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Abstract

Nonlinear shear and extensional flow dynamics of a wormlike micellar solution based on erucy! bis(2-hydroxyethyl) methyl ammonium chloric
(EHAC) are reported here. The influences of surfactant (EHAC) and sali@NEbncentrations on the linear viscoelastic parameters are determined
using small amplitude oscillatory shear experiments. The steady and time-dependent shear rheology is determined in a double gap Couette
and transient extensional flow measurements are performed in a capillary breakup extensional rheometer (CABER). In the nonlinear shear
experiments, the micellar fluid samples show strong hysteretic behavior upon increasing and decreasing the imposed shear stress due
development of shear-banding instabilities. The non-monotone flow curves of stress versus shear rate can be successfully modeled in a macros
sense by using the single-mode Giesekus constitutive equation. The temporal evolution of the flow structure of the surfactant solutions im the Cot
flow geometry is analyzed by instantaneous shear rate measurements for various values of controlled shear stress, along with FFT analysis
results indicate that the steady flow bifurcates to a global time-dependent state as soon as the shear-banding/hysteresis regime is reiached. Incr
the salt—surfactant ratio or the temperature is found to stabilize the flow, and corresponds to decreasing values of anisotropy factor in the Gies
model. Finally, we have investigated the dynamics of capillary breakup of the micellar fluid samples in uniaxial extensional flow. The filame
thinning behavior of the micellar fluid samples is also accurately predicted by the Giesekus constitutive equation. Indeed quantitative agreen
between the experimental and numerical results can be obtained providing that the relaxation time of the wormlike micellar solutions in extensic
flows is a factor of three lower than in shear flows.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction cessfully used in separation of DNA fragmeftfand in form-
ing templates for nanostructurgd. They are also used as rheol-
Surfactant molecules consist of a hydrophilic head group andgy and flow control agents in petroleum transport syst&hs
a hydrophobic tail and under certain conditions they can spornfhe main advantage of these liquids for enhanced oil recovery
taneously self-assemble into long, flexible wormlike micelles inis their ability to undergo dramatic structural changes upon con-
agueous solutions. The structure and rheology of these micell¢acting hydrocarbons, leading to animportant drop in “viscosity”
are extremely sensitive to surfactant and counterion concentrgafter completing its fracturing task, this liquid can be easily
tion as well as to temperature because the individual micelleeemoved from the parts of the fracture contacting with hydro-
are constantly being destroyed and recreated through Browniararbon). The fracture cleanup is therefore greatly improved
fluctuations. Wormlike micellar systems are therefore widelyespecially in production zones. The ability to easily formulate
used in industry as viscosity modifiers and enhanlde®3. They  the fluid outdoors makes these liquids very attractive and com-
also offer potential as drag-reduction additives in district heatingnercially successful for oil extraction applicatidis-10].
system$3]. Recently, wormlike micellar systems have beensuc- A cationic surfactant, erucyl bis(2-hydroxyethyl) methyl
amomonium chloride (EHAC), has very recently been used in
several studies with different counterions (EHAC/NaSal/Water,
* Corresponding author. Tel.: +90 536 7360900; fax: +90 414 3440031.  EHAC/NaCl/Water and EHAC/NaTos/Wafdrl-13} EHAC/2-
E-mail address: byesilata@yahoo.com (B. Yesilata). propanol/KCl/Wate14] and EHAC/KCI/Watef{15]). Ragha-
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van and Kalef11] have reported that EHAC-based solutionsupturn in the shear stress curve is observed due to an increasing
can form an entangled network of extremely long wormlikesolvent contribution to the stress in the fluid sample until the
micellar chains and become highly viscoelastic or gel-like withstressry; ,, is reached again at a shear raje The separation of
increasing salt concentration. The ability of these surfactanthese two linear regions depends on the solvent viscosity ratio
systems to form long, polymerlike structures, but with the addi-8s = ns/no.

tional possibility of breakage and reformation at much lower Cates and co-workef89,23,24]also developed a constitu-
scission energy, leads to the terminology of “living” or “equilib- tive equation for micellar solutions based on the reptation model
rium” polymers (for recent reviews on the rheology of wormlike for steady flows with a stress tensogiven by:

micelles see Ref§16—18). EHAC solutions show robust vis-

coelastic behavior even at high temperatytdsi?]in compar- ; — 1—5Go (W _ 1[) (1)

ison to other viscoelastic surfactant systems, which is important 3

in oiIfiqu applic'ations. , . . . whereW is the second moment of the orientational distribution
The linear viscoelastic rheological properties of these Visynction[24]. Although this equation is able to predict the max-
coelastic wormlike micelles in brine solutions can usually be;, m behavior of the stress, it fails to capture the subsequent

characterized, at least at low frequencies, with a single relax;ny,rn, of the stress from the solvent and disentangled chain seg-

ation time. and they are therefore well described by a simpleyents. However, the nonlinear differential constitutive equation
Maxwell model. This narrowing of the viscoelastic spectrum is

) B proposed by Giesekiig5,26], originally developed from a net-
observed when the micellar breaking timg is short compared

- e r work theory for entangled polymer systems, has proven to give
to the diffusion or reptation timescalgep of the whole micelle 5 yery good description of the first stress maximum as well as
[19]. Deviations from this monoexponential relaxation behavior, upturn at high shear ratf27,28} The Giesekus model for
are observed at high frequencies due to Rouse-like behavior %fsingle relaxation mode can béa written as:

the micellar segmen{20-22]

The nonlinear steady shear rheology of wormlike micelles A .
shows a much more complex behavior as indicated schemati< O‘inp) - Tp + ATp) = npY @
cally in Fig. 1 The dimensionless shear stress= Ty /Go) is
plotted as a function of dimensionless shear rate=t y,,1).
The zero shear rate viscosity is givenigy= Goi. The stress first The symbolry1) denotes the upper convected derivative of
rises with a slope of unity and then deviates at a shear ratg of the stress tensor andthe rate of strain tensor ands the total
The stress falls with increasing shear rate after passing througtstress given by = 7 + 7s. Although the single-mode Giesekus
maximum stressy,,, at a shear ratg; . This maximum has been model is a semi-empirical constitutive equation (incorporating
attributed by Cates and co-workers (within the scope of reptatioan adjustable anisotropy fact®y, its “spectacularly successful
theory) to be the maximum stress that a reptating micellar tubdescription of semidilute wormlike micelle$1] in nonlinear
segment can sustajth9,23,24] An increasing destruction rate shear flow makes it a very useful tool in the description of the
of the tube segments due to retraction of the wormlike micelleseported hysteresis behavior of the flow curves in the present
with further increases in the shear rate results in a falling stregsaper. Recent experiments using another gel-like surfactant sys-
at shear rateg™ > y5;. However, the decreasing shear stressem also show excellent agreement with the predictions of the
region cannot persist to infinite shear rates, and eventually a@iesekus model in transient shear fl{29].

