfluidics as a tool to study how wormlike micelles be-
have at large deformations in the flow. Different from tradition rheometers, microfluidics
was able to provide a large deformation of fluids without inertia effects present. Experi-
ments with WLM solutions through model microfluidic porous media have revealed a variety
of complex flow phenomena that can occur under such conditions, including the formation
of stable gel-like structures known as a Flow-Induced Structured Phase (FISP). Such mi-
crostructural transitions undoubtedly play an important role in applications of WLM fluids,
but are still poorly understood. An important first step in understanding flows of WLM
fluids through porous media can be made by examining the flow around a single micro-
scale cylinder aligned on the flow axis. This chapter describes the flow behavior of 60 mM
CTAB/SHNC solutions around three confined microfluidic cylinder geometries. The strong
hydrophobicity and naphthalene structure present in the SHNC induces significant growth
of CTAB wormlike micelles, promotes stable micellar network formation and rich flow in-
stabilities depending on the cylinder blockage ratios at different Weissenberg (17/7) numbers.
Flow of WLM solutions around confined cylinders results in the onset of a sequence of low
Re flow instabilities with increasing W:. We mapped out the transition from symmetric
Newtonian-like flow, unsteady asymmetric, vortex growth and unstable three dimensional
flow behavior. The instability upstream of the cylinder is associated with high stresses in
fluid that accelerates into the narrow gap between the cylinder and the channel wall, while
the vortex growth is reminiscent of that seen in microfluidic contraction geometries. The

instability downstream of the cylinder is associated with stresses generated at the trailing
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stagnation point and the resulting flow modification in the wake.
3.1 Introduction

Viscoelastic flow around a cylinder has been considered as a benchmark problem in fluid

265-276 StI’OHg

mechanics and studied extensively by theoretical and numerical approaches
viscoelastic effects can be further enhanced as the characteristic length scale of the geometry
is reduced to the microfluidic scale® %>277. Small characteristic lengths [ of fluidic devices
result in short time scales T and high deformation rates 4, which scale as ~ U/l, where U
is a characteristic speed. Therefore in microfluidic devices elastic effects as characterized by
the magnitudes of either the Weissenberg number Wi = A9, or the Deborah number De can
become high. In contrast, inertial effects in microfluidic devices, which can be characterized
using a Reynolds number Re (which scales as ~ [) can become negligibly small. Several
recent studies utilized microfluidic devices (with length scales of tens to hundreds of microns)
to study elastic and inertio-elastic instabilities and three dimensional effects in viscoelastic
fluids including polymer and wormlike micellar solutions 338 41,43-46,67-71,268,278-281
Vasudevan et al.™ studied a series of semi-dilute WLM solutions composed of mixtures
of cetyltrimethyl ammonium bromide (CTAB) with NaSal flowing through a microfluidic
tapered channel packed with glass beads (20 ~ 100 pm in diameter). The packed glass
beads simulated porous media flow capable of achieving a total fluid strain of ~ O(10*) with
a combination of shear and elongation deformation rates of ~ O(10* s7!). They reported the
formation of a long-lived gel-like structures emerging from the porous bed, which they named
a flow-induced structured phase (FISP). Similar FISP formation has since been observed for
the flow of WLM solutions through simpler two-dimensional (2D) microfluidic model porous

787 and with WLM solutions formed from non-ionic surfactant. It has

arrays of cylinders
been shown by high-resolution SEM imaging of captured gels that the FISP structure is
stabilized by the formation of intermicellar branches and connections®. However, the exact
cause of this microstructural transition and and the reason for it’s irreversibility remains

largely unknown. The formation of such gel-like FISP in porous media flows of WLM’s
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is likely to be of significant relevance to the application of WLM’s in oilfield flooding and
therefore demands to be better understood. Gel formation has also been reported for flow
of aqueous poly(acrylamide) solutions through porous beds of sand or ballotini if extremely

high deformation rates are applied and pore spaces are smaller than ~ O(10 pum) 2.

A first step towards understanding flows through a packed bed of particles comes from
looking at the flow around a single particle such as a sphere, or it’s 2D equivalent, a cylin-
der. Flow around a cylinder has long been considered as a benchmark fluid mechanics

73776,160-165 " The flow field around the cylinder can be separated into three distinct

problem
regions: the upstream region before flow reaches the cylinder, regions of high shear rates on
either side of the cylinder and the extensional wake to the rear of the trailing stagnation
point. Flow around cylinders and spheres have been studied as a good model for many
industrial processes that are relevant to applications such as flow separation, flow though

114,159,283 Previous experimental

porous media, particle suspension or sedimentation, etc
studies of wormlike micellar solutions flow around cylinders include flow past macroscopic
cylinders 3110 In concentrated CTAB/NaSal solutions, Gladden and Belmonte? reported
solid-like tearing and cracking of the fluid in the wake of the cylinder along with an unsteady
leading crack ahead of the cylinder. Since wormlike micelles can break and recombine after
scission, the fracture was observed to “self-heal” after a few hours. Moss et al. 138139 studied
the flow around a cylinder with two different wormlike micellar solutions (50 mM CTAB
mixed with 50 mM NaSal and 100 mM cetylpyridinium chloride (CPyCl) mixed with 50 mM
NaSal) and observed elastic instability of CTAB/NaSal solution for flow rates beyond which
a critical De was exceeded. Here, the Deborah number is defined by De = Au/R, where u is
the average velocity of the fluid, and R is the radius of the cylinder. They illustrated that
the flow remained symmetric for both fluids at low De. As the De was increased, shear thin-
ning effects dominated and a pressure drop inside of the channel was observed. For further
increases in De, extensional rheology began to play an important role resulting in the onset

of elastic instability, in particular for the CTAB/NaSal solution, which showed strong strain

hardening behavior under extensional flow.
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1.2 studied aqueous polyethylene oxide (PEO)

In a microscale fluidic device, Kenney et a
solutions flowing around a cylinder. They used a single confined cylinder of diameter D =
65 pm in a channel of width W = 100 pm, providing a blockage ratio of § = D/W = 0.65.
The Deborah number was varied between 0.01 < De < 1672 and the Reynolds number
between 0.1 < Re < 10. Flow instability in the downstream wake was characterized by
disordered and temporally varying streamlines, and was observed within the range 1 <
De < 100 and 0.1 < Re < 10. This was a precursor to an instability upstream of the
cylinder, which occurred for Re > 10 and De > 10, with unsteady vortices formed at the
upstream surface of the cylinder. They concluded that the instability was fundamentally
elastic in origin, though was affected by the moderate inertia in their experiment. Kenney
et al.2™ discussed their results in terms of a well-known criterion that describes the onset of
purely elastic flow instabilities in terms of a build up of elastic tensile stresses along curved

