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We report on recent progress made on the flows of living polymer fluids. Such fluids have been model systems for rheological
research for more than twenty years and they continue to be fascinating. Like most if not all soft matter systems, living polymers
under flow show a strong feedback between the structure of the fluid and that of the flow, the first influencing the second
and vice-versa. In our opinion, such interplay between microscopic kinetics and macroscopic kinematics has historically been
mostly understood from a “structural perspective”, in the tradition of physical chemistry. Nevertheless, in recent years a more
“hydrodynamical perspective” has emerged by making fruitful analogies with elastic and inertio-elastic instabilities known in
solutions of regular polymers. We also underline how this new perspective constrains theoretical modelling and calls for the use
of new tools of investigation.

1 Introduction

From the rich variety of self-assembled architectures at the
microscopic scale to hydrodynamic instabilities at the macro-
scopic scale, surfactant solutions continue to fascinate us.
Fig. 1 gives a schematic description of various time and length
scales of interest!. At the atomic scale, one can ask about
the different chemical routes leading to amphiphilic surfac-
tant molecules 2. One can then ask about the self-assembly of

multiple surfactants molecules into micelles of various archi- Nf;g:fé%?%;ﬁfﬂg 000000°8
tectures. Depending on the packing properties of the surfac- 107 5| siomisiaty @ wormlke micele }
tants, cylindrical micelles can form and grow in length as the '
surfactant concentration increases, forming objects similar to
polymers, but with the ability to constantly break and fuse.
Here, we will focus on flows of these so-called “living poly-
mers”. The scale of the polymeric Kuhn segments (persistence

length) shall be our most microscopic scale. Fig. 1 Time and length scales involved in micellar solutions, from
In recent years, living polymers have mostly been called by the molecular scale to the hydrodynamic scale. The shortest length

the umbrella term “wormlike micelles”, but recalling the sim- and time scales are associated with the surfactant molecules.

ilarity with polymer solutions can help make fruitful analo- Increasing the surfactant concentration leads to the formation of

gies. The most important difference with regular (non-living) micellar aggregates which can keep increasing in length to form

polymers is that length and concentration of wormlike chains highly flexible cylinders. The growth of the micellar aggregates can

are not independent parameters. At low concentration, mi- be easily promoted by addition of mineral salts or strongly binding

celles are little, isolated rods. As the concentration increases, counterions. At sufficiently high surfactant concentration the

so does the length of the micelles, which go from being rod- résulting wormlike micelles f01tm a Viscoe}astic entfmgled network.

like to being closer to the shape of common earthworms, with Finally, the largest length and time scales involved in the flow

ltinle Kuh ts al their lenoth. Lik | correspond to the characteristic size and time of the flow itself and
muitipie Buln scgments along their length. - LIke polymers, are typically associated with the development of hydrodynamical

flow patterns. Adapted from Padding er al.!, by permission of The
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those worms can entangle, and at even higher concentration,
their semi-flexibility can give rise to nematic phases®. Under
macroscopic flow, dilute, entangled, and ordered phases of liv-
ing polymers give rise to different rheological signatures such
as shear-thickening, shear-thinning (which can be extreme, i.e.
shear-banding), or combinations of the two*. These nonlinear
rheological behaviors are associated with strong modifications
both of the internal structure of the fluid and of the flow field,
i.e. of the microscopic and macroscopic properties. In prac-
tice, the two poles—micro and macro—are usually studied by
different groups, in different labs, partly due to material con-
straints but mostly for historical reasons. The experimental
devices required to study the microscopic structure of micellar
fluids are not the same as those used to observe flow instabil-
ities. Historically, the effect of an external flow field on the
microstructure of wormlike micelles was investigated essen-
tially from the point of view of physical chemistry. For some
time each vantage point essentially ignored the other. Nev-
ertheless, in the last five years some studies have started to
call for a framework that could be applicable to the descrip-
tion of phenomena happening on multiple scales. How are
macroscopic flows and their kinematics impacted by the ki-
netics of the microscopic structure of the fluid, and vice versa?
How does the structure of the fluid depend on the structure of
the flow? When moving from the microscopic to the macro-
scopic, what is coarse-grained out of the picture, and what be-
comes relevant? When moving the other way around, should
we worry about ways in which flow instabilities could alter
measurements of microscopic properties? These are the types
of questions that emerge when the two vantage points start to
face each other.