If an applied shear rate lies in the regimg < v* < v, a
homogenous flow can no longer be stable and the system evolves
towards a new stationary state, in which the system forms one
or more “shear-band430-32] Thus, a steady shear flow can
only be supported by separate regions of fluid flowing at the
highy; and lowy; shear rate limits of the stress plateau region
indicated by the dotted line iRig. 1. According to this picture,
there is no constraint on the number of band configurations, and
a set of multiple stationary flow states is possible in a shear
rate controlled situation. Still, the stress in this plateau regime
is uniform throughout the shear-bands and at the interface(s)
between bands. In order to select the number and location of
these bands a higher order theory is required, which incorporates
spatial fluctuations across the gap in the number of density or
concentrations of the micellar spec[84—33]

Ts = 1sY

100

150: 10 : 102" 109 An even more complex rheological response is expected for
i Yu . Tm L& the case of a shear induced structure (SIS) formation (such as
¥ gelation[34] or liquid crystalline phasef35,36]), which can

Fig. 1. A representative nonmonotonic dimensionless stress-deformation raRCCUr in a micellar solution. Such dynamical transitions have
relation in shear flow of a wormlike micellar solution. been theoretically described by Olmsted and co-worldg87]
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and also monitored experimentally by Fuller and co-workerdy Anderson et al[64], using the EHAC system reported on
[38,39] in the current paper, and with a filament stretching rheometer
In the following report we will focus on a relatively new by Rothsteif65], who was able to calculate a scission energy
surfactant system with a pronounced viscosity enhancemeifidr wormlike micelles in strong extensional flows, supporting
(several orders of magnitude higher than that for comparablthe hypothesis of Chen and W4@0] for the drop in the exten-
systems) and with unusually rich equilibrium phase behaviorsional viscosity at high rates.
The corresponding surfactants exhibit both shear-induced phase In the present study, we examine the hysteretic behavior of
separation (SIPS) and nonzero dichroism signal under shearormlike micellar fluid solutions in nonlinear shear experiments
[13]. In these systems, a slowly increasing shear rate ramp ispon increasing and decreasing the deformation rate under con-
expected to result in a stable flow up to the maximum stresgolled shear stress conditions for different temperatures and salt
Thmax IN the plateau level as indicated by the dashed line irconcentrations. We compare these results with the theoretical
Fig. 1 [24,40]and this typical stress behavior of an up-ramppredictions of the single-mode Giesekus model using parameters
shear rate profile has been reported by several aufhn42]  that are independently determined from linear viscoelastic data
However, beyond the critical shear rate, the stress level corr@btained using small amplitude oscillatory flow experiments.
sponding to the plateau region can lie between the maximurfihe Giesekus equation is then used to predict the behavior of
stresst . and the stress;y,, at the local minimum irFig. L~ wormlike micellar solutions in a uniaxial extensional flow field.
Fischerand co-workef88,43,44demonstrated thatthe dynam- These theoretical results are then compared to experimental
ics of the inhomogeneous shear-band layers coexisting at sucheasurements of the transient extensional response of worm-
stress levels could also lead to periodic oscillatory fluctuations olike micellar solutions determined using the capillary breakup
the stress around this average plateau level. Very recent studiestensional rheometer (CABER).
[39,45—-48]have also confirmed that many shear-banding sys-
tems display periodic oscillations and time-chaotic fluctuation®. Experimental
in their bulk rheology, rheo-optics or velocimetry. It may thus
be anticipated that the final stationary stress state of the flow i@.1. Apparatus
the plateau regime is strongly history-dependent and a hystere-
sis between the measured macroscopic behavior uponincreasingThe oscillatory and steady shear flow measurements were
and decreasing the shear rate is expejet@b0] However, there  performed with an AR 2000 stress controlled rheometer (T.A.
have been no detailed experiments reported of such phenomenastruments, Newcastle DE, USA) in a double gap concentric
We will examine this hysteretic behavior under controlled stresgylinder fixture (rotor outer radius: 21.96 mm, rotor inner radius:
conditions, for EHAC-based wormlike micellar fluid samples. 20.38 mm, gap: 0.5 mm, approximate sample volume: 6.48 ml
The extensional flow behavior of viscoelastic wormlike and cylinderimmersed height: 59.5 mm). Extensional flow mea-
micelles has received far less attention than studies of the shesurements were conducted in a capillary breakup extensional
rheology to date. However, recent reports on flow phenomengheometer developed in collaboration with the Cambridge Poly-
occurring in wormlike micellar solutions, such as rising bubblesmer Group (Cambridge, MA, USA). The device holds a fluid
in micellar solutiong51], falling spheres and flow past spheres sample between circular plates (with radius of 3 mm, initial plate
[52,53] or filament rupturdg54,55] of wormlike micellar solu-  separation of 2.2 mm). An axial step strain is imposed by sep-
tions have taken into account not only the shear flow propertiegrating the plates rapidly within 50 ms to a final separation of
but also the steady and transient elongational viscoelastic pro-6 mm. The midpoint diameter of the fluid filament is monitored
erties of the solution. using a laser micrometer with a calibrated minimum resolution
The first investigations of the apparent extensional viscosityf 20um. The global evolution of the column profile is also
of wormlike micellar solutions were conducted by Prudhommerecorded with a standard CCD camera. More detailed descrip-
and Warr[56], Walker et al[57], Fischer et al[58] and Lu et  tion about the CABER device is given elsewhf6-68]
al. [59], using the opposed jet device. They reported a general
thickening of wormlike micellar solutions with imposed exten- 2.2. Fluid samples
sion rate in contrast to the reported shear thinning behavior.
An observed drop of the extensional viscosity at high extension The surfactant solution, a mixture of erucyl bis(2-
rates was explained by Chen and W&0] by micellar scission hydroxyethyl) methyl ammonium chloride and iso-propanol
at high rates and supported with measurements of the radius (5 wt%), is obtained from Schlumberger Cambridge Research.
gyration in the extensional flow field of the opposed jet deviceThe fluid samples to be studied were diluted with an appropri-
However, severe problems in the quantitative correlation of thate amount of brine solution (ammonium chloride in deionized
material functions determined with the opposed jet def6@¢  water) and stirred to homogeneity for 72 h. The samples are then
have led to other methods for studying extensional flows. Kato dtept at rest for atime-period of 7 days prior to the measurements.
al.[62] used rheo-optical studies in a four roller mill, and Muller ~ Two sets of fluid samples were prepared to investigate the
et al.[63] investigated the flow through porous media to mea-effects of EHAC concentrationCg,f) and the molar concen-
sure steady elongational viscosities. For robust determination dfation ratio of NHCI/EHAC (C* = Csai/ Csurf). For the first set
the transient elongational viscosity, wormlike micellar solutionsof six samples the EHAC concentration (54 mM or 2.25 wt%)
were investigated recently with a capillary breakup rheometewas held constant while N#€I concentrations were varied from
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143 mM (0.75wt%) to 858 mM (4.5 wt%) with increments of age lifetime) of the micelles is much smaller than the reptation
143 mM (0.75wt%). For the second set of five samples, théime (the diffusion time). Numerous breaking and re-formation
molar concentration ratio of NACI/EHAC was kept constant processes occur within the time scale of the overall relaxation
(C" =10.6) and the surfactant concentration was varied fronand consequently average out the relaxation process leading to
18 mM (0.75wt%) to 90 mM (3.75wt%) with an increment of a pure, monoexponential stress decay. On the basis of reptation

18 mM (0.75 wt%). theory[70], Cateq23] developed an expression for this single
relaxation time depending on the breakup and reptation time:

3. Results and discussion

3.1. Linear viscoelastic behavior of micellar solutions The linear viscoelastic (LVE) behavior of complex fluids can

be described in terms of the complex relaxation modaitis
Itis now well known that viscoelastic surfactant solutions can

behave, under certain conditions, like an ideal Maxwell materiaG* (@) = G'(0) + iG" (w) )

with a single characteristic relaxation time, for the whole where the storage modulu@(w), and the loss modulus;” (),

m. However, the linear rheological properties of wormlik . . :
syste owever, the linear rheological properties of wo Care expressed for an ideal Maxwell model with a single relax-

r_mcellar solutions depend on the ratio of breaking and reptation ;i by
times, denoted
2,2
A
Ab ’ _ @
rep

. . A

where the weak micellar structures break and recombine on a@”(w) = G @ (7)

0 2,2
individual timescale denotektl,. According to Cates and co- 1+w%
workers[19,20,23,69]a single exponential relaxation is only  In Fig. 2, we show the remarkable agreement of the exper-
observed ifipr < Arep. In this case the breaking time (the aver- imental data T=25°C) at low and medium frequencies with