81 However, in subsequent experiments using a wider variety of viscoelastic

streamlines?
fluids and geometries with a range of characteristic dimensions, the same group of authors
concluded that the onset of instability was due to the disruption of the base flow by the
traveling elastic wave as the viscoelastic Mach number exceeded Ma > 128 With non-shear-
thinning poly(acrylamide) in glycerol solutions, Galindo-Rosales et al.?®6 found that besides
the blockage ratio, the aspect ratio of the microchannel (o« = H/W, where H is the channel
height) can also have a significant effect on the onset of instability. For given values of
and Wi, the instability was reported to become more intense for lower values of the aspect

ratio, 286,

Recently, Sun and Huang?®” used full-field time-resolved flow-induced birefringence (FIB)
imaging to study the behavior of CTAB/NaSal and CPyCl/NaSal WLM solutions in straight
microchannels containing cylinders on their central axes. Three flow cells were examined:
two of the devices contained a single cylinder with relatively low blockage ratios § = 0.25
and 8 = 0.5, the third device consisted of a linear array of seven aligned cylinders with § =
0.5. Sun and Huang demonstrated that both extensional and shear strain rates contributed

to the flow induced birefringence and the retardation measurement provides a quantitative
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and non-invasive representation of the fluid deformation and stress in microfludics.
Motivated by this work, we examine the flow of a WLM solution through microchannels
containing a single cylinder with varying cylinder to channel width ratio. We use a combi-
nation of quantitative full-field FIB imaging and micro particle image velocimetry (uPIV)
to study the effect of the localized micelle deformation on the macroscopic flow field over a
wide range of imposed Wi but for low fluid inertia. We also use fluorescent streak images to
qualitatively compare the flow patterns observed between wormlike micellar solutions with
those seen for the flow of Newtonian fluid. We observe a complex sequence of non-Newtonian
flow effects and viscoelastic flow instabilities upstream and downstream of the cylinders as

W1 is incremented.

3.2 Experiments and Methods

3.2.1 Material preparations

The wormlike micellar solution is an aqueous mixture of a cationic surfactant CTAB (Sigma-
Adrich, Saint Louis, MO) and 3-hydroxy naphthalene-2-carboxylate (SHNC), a strong bind-
ing organic hydrotropic salt (TCI America, Portland, OR), used as received. The solution
was prepared by adding [CTAB] = 60 mM and SHNC with the fixed molar ratio of R=
[SHNC]/[CTAB] = 0.32 to deionized water and mixing for a minimum of 24 hours un-
der room temperature 25 °C, and allowing the solution to equilibrate for one week. This
salt /surfactant concentration ratio falls within the semi-dilute regime containing entangled
wormlike micelles?®®. In particular, the strong hydrophobicity and naphthalene structure
present in the SHNC enable strong non-covalent bonds (cation-m and 7—7) between adjacent
micelles, see schematics in Fig 2.1. As a result, micelles in this particular CTAB/SHNC

10,182

system have shown persistent birefringence after the cessation of flow , with stronger

viscoelasticity when compared to other cationic surfactant-salt systems?%®,

To highlight the hydrodynamic and structural instability in wormlike micellar solutions,

we also prepared a Newtonian fluid that consists of 92 wt% glycerol mixture with DI water,
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with a constant viscosity of 0.15 Pa.s at 25 °C. We chose proper flow rates for the Newtonian
solution in the microdevices to cover the same Re range as those for the wormlike micellar
solutions. We then explored the flow instability originated from elasticity by comparing
the flow patterns and velocity profiles between the Newtonian fluid and wormlike micellar

solution.

3.2.2  Rheological characterizations

The viscoelastic properties of the wormlike micellar solution were measured by using a stress
controlled rheometer (MCR 502, Anton-Paar), with a stainless steel cone and plate geometry
(50 mm diameter and angle 1°, with a truncation gap of 59 um). The measurable shear rate

Lup to 4 = 300 s~! to avoid sample ejection from the rheometer, see

ranged from 4 = 10 s~
solid symbols in Fig 3.1 (a) and its insert plot. All measurements were repeated 3 times and
an environmental chamber was used to prevent sample evaporation.

Since the shear rate value reaches as high as ~ O(10® s7!) in the microfluidic cylinder
flow, the steady flow procedure was performed by using a high aspect ratio, rectangular
microfluidic slit rheometer (m-VROC, RheoSense Inc.) to obtain the shear rheology infor-
mation at high shear rate regime. The channel width, height and length are W = 50 pm, H
= 3.308 mm and L = 8.8 mm respectively; four 800x800 um? MEMS-based pressure trans-
ducers are fitted along the centerline®®. A thermal jacket maintained the temperature of the
sample and the microfluidic chip at 25 °C. The Weissenberg-Rabinowitsch-Mooney correc-
tion was applied in order to determine the true wall shear rate, enabling the computation of
the shear-rate-dependent viscosity up to shear rates of 4 = 3 x 10* s7!. This allowed us to
characterize the high shear rate branch for the shear banding solution of CTAB/SHNC, see
hollow symbols in Fig 3.1(a) and its insert plot.

The wormlike micellar solution (60 mM CTAB/SHNC) exhibited strong shear-thinning
behavior with a zero shear viscosity around 136 Pa.s, see Fig 3.1(a). The micellar solution
reached a constant stress (around 4 Pa) at 4 = 0.2 s7! and expanded in two decades in shear

rates, which has been generally characterized as shear banding, see Fig 3.1(b). In the shear
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Figure 3.1: (a) Shear viscosity as a function of shear rates for 60 mM CTAB/SHNC solution
under steady shear. At high shear rates, the solution exhibited shear thinning behavior. The
inserted plot displays shear stress as a function of the shear rate. The shear banding region
occurs at 4 € (0.2 s7', 100 s!), with a nearly constant shear stress o, = 4 Pa. The data
are well fitted by the Carreau-Yasuda model. (b) Dimensionless mid-filament diameter as
a function of time for 60 mM CTAB/SHNC solution measured by CaBER, the insert plot
showing the extensional viscosity as a function of total strain.

banding regime, homogeneous flow of wormlike micellar solutions can become unstable and
separate into coexisting shear bands with different local viscosities and internal structures
above a critical shear rate3®™" ™. The n(¥) and o (%) were fitted by a Carreau-Yasuda model
M = oo + (M0 — Moo) /[1 4+ (5/7*)4]E~™/2 which yields the zero shear viscosity 179 = 130 Pa.s,
the infinite viscosity 7., = 3 mPa.s, characteristic shear rate for onset of shear thinning 7* =
0.022 s71, transient control factor a = 1.5 and power law index in the shear thinning region
n = 0.05, see Table 3.1. The solution followed the single-mode Maxwell model at lower
frequencies with the longest relaxation time at \y; = 45.5 s, which was reasonably consistent
with the cross over value obtained from the small amplitude oscillatory sweep, see Fig 2.2 in

chapter 2.