In the first section we shall highlight recent studies pertain-
ing to what we will call the “structural approach”, i.e. the
more microscopic vantage point. In the second section we
shall highlight studies pertaining to the dual approach, which
we will call “hydrodynamical”, i.e. the more macroscopic
vantage point. To tackle the challenges raised by facing the
two perspectives, we will discuss the recent insight offered by
new theoretical models and new tools of investigation, which
will be discussed in the last two sections. Note that this high-
light article mostly focuses on the recent literature. For more
details of the older literature, the reader can refer to different
experimental and theoretical reviews>°.

2 Structural approach

Living polymers, like any complex fluids, have a microscopic
structure that can be altered by common flows. The flow can
modify the structure, which can in turn modify the flow. This
is one of the two directions in which the feedback loop be-
tween flow and structure can be read. Dilute solutions of rod-
like micelles give a perfect example of such phenomenology.
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Fig. 2 Top: SANS patterns at representative gap positions and
nominal shear rates as indicated. The experiments are performed on
the system CPCl/NaSal/D,0 in 0.5 M NaCl (¢ = 6.6%). SANS
patterns are measured in a Taylor-Couette (TC) cell with an inner
radius R; = 25 mm, a gap width 4 = 1 mm and a height # = 5 mm,
while the rheological data are collected in a standard TC cell. The
typical acquisition time of the SANS spectra is about 15 min.
Bottom: Measured shear stress versus nominal shear rate and the
calculated shear stresses from analysis of the SANS patterns,
velocimetry measurements, and the stress-SANS rule. The inset
shows a scheme of the banding structure associated with the stress
plateau. Adapted from Gurnon et al. 1* with permission from the
American Chemical Society.

In the zero-shear limit, the viscosity of dilute solutions is close
to that of water, simply slightly renormalized by the presence
of the colloids. But as shear rate builds up, a structure that is
more viscous than the suspending solvent is induced, gener-
ating a large increase of the apparent viscosity; we speak of
shear-induced structures (SIS). The SIS are associated with a
transition from rod-like to wormlike micelles and exhibit a vis-
coelastic character®. As concerns such shear-thickening tran-
sitions, in our opinion, no significant new insights about the
properties of the SIS and the underlying mechanism of shear-
induced growth have been published in the recent years %12,
More progress has been made concerning the flow of entan-
gled solutions. In particular, special attention has been paid
to shear-banding systems, either semi-dilute or concentrated.
The shear-banding transition is characterized by the segrega-
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tion of the flow field into at least two macroscopic layers of
differing local shear rates, 7; and ¥, stacked along the veloc-
ity gradient direction and coexisting at constant stress (Fig. 2
bottom - inset). The shear bands have different viscosities
and consequently different internal microstructures. In ad-
dition to the classical techniques of investigation of the mi-
crostructure that had already been used in the past, such as
flow birefringence '#, small angle neutron (SANS)'> or light
scattering '°, and nuclear magnetic resonance (NMR) spec-
troscopy 718, other techniques have been implemented re-
cently, such as diffusing wave spectroscopy '* or conductiv-
ity?021. Since 2004, most of these experimental techniques
have been improved to give a space- and time-resolved de-
scription of the flow/structure feedback in wormlike micelles
(for reviews on the subject see Refs*”-8). However the most
recent developments arose from the combination of global
rheology, 1D velocimetry and spatially-resolved small angle
neutron scattering '3?>-26. The additional capability provided
by the latter technique is pointwise measurements of the neu-
tron scattering intensity in the flow-flow gradient plane of a
Taylor-Couette (TC) cell. The results collected recently in
this framework unambiguously confirmed previous interpre-
tations: shear-banding in concentrated samples is related to a
shear-induced isotropic to nematic transition?>2>23 while, in
semi-dilute samples, it corresponds to a coexistence of flow-
aligned wormlike micelles of low viscosity in the high shear
rate band with entangled wormlike micelles of higher viscos-
ity in the low shear rate band '3 (Fig. 2 Top). SANS mea-
surements present a direct analogy with flow birefringence
measurements since they provide insights into the segmen-
tal alignment of wormlike micelles (orientation and degree
of anisotropy). Exploiting this analogy, a stress-SANS rule
similar to the well-known stress-optical rule was derived?3,
providing a direct comparison with global rheological data
with the serious limitation that both are restricted to a correct
description of the linear regime but fail once non-linearities
dominate. More interestingly, from this elegant pointwise
SANS technique, spatial profiles of volume fraction of sur-
factant were determined using absolute neutron transmission
measurements. For concentrated samples, macroscopic con-
centration gradients were observed, consistent with the devel-
opment of a concentrated paranematic phase at the expense of
the isotropic phase > while no significant concentration differ-
ences were detectable for semi-dilute samples !3. These results
constitute a first step towards a better understanding of the role
of flow-concentration coupling in shear-induced phase separa-
tion, and provide a way to test theoretical predictions®27. Any
further progress in this direction may lead to a more accu-
rate description of the feedback loop between the flow and the
microstructure. In this context, recent results describing the
structure of the flow and gathered in all concentration ranges
(see Section 3) showed that improvements of structural probes