100 100
ECsurr=90 mM; C*=10.6 F Csurr=72 mM; C*=10.6
F -O-O-O-0-0-0-0-0-0~¢ .
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Fig. 2. The storage moduliy (w), and the loss modul;” (w), determined in a frequency range of 0.01-100 rad/s with a constant shear strain of 10% for the EHAC
solutions of: (a)Csurf=90 mM; C" =10.6, (b)Csuif=72mM; C* =10.6, (c)Csurt =54 mM; C* =10.6 and (d)Csyr=54 mM; C" = 16 (experiments were performed at
T=25°C).
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this single relaxation time Maxwell model. The deviations from G106
Maxwellian behavior in general start at higher frequencies for 157
larger values olsy (for constantC") and larger values of”

(for constaniCsyf). The relaxation time. and the plateau mod-
ulusGg were determined from a least squares fit of the Maxwell
model (Egs(6) and(7)) to the measured LVE data. This was
done using a Cole—Cole representation of the storage and los:
moduli as shown irFig. 3. In these plots, the loss modulus is
plotted as a function of the storage modulus, and this enables ¢
more precise determination of the relaxation behavior of samples(@)
than simple frequency sweef20]. Semi-circular profiles are
obtained from the Maxwell model and represent the pure mono- - Coui=54 mM
exponential stress relaxation behavior7at 25°C. Fig. 3a)

shows the effect of the surfactant concentrati6g,f) on the

linear viscoelastic behavior for a constant salt-surfactant con- &
centration ratio o™ = 10.6, whereaEig. 3(b) shows the effects =
of varying salt concentration at a constant surfactant concentra- ©
tion of Csy1=54 mM. The diameter of the semi-circular shape

is a measure dfip and is greatly affected by variation @yt A
monotonic decrease in the diameter is obtained with lower val-
ues ofCsyrf, rapidly dropping to the lowest value of 0.45 Pa for

the fluid sample withCsy = 18 mM. We use an inset feig. 3(@) Fig. 3. Cole—Cole plots of EHAC solutions (a) for various surfactant concen-
in order to more clearly illustrate the semi-circular shape fortrations Csurr) and (b) for various salt—surfactant concentration raiog.(The

this sample. The fit result?(: 250(:) are given inTable 1and inset to (a) is the plot foCsy=18 mMM. The storage modulug(w), and the

shown inFiq. 4 loss modulusG”(w), are determined in a frequency range of 0.01-100rad/s
g. 4 o with a constant shear strain of 10% (experiments were perfornigd 25°C).

In the absence of any solvent contribution to the stress, the

zero shear viscosities of the samples are calculated by

G" (Pa)

Q
fo o

cenOOe@
N

PWOLHm

15

G' (Pa)

a monotonic increase iGg. The variation of plateau modulus
exhibits a power law type behavior, which is expected from the-
oretical predictions for polymers and micellar soluti§#3,69].

The dashed lines iRig. 4(a and b) are best fits from regres- The corresponding relations are, respectivély,~ (Csai)>*°
sion analysis and are shown here to qualitatively illustrate théor C* =10.6 held constant{g. 4(a)) andGo ~ (Csar)®-"2 for
general trend of the fitted rheological parameters with increas€syr=54 mM held constantHig. 4(b)). Because the ratio of
ing Csart- In both cases, increasing salt concentration results isurfactant to salt (or equivalently the salinity conditions) are

7)O=T)p=G0)&- (8)

Table 1
Linear viscoelastic properties of the wormlike micellar fluid samples determined from small-amplitude oscillatory shear expERRENE(C* = Csai/ Csurf)
Csurf=54 mmol/l
El E2 E3
c 2.65 5.3 8.0 10.6 13.3 16
Csalt (mmol/l) 143 286 432 572 718 864
A(S) 60.6 171 103 28.4 10.9 5
Gy (Pa) 4.7 2.07 8.7 8.4 11.6 11.8
no (Pas) 284 355 903 238 126 59
G:mn (Pa) 0.474 0.096 0.246 0.48 0.599 0.681
Abr X 107 (s) 11.2 112.4 50.2 19.9 12.6 7.9
¢ x 104 0.034 0.428 0.233 0.494 1.344 2.567
Cc'=10.6
E1l
Csurf (mmol/l) 18 36 54 72 90
Csalt (mmol/l) 191 382 572 763 954
A(S) 115 48.7 28.4 23.7 2.9
Gy (Pa) 0.45 3.6 8.4 12.6 30.2
no (Pas) 51.9 175 238 298 87.6
G:nm (Pa) 0.055 0.166 0.48 0.34 1.37
Aor X 107 () 158 31.7 19.9 15.9 3.9

¢x 10t 1.886 0.424 0.494 0.450 1.951
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Fig. 4. Linear viscoelastic (LVE) parameters and time scales of EHAC solutions: (a) LVE parameters for @asig\is) LVE parameters for various”, (c) time
scales for variou€s,t and (d) time scales for varioud (experiments were performed At 25°C).

kept constant ifrig. 4(a) for a wormlike micellar solution with  of the salt counterions with rising concentration may lead to an
C" =10.6, the data actually corresponds to an increasing suglteration of the scission energy of the micelles, and therefore
factant concentration. The observed scalingsef (Csa)®*®  significant variation in the relaxation time as showiFig. 4(d).
indicates that the rheological behavior of these EHAC surfactant At high salinities, Candau et dIr3] describe the formation
systems in this concentration regime is in good agreement witbf a dynamic three-dimensional network of wormlike micelles
the theoretically predicted power law exponent of 2.3 obtainedhat results in a local maximum in the relaxation time and also in
from scaling theory for micellar solutior§69]. Similar scaling  the resulting viscosity of the solution (see E8)). We observe
has also been observed for other micellar systgits Ragha- a similar behavior inFig. 4(d) for the relaxation time and in
van and Kalef11] have performed similar analyses for their Fig. 4(b) for the viscosity. This pronounced maximum is again
EHAC-based solutions. Their measurements were made for ia agreement with the viscosity measurements of Raghavan and
constant molar concentration ratio 6f =0.5 and for a con-  Kaler for an EHAC/sodium salicylate solutighl]. However,
stant surfactant concentration@f,;= 60 mM at a temperature it should be noted that with the smallerCions utilized in
of 60°C. Their reported values of the power—law exponents foiour study, the critical concentrations required for the maxima
these two cases (respectively, 2.27 arl) appear to be close in the viscosity and relaxation time to be observed are nearly
to the ones obtained in the present study. a decade higher. A possible explanation for this shift is that, in
Fig. 4b) shows the variation of the linear viscoelastic prop-contrast to salicylate, the nonbinding character of the iGhs
erties with salt concentration at a constant surfactant concettimits the penetration between the head groups of the EHAC
tration. In this case, a ratio @fp~ (Csa)®’’ is observed, sug- molecules that comprise the micelles, so that this screening
gesting a rather salinity-insensitive dependence of the plateaeffect requires much higher salt concentrations. The critical con-
modulus. This is in accordance with the suggestion that awentrations of the samples that correspond to maximum values
increasing salt concentration does not lead to strong changes$ 1o are Csar= 762 mM (or Csyf= 72 mM) for C* =10.6 and
in the structural composition of the wormlike micelles at this Csat=332mM (orC" = 8) for Csyrf= 54 mM.
salinity level; as a consequence, the modulus varies only weakly. We notice irFig. 4(b) thatforC* > 8 the relationship between
However, as Safran et dl(2] have noted, the screening effect Csa andng becomes almost linear on this log—log plot with a
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power law exponentyo ~ (Csa)~3-3". This value of a power in a power law fashion with salt concentration (see the log-log
law exponent is slightly lower than the power—law exponentplot shown inFig. 4(b)).
of —5 quoted by Larsoifil] and Shikata and Kotak@4] for The values of.,; and¢ further support the expected monoex-
some gel-like surfactant systems. Clausen ef74] describe ~ ponential behavior singe< 1, and therefore the approximation
electron microscopy imaging studies of micelles in this regionbr < Arep holds for almost all of the fluid samples studied.
of decreasing relaxation time that demonstrate that the lengthhe departures from semi-circular response on a Cole—Cole plot
of the micelles (and thus the modulus) remains fairly constantoccur at progressively higher frequencies with decreasing values
indicating thatitisindeed the screening by the increased salt co®f ¢ as can be seen fig. 3 The evolutions ok andipy with
centration that accelerates the micellar reformation processesncreasing salinity are quite similar as shownFig. 4(c and
For clarity in our discussion of the nonlinear rheology in thed). Both time constants monotonically decrease with increasing
following section we will focus on the three fluid samples (denot-surfactant concentration€4,r) for a constant salt-surfactant
ing them by E1, E2 and E3) on the power law curv&f. 4b) ~ concentration ratio of” = 10.6. However, the effect of salt con-
to examine the effects of salt—surfactant ratio on nonlinear shegentration ork. andp at a constant surfactant concentration is
and extensional flow behavior. The composition of fluids E1, E2more complex. Both the relaxation and micellar breakup times
and E3 along with other micellar fluid samples used in this workexhibit a maximum aiCsat=286 mM (or C' =5.2) and then
are given inTable 1 rapidly decrease at higher salinity. On the other hand, the rep-
The representation of the storage and loss moduli for théation timeirep remains initially unaffected by salt-variation,
investigated solutions in the form of Cole—Cole pldg( 3)  but then sharply decreases with increasing salt concentration.
shows that in all cases Maxwell-like behavior is obtained in thelhis complex dependence appears to be associated with shear-
low-and medium-frequency regimes. HoweveiFig. 3b), sig-  induced morphology change or phase separation of micellar fluid
nificant deviations from Maxwell behavior are present at highsamples, as previously observed by Raghavan and co-workers
frequencies. These deviations are expected at high frequenciB?,13]
because Rouse-like behavior of the individual entangled seg-
ments and an additional solvent stress are present. Consequendy. Steady and transient shear flows of micellar solutions
there is an upturn of’”” as a function of5’ as noted by Fischer
and Rehagg27]. The addition of a Newtonian ‘solvent-like’ 3.2.1. Steady shear flow

