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Abstract The effect of initial microstructural deformation,
alignment, and morphology on the response of wormlike
micelle solutions in transient uniaxial extensional flows is
investigated using a pre-shear device attached to a filament
stretching rheometer. In filament stretching experiments,
increasing the strength and the duration of the pre-shear just
before stretch is found to delay the onset of strain
hardening. In these experiments, the wormlike micelle
solution filaments fail through a rupture near the axial
midplane. The value of the elastic tensile stress at rupture is
found to decrease with increasing pre-shear rate and
duration. The most dramatic effects are observed at shear
rates for which shear banding has been independently
observed. The reduction in the strain hardening suggests
that pre-shear before filament stretching might break down
the wormlike micelles reducing their size before stretch.
Strain hardening is also observed in capillary breakup
rheometry experiments; however, the pre-sheared wormlike
micelle solutions strain harden faster, achieve larger steady-
state extensional viscosities and an increase in the exten-
sional relaxation time with increasing shear rate and
duration. The difference between the response of the
wormlike micelles in filament stretching and capillary
breakup experiments demonstrates the sensitivity of these
self-assembling micelle networks to pre-conditioning.
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Introduction

Surfactants are currently used in a variety of applications
including many household and cosmetic products, industri-
al viscosity modifiers in paints, detergents and pharmaceuti-
cals, emulsifiers, encapsulants, and lubricants. In addition
to these more common and recognizable products, visco-
elastic surfactant technology has also become important in
a wide range of applications including agrochemical
spraying, inkjet printing, and enhanced oil recovery where
they are used as polymer-free aqueous fracturing fluids in
oilfield applications including drilling and reservoir stimu-
lation (Kefi et al. 2004). Surfactants are molecules that
consist of a hydrophilic head group and a hydrophobic tail.
When dissolved in water above their critical micellar
concentration (CMC), they can spontancously self-assem-
ble into large aggregates called micelles (Israelachvili 1985;
Larson 1999; Rehage and Hoffmann 1991). As seen in
Fig. 1, the resulting aggregate morphology can range from
spherical micelles, to cylindrical micelles, and to more
complex shapes like vesicles or lamellae depending on
surfactant and counterion concentrations, ionic strength,
and interaction (Lequeux and Candau 1997). Cylindrical
micelles can grow into very long wormlike micelles with
increasing surfactant concentration. Because of their long
flexible structure, these worms can entangle and form a
complex network, much like polymer melts. However,
unlike polymer chains, which are covalently bonded along
their backbones, a wormlike micelle is only held together
by relatively weak physical attractions/repulsions, which
can break and reform under Brownian motion. The
dynamics of this ongoing and reversible breakup and
reformation process is a strong function of surfactant and
salt concentration, salinity, temperature, and flow (Cates
1990). This continuous breaking and reforming process
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Fig. 1 Schematic diagram of wormlike micelle solutions showing various morphologies including spherical, lamellar, wormlike and long

entangled wormlike micelles which can impart viscoelasticity

gives networks of wormlike micelles an additional relaxa-
tion mechanism besides reptation and results in a dynamic
distribution of micelle lengths, which can change under an
imposed shear or extensional flow making the resulting
flow behavior even more complex then polymeric fluids
(Cates and Turner 1990).

The linear viscoelastic behavior of these wormlike
micelles can often be described by a single-mode Maxwell
model (Rehage and Hoffmann 1991). In this fast-breaking
limit, where the reptation time of the micelles are much
longer than the breakup time of the micelles Awep > Ay,
Cates showed that the breakup and reptation time could be
related to the measured value of the Maxwell relaxation
time through /\M=()\,ep)\br)l/2 (Cates 1987). However, the
nonlinear viscoelastic response of these entangled micelle
solutions in both shear and extension has been shown to be
much more complex (Bhardwaj et al. 2007; Cates 1990;
Khatory et al. 1993; Miller and Rothstein 2007; Rothstein
2003) and in need of further exploration.