are still needed to overcome some limitations inherent to these
techniques. In particular, long-time recording is required to
get reasonable statistics to collect representative scattering
patterns so that the structural picture is time-averaged, limiting
the exploration of unsteady flows. The combination with 1D
velocimetry is valuable and clearly goes in the right direction
but is not sufficient for making conclusions regarding the ex-
istence of stable steady-state shear-banding?®. Furthermore,
even when they are spatially resolved along the velocity gra-
dient direction, imaging techniques at the microscopic scale
such as flow birefringence and SANS always give information
averaged over the neutral or vorticity direction. We will see in
the following that the interpretation of such data could be mis-
led by the presence of flow instability. In particular, the shape
of the orientation profiles strongly depends on the structure of
the flow 32930 (see Fig. 3a-i) and has to be interpreted with
great care.

3 Hydrodynamical approach

The structural approach tends to assume a fixed macroscopic
flow and investigates its impact on the microstructure. In con-
trast, the hydrodynamical approach tends to assume a fixed
microstructure of the fluid and investigates its impact on the
flow. As suggested by etymology, the hydro-dynamical ap-
proach is readily applicable in Newtonian fluids like water.
The only non-vanishing material function is viscosity, which—
still-depends on the kinetics of the constituents. Then, given
a value of viscosity, one can ask what would be the thresholds
in shear rate above which a flow becomes unstable and even-
tually turbulent. The focus here is not on the kinetics at the
microscopic scale, but on the kinematics at the macroscopic
scale. Until recently, the notion of hydrodynamic flow insta-
bility was systematically associated with inertia, and so to the
value of the Reynolds number Re = 7;¥, where ¥ ~ U /d is the
characteristic shear rate and 7; = d? /v is the viscous diffusion
time (U is the characteristic velocity, d the width in the veloc-
ity gradient direction, and v the kinematic viscosity). Never-
theless, since 1990 it is known that flow instabilities can occur
in complex fluids with vanishing inertia3®. For instance, com-
bining experiments on polymer solutions and linear stability
analysis of viscoelastic models, Larson ef al. showed that a
purely elastic instability mechanism exists in Taylor-Couette
flow3’. In the small gap limit, one only needs to replace the
Reynolds number by the Weissenberg number in the definition
of the relevant Taylor number, i.e. Ta = Al/2 Wi, with Wi = 1,7,
where 7, is the viscoelastic relaxation time, and A = d/R; is
the dimensionless curvature of the streamlines (R; is the inner
radius of the TC device). Note that in some cases, in particular
for wormlike micelles, the ratio between the first normal stress
difference and the shear stress can provide a good estimate of
Wi. For Ta > m, counter-rotating Taylor-like vortices emerge

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Evidence for elastic instability and turbulence in the Taylor-Couette flow of wormlike micelles. (a) View of the gap of the TC cell in
the (r,z) flow gradient-vorticity plane for various shear banding systems belonging to the semi-dilute and concentrated regimes. Depending on
the native turbidity of the high shear rate band, the gap of the TC cell is illuminated with either laser light or white light, the latter providing
direct visualisation of the vortex structure responsible for the undulation of the interface. The gap size (1.13 mm) corresponds to the width of
the picture while the bar (1 mm) gives the vertical scale. The height and the inner radius of the TC cell are respectively 40 mm and 13.33 mm.
(i) CPC1/NaSal/H,0 in 0.5 M NaCl (¢ = 6.3 %, T = 21.5°C, 7=9 s~ 1). (ii) CPCI/NaSal/H,0 in 0.5 M NaCl (¢ = 10 %, T = 21.5°C), (ii)-1
y=8s"1, (i)-2 y=15s"L, (i)}-3 7= 20 s71, (iii) CTAB(0.3 M)/NaNO; (0.405 M) (¢ = 11 %, T = 28°), (iii)-1 y =40 s~ L, (iii)-2