contribution to Eq.(7) with ns < Gox, allows a better agree- The nonlinear shear rheology of the micellar solution denoted
ment at high frequency regimes while the low-frequency regimé&1 (se€Table J) was determined under controlled shear stress
remains unaffected: conditions, the results are givenhig. 5in the form of a flow

curve and the corresponding viscosity-shear rate curve. Dimen-
G (w) = nsw + GO“’*}‘. (9)  sionless shear stress, shear rate and viscosity are, respectively,
1+ %22 defined as” = t/Go, y* = yA, andn” =n/no. The symbols cor-

A quantitative determination ofy, is possible by fitting reqund to discrete stresses in a continuous stgpped stress ramp
simulations[21] or numerical calculationf20], including the ~ €Xperiment (no rest between steps). The stress-l_ncrementofeach
ratio  (from Eq.(3)) as a fitting parameter, to the experimental SteP is equal in log-space (10 equally spaced points per decade).
Cole—Cole plots. Combining E¢B) with Eq. (4) results in the All experimental points displayed here were measured for an

expression overall time of 300s and represent the a\_/eraged_ signal. The top
branch (hollow circles) corresponds to increasing increments
Aor = AT (10) in 7" and the lower branch (hollow diamonds) to decreasing

increments. Both figures show a distinct hysteresis between the
and enables the calculation o from the relaxation time and increasing and decreasing stress ramp. At low stresses the fluid
the ratio¢. A more accessible method to extragt from the  shows a nearly Newtonian flow behavior. However, above a crit-
measured deviation @’ from the single-mode Maxwell model ical stress”™ ~ O(1) for an increasing stress ramp the shear rate
was introduced by Kern and co-workded,22,76] According  increases rapidly and leads to a second Newtonian regime at high
to the method and E9), a departure from the semi-circular stresses. The huge drop (5000-fold) in the viscosity at this stress
shape at high frequencies must be represented with a ‘dip’ angvel is shown inFig. 5a) and is commonly associated with a
a ‘tail’ indicating Rouse-like behavior. The dip corresponds toyielding process, or microstructural breakdof#i]. However,
a local minimum in the loss moduluss(,,,) and the ratio of  the nature of this structural transition cannot simply be derived
G;’mn/Go is directly correlated to the entanglement length androm a single steady stress experiment. As already pointed out
average contour length of the micelle. Thus, the critical fre-by Cates et a[40]itis expected for a wormlike micellar system
quencyw”at which the minimum value of the loss modulus is that an increasing stress ramp experiment will show a mono-
obtained provides a much better measure for micellar breakujpne increasing shear rate, albeit with a rapid increase of the
time [27]. This approach was used in this report to extract theshear rate at* > t%,,. However, the simple reptation theory
micellar breakup timescalg,; from the linear viscoelastic data. suggests that there will be a maximum of the stress-shear rate
The results, as well as the value of the parameteslculated curve as pointed out in the discussionFif). 1 and expected
from Eg. (10), are listed inTable 1 As mentioned before, the from the constitutive equation of E€L). For an up-ramp stress
zero shear rate viscosities of the fluids E1, E2 and E3 changexperiment the critical stresg,ax for the onset of the plateau is
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; ; : . : . The occurrence of an underlying nonmonotonic constitutive
Fluid: E1 relationship between the steady shear stress and shear rate can
e also be directly inferred from the ‘up’ and ‘down’ ramp experi-
ments shown iffrig. 5. The microstructural compositions of the
shear-banded states are highly degenerate and at a stress level of
7max iNdividual regions may be associated with any deformation
rateyyy < y* < y; indicated inFig. 1. Theories which incorpo-
rate a coupling between stress and microstructure are required
in order to provide a selection mechanism for these b§sitls
An increase in the externally imposed driving stress and/or
the time of imposed shearing leads to progressive destruction of
a larger fraction of the wormy micellar (equilibrium) state and
formation of an increasing percentage of the shear-distrupted
4 ‘ . ‘ . ‘ . micellar segments. These segments contribute to the second
Ws® 1w 1" 10 8¢ (9% 1ot 16" low-viscosity mode that provides the upper Newtonian con-
tribution to the stress. The final stationary flow state can also
strongly depend on the flow history of the micellar solution,
‘ as reported by Radulescu et @l0]. As the stress is decreased
el from the second Newtonian flow regime, which is dominated
e by the solvent-like contribution to the total stress, the structural
buildup of the wormlike micelles starts at the stress minimum
Tmin indicated inFig. 1
The Johnson-Segalman (JS) equafi@t] has been com-
monly used to model the nonmonotonic material instability and
formation of shear-banding. Greco and Bf@P] suggested a
selection criterion for the symmetry breaking of the band distri-
bution, based on the stress distribution in a circular Couette flow.
Lu et al.[93] considered planar shear for a JS model with addi-
tional diffusive terms. However, preliminary attempts to fit the
present shear-flow experiments indicated that the JS model over-
‘ , ‘ , ‘ , predicted the value oftf,,, — ti,) Within a reasonable shear
10° 10 10" 10° 10 1 100 10 rate range ofy} < y* < y3. A rederivation of the JS model
(b) ¥ from microstructural considerations in order to obtain a full set
Fig. 5. Theresults of up and down ramp controlled stress experiments for the qu equatio_ns with higher order derivative terms ar_]d incIuding a
fluid: (a) dimensionless viscosity (= n/n0) as function of the dimensionless Conservation equation for the local number density of micelles
shear ratey* = y1) and (b) dimensionless stres$ € ©/Go) as afunctionofthe  coupled to the stress equations may improve the predid@dhs
dimensionlessshe?rrate.Thetop branch (hoIIowcircI‘es)correspondstoin(_:reas- A simple way to capture this behavior is given by a num-
ing increments inc_and the lower branch (hollow diamonds) to decreasing o of semj-empirical constitutive equations comparable to
njcrement_s. Solid Ilqes represent results of the single-mode Giesekus constltﬂ:]e Johnson—SegaIman equation which incorporate the lin-
tive equation (experiments were performed’at25°C). !
ear Maxwell model under small strains or strain rates and are
expanded to incorporate additional nonlinearities. Examples of
appropriate nonlinear constitutive equations include the Phan-
Tmax = 0.67Go (11)  Thienand Tanner modéd4], the Giesekus modé5,26] the
White-Metzner[95] or the Bird-deAiguiar mode]96]. These
as deduced from reptation thedj34]. A marginally smaller models may all exhibit nonmonotonic shear stress-rate behavior
value oftmax = 0.54G is predicted for nonuniform flow fields depending on the values of the relevant nonlinear parameters
[78]. The critical stress;;, of a down ramp experiment should and the background solvent viscosity.
follow a bottom jump condition and result in a hysteresis In the following we will use the single-mode Giesekus
between the up and down ramp stress plateau as theoreticattpnstitutive equation (Eq2)) to model the hysteresis of the
proposed by Porte et §49]. shear-banding phenomenon since this equation has already been
The resulting honmonotonic stress versus shear rate cungemonstrated to model the nonlinear properties of wormlike
leads for a certain range of stressps< t* < 7 toabifurcation  micellar solution in start-up of steady shear flows quite well
in the flow and the occurrence of nonhomogeneous behavide8]. The dimensionless viscosity(= " /y") computed from
in the form of shear-bands. This formation of local spatiallythe single-mode Giesekus equation is given by:
inhomogeneous shear-bands has been experimentally observed 2
by NMR imaging[79,80] neutron scatterinf81,82] and other Nt = a-5 + Bs, (12)
flow imaging diagnosticf38,83-89] 1+(1-20)f