The extensional properties of the wormlike micellar solution were characterized at 25 °C

using a Capillary Breakup Extensional Rheometer (Haake CaBERI1, Thermo Scientific),
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Table 3.1: Rheological properties of solutions at 25 °C from Carreau-Yasuda model

Solution 7y (Pa.s) Neo (Pa.s) AcaBEr (3) A*(s71) a  Trmae

60 mM 130 £ 1.3 0.003 £ 0.0001 45.4 + 0.1 0.022 0.0 1.5 =200

equipped with circular end-plates (dy = 6 mm in diameter) and a gap lyp = 2 mm between
the top and bottom plates for initial loading of the WLM fluid sample. The plates were
separated by a linear displacement over a 50 ms time period to reach a final separation of
l; = 8 mm, and the time evolution of the diameter of the resulting fluid filament (d(t)) was
measured until the eventual breakup of the fluid thread using a laser micrometer positioned
at the midpoint between the two end-plates. The measurement was repeated six times in
order to ensure reproducibility and a representative set of transient extensional rheology data
is shown in Fig 3.1(b). As Fig 3.1(b) shows, the filament diameter decayed with time to an
eventual breakup at time t. =~ 75 s. The diameter versus time curve displays an extended
elasto-capillary regime between times 15 s <t < 60 s, where the diameter of the fluid thread
decays exponentially with time?8%2%_ This region can be fitted with an equation of the form
d/dy = exp(—t/3\) in order to extract a characteristic relaxation time for the fluid of Acuper
= 45.4 £ 0.5 s, which is in fair agreement with the relaxation times obtained from both the
Carreau-Yasuda model fit to the steady flow curve and from the crossover observed in small

amplitude oscillatory shear measurements2®®.

The transient extension rate e('t) can be computed from the filament diameter using the

expression € = —2d(t)/d(t), which can be integrated over time to give the total accumulated
Hencky strain € = 2In[dy/d(¢)]?%%%Y. Within the elasto-capillary thinning regime, assuming
a balance between surface tension and elastic forces, the transient elongational viscosity of
the fluid can be computed according to i = —a/d(t), where o is the surface tension. The

surface tension of the 60 mM CTAB/SHNC wormlike micellar solution was measured to be

o = 17.75 mN m~! using a pendant drop tensiometer (Attension Theta, Biolin Scientific).
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The transient dimensionless Trouton ratio of the fluid is given by 7, = ng/no and is plotted
as a function of accumulated Hencky strain shown in the inset of Fig 3.1(b). The extensional
viscosity ng and Trouton ratio T'r increase monotonically with increasing Hencky strain
€y, demonstrating a significant strain hardening: the WLM solution achieved a maximum
extensional viscosity at a strain of € = 9 where the Trouton ratio reached a maximum value

of Traz =~ 200.

3.2.83 Microchannel flow geometry design and fabrication

To investigate the elastic instabilities in the WLM solution under large shear and extension
rates, we fabricate three microdevices with a single cylinder in the middle of a straight
microchannel, with varying blockage ratios f = %, defined as the ratio of the cylinder
diameter D over the channel width W. The channel width W and channel height H are the
same for all devices. The blockage ratio in Device 1 was chosen as the bench mark value
B = 0.50 based on literature?®®, and increased to 8 = 0.67 in Device 2, and 5 = 0.83 in
Device 3 to probe the spatial confinement effects on wormlike micelles at low fluid inertia,

see Table 3.2 and Fig 3.2.

Figure 3.2: Microfluidic geometries contain a single cylinder in a straight microchannel with
a blockage ratio (a) f = 0.50, (b) § = 0.67, and (c) 8 = 0.83, by fixing the width of the
microchannel W = 600 pm and varying the diameter of the cylinder D accordingly (see
details in Table 3.2).
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The microfluidic devices were fabricated using Sylgard 184-PDMS elastomer via standard
soft lithography techniques (SU-8 2050, MicroChem Corp. Newton, MA)??1. After a layer of
photoresist was spun onto a silicon wafer and cured, a Heidelberg yPG-101 machine (Heidel-
berg Instruments GmbH, Heidelberg, Germany) at 4X speed and 75% of 18 mW was applied
to write the mold of microchannel onto the photoresist. The wafer was subsequently cured,
developed, and surface treated to render it hydrophobic. A mixture 10:1 of polydimethyl-
siloxane (PDMS) (SYGARD 184, Dow Corning) was poured over the molds, and allowing
curing overnight after degassing. The resulting PDMS cast was peeled from the wafer and
plasma bonded onto a glass slide using a Femto plasma cleaner (Diener Electronic). A sy-
ringe pump neMESYS (Cetoni GmbH) equipped with a 10 mL Hamilton syringes was used
to pump the wormlike micellar solution into the device through the inserted polyethylene

tubing (Intragenic).

Table 3.2: Channel dimensions

Geometry W (um) D (um) B=2L£ H (um)

W
Device 1 600 300 0.50 100
Device 2 600 400 0.67 100
Device 3 600 500 0.83 100

3.2.4  Dimensionless groups

To study the effect of the localized micelle deformation on the macroscopic flow field in the
microscale flow, we define the key dimensionless numbers the Re, the Wi and the elastic-
ity number FEl based on conditions encountered within the narrow gap region between the

cylinder and the channel walls:
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uD
Re = 220 (3.1)

()

and
. . U
Wi = AcapErY = )\CaBERm- (3.2)
Finally, the elasticity number E is:

Wi
El=—. 3.3
T (3-3)

Here the average flow velocity in the contraction region 4 = U/(1—§3), where U = Q/W H
is the average flow rate in the main channel and () is the imposed volume flow rate. The

hydraulic diameter is D, = (2(175 WH for a rectangular cross section channel. The shear

1-B)W+2H
viscosity n(%) is found by evaluating the Carreau-Yasuda fit to the steady flow curve at an

U

(1-pw

average shear rate of 7 = in the narrow gap.