The nonlinear behavior of surfactant wormlike micelles
has been studied in shear flows of varying geometry for
many years. In a steady shear flow at low shear rates,
wormlike micelles demonstrate a Newtonian-like plateau in
the shear viscosity. As the shear rate is increased, the
viscosity begins to shear thin like a polymeric fluid.
However, above a characteristic shear rate, the shear stress
plateaus and can remain nearly constant over several
decades of imposed shear rate (Berret 1997). Within this
stress plateau, and with proper flow conditions, distinct
shear bands of fluid at different local shear rates can
develop. Fundamentally, it is clear that the high and low
shear rate bands at a constant stress form in response to the
need to preserve an average rate of strain across the flow
profile (Mair and Calaghan 1996). Shear bands have been
observed using several predominantly optical methods
including flow-induced birefringence (FIB; Decruppe and
Ponton 2003; Lee et al. 2005; Lerouge and Decruppe
2000), particle image velocimetry (PIV; Mendez-Sanchez et
al. 2003; Miller and Rothstein 2007), light and neutron
scattering (Berret et al. 1993; Kadoma and van Egmond
1998), and magnetic resonance imaging (Britton and
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Callaghan 1999; Mair and Calaghan 1996). Several
explanations for the observed shear banding have been
proposed including stress-induced structure formation,
stress-induced phase change from an isotropic to a nematic
state, shear-induced demixing, or the consequence of an
elastic flow instability (Grand et al. 1997; Hu et al. 1993;
Huang et al. 1996; Wheeler et al. 1998). In complex flows,
like the benchmark flow past a falling sphere (Chen and
Rothstein 2004; Jayaraman and Belmonte 2003) and the
flow through 4:1 contraction (Rothstein and McKinley
2001), although there are regions dominated by pure shear
and pure extensional flow, understanding how precondi-
tioning and microstructural changes of the entangled
wormlike micelle network resulting from shear flows affect
the response of these fluids in extensional flows can be
critical to understanding the more complex flows experi-
enced in commercial and industrial applications.

The first investigations of the extensional rheology of
wormlike micelle solutions used an opposed jet device
(Fischer et al. 1997; Lu et al. 1998; Prud’homme and Warr
1994; Walker et al. 1996). Prud’homme and Warr (1994)
showed for a series of equimolar TTABr/NaSal solutions
that at low extension rates, below the coil-stretch transition,
a plateau in the steady-state extensional viscosity was
observed corresponding to the Newtonian response. At
higher extension rates, chain stretching within the oriented
segments was observed to lead to strain hardening in the
extensional rheology. At a critical Deborah number, the
extensional viscosity was observed to reach a maximum
and decreases with further increase in Deborah number.
Prud’homme and Warr (1994) theorized that the observed
reduction in the extensional viscosity at high extension
rates was the result of a scission of the wormlike micelles in
the strong extensional flow. This hypothesis was later
supported by light scattering measurements (Chen and Warr
1997), which demonstrated a decrease in the radius of
gyration of the micelle with the reduction in the extensional
viscosity and the experiments of Rothstein (2003), which
were able to quantify the energy required to scission
wormlike micelles in strong extensional flows. Researchers
have also used four-roll mills (Kato et al. 2002, 2004) and
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the flow through porous media (Muller et al. 2004) to
measure an apparent extensional viscosity of wormlike
micelle solutions. Unfortunately, each of these devices has
an unknown pre-strain history and some degree of shearing
in the flow field. It is therefore very difficult to deconvolute
the effect of shear on the measured stresses or clearly
understand the importance of shear rate, extension rate, or
accumulated strain on the resulting extensional viscosity
calculation. There are thus two major issues that need to be
addressed if we are to unambiguously understand how pre-
shear history affects the extensional viscosity of wormlike
micelle solutions. First is the need for an extensional
rheometer that is capable of applying a shear-free homoge-
neous transient extensional flow on the fluid filament. This
has been achieved with the recent development of the
filament stretching extensional rheometer (FiISER; Anna et
al. 2001; McKinley and Sridhar 2002; Sridhar et al. 1991;
Tirtaatmadja and Sridhar 1993) and, to a lesser extent, the
capillary breakup extensional rheometer (CaBER; Anna
and McKinley 2001; Bazilevsky et al. 1990; Entov and
Hinch 1997; Stelter et al. 2000) which produces a shear-
free uniaxial extensional flow, which is unfortunately
inhomogeneous in nature. The second issue that must be
addressed is the need to precisely control the pre-deforma-
tion history of the wormlike micelles. This is accomplished
using a servo motor to rotate the upper endplate of the
filament stretching rheometer at a constant rate just before
the onset of stretch making it possible to unambiguously
characterize the effect of the initial microstructural defor-
mation, alignment and morphology of the fluid filament on
the extensional rheology or wormlike micelle solutions.
Rothstein (2003) used a filament stretching rheometer to
measure the extensional rheology of a series of cetyltri-
methylammonium bromide (CTAB) and sodium salicylate
(NaSal) wormlike micelle solutions. Bhardwaj et al. (2007)
later investigated the extensional rheology of a series of
cetylpyridinium chloride (CPyCl) and NaSal as well as
CTAB/NaSal wormlike micelle solutions using both a
FiSER and a CaBER. These fluids were all found to
demonstrate considerable strain hardening in the extension-
al viscosity with increasing accumulated strain (Bhardwaj
et al. 2007; Rothstein 2003). Additionally, above a critical
extension rate, the filament stretching experiments were all
observed to come to an abrupt end with the dramatic
rupture of the fluid filament near its axial midplane
(Bhardwaj et al. 2007; Chen and Rothstein 2004; Rothstein
2003). This instability is unique to self-assembling visco-
elastic systems; similar rupture events were also observed
for associative polymer solutions in filament stretching
experiments (Tripathi et al. 2006) and wormlike micelle
solutions in pendent drop experiments (Smolka and
Belmonte 2003). At the surfactant concentrations used in
these experiments, the wormlike micelles have been shown