102}

determined by the top jump condition
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1—/lk1—1)/x2 10' . :
f= , (13) Fluid: E2
1+ (1 —20)/(k1 — D)/k2 =0.89, n_=0.085 Pas
=1+ 16— ()2, (14) ok
k2 = 81— )(y*)’, (15)

wherea and s are, respectively, the anisotropy factor and the +.107}
dimensionless solvent viscosity that dominates the viscosity of
the solution at high shear rates. The solid lineBign 5@ and b)
represent the predictions of the model with fitting parameters of
«=0.93 andys=0.1Pas (0Bs=4.18x 10~4). The parameter
Bshas been chosen as an adjustable parameter since the viscosit
in the high shear rate regime includes not only the Newtonian
solvent but also the additional, undefined contributions of the 10
surfactant molecules in a nonmicellar state. Small deviations of (g) ¥
the solution viscosity at high shear rates from the expected com-
plex viscosity (Eq(9)) of the Rouse-like regime have also been 0 .
reported by Manero et gl14]. The linear viscoelastic rheolog- Fluid: E3

ical parameters given for the E1 solutionTiable 1were used 0=0.85, n,=0.025 Pas
in the calculations as starting values for a best fit of the model
to the experimental data. TE

The maximum deviation between experimental values of the
linear viscoelastic parameters and the best fit of the model is
only 0.32%, as seen ifable 2below. The agreement between  + 17}
the plateau values of the experimental data and the local minima
and maxima of the theoretical curve is very good, especially in
predicting the local minimum of the stress during the down ramp
of the stress sweep.

The effect of salt—surfactant concentration rati, on the
hysteresis/shear-band structure can be seef fer13.2 and 16 &
(fluid samples E2 and E3) iRig. 6(a and b). The qualitative 10
features of the flow curves for both fluids are similar to the E1 (b)
fluid. However, the distance between the upper and lower branch ,

% % * . Fig. 6. The results of up and down ramp controlled stress experiments: (a) for
(tmax — Tmin) decreases & increases. Indeed, the magnitude , 'e- 44 *=13.2) and (b) for the E3 fiuidd = 16). Solid lines represent
of the anisotropy factor in the Giesekus model provides a direGhe Giesekus model predictions (experiments were performee a5°C).
measure of the width of the hysteresis gapjecreases from
0.93 for the E1 fluid to 0.89 and 0.85 for the E2 and E3 fluids,and phase behavior data for the current samples to confirm this
respectively (se€able 2. The s*tabilizing effectofincreasingthe hypothesis.
salt—surfactant concentrati@h on the micellar fluid structure The observable range of the Newtonian regime after the sec-
was also noted by Raghavan and Kdlet] and was interpreted  ond upturnin the shear stress also becomes smaller with increas-
as a promotion of the level of micellar branching. The specificing ¢* due to a fast transition of the micellar solution to a foamy
details of the range of salt—surfactant concentration required fahixotropic state that shows a strong increase of the shear stress at
phase-stabilization is expected to vary with the nature of the nearly constant rate. The stress sweep experiments cannot pro-
counterion (e.g. whether it is binding or nonbinding). How- ceed further since irreversible structural changes occur at higher
ever, there is at present no reported microstructural analysigresses. This stress-jump behavior at the transition to a shear

induced structur¢34,44] limits the ability of the single-mode

2

10

4

10

Table 2 _ Giesekus equation to model the macroscopic stress beyond the
Giesekus model parameters in shear fléi @5°C) shear-banding regime because the solution is no longer a single
E1 E2 E3 homogeneous phase. All of our experiments are truncated at this
. (s) 28.4(0.07 11.6 (6.6) 497406 OIS transition. _ _
Go (Pa) 8.42 (0.24) 12.3(6.2) 12.6 (6.4) The effects of temperature on the dynamics of shear-banding
no (Pas) 239 (0.32) 143 (13.2) 62.4 (5.7) were also investigated for the E1 fluid over a temperature range
o 0.93 0.89 0.85 of 25-70°C. The required zero shear viscosities for evaluation
ns (Pas) 0.10 0.085 0.025 of the Giesekus model predictions were obtained from time-

2 The numbers in parentheses show deviation (in percentage) from linear rhéemperature superposition. The temperature dependent shift fac-
ology experiments. tor a1(T; Tp) was determined from a series of ten viscosity
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Fluid: E1
T=30°C, :=0.90, nB:O.OBG Pas

Fluid: E1
T=35°C, 0=0.85, n_=0.065 Pas

= ~%
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Fig. 7. Influence of the temperature on hysteresis/shear-band structure for the E1 fldid:3@)C, (b) 7=35°C, (c) T=55°C and (d)7=70°C. Solid lines
represent the Giesekus model fits at each temperature.

measurements over low shear ratgs € y;) in a temperature limiting value between a monotone rise of the stress (with the
range of 25C <T<70°C andar follows a simple activated absence of the hysteresis behavior) and the development of a
rate process of Arrhenius form shear-banding regid97].
. Visual analysis also shows that the fluid sample remains

at(T) = n(?/, 7) Top(To) ~ exp {AH (1 — 1>} (16) homogeneous and rheological data can be measured up@ 90

n(y. To) Tp(T) R AT To The stabilizing effect of a moderate level of temperature rise
wherear is the temperature shift function and the density ratiohas previously been observed for viscoelastic flow instabilities
o(To) p(T) for the agueous micellar solution is assumed to bg98,99] There are also computational studies in the context of
approximately equal to unity over the investigated temperaturelastic instabilities to confirm this observation. For EHAC based
range. For the investigated system wiifr 25°C, the activation ~ solutions, the effect of temperature on the degree of micellar
energy ratioAH/R was found to be 11500 K. The thermal vari- branching is shown to be analogous to increases in salt concen-
ations of the background solvent viscosijty7) and anisotropy tration[12], and hence such a stabilization effect with increasing
factora(T) were determined by an independent fitting proceduretemperature is to be expected.
The variation of these parameters with temperature is also found
to be nearly exponential. The experimental and model results ate2.2. Transient shear flow
given inFig. 7. The hysteretic behavior becomes progressively The temporal characteristics of the nonmonotone stress shear
weaker at elevated temperatures, and finally disappears @t 70 rate relation and the hysteresis behavior of the viscoelastic sur-
The anisotropy factax in the Giesekus model clearly confirms factant solution in circular Couette flow can be monitored by
this trend and decreases from 0.93at25°C to 0.50 at 70C.  following the transient shear rate evolution at various values of
The valuex =0.5 corresponds to the Leonov model and is thea constant controlled shear stress.
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Fig. 8. Measurements of temporal fluctuations in the shear rate for various values of the dimensionless shear stress for the E1 fluid. Eacharaasiei(she

at a givenr” is normalized by the corresponding time-averaged nominal vajdiés))): (i) location of the transient experiments on the qualitative stress shear rate
curve and (i) transient shear rates for various values of(¢" (¢))): (a) (0.36; 0.95) (b) (0.42; 1.37), (c) (0.48; 81), (d) (0.60; 1382), () (0.72; 3318), (f) (0.84; 3719),
(9) (1.2; 4778) and (h) (1.68; 5514) (experiments were perform@&e-a5°C).