3.2.5  Flow visualizations
Flow induced birefringence (FIB)

Quantitative full-field flow-induced birefringence (FIB) imaging was performed using an Ex-
icor Microimager (Hinds Instruments, Inc.). The Microimager is able to fully quantify both
retardance and orientation angle during flow with a retardance resolution of 0.01 nm and a
detection limit (noise floor) of 0.1 nm. The instrument performs Mueller matrix calculations
on images acquired using two photoelastic modulators and a synchronized stroboscopic light
source?92293 The calculation of retardance and orientation angle requires a total of 7 images,
which are accumulated over a period of 1 s each, so while the system is fully quantitative
in the case of steady flows, it does not have sufficient temporal resolution for capturing
time-varying flows in detail. Nevertheless, even for unsteady flows we are able to obtain
images that provide a good overall indication of the time-averaged spatial distribution of the

151)

micellar orientation and the optical retardance (hence stress distribution in the flowing
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WLM solution. A 5X objective lens and a green light source with a wavelength of 532 nm

were used in this work.

Streak imaging

Flow pattern visualizations were performed by capturing streak images with an inverted epi-
fluorescence spinning-disc confocal microscope (DSD2, Andor Technology Ltd.), equipped
with an Andor iXon camera and a Nikon 4X (NA = 0.13) objective lens. Both fluids (New-
tonian fluid and WLM solution) were seeded at a concentration of 0.01 wt% with fluorescent
polystyrene particles of diameter d, = 5 pum (Microparticles, GmbH) with excitation and
emission wavelengths of 530 nm and 607 nm, respectively. The illumination and visualiza-
tion of the fluorescent particles was enabled by a mercury lamp and using the appropriate
excitation and emission filters.

Streak images were recorded with frame rates ranging from 0.3 to 10 frames per second
(fps) for the steady two dimensional flow, depending on the flow rate. For unsteady flows,
single streak images were not sufficient to describe the flow behavior. Thus we recorded
streak imaging videos over time periods of several seconds in order to characterize the time

dependent nature of flow field in such cases.

Micro-particle image velocimetry (u-PIV)

The kinematics associated with the flow was visualized by micro-particle image velocimetry,
pu-PIV (TSI Instruments). Monodispersed fluorescent polystyrene microspheres of diameter
d, = 1 pm (Life Technology) were added to the solution at a concentration of 0.025 wt%,
with excitation and emission wavelengths of 535 nm and 575 nm, respectively.

The laser light was emitted from a double pulsed 532 nm Nd: YAG laser. A tempo-
ral sequence of particle images was created by illuminating the same plane using multiple
laser pulses with a variable delay; the timing control was implemented using a LaserPulser
Synchronizer. The delay between laser pulses was chosen within the range of 80 us < 0t <

800 us according to the flow rates and region of interest (ROI).
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The particle images were acquired through a 4X (NA = 0.1) objective lens, for which the
correlation depth is around 55 um. The majority of the images were captured at the center
plane of the channel, which was identified by focusing on the top and bottom stationary
particles first and then averaging the distance. The sequence of images was recorded with
a high frame rate CMOS camera and processed by a conventional cross-correlation PIV

294295 - For steady state flow, 100 image pairs were ensemble-averaged to obtain

algorithm
a single velocity field. For unstable flows, a pair of images were analyzed within 100 total
images to study the time-dependent behavior. Post-processing techniques to remove spurious

vectors and interpolate for missing vectors were only used for unsteady flows.
3.3 Results

In this section we investigate the effects of localized micelle deformation and increasing spatial
confinement in the microchannel upon the macroscopic flow field of the wormlike micellar
solution over a wide range of Wi but for low Re. By using a combination of quantitative
full-field FIB imaging, u-PIV, and fluorescent streak imaging, we are able to qualitatively
and quantitatively compare the flow patterns from the WLM solution with those from the

Newtonian fluid over a similar Re range.

3.8.1 Newtonian flow around confined microfluidic cylinders

We first examined the Newtonian flow around confined microfluidic cylinders, in order to
validate our measurement techniques and to provide standard flow patterns for later com-
parison with flows of the wormlike micellar solution. Streak images of Newtonian fluid flow
around three confined geometries are shown in Fig.3.3, for a range of Reynolds numbers
spanning 1.4 x1073 < Re < 23. Fore-aft symmetry with smooth streamlines around the
cylinder were observed in all three devices over the entire range of Re (see Fig.3.3).

We also conducted pu-PIV experiments in order to quantitatively map the flow field of
the Newtonian fluid in all three channels as a function of increasing flow rates, or Re, see

Fig 3.4 (ay). Here, the two-dimensional (2D) maps of the velocity magnitude shown with
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) Device 1 (p =0.5) (b) Device 2 (p =0.67) (c) Device 3 (p =0.83)
Re = 1.4 x103 Re = 1.8 x103 Re =2.4 x103
Re = 1.4 x102 Re = 1.8 x102 Re =2.4 x102

Re =0.14 Re =0.18 Re =0.24

Re=34 Re =8.6 Re =23

Figure 3.3: The development of streakline patterns in the flow of glycerol solution in (a)
Device 1 with 8 = 0.50; (b) Device 2 with 5 = 0.67; and (c) Device 3 with § = 0.83. Flow
stayed fore-aft symmetric over the range of 1.4 x1072 < Re < 23 in all three devices.

superimposed streamlines (top panel, Fig 3.4 (a1), (by) and (c;)) have been normalized using
the average velocity in the constriction regions, @ = U/(1 — ). The streamwise velocity
profiles of v, along the centerline (y = 0, middle panel, Fig 3.4 (as), (bs) and (c3)) and
across the channels at x = 0.7 mm (bottom panel, Fig 3.4 (a3), (bs) and (c3)) for all three
devices have been normalized by the average flow velocity in the main channel, U = Q/W D.
Curves with different colors in the middle and bottom panels correspond to different flow
rates (hence Re numbers). These normalized velocity profiles nearly collapse into a single
master curve, as expected for low Re flow of a Newtonian fluid. The black curves shown
in Fig 3.4 (a2), (by) and (cq) are based on the theoretical prediction of the velocity profile
for potential flow around a cylinder, with v(z) = 1.68U(1 — D/2x). Downstream of the
cylinder at a distance of x = 0.7 mm, profiles of the streamwise flow velocity taken across
the channel compare well with a numerical prediction of the fully-developed velocity profile

for creeping Newtonian flow in a 600x 100 pm? rectangular channel, see black lines in Fig 3.4
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(a3), (bs) and (c3). This prediction gives the maximum streamwise velocity along the channel
axis of Uy mee = 1.68U. The close agreement between our experimental velocimetry data
and theoretical expectations validates our PIV setup and image processing algorithms and
allays any concerns regarding excessive averaging due to the large measurement depth of our

imaging system 34272274,
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Figure 3.4: Velocity vector map constructed from u-PIV for the Newtonian fluid around (a;)
Device 1 (8 = 0.50), (by) Device 2, and (c;) Device 3 (8 = 0.83) over the range of 0.1 mL/h
< @ <2 mL/h, corresponding to 1.4 x1073 < Re < 4.8 x1072. In the middle panel, (as),
(bs) and (cz) plotted horizontal velocity at the center line y = 0. The black curves are based
on the theoretical prediction of the velocity profile for an inviscid flow around a cylinder, with
v(z) = 1.68U(1— D/2z). (a3), (bs) and (c3) plotted the normalized horizontal velocity along
y axis at x = 0.7 mm. The black curves correspond to numerically-computed fully developed
velocity profiles at the mid-height of a rectangular microchannel of dimension 600x 100 im?,
which gives a maximum flow velocity on the channel centerline of v, e, = 1.68U.
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3.3.2  Wormlike micellar flow around confined microfluidic cylinders