to be entangled forming a heavily interconnected, some-
times branched, networks (Appell et al. 1992; Handzy and
Belmonte 2004; In et al. 1999). The failure of the fluid
filament likely stems from the scission of wormlike
micelles resulting in a dramatic breakdown of the micelle
network structure en masse (Rothstein 2003). These flow
instabilities have also been found to lead to new and
interesting instabilities in more complex flows such as in
the extensional flow in the wake of a sphere falling through
a wormlike micelle solution (Chen and Rothstein 2004;
Jayaraman and Belmonte 2003) or through an associative
polymer solution (Mollinger et al. 1999), and the exten-
sional flow in the wake of a bubble rising through a
wormlike micelle solution (Handzy and Belmonte 2004)
and has great significance to industrial flows of wormlike
micelle solutions such as in turbulent drag reduction where
strong extensional flow are often encountered. In all these
complex flows, the fluid elements experience some degree
of pre-shear before being stretched in strong extensional
flows. Understanding the affect of pre-shear on this new
class of flow instabilities unique to self-assembling systems
is therefore important if we are to truly understand their
impact on complex flows.

Although little is known about the effect of pre-shear on
the extensional rheology of wormlike micelle solutions,
there have been some experiments performed on polymer
solutions. Brownian dynamics simulations of dilute poly-
mer solutions and optical tweezers experiments on DNA
and have shown that the transient evolution of macromo-
lecular microstructure is very sensitive to the initial
configuration of the macromolecule, a concept known as
‘molecular individualism’ (Doyle et al. 1998; Smith and
Chu 1998). Brownian dynamics simulations have shown
that the imposition of either an oscillating extensional field
or a pre-shear in the direction of stretch on a polymer
solution reduces the occurrences of kinks and folds
resulting in faster stretching during subsequent extensional
flows (Larson 2000). Larson (2000) showed, however, that
the imposition of shear during stretch did not reduce the
number of folded configurations. Several studies have
attempted to experimentally quantify the effect of pre-shear
history on the response of complex fluids in extensional
flows (Anna 2000). For James et al. (1987) and Vissmann
and Bewersdorff (1990), the resulting extensional and pre-
shearing flows were inhomogeneous and a true extensional
viscosity could not be determined. However, the work of
Anna (2000), which used a pre-shear device attached to the
upper plate of a filament stretching rheometer, was able to
quantitatively determine the effect of pre-shearing on the
extensional behavior of a series of polystyrene Boger fluids.
Anna’s experiments demonstrated that the pre-shear normal
to the stretch direction results in a delay of the onset of
strain hardening of the extensional viscosity, while a pre-
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deformation parallel to the stretch direction hastens the
onset of strain hardening—a result that is confirmed by
FENE-P and the Brownian dynamic simulations of Larson
(2000, 2005) and Agarwal (2000). No experiments or
simulations have been performed to date to investigate the
effect of pre-shear and the extensional rheology of
wormlike micelle solutions in a controlled way. The results
reported in this manuscript are the first such results.