o
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A series of measurements of the evolution in the transiengre shown inFig. 9 for selected values of". Fig. Ya—d),

dimensionless shear ratejof(z) is shown (for E1 fluid) iFig. 8 respectively correspond to power spectral densities of the sig-
for various values of the dimensionless shear stréssThe  pals Y ()(y (7)) given in Fig. 8e—h). The power spectrum
dimensionless shear rate(r) is normalized by its time-averaged obtained from FFT analysis are also normalized by a nominal
nominal value (y (1)) to illustrate the relative magnitude of component of the spectrum for each in order to provide con-
the fluctuations around unity. For low valuesf the instan- sistency in comparison, as suggested by Yesilata §1@0].
taneous shear rate is essentially constant in tipeg shown  Fort* =0.72, the power spectrum shows a peaf at0.032 Hz
in Fig. 8a and b) with r.m.s. fluctuations of less than 4.2 and(Fig. 9(a)), corresponding to a dimensionless frequency value
4.1%, respectively. For' <0.48 the shear flow of the micellar of £y = A f, ~ 1 since the characteristic relaxation time of the
solution is steady. The flow becomes strongly time-dependent dRjid is 1 = 28.4 s. The nominal steady rotation rate of the Couette
the dimensionless stress is increased t00.48, as depicted in  fixture i iswe = (y)/A = 2.6rad/s, wherel = R1/d is the ratio of
Fig. 8(c). The shear rate monotonically increases with time ovelnner rotor radius to the ggfi01]. The nominal rotation rate is
the time range of the experiment. The experimental timescale ius nearly one order higher than the valuef 27f1 =0.2 in
restricted to about 600 s at each stress to minimize the effect @hd/s. Wheeler et aJ38] performed similar experiments using
evaporation of the sample in a longer time-period. Grand et ak controlled stress device at a nominally constant deformation
[78] noted that at the onset of the plateau region the timescale fegte between;, < y* < y. Intheir experiments, strongly peri-
equilibration into the final steady state could be up to two ordergdic oscillations were observed above a critical stress with a
of magnitude higher than the linear viscoelastic relaxation timefrequency that was dependent on the moment of inertia of the
This monotonic increase of the shear rate with time continuegest (Couette) fixture and the characteristics of the instrument
even at higher values of (seeFig. &d)) in the nearly horizon-  feedback loop. We see no such coupled instrument/fluid oscil-
tal plateau regime of the'—y" plot. Eventually, this transient |ations with the present rheometer (probably due to a tighter
increase of the shear rate saturates into a strongly time-periodigedback control loop). The periodic frequency identified in
flow around an average shear rate as sedfign8(e and f) at  Fig. 9(a) corresponds purely to the fluctuating material response
the upper end of the plateau regime. The amplitude of the shegince the dimensionless frequency is nearly equal to unity
rate fluctuations in this time-periodic flow state can reach up tqf~1).
50% with respect to the nominal value (or up to 14.8% in terms  For stresses above the critical value for onset of time-periodic
of rm.s. fluctuations). At the highest stresses~ 1), on the  flow, the dominant frequency of oscillations increases and mul-
upper branch of the flow curve correspondingig. 8g and h),  tiple peaks are discernablgig. (b)). The appearance of these
the fluctuations decrease again and are less than, respectivelgw peaks in the power spectrum can be considered as the
15 and 10% (or 9 and 6% in r.m.s. fluctuations) of the nominafirst sign of the onset of a more complex chaotic-like flow. In
signal. the strongly fluctuating regimes shown filg. 9c and d) the
The characteristic frequencies of the shear rate oscillationshear rate oscillates with multiple in commensurate frequen-
can be quantitatively identified by Fourier analysis of thecjes as determined by the FFT analysis. However, the intensity
time series measurements. Power spectral-densities @f  of the oscillations decreases, as the linear relationship between
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£ £ F
3 s
o 7] L
2 15 g % J
’ ’ 7 \/\W
ﬂ" ! P S TR L VWIANA i i o
0 0 0.1 0.2 0.3 0 0 0.1 0.2 0.3
(a) f (Hz) (b) f (Hz)
*=1.2 *=1.
80 T s 1*=1.68
£ £
g 2
E’ 40 3 1 [ . . F
o o
) ) Wl | w
| l'lM |
OWUMMM o L MY
0 0.1 0.2 0.3 0 0.1 0.2 0.3
(C) f(Hz) (d) f (Hz)

Fig. 9. Fast Fourier transforms (FFT) pf(r) in the time-periodic and the time-chaotic regions for E1 fluid. The corresponding dimensionless stresses are given as:
(@) 7" =0.72, (b)r" =0.84, (c)r" =1.20 and (dx" = 1.68. The spectra are normalized with the nominal value of the spectrum for each case.
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7" and(y" (7)) is re-established and the stress shear rate curvétions for all samples are axially nonuniform. For convenience,
approaches the second upper linear flow regime. time is referenced to the instant when stretching is halted (i.e.
The time-dependent fluctuations leading to inhomogeneoud€ sett =11 =0). The subsequent images show the progressive
and banded structures were noted recently by Lee d89).  €lasto-capillary drainage and ultimate breakup of the filament
in the middle of the gap of a Couette cell using pointwise flow-at a critical time after the cessation of stretching. The temporal
induced birefringence (FIB) measurements. Recent studies hay@solution of the breakup event is limited by the framing rate of
shown that transient oscillations also occur in more complehe video camera to 30 frames/s.
flows of micellar fluids with shearing and extensional kinematics ~ The filaments of all three samples shownHiy. 10 neck
[52,53] It does appear that these fluctuations are not specific t8nd break in a quantitatively different manner. Both the axial
a single kinematic field but are common to all flows in which profiles of the filaments and the time evolution in the midfilament
the characteristic deformation rate and micellar time scale ardiameter are significantly different for each type of fluid. The
on the same order. axial profile of the E1 fluid filament is nearly homogeneous, and
the minimum diameter is always close to the midplane (although
gravitational effects cause the actual minimum to be slightly
above the midplane at initial stages). The effect of gravity at
early times becomes more pronounced for the E2 sample, and

The transient extensional response of three micellar ﬂu'dsespecially for the E3 fluid. However, at later stages, the axial

(E1, E2 and E3) was also investigated with a capillary breakup ™" ) : : ; )
. 7 ) . ofile of the filament rapidly evolves into an axially uniform
extensional rheometer. The experimental device utilizes plates &

radiusRo = 3.0 mm separated by an initial distarige=2.2 mm g?/“r?i(fjig;ﬁ!dﬂll?)reg:.tr?-ahnet#g:a ;[)(]2 é);eaarl](;ré;or the E1 fluid is
so that the initial aspect ratio i8g = Lo/Rg=0.733. The plates 9 y long )

) - ) . Transient midfilament diameters measured for the three flu-
are separated rapidly (within 50 ms) to a final separation of . .
11=6.6mm Ids are shown ifrig. 11(a). Notice that measurements from three
1=0. .