Here we present the results of streak imaging experiments and FIB measurements for the flow
of the wormlike micellar CTAB/SHNC solution through the three confined microfluidic cylin-
der geometries in order to illustrate the transition from steady through to time-dependent
flows at volumetric flow rates spanning 0.1 < @ < 10 mL/h, which correspond to a wide

range of Wi at 1 < Wi < 105, but extremely low to moderate Re (Re € (1077, 10)).

In Fig. 3.5 we present the results obtained from Device 1 (b = 0:5). We observed that the
flow remained steady, symmetric and Newtonian-like for Wi < 50 (Q < 0.05 mL/h, data not
shown). However, as the flow rate is increased, the flow patterns observed with CTAB/SHNC
solution diverge in comparison to those of the Newtonian flow. For @) = 0.1 mL/h (Wi =
1.4 x 10?), bending streamlines are observed upstream of the cylinder, see Fig. 6a. As the
Wi is increased to Wi = 3.5 x 10? (Q = 0.25 mL/h) a recirculating vortex region develops
at the upstream surface of the cylinder, which extends progressively further upstream with
increasing flow rates. Interestingly, with this WLM solution we do not observe the “pinching”
of streamlines immediately upstream of the recirculation region, which seems to be a typical

134135~ Here we observe

feature of flows of viscoelastic polymer solutions around cylinders
more smooth and continuous divergence of the streamlines towards the sides of the cylinder.
For @ > 1 mL/h (Wi > 1.4 x 10%), bending streamlines and lateral asymmetries about
the y = 0 axis become apparent towards the downstream wake of the cylinder. Crossing
streamlines also indicate the onset of three-dimensional (3D) flow effects. When the flow
rate reaches @ =10 mL/h (Wi = 1.4 x 10%), the flow upstream of the cylinder undergoes

a large scale loss of stability, the recirculating vortex region collapses and reforms in an

apparently quasi-periodic fashion, leading to an unsteady 3D flow field.

The streak images in Fig. 3.5 (a)(left column) are consistent with the birefringent pat-
terns shown in the middle and right columns in Fig. 3.5 (b)(c). As in the streak images, we
observe distinctly different growth of the birefringence patterns upstream and downstream

of the cylinder. In the upstream region, the birefringence intensity increases the most where
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Figure 3.5: The development of flow patterns in the flow of 60 mM CTAB/SHNC solution
in Device 1 (8 = 0.50) (flow from left to right) with (a) streak images; (b) birefringence
retardation; and (c) extinction angles at flow rates 0.1 mL/h < @ < 10 mL/h, corresponding
t0 9.3 x107° < Re < 0.62, and 1.4 x10% < Wi < 1.4 x10%.
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fluid is squeezed into the narrow gaps between the sides of the cylinder and the channel walls.
The result is reminiscent of the flow into a contraction, in which the stress increases pro-
gressively as polymers or WLMs approach the contraction and recirculating regions develop
and grow at the corners, effectively displacing the contraction plane towards the upstream
as the Wi is increased !3*13°. Here, the upstream surface of the cylinder behaves as the
salient corner located between two “half-contractions”. As Wi increases, the growth of the
upstream recirculation causes the streamlines to divide, and stress to grow, from a location
progressively further back upstream. The patterns of retardation upstream of the cylinder
shown in Fig. 3.5 (b) bear similarity to those reported by Sun and Huang®7 for flows of
wormlike micellar CTAB/NaSal solutions around confined microfluidic cylinders with g =
0.5. However, they are quite distinct from the images of birefringence captured by Moss and
Rothstein?®13 for the flow of CTAB/NaSal solutions upstream of macroscopic cylinders
with relatively less blockage ratios f = 0.1 and 0.2. They reported that micelles deformed
strongly upstream of the cylinder and that the retardation intensity increased approaching
the edge of the cylinder; in contrast, our birefringent patterns show a dark area with lower
birefringence intensity in the area upstream of the cylinder corresponding to the location of
the recirculation seen in Fig. 3.5 (a). This discrepancy between our observations and those
of Moss and Rothstein 3139 is probably due to increased confinement effects between the
microchannel wall and the sides of the cylinder, which gives rise to extra viscoelastic stresses,

resulting in pressure buildup and secondary flows upstream.

Downstream of the cylinder, the buildup of stress birefringence due to the contraction
in flow cross section at the sides of the cylinder is suddenly relieved as the flow expands
into the downstream wake, Fig. 3.5 (b). Here, we observe the formation and intensification
of narrow birefringent strands that originate from the trailing edge of the cylinder. Ini-
tially, at Wi = 1.4 x 102, three such strands are clearly evident: two strands are located
symmetrically on either side of the y = 0 axis and appear to originate from shear-induced
birefringence that becomes detached from the surface of the cylinder. The third birefringent

strand is centrally located and originates from the axial trailing stagnation point. At such
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Figure 3.6: Retardation ¢ in Device 1 (5 = 0.50), plotted along the transverse direction
y at position of (a) x = —0.5 mm (i.e. upstream of the cylinder); (b) z = 0 mm (across
the cylinder axis); and (c¢) z = 0.5 mm (downstream of the cylinder), respectively. In each
sub-figure, curves with different colors correspond to flow rates varied from 0.1 mL/h < Q <
10 mL/h, equivalent to 1.4 x10* < Wi < 1.4 x10%.