In the experiments described within this manuscript, we
investigate the effect of pre-shear history on the extensional
rheology measurement of three different wormlike micelle
solutions using both a FiSER and a CaBER. The outline of
this paper is as follows. In Experimental setup, we briefly
describe the implementation of the FiSER and the CaBER,
the pre-shear device, the test fluids used, and their shear
rheology. In Capillary breakup extensional rheometry
(Results and discussion), we discuss the effect of pre-shear
on the transient homogeneous uniaxial extensional rheology
measured through filament stretching. In the same section,
we discuss the effect of pre-shear on the extensional
rheology of the test fluids measured through capillary
breakup. Finally, we conclude in the last section.

Experimental setup
Test fluids

A series of wormlike micelle solutions assembled from two
different surfactant/salt combinations were chosen for this
study. The first set of wormlike micelle solutions that were
tested were made up of the cationic surfactant CPyCl
(Fisher Scientific) and NaSal (Fisher Scientific) dissolved
in a brine of 100 mM NaCl in distilled water. For reasons
described in (Miller and Rothstein 2007), the molar of
surfactant to the binding salt was held fixed at (CPyCl)/
(NaSal)=2. The addition of the salt helps screen the charges
on the hydrophilic head groups of the surfactant making the
resulting micelle more flexible (Kern et al. 1994). The
electrostatic screening of the salt has been observed to lower
the CMC for CPyCl in aqueous NaCl of CMC=0.9 mM to
0.12 mM (Lee et al. 2005). CPyCl and NaSal were obtained
in dry form from Fisher Scientific. Molar concentrations of
CPyCl between 50 and 100 mM were dissolved in brine on a
hot plate with a magnetic stirring bar. During mixing, a
moderately elevated temperature was applied to reduce
viscosity and aid in uniform mixing. After the solutions
were fully dissolved, approximately 20-30 min, they were
allowed to settle at room temperature for at least 24 h before
any experiments were performed to allow air bubbles
introduced during mixing to rise out.

The second set of test fluids was a series of wormlike
micelle solutions were made up of another cationic
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surfactant CTAB (Fisher Scientific) and NaSal in deionized
water. As has been customary in the literature (Shikata and
Kotaka 1991), the molar ratio of surfactant to the binding
salt was held fixed at (CTAB)/(NaSal)=1, and the molar
concentration of the CTAB was set at 50 mM. This
solution is well above the critical micelle concentration,
which for CTAB in pure water is CMC=0.9 mM and is
again significantly lower in the presence of salt (Israel-
achvili 1985). The solution was prepared in the manner
described above. At the concentration used, the wormlike
micelle solution is concentrated and entangled with signif-
icant number of entanglement points per chain (Israel-
achvili 1985).

When analyzing and presenting the experimental data,
the relaxation times and viscosities were adjusted to their
values at a reference temperature of T;.;=25 °C using time—
temperature superposition with a shift factor, az defined by
the Arrhenius equation (Bird et al. 1987). Within the
temperature range of our experiments, the Arrhenius form
of the time—temperature superposition shift factor was
found to be in good agreement with the rheological data
for each of the wormlike micelle solutions tested; however,
because of the sensitivity of the underlying wormlike
micelle structure to temperature, every effort was made to
maintain the fluid temperature at precisely 25 °C plus or
minus a few tenths of a degree for all of the extensional
rheology measurements presented in this manuscript.

Shear rtheometry

The steady and dynamic shear rheology of the test fluids
was characterized using a stress-controlled rheometer (TA
instruments, AR2000) with a 6 cm/2° cone-and-plate
geometry. The micelle solutions were loaded and allowed
to equilibrate for several minutes. The samples were not
pre-sheared. In Fig. 2, the storage modulus, G’, and loss
modulus, G”, of the CPyCl/NaSal and the CTAB/NaSal
wormlike micelle solutions are plotted as a function of
angular frequency, w, along with the prediction of a two-
mode Maxwell model for CPyCl and a single-mode
Maxwell model for CTAB. The viscoelastic properties of
the fluids including zero shear rate viscosity, 79, Maxwell
relaxation time, A, and the elastic plateau modulus, G?v, are
listed in Table 1. The deviation of the rheological data from
the predictions of the single mode Maxwell model observed
at large angular frequencies in Fig. 2b correspond to the
Rouse-like behavior of the micelle between entanglement
points (Fischer and Rehage 1997) and can be used to
determine both the breakup time, A, and the reptation
time, A.p, of the wormlike micelle chains. In the fast
breaking limit Arp > Ay, Cates showed that the breakup
and reptation time could be related to the measured value of the
Maxwell relaxation time through k:(krepkbr)l/ 2 (Cates 1987).