Fig. 10 shows a sequence of images of the test fluids a%eparate experiments for each fluid agree extremely well and we

T=25°C. The firstimages show that the initial filament configu- obta_ln excellent ex_perlmental re_produ0|bll|ty. Mea_lsurements of
the filament evolution for the fluids decay approximately expo-

nentially with time as shown by the solid lines. Prior to the
(a) Fluid: E1 breakup, significant deviation from the initial exponential curve
occurs caused by the finite extensibility of the micellar struc-
tures.

Entov and Hinclji67] have shown that the exponential behav-
ior of the midfilament thinning at intermediate times is related
to a balance of the capillary and elastic forces in the thread and
allows for the calculation of a relaxation time in the elonga-
tional flow,

3.3. Transient extensional flow of micellar solutions

t=0

t=18.25s
(b)Fluid: E2

t=36.5s  t=54.75s

t=73s

3\E

For Boger fluids, Anna and McKinlej66] confirmed (in
accordance with the theoretical predictions from Entov and
Hinch[67]) thatig ~ A, whereh is the longest relaxation time of
the polymer solution determined from linear viscoelastic mea-
surements. However, in these micellar fluids, the characteristic
relaxation times for transient elongation, extracted from the lin-
ear regimes in the semi-logarithmic plotdig. 11(a) according
to Eq.(17) and shown inTable 3 are substantially lower (by

Giesekus model parameters in extensional flow 25°C)

Dmia(t) ~ exp {—t} . 17)

t=0 t=6s t=12s t=24s

(¢) Fluid: E3

t=18s

E1l E2 E3
1 () 9.03 3.63 1.65
g Go (Pa) 7.98 {5.0P 11.5 (-0.52) 11.9 (1.62)
1o (Pa s) 21549.71) 125 (0.71) 59.5 (0.97)
ns (Pas) 0.10 0.085 0.025
1=0 =455  t=9s  1=13.5s (=185 o 0.02 0.031 0.003
0.229 0.241 0.227

a
Fig. 10. Time-sequences of flow images in the CABER experiments for (a) E1 - — _
fluid (C* =10.6), (b) E2 fluid €* =13.2) and (c) E3 fluid¢" = 16) (experiments a8 The numbers in parentheses show deviation (in percentage) from linear rhe-
were performed af =25°C). ology experiments.
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We now use the simple zero-dimensional formulation pro-
posed by Entov and Hind67] to predict the filament thinning
behavior of the micellar fluid samples using the single-mode
Giesekus constitutive equation. Ignoring axial curvature effects,
the temporal evolution of the filament mid-diamef®@f,q is
given by a balance of the viscous, elastic and capillary forces
(see Anna and McKinle{66)):

dDmig _
dr
whereo denotes the surface tension of the fluid apgdandz,,

are the additional micellar contributions to the axial and radial
tensile stress components of the total stress tensor

< [(22 — ) Diia — 2] (18)
s

10° , , ‘ ‘ ‘ . . For an ideal uniaxial extensional flow, these stress compo-
@) 0 1 20 30 t4° 5 6 70 80 nents are evaluated from the Giesekus constitutive equation (Eq.
(s) (2)), which becomes
dr ) )
108 AE dzz + (1= 260E)Tz + — 12 = 2GoAgk (19)
1 Go
dTrr . @ - .
)\.EW + (1 =+ 8)\.E)Trr + Eofrr = _GO)\.EE (20)
107 ] where the rate of strain is expressed by
—~ . 2 dDnpj
=) E=— mid (21)
a Dmig  dt

) Combining Eq(18)with Egs.(19)(21)gives a coupled set of
ordinary differential equations (ODES) fb¥yig, T2z andzyr. The
Eqgs.(18){20)can be integrated using standard routines for stiff
ODEs under appropriate initial conditions. The corresponding
initial conditions when the stretching is halted are givefiasj:

107+

15

o) Dmig(t1 = 0) = D1, (22)
~ 20 2ns

Fig. 11. (a) Transient midfilament diameter profiles of the E1, E2 and E3 fluidsTzz(t1 = 0) = D a)\—, (23)
Different symbols correspond to separate CABER experiments for each fluid. 1 E

Solid lines show best exponential fits of the curves. (b) Comparison of measurei:l”(t1 — 0) = 0. (24)

midfilament diameter profiles (symbols) for micellar fluid filaments with pre-
dictions from the single-mode Giesekus model (solid lines). The diameter and The parametex in Eq. (23) has been introduced by Anna
time are scaled witib; andie (experiments were performed & 25°C). and McKinley[66] to correctly account for the initial deforma-

tion. The results of simulations (the solid lines), usingndo

as adjusting parameters, along with experimental measurements
almost a factor of three) than the relaxation times obtained fronithe symbols) are depicted Kig. 11(b). The time and diame-
oscillatory shear flow. We are not aware of any other reports ofer are scaled withg andD;, respectively, and the parameters
the characteristic time constant for extensional flow of micel-used in the calculations are listed Table 3 It can be seen
lar solutions; however, Rothste[65] noted that the apparent from the figure that quantitative agreement between experiments
nonlinearity of a micellar network is also characterized by veryand theoretical predictions can be obtained, provided that the
different values of the relevant rheological parameter in sheamodel parameters are not forced to be the same as the values
and extension (in this case the finite extensibility parameter)obtained in shear flow. The anisotropy factofor extensional
This factor of three differences in the characteristic relaxatiorflows obtained from the fits is more than a decade smaller than
time must be associated with the different dynamics of micellehe value for shear experiments (Jable 9. Most interestingly,
creation and destruction in the elongated and aligned state thtite relaxation time&g obtained from best fits to E¢l7) are a
is associated with extensional flow in a thinning filament adfactor of almost three smaller than the value expected in shear
compared to the fully entangled three-dimensional structure thdkow. This suggests that the arguments leading to(Epfor A
exists under equilibrium conditions. Thus, the transient extenneed to be modified for an elongated micellar chain reptating
sional behavior of the wormlike micelles studied here appearand breaking/reforming in an extensional flow.
to be more complex than that expected for a simple viscoelastic It is also desirable to re-express the midfilament diameter
fluid of Maxwell-Oldroyd type. data in a more intuitive format, i.e. as a transient tensile stress or
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extensional viscosity. The thinning dynamics of the elastic fluidand we thus differentiate the experimental diameter data to
filaments result from an interplay between the fluid rheology anabtain the transient extensional viscosity. The results are pre-
the effects of capillarity. We have demonstrated that the observesknted irFig. 12and show the apparent extensional viscosity in
evolution of the midfilament diameter as the fluid thread neck$erms of a dimensionless Trouton ratig(no) as a function of
down and breaks can be well described using a single-mode total Hencky straia

Giesekus model and an appropriate force balance on the fluid D
filament, provided that the initial deformation is correctly ¢ =2 In { ! } . (27)
accounted for. The transient extensional rheology of the fluid is Drmia()

encoded in this evolution and we can obtain an apparent exten- The experimental diameter data obtained from @) are
sional viscosity that is related directly to the midfilament diame-shown as symbols and the Giesekus simulations are indicated by
ter by using the same approach described by Anna and McKinlegolid lines. In general, the experimental and theoretical values
[66]. An appropriate apparent extensional viscosity calculatedor the apparent extensional viscosities extracted from elasto-

from the surfactant and solvent contributions is given by capillary thinning agree well for all three samples. The exten-
(tz2 — ) sional viscosity at time; is a factor of approximately three
= —+3ns. (25)  higher than the expected extensional viscositymf fiom the

. ) ) ) . ) Trouton ratio due to the initial stretch that is imposed by the rapid
This relation combined with E¢18) and(21) gives a direct  extension to the final plate separation prior to the surface tension
dependence of the apparent extensional viscosity from the Migyriyen filament thinning. The extensional viscosity asymptoti-

filament diameter evolution cally reaches a steady state value when the strain becomes large.
NE = — o (26) However, the final approach to breakup falls below the cali-
% brated minimum resolution of 20m of the CABER device.