locations residence times are long and elongational rates can be high, while shear and vor-
ticity is minimal. These conditions provide the possibility of achieving high elongation of
WLMs. As the Wi increases beyond Wi = 7.0 x 102, the relative intensity of the central
birefringent strand grows as the two off-axis strands diminish. Eventually, for Wi = 7.0 x
103, only the single centrally located strand originating from the stagnation point remains.
The formation of birefringent strands in the strong extensional flow of WLM solutions in the
vicinity of stagnation points has been reported in a number of publications. Similar patterns
of birefringent strands were observed previously by Moss and Rothstein 3139 for the flow of
CTAB/NaSal solutions downstream of macroscopic cylinders with low blockage ratios. The
pattern of three birefringent strands seen here is also similar to that reported by Cressely
and Hocquart?®® for the flow of a poly(ethylene oxide) solution in the wake of a cylinder and
is reminiscent of the birefringence patterns reported by Haward and Odell® for the flow of

dilute poly(styrene) solutions in the wake of a sphere.
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We quantitatively characterize the birefringence growth with Wi in Device 1 by plotting
the retardation d measured across the microchannel at three specific locations: at the up-
stream position x = - 0.5 mm (Fig. 3.6 (a)); at the centerline of the cylinder z = 0 (Fig. 3.6
(b)); and at the downstream position z = 0.5 mm (Fig. 3.6 (c)), as indicated by the locations
of the three vertical dashed white lines shown in Fig. 3.5 (b). For each x position, the bire-
fringence intensity measured transverse to the flow direction changes significantly as the flow
rate is increased in the range 0.1 mL/h < Q < 10 mL/h , equivalent to 1.4 x10? < Wi <
1.4 x10%.

When the Wi increases from Wi = 1.4x10% (blue curves) to Wi = 7.0x10? (black curves),
the retardance near the channel walls upstream of and to the sides of the cylinder increases
significantly, before tending towards a saturation value of around 8 nm as W4 is increased
towards Wi = 1.4 x 10* | see Fig. 3.6 (a), (b). For downstream flows at Wi < 1.4 x 103,
three birefringent strands are evident at = 0.5 mm, which exhibit intensity peaks at y =
-0.15 mm, y = 0 mm and y = 0.15, see Fig. 3.6 (c). For higher W7 > 7.0 x 103, the pair of
strands located at y = £ 0.15 mm are lost, while the central strand continues to intensify
with increasing Wi.

As the blockage ratio of the cylinder is increased in Device 2 (with 8 = 0.67), the onset
of disordered streak images emerges at lower flow rates (Q = 0.1 mL/h and Wi = 3.2 x 10?)
than in Device 1, with a larger unstable triangle-like vortex growth region formed upstream
as the Wi is increased, see Fig. 3.7. As Wi is increased further, the divergent streamlines
become progressively more pronounced and a transition to elastic instability occurs upstream
when the flow rate reaches Q@ = 5 mL/h (Wi = 1.6 x 10*). Both the streak images and
the birefringence patterns are very similar to those produced by Device 1, although the
transitions between flow states are shifted to lower flow rates (but broadly similar W73). For
Q =2 mL/h (Wi = 6.3 x 10%), we observe time-dependent quasi-periodic oscillations in
the upstream flow patterns. This upstream instability intensifies with increasing flow rates
ultimately resulting in a chaotic-appearing 3D flow field for Q = 10 mL/h (Wi = 3.2 x 10%.

With the largest blockage ratio of § = 0.83 (Device 3, Fig. 3.8), the flow streamline and
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Figure 3.7: The development of flow patterns in the flow of 60 mM CTAB/SHNC solution
in Device 2 (5 = 0.67) (flow from left to right) with (a) streak images; (b) birefringence
retardation; and (c) extinction angles at flow rates 0.1 mL/h < @ < 10 mL/h, corresponding
to 5.1 x107* < Re < 2.8, and 3.2 x10% < Wi < 3.2 x10*.
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Figure 3.8: The development of flow patterns in the flow of 60 mM CTAB/SHNC solution
in Device 3 (f = 0.83) (flow from left to right) with (a) streak images; (b) birefringence
retardation; and (c) extinction angles at flow rates 0.1 mL/h < @ < 10 mL/h, corresponding
to 2.4 x107® < Re < 7.6, and 1.3 x10% < Wi < 1.3 x10°.
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birefringence patterns are again broadly similar to those observed at lower blockage ratios
(Fig. 3.5 and Fig. 3.7), although transitions between flow regimes are again shifted to lower
flow rates. Significant spatiotemporal fluctuations and 3D flow is now clearly evident at a
flow rate of only @ = 1 mL/h and Wi = 1.3 x 10%. For Q@ > 2 mL/h (Wi > 2.5 x 10%)
flow upstream of the cylinder in Device 3 appears chaotic, while disordered and temporally
varying streamlines become evident downstream of the cylinder. We note that the sequence of
instabilities we observe here contrasts with reports involving viscoelastic polymer solutions,
in which instability first arose downstream of the cylinder and was considered to drive the
onset of instability in the upstream region. In the case of our WLM solution, instability in
the form of bending and distorted streamlines is first apparent upstream of the cylinder.
We make use of quantitative u-PIV measurements for the Newtonian fluid and the WLM
test solution, in order to analyze and compare the flow velocity profiles downstream of the
cylinder. Here we focus on Device 1 and Device 2 only because Device 3 exhibits unsteadiness
in the downstream section of channel at rather low flow rates, so very limited data is available

for analysis in this case.

In Fig. 3.9 (a) we present velocity magnitude maps with superimposed streamlines for
the flow of the wormlike micellar CTAB/SHNC solution over a range of flow rates and Wi.
At Wi = 1.4 x 10? the flow is approximately fore-aft and laterally symmetric. However,
at Wi = 7.0 x 102 there appears a large almost stagnant region upstream of the cylinder
in the area corresponding to the recirculation zone apparent in Fig. 3.5 (a). In the trailing
wake of the cylinder a region of low flow velocity becomes apparent along the y = 0 axis,
extending downstream from the trailing stagnation point and corresponding to the location
of the central downstream birefringent strand observed in Fig. 3.5 (b). As the Wi is in-
creased further, the stagnant region upstream of the cylinder grows upstream (as does the
recirculating region shown in Fig. 3.5 (a)), while the low flow velocity region on the y = 0
axis downstream of the cylinder is maintained. Downstream of the cylinder, we make mea-
surements of the streamwise velocity along the y = 0 axis (Fig 3.9 (b)) as well as across