Rheol Acta (2007) 46:861-875

865

—_
(=)

e

1000

0.1 1 10 100

Storage and Loss Modulus, G' & G" [Pa]

Angular Frequency, o [rad/s]

Fig. 2 Small amplitude oscillatory rheology of CPyCl/NaSal so-
lutions in 100 mM NaCl at 7=20 °C and CTAB/NaSal solution at
T=25 °C. The data in includes: storage modulus, G’ (filled symbols),
and loss modulus, G" (open symbols), for CPyCl/NaSal, filled
squares; 50/25 mM, filled circles; 100/50 mM with two-mode
Maxwell model fits to each of the data sets (/ine). Also included is
CTAB/NaSal data for filled triangles; 50/50 mM, with a single-mode
Maxwell fits to the data set (/ine)

Additionally, the theoretical mesh size (n=(k7/Go)"*(Doi and
Edwards 1986; Granek and Cates 1992) can be determined to
gain some information about the proximity of entanglement
points and the density of the wormlike micelle mesh.

In Fig. 3, the steady shear viscosity, 7, is plotted as a
function of shear rate, y. At small shear rates and angular
frequencies, the micelle solutions have a constant zero
shear rate viscosity. As the shear rate is increased, the fluid
begins to shear thin. At a critical shear rate, the viscosity
drops precipitously approaching a slope of 7 < ¥ . For the
CPyCl/NaSal solutions, this plateau in the shear stress
corresponds to the formation of two or more distinct shear
bands. These shear bands have been recently measured and
analyzed in our lab using PIV and FIB measurements and a
specially designed large Couette flow cell (Miller and

Table 1 Parameters characterizing the rheology of the CPyCl/NaSal
and CTAB/NaSal wormlike micelle solutions

CPyCl/NaSal CTAB/NaSal
(mM) (mM)
50/25  100/50  50/50

Zero-shear viscosity 1o (Pa-s) 2.84 315 62
Plateau modulus Gy (Pa) 4.2 27 10.9
Relaxation time A (s) 0.772 1.44 5.7
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Fig. 3 Steady shear viscosity of CPyCl/NaSal solutions in 100 mM
NaCl at 7=20 °C and CTAB/NaSal solution at 7=25 °C. The data
includes CPyCl/NaSal for filled squares; 50/25 mM, filled circles;
100/50 mM. Also included is CTAB/NaSal data for filled triangles;
50/50 mM

Rothstein 2007). The critical shear Weissenberg number for
the onset of shear banding was found to be Wi;,=3.4 and
2.0 for the 50/25 mM and 100/50 mM CPyCl/NaSal
solutions, respectively. Although, we have not yet attempt-
ed to observe shear-banding in the CTAB/NaSal solutions,
it could also account for the dramatic reduction in the shear
viscosity observed in these systems and has been observed
in the past for other CTAB solutions (Cappelaere et al.
1997; Drappier et al. 2006; Fischer and Callaghan 2001).
For the data presented in Fig. 3, a critical shear Weissenberg
number of about Wi;;=3.5 is suggested for onset of shear
banding in the 50/50 mM CTAB/NaSal solutions.

Filament stretching extensional rheometry

A filament FiSER capable of imposing a homogeneous
uniaxial extension on a fluid filament placed between its
two endplates was used to make simultaneously measure-
ments of the evolution in the force and the midpoint radius.
A complete description of the design and operating space
of the filament stretching rheometer used in these experi-
ments can be found in Rothstein and McKinley (Rothstein
2003; Rothstein and McKinley 2002a,b). Included in this
filament stretching rheometer is a servo motor attached to
the upper endplate capable of producing shear rates in the
range of 0.1s5~! < y < 10s™! at an initial gap of aspect ratio
A=H/Ry=1. A schematic of the pre-shear device is shown
in Fig. 4. The strength of the shear flow is defined by the
shear Weissenberg number, Wigne,r = lj/, while the dura-
tion of the shear is defined by the shear Deborah number,
Deghear=MNt,, Where z, is the duration of the imposed shear
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Preshear