The observed Trouton ratios approaching this steady state are on
the order of 100. Rothsteif5] obtained a similar magnitude
increase in the Trouton ratio for a wormlike micellar solution
system (CTAB/NaSal) in a constant rate filament stretching
experiment at constant deformation rate:6¢ 1.55s 1.

4. Conclusions

Inthe present study, we have examined the linear viscoelastic-
ity, nonlinear shear and extensional flow dynamics for the ternary
system of EHAC/NHCI in salt-free water. EHAC based worm-
like micellar solutions are relatively new materials in the context
of wormlike micellar structures and the linear viscoelastic prop-
erties have recently been investigaféd,12] in the presence
of different counterions (NaSal, NaCl and NaTos). The present
experiments confirm the earlier observations that EHAC-based
solutions are highly viscoelastic and their structure and rheol-
ogy delicately depend on the chemical structure and the amount
of salt used as counterion and on the surfactant concentration
and temperature. Although the zero shear rate viscosities of
our solutions at room temperature can be two to three orders
of magnitude lower than those studied previously using differ-
ent salts, similar nonmonotonic trends in the linear viscoelastic
properties are obtained. As shownhigs. 2 and 3the solu-
tions are well-described by a single-mode Maxwell response at
low frequenciesdy<1/1), but some significant deviations from
this behavior at intermediate and high frequency regimes are
observed for 5.2 C* < 8. The variations of the zero shear vis-
cosity and relaxation time as a function of salt concentration
are nhonmonotonic as indicated fiig. 4. These nonmonotonic
rheological responses are not observed in all micellar fluids and
have been attributed to the long, unsaturated chains and complex
headgroups of EHAC-based surfactaits].

Fig. 12. Comparison of apparent extensional viscosities computed from mid- . .
filament diameter profiles of E18), E2 () and E3 () fluids, along with Stepped shear flow experiments reveal the hysteretic behav-

predictions from the single-mode Giesekus model (solid lines): (a) in log-scaldOr Of these \_’Vorm”ke micellar ﬂu_id samples_ upon inc_reasing
and (b) in linear-scale. and decreasing shear stress. This hysteresis can be interpreted
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as an indication of a nonmonotonic underlying flow curve and [4] W. Wei, E.S. Yeung, DNA capillary electrophoresis in entangled
the onset of shear-banding at intermediate shear rates. At low  dynamic polymers of surfactant molecules, Anal. Chem. 73 (2001)
and high shear rates outside this shear-banding regime, the flow 1776-1783. _ . o
curves measured upon increasing and decreasing shear stres[g] W.J. Kim, S.M. Yang, Flow-induced silica structure during in situ
e . . . gelation of wormy micellar solutions, Langmuir 16 (2000) 4761-4765.
coincide. The nonmonotonic hysteretic behavior can be modeled 6] J. vang, Viscoelastic wormlike micelles and their applications, Curr.
with a single-mode Giesekus constitutive equation, providedthat  Opin. Colloid Interface Sci. 7 (2002) 276-281.
the anisotropy factar is greater than 0.5. The hysteretic behav- [7] B. Chase, W. Chmilowski, R. Marcinew, C. Mitchell, Y. Dang, K.
ior was investigated under a number of different conditions; ~ Krauss, E. Nelson, T. Lantz, C. Parham, J. Plummer, Clear fracturing
. . . . fluids for increased well productivity, Oilfield Rev. 9 (1997) 20-33.
mcr_easmg values _Of salt C(_)ncentratlo_n narrow the hysteresis [8] G.C. Maitland, Oil and gas production, Curr. Opin. Colloid Interface
region as does an increase in the solution temperature. Sci. 5 (2000) 301-311.
The transient evolution of the viscoelastic surfactant solu- [9] M.M. Samuel, Methods of fracturing subterranean formations, USA,
tion in steady Couette flow under controlled stress conditions 6,306,800 _
was explored by conducting a series of instantaneous shear ratg® M-M. Samuel, R.J. Card, E.B. Nelson, J.E. Brown, P.S. Vinod, H.L.
. - Temple, Q. Qu, D.K. Fu, Polymer-free fluid for fracturing applications,
meas_L_Jrements over a WIdQ range of shear stresses. The c_rltlcal SPE Drill. Complet. 14 (1999) 240-246.
conditions for the onset of time-dependent flow were determined[11] s.R. Raghavan, E.W. Kaler, Highly viscoelastic wormlike micellar
quantitatively from these measurements and coincide with the  solutions formed by cationic surfactants with long unsaturated tails,
range of stresses for which hysteretic behavior in the flow curve ~ Langmuir 17 (2001) 300-306.
is observed. [12] S.R. Raghavan, H. Edlund, E.W. Kaler, Cloud-point phenomena in

E . . . . wormlike micellar systems containing cationic surfactant and salt,
xper_|mental o_bservatlons_ of the_ extensional flow be_zhawor Langmuir 18 (2002) 1056-1064.

of the micellar fluid samples in capillary breakup experiments [13] B.A. Schubert, N.J. Wagner, E.W. Kaler, S.R. Raghavan, Shear-induced
show strong extensional thickening of the samples with the phase separation in solutions of wormlike micelles, Langmuir 20
apparent Trouton ratios increasing by up to two orders of magni- ~ (2004) 3564-3573. _ _

tude. The characteristic relaxation times of the fluids determined!14 ©- Manero, F. Bautista, J.F.A. Soltero, J.E. Puig, Dynamics of worm-

. . . like micelles: the Cox—Merz rule, J. Non-Newtonian Fluid Mech. 106
from extensional flow experiments are consistently lower than (2002) 1-15

eXpeCted from OSCI“atOI’y Shear ﬂOW eXpel’ImentS. A Compal’lson[15] V. CrOCE, T. Cosgrove‘ G Mamand‘ T. Hughes‘ G Kar|sson’ Rhe0|ogy’
of the extensional experiments with predictions computed using  cryogenic transmission electron spectroscopy, and small-angle neutron
the single-mode Giesekus model show good quantitative agree-  scattering of highly viscoelastic wormlike micellar solutions, Langmuir
ment, however, much lower anisotropy factar} dre required. 19 (2003) 8536-8541.

It is th | that alth h . | li t K [16] L.M. Walker, Rheology and structure of worm-like micelles, Curr.
IS thus clear that although a simpie noniinear networ Opin. Colloid Interface Sci. 6 (2001) 451-456.

model, such as the Giesekus model captures many of the globgh7] w. Richtering, Rheology and shear induced structures in surfactant
features of wormlike micellar rheology itis not (presently) capa- solutions, Curr. Opin. Colloid Interface Sci. 6 (2001) 446—450.

ble of accurately reflecting the changes in micelle structure that[18] L.J. Magid, The surfactant-polyelectrolyte analogy, J. Phys. Chem. B
arise when the kinematics are changed. A more detailed micro-__ 102 (1998) 4064-4074.

. . . . [519] M.E. Cates, Nonlinear viscoelasticity of wormlike micelles (and other
scopic analysis of the network creation and destruction processe reversibly breakable polymers), J. Phys. Chem. 94 (1990) 371-375

thus appears warranted. We hope to report on this in the futurepo] r. Granek, M.E. Cates, Stress-relaxation in living polymers: results
from a poisson renewal model, J. Chem. Phys. 96 (1992) 4758-4767.
[21] M.S. Turner, M.E. Cates, Linear viscoelasticity of living polymers:
a quantitative probe of chemical relaxation-times, Langmuir 7 (1991)
1590-1594.
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