the channel at a location = 0.7 mm (Fig 3.9 (c¢)). These velocity profiles have been nor-
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malized by the average flow velocity in the channel, U = Q/W H and are compared with
equivalent profiles obtained with the Newtonian fluid. In Fig 3.9 (b), it is clear that as the
Wi is increased from 1.4 x 102 to 7.0 x 10? in Device 1 the flow velocity along the centerline
of the channel downstream of the cylinder becomes very significantly reduced compared to
the velocity measured in the Newtonian fluid. As Wi is increased further to 1.4 x 10% and
subsequently to 2.8 x 10% | the centerline velocity increases again slightly. In Fig 3.9 (c),
the profiles of the streamwise velocity taken across the channel in the downstream reveal
the development of a significant dip in the velocity on the centerline, that appears as the
Wi is incremented, resulting in a non-monotonic velocity profile. The location of the dip in
the streamwise flow velocity corresponds to the location of the central birefringent strand
observed in Fig. 3.5 (b) and (c). Such non-monotonic flow profiles have been observed in
the vicinity of birefringent strands in polymer solution flows near stagnation points and are
generally considered to be a consequence of a localized increase in the extensional viscosity
of the fluid due to the high strains and elongation rates experienced at the stagnation point.
We are not aware of any explicit report of such non-monotonic flow profiles obtained from
flow velocimetry performed on wormlike micellar solutions flowing near stagnation points.
It is interesting to point out that the two additional birefringent strands visible in Fig. 3.5
(b) and (c), located at y ~ £0.15 mm, do not cause a dip in the velocity profiles shown in
Fig 3.9 (c¢). This is despite the fact that the intensity of the retardance (hence presumably
the stress) in those strands is at least equal to, or even greater than, the retardance mea-
sured in the central strand originating from the stagnation point. This is very like due to
the stress gradient, which is largest for the strand in the center, governed the flow and led

to the “negative wake” effect,

Similar trends are observed for the 60 mM CTAB/SHNC WLM solution flowing in Device
2 (B = 0.67), see Fig. 3.10. Here, very significant and sharp dips are apparent in the velocity
profiles taken across the channel downstream of the cylinder, Fig. 3.10 (b,c), where the
minimum normalized flow velocity can be as little as 30 % of the value measured in the

Newtonian fluid. In the case of Device 2, the location of the local minimum in streamwise
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Figure 3.9: (a) Velocity magnitude maps with superimposed streamlines constructed by using
puPIV at flow rates 0.1 mL/h < @ < 2 mL/h for the flow of the WLM solution in Device
1 (B8 = 0.50). Different colors correspond to different velocity magnitudes, with color bars
shown on the right. (b) Normalized streamwise velocity profiles along the channel center line
y = 0 mm, downstream of the cylinder. (c¢) Normalized streamwise velocity profiles across
the channel at z = 0.7 mm. The velocities are normalized by the average velocity U = %
in the channel. Black dashed lines correspond to the normalized Newtonian fluid velocity

profiles that are approximately independent of the flow rate.
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Figure 3.10: (a) Velocity magnitude maps with superimposed streamlines constructed by
using pPIV at flow rates 0.1 mL/h < @ < 1 mL/h for the flow of the WLM solution in
Device 2 (8 = 0.67). Different colors correspond to different velocity magnitudes, with color
bars shown on the right. (b) Normalized streamwise velocity profiles along the channel center
line y = 0 mm, downstream of the cylinder. (c¢) Normalized streamwise velocity profiles across
the channel at z = 0.7 mm. The velocities are normalized by the average velocity U = %
in the channel. Black dashed lines correspond to the normalized Newtonian fluid velocity
profiles that are approximately independent of the flow rate.
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velocity has an increased tendency to deviate from the flow axis (y = 0) as compared with
Device 1 (see Fig. 3.9 (b,c)). This deviation from the flow axis appears to be connected with
the asymmetric division of the flow either side of the cylinder, so is most likely a result of

coupling with the time-dependent flow instability upstream of the cylinder.

3.3.83  Upstream vortex growth of wormlike micellar flow

Here we examine the growth of the recirculating vortices observed upstream of the cylinders
in all 3 Devices as the Wi is increased. We quantify the vortex length L by measuring
the distance along x between the leading edge of the cylinder and the location upstream
of the cylinder where streamlines diverge. The length of the vortex L at each flow rate is
averaged from a sequence of 5 streak images and is normalized by the cylinder diameter D
to obtain the dimensionless vortex length x = L/D, which is plotted as a function of Wi
in Fig. 3.11. Error bars on the data points in Fig. 3.11 represent the standard deviation of
each sample of 5 measurements. The dimensionless vortex length y increases gradually with
increasing Wi, following a similar trend for all three devices and tending to a plateau value
of x & 3 (L =~ 3D) for Wi > 3 x 103, before the flow upstream of the cylinder becomes
unsteady and time-dependent. The behavior is similar to that reported by Kenney et al.?™
for the growth of vortices upstream of a confined cylinder with a highly elastic semidilute

1 279

poly(ethylene oxide) solution. However, unlike Kenney et a in no cases do we observe a

periodic growth and collapse cycle of the vortices.

3.3.4  Flow pattern and phase diagram

We summarize the transitions between the various flow patterns observed with our WLM
solution in all three microfluidic cylinder devices using Wi — 3 state space, see Fig. 3.12.
The flow of WLM solution displayed at least five distinct regimes in all experiments. Note
that experiments with othere values of W/ H are likely to have similar transitions but not the

same values of Wi. We categorize the various flow states in our setup as described below:
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Figure 3.11: Dimensionless vortex length (xy = %) as a function of Wi for 3 different blockage

ratio devices. The insert illustrates the definition of vortex length L.
e Newtonian-like flow: flow is steady and both fore-aft and laterally symmetric around
the cylinder

e Bending streamlines: streamlines become distorted in the compressional flow at the

forward cylinder stagnation point due to the onset of elastic effects.

e Vortex growth upstream: streamlines begin to diverge upstream of the cylinder leading

edge; a recirculating region develops and a vortex grows with increasing Wi
e Unsteady downstream: time-dependent motion of streamlines is observed downstream

e 3D and time-dependent: flow becomes unsteady both upstream and downstream with
quasi-periodic or chaotic appearance upstream, which the streak lines are different from

frames

These flow regimes occur over a very wide variation in the Wi between O(1) up to O(10°),

but while inertial effects in the flow remain low with the Re in the range 1077 < Re < 10.
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Figure 3.12: Summary Wi— 3 state space of flow patterns identified for 60 mM CTAB/SHNC
solution flowing past confined microfluidic cylinders with 3 different blockage ratios: orange
symbols - Device 1 (5 = 0.5); blue symbols - Device 2 (f = 0.67); green symbols - Device 3

(8 =0.83)

Rodd et al.'3 reported the onset of transition from Newtonian like flow patterns to
bending streamlines at a critical Wi, ~ 50 for semi-dilute polyethylene oxide (PEO) solutions
through a micro-fabricated contraction expansion channel (with a contraction ratio of 16:1)