Stretch

Fig. 4 Schematic diagram demonstrating the application of pre-shear
before stretch in the filament stretching rheometer

flow (Bird et al. 1987). In this study, the use of the shear
Deborah number is a little counterintuitive because increas-
ing the duration of the pre-shear actually reduces the shear
Deborah number. Additionally, the no pre-shear case results
in an infinite Deborah number while an infinite pre-shear
produces a Deborah number of zero. For that reason, we
will often talk about the duration of pre-shear instead of the
Deborah number and plot the inverse of the Deborah
number, Des’hlealr =t,/A, so that the no pre-shear case
corresponds to an inverse Deborah number of zero.

The goal of extensional rheometry is to cause a motion
such that the resulting extension rate imposed on the fluid
filament, ¢, is constant. The deformation imposed upon the
fluid filament can be described in terms of a Hencky strain,
€ = —21In (Rmida/Ro), where Ry is the initial midpoint radius
of the fluid filament. The strength of the extensional flow is
characterized by the extensional Weissenberg number,
Wiey = /lé, which is the ratio of the characteristic relaxa-
tion time of the fluid, A, to the characteristic time scale of
the flow, 1/g9. The elastic tensile stress difference
generated within the filament can be calculated from the
algebraic sum of the total force measured by the load cell,
F., if the weight of the fluid and the surface tension are
taken into account while ignoring inertial effects (Szabo
1997)

F. 1 pg(nLoR}) o
nRy 2 TR, Ryia”

<Tzz - Trr> = (1)
where L, is the initial endplate separation, o is the
equilibrium surface tension of the fluid, and p is the density
of the fluid. The extensional viscosity may be extracted
from the principle elastic tensile stress and is often non-
dimensionalized as a Trouton ratio

Tr = (12 = 1) [ 0€ = 0 /0, 2)
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where 77; is the transient extensional viscosity and 7, is the
zero shear rate viscosity of the fluid, respectively.

Capillary breakup extensional rheometry

To determine the extensional rheology of the less concen-
trated and less viscous fluids, capillary breakup extensional
rheometry measurements (Anna and McKinley 2001;
McKinley and Tripathi 2000; Rodd et al. 2005; Stelter et
al. 2000) were performed using the filament stretching
rheometer described above (Rothstein 2003; Rothstein and
McKinley 2002b). In a CaBER, an initial nearly cylindrical
fluid sample is placed between the two endplates of the
filament stretching rheometer and stretched with an
exponential profile, L = Ly exp éot), to final length of
L. The stretch is then stopped, and the capillary thinning of
the liquid bridge formed between the two endplates
produces a uniaxial extensional flow that can be used to
measure an apparent extensional viscosity. The final stretch
length is chosen such that L;=3.6 R, and the stretch rate is
chosen such that it is greater than the characteristic
relaxation time of the fluid, € > 1 /2, and also greater than
the time scale for capillary drainage of the liquid bridge,
€> o/nyRy (Anna and McKinley 2001). It has been
shown that CaBER is capable of measuring the extensional
viscosity of fluids with shear viscosities as low as 70 mPa-s
and relaxation times as low as 10 ms (Rodd et al. 2005). In
addition, CaBER can reach extremely large Hencky strains
limited only by the resolution of diameter measurement
transducer. In our experiments, a laser micrometer (Omron
ZALA) with a resolution of 5 um was used to obtain final
Hencky strains of up to & =2In(3mm/5um) = 12.7,
although in practice reliable measurements below 20 pm
were difficult to achieve.

The breakup of the fluid filament is driven by capillary
stresses and resisted by the extensional stresses developed
within the flow. The extensional viscosity of the wormlike
micelle solution can be determined by measuring the
change in the filament diameter as a function of time.
Papageorgiou (1995) showed that for a Newtonian fluid,
the radius of the fluid filament will decay linearly with
time, R4 (t) o (t,—f). Conversely, Entov and Hinch (1997)
showed that for an Oldroyd-B fluid, the radius will decay
exponentially with time, R,,; (f) & exp(—#3)\g). The
extension rate of the fluid filament is given by

2 dRmid(t) 2

- _ 2 ;
T T Rl dt 3] (3)

and hence for an Oldroyd-B fluid, the flow has a constant
extensional Weissenberg number of Wig=2/3. This value
is larger than the critical extensional Weissenberg number
of Wi.=1/2 needed to achieve coil-stretch transition, and
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thus, strain hardening of the extensional viscosity of the
wormlike micelle solutions can be achieved. Additionally,
the slope of the diameter as a function of time can be used
to calculate a relaxation time in this elongational flow, Ag.
For Boger fluids, theory predictions and experiments show
that \p = \; however; for wormlike micelle solutions,
strong deviations from this ideal value of the extensional
relaxation time have recently been observed (Bhardwaj et
al. 2007; Yesilata et al. 2006). An apparent extensional
viscosity can be calculated by applying a force balance
between capillary stresses and the elastic tensile stresses
within the fluid filament (Anna and McKinley 2001)

_ 0/Ruia(2) —0

S(t) - dDmid/dt ' (4)

e

To calculate the extensional viscosity, the diameter
measurements are fit with the functional form proposed
by Anna and McKinley (2001),

Dyia(1) = de™™ — Ct + E, (5)

and differentiated with respect to time. The choices of
fitting parameters have physical relevance. The decay of the
fluid filament diameter at intermediate times can be related
to the extensional relaxation time and the fitting parameter
B such that B = 1/3Ag. Additionally, C can be related to
steady-state value of the extensional viscosity such that
C= O'/ TE 00

The equilibrium surface tension for each of the wormlike
micelle solutions tested was assumed to be consistent with the
value of 0=0.032 and 0.036 N/m reported in the literature
for the CPyCl/NaSal and CTAB/NaSal solutions above the
CMC, respectively (Akers and Belmonte 2006; Cooper-
White et al. 2002). However, in any free surface flow
containing surfactants, one must also consider the role that
dynamic surface tension could play. As the fluid filament is
stretched and a new surface is generated, surfactant
molecules diffuse from the bulk and populate the new
surface. The result is a surface tension that is a function of
the age of a given surface. Using a maximum bubble
pressure tensiometer, Cooper-White et al. (2002) measured
the dynamic surface tension of a series of CTAB/NaSal
solutions. Above the CMC, the dynamic surface tension
behavior was found to be independent of surfactant
concentration. At short times, up to about 15 ms after the
creation of a new surface, the dynamic surface tension equals
that of water (¢=0.070 N/m). As time progresses, the surface
tension decays, eventually approaching an equilibrium value
of =0.036 N/m after about several hundred milliseconds
(Cooper-White et al. 2002). Because the time scales of the
CaBER experiments described here are slow compared to
the time scale of the dynamic surface tension (seconds vs
milliseconds), the equilibrium value of the surface tension

was used in all of our calculations of the extensional
viscosity. Additionally, in the FiSER experiments, at the
point that the fluid filament is stretching fast enough to
necessitate the use of the dynamic surface tension in the
force balance in Eq. 1, the elastic tensile stress typically
dominates over the surface tension term and the factor of two
change in the surface tension would make little to no
difference in the final value of the extensional viscosity.

Results and discussion
Filament stretching extensional rheometry

Using the FiSER, a series of transient uniaxial extensional
rheology experiments were performed on a number of
wormlike micelle solutions with a well-defined pre-shear
imposed just before stretch. The strength of the shear flow
was modified by varying the shear rate or the Weissenberg
number in shear, while the duration of the imposed shear was
modified by varying the Deborah number in shear. To simplify
this many variable problem, the strength of the extensional
flow was fixed by keeping the extensional Weissenberg
number constant for each of the wormlike micelle solutions
tested. To insure that the wormlike micelles would undergo
coil-stretch transition and strain harden, the extensional
Weissenberg number was set to be much larger than
Wik > 1/2. The shear Weissenberg number was varied
from a value less than one, Wi, <1, where little micelle
deformation and therefore little effect on the extensional
rheology is expected to Weissenberg numbers larger than one,
Wigpear™>1, where shear thinning of the shear viscosity has
begun to values larger than the critical Weissenberg number
for the onset of shear banding, Wigp,ear™> Wi, Where dramatic
changes to the micelle network have been observed and a
significant effect on the extensional rheology is therefore
expected. The impact of the duration of the imposed shear
was likewise inv