134135 In our confined cylinder

and with the Wi defined within the narrow contraction
devices, we also define our Wi in the narrow constriction regions and we observe the initial
onset of flow transitions due to elastic effects occurs at comparable Wi.. However, in our
system there is some dependence of the critical Wi on the blockage ratio § (see Fig. 3.12),
with Wi, ~ 100 in Device 1, Wi, ~ 50 in Device 2, and Wi, ~ 20 in Device 3. The onset
of instabilities in the WLM solution showed a clear dependence on the spatial confinement

219 yeported flow instabilities

resulting from the increasing blockage ratio. Kenney et al.
with semi-dilute PEO solutions flowing around a microfluidic cylinder device with a cylinder
blockage ratio of g = 0.65. They proposed that the instabilities they observed were purely

elastic in origin but were affected by inertia. Also working with semi-dilute PEO solutions,
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Shi et al.?®® proposed that instability arose due to the speed of the base flow exceeding that of
the elastic traveling wave at a viscoelastic Mach number Ma = v/Re x De > 1. However, in
our experiments the elasticity numbers are significantly higher than those in the experiments
of Kenney et al. and Shi et al.?™? Here, the elasticity varies in the range 10* < El < 107,
depending on the flow rate (due to shear thinning) whereas the elasticity of the most elastic
fluid studied by Kenney et al was El = 882™. The instabilities observed by Shi et al.?*
arose for relatively moderate values of the Re (0.1 < Re < 1,). In our work, instabilities
in the form of bending and asymmetric streamlines become apparent for Reynolds numbers
as low as Re ~ 107°, indicating that inertia is negligible in our case. We have evaluated
the viscoelastic Mach numbers at the onset of instability in our experiment (using the same
definitions of Re and De employed by Shi et al.?®®) and we find in all three cases that
Ma << 1. Therefore we consider instabilities for the flow of our WLM solution in our single
cylinder devices to be purely elastic in origin. We associate the onset of instability upstream
of the cylinder with the compression at the leading edge of the cylinder and the growth
of viscoelastic stresses generated by the squeezing flow into the the narrow gaps between
the cylinder and the channel walls. Downstream of the cylinder, there is significant growth
of viscoelastic stress originating from the trailing stagnation point, which results in strong
flow modification in the wake of the cylinder This may be the cause of the onset of flow
instability in the downstream wake, although coupling with instability and time dependent
flow upstream also appears to be a strong factor influencing the onset of the time dependent

motion of streamlines observed in the downstream.
3.4 Discussions and Conclusions

In this chapter, we investigated the flow of a Newtonian fluid and a viscoelastic wormlike
micellar solution prepared from CTAB with a strong hydrotropic salt past three microfluidic
cylinder devices with different blockage ratios. For Newtonian fluid flow, we have used flow
diagnostic techniques including streak imaging and flow velocimetry to show both fore-aft and

lateral symmetry of the flow with smooth streamlines around the cylinder over a range of Re
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comparable to those encountered in experiments with the WLM solution. In our experiments
with the WLM solution, we have used streak imaging, quantitative flow velocimetry and FIB
imaging to document a sequence of elastic flow instabilities that occur for low Re but as the
Wi is increased to very high values. We observe some contrasting effects compared with
previous experiments carried out with viscoelastic polymer solutions. In particular with our
WLM solution, instability is first apparent in the form of bending and distorted streamlines
upstream of the cylinder, not downstream of the cylinder as reported by Kenney et al. and
Shi et al.2™285 Also, as the instability develops we observe smoothly diverging streamlines
upstream of the cylinder, as opposed to the “pinching” streamlines typically observed with

279,285 Tp addition, in our experiments the viscoelastic Mach number are

polymer solutions
apparently too low to account for the observed instabilities?®®>. Our results suggest that the
instabilities observed upstream of the cylinder are associated with the growth of high stresses
generated in the viscoelastic WLM fluid as it accelerates into the narrow gaps between
the cylinder and the channel walls. The instabilities downstream of the cylinder are most
likely associated with stresses generated by strong extensional deformations at the trailing
stagnation point and the resulting flow modification in the wake, and are influenced by
the onset of time-dependent flow in the upstream region. Furthermore, the onset of flow

instabilities and flow patterns of the WLM solution are sensitive to the degree of confinement

resulting from the variation of the blockage ratio of the channels.

The characteristic shear rates imposed within the microchannels lie in the range 0.1 <
4 < 1000 s—!, which coincides with the shear-banding stress-plateau regime in the steady
flow curve see Fig 3.1. Therefore, the instabilities we report are also likely to be affected by
strong shear thinning and non-uniform distributions of stresses and structural interactions
between micelles.

In this work we did not observe evidence of the formation of the Flow-Induced Structured
Phase (FISP) that has been reported previously for flows of WLM solutions through arrays
of cylinders and through microscale models of porous media. This may be because the

degree of spatial confinement in our devices was insufficient, or because shear and elongation



99

rates were too low, or because the total fluid strains imposed were not great enough to
induce the formation of FISP™. In future work we intend to increase the complexity of our
microfluidic devices through combinations of multiple aligned cylinders, staggered cylinders,
etc, systematically varying the spatial confinement, strain rate and total available fluid strain.
Our eventual aim is to approach a closer model of a real porous medium while building an
understanding of the geometrical and rheological factors that affect flow stability (or onset
of instability) and the potential formation of FISP in fluidic systems relevant to enhanced

oil and gas extraction from underground reservoirs.
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Chapter 4
SUMMARY

In this thesis, we have studied the rheology and flow instabilities of CTAB/SHNC mixture
under various flow conditions. With SHNC as counter ions, domains of m— 7 ions were paired
and cation—7 groups were formed between HNC™ ions and adjacent hydrophobic CTAB
headgroups, inducing more viscoelastic and stable micellar networks compared to that of
the CTAB/NaSal system. These micelles have exhibited rich flow behaviors in confined
microfluidic geometries, with a combination of shear and extension around the cylinder. The
flow instabilities are likely a result of elasticity and non-uniform distributions of stresses that
originates from shear banding fluid. Investigations of spatial resolution of heterogeneous
bands, formation of shear induced structure phase and localization of stresses at different
deformations by rheo-optics, rheo-PIV will be considered in the future work to correlate shear
stress and flow-birefringence, and flow instability in the CTAB/SHNC system. A fully flow
instability transition of PEO solution with the same confined microfluidic cylinders should
be studied to further compare with the transient behavior originated from microstructural

transitions in highly viscoelastic hydrotropic micellar system.
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