¥=140 s, (iv) CTAB/D20O (¢ =20 %, T = 37.5°C, 7= 50 s~ !). Reproduced from Refs #3033 b) Velocity map deduced from ultrasonic
imaging for various (shear-thickening, non-shear banding and shear banding) systems. The gap size (2 mm) corresponds to the width of the
picture while the bar (2 mm) gives the vertical scale. The height and the inner radius of the TC cell are 60 mm and 23 mm respectively. (i)
(ii)-1 and (iii)-1 : vg(r,z) respectively for CTAT (¢ = 0.16 %, T = 25°C, ¥ =50 s~1), CTAB(0.1 M)/NaNO3(0.3 M) (¢ =4 %, T = 30°C,
7= 1000 s~ 1) and CTAB(0.3 M)/NaNO3(0.405 M) (¢ = 11 %, T = 30°C, 7 =40 s~ 1). (ii)-2 and (ii)-3 enlargements showing respectively
the radial (v,) and azimuthal (vg) velocity maps. Reprinted from Refs>#39, (¢) View of the gap of the Taylor-Couette cell (d = 0.5 mm and
R; = 28.5 mm) between crossed polarisers in the (8, r) flow - flow gradient plane for a shear banding system made of CTAB (0.05 M)/NaSal
(0.1 M) (¢ ~2.5 %, =551, T =23°C). Reprinted from Decruppe et al. 3. All figures are reproduced by permission of The Royal Society

of Chemistry, the American Physical Society or The European Physical Journal.

(e.g. with m ~ 6 for the Upper-Convected Maxwell model*?).

In a Newtonian fluid, the rule of thumb is that if Re be-
comes large, flow instabilities are to be expected. In a vis-
coelastic non-Newtonian fluid, considering that flow instabil-
ities will emerge if Wi becomes large also seems to be a use-
ful guideline*®. When both Re and Wi are large, the situ-
ation is more complicated, but dimensional arguments sug-
gest that the relevant Taylor number for so-called “inertio-
clastic instabilities” should be of the form Tz = A/ 28, with
S = f(Re, Wi), such that limg_,oS = Re and limg_,.. S = Wi,
where & = Wi/Re*42,

Recently, the validity of this phenomenology, originally de-
veloped around polymer solutions, was successfully extended
to flows of surfactant solutions3643. Here again, the dilute
regime can be used as an example. In a study published this
year, it was shown that the well-known shear-thickening tran-
sition can be accompanied by flow instabilities**. Before the
formation of SIS, the fluid is almost identical to pure water in
terms of apparent viscosity, with & ~ 0 and instabilities are
driven by inertia, i.e. controlled by Re. After the formation
of SIS, the viscosity rises and normal stresses build up to a
point where & 2> 1. In this shear-thickening regime, the in-
stabilities are dominated by elasticity, i.e. controlled by Wi**

(e.g. Fig. 3b-i). These recent results call for a re-interpretation
of most of the data gathered on shear-thickening dilute sys-
tems, where fluctuating behaviors and so-called “vorticity-
banding”***> are most likely connected to vortex flows*6-0,
Recent studies on turbulent drag reduction by surfactant addi-
tives could also benefit from a more systematic estimation of
Re and Wi, and the potential interplay of inertial and elastic
instabilities 51,

The viscoelastic instability phenomenology was invoked
earlier to explain the fluctuating behaviors that had been ob-
served in an ubiquitous way in shear-banding flows of entan-
gled solutions (semi-dilute and concentrated)*?. At first, the
secondary vortex flow on top of the shear-banded base flow
was only evidenced through the oscillations of the interface
between the bands that it generated in the vorticity/velocity-
gradient plane’? (e.g. Fig. 3a-i). It was then imaged more di-
rectly using techniques from white light imaging (e.g. Fig. 3a-
iii-1) and traditional anisotropic tracers>!, to recently devel-
oped 2D ultrasonic velocimetry>®>’ (e.g. Fig. 3b). The ap-
propriate TC scaling of the viscoelastic instability for shear-
banded flows was worked out in 20113, giving rise to the
prediction of three types of shear-banding flows depending
on their stability. The existence of the three types of flows

4| Journal Name, 2010, [vol],1-12
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was subsequently confirmed by experiments on a large set of
conditions, with various types and concentrations of surfac-
tant and salt, varying temperatures, and various TC geome-
tries33. The essential conclusion is that the instability is due
to the high first normal stress difference (i.e. high local Weis-
senberg number Wi, = 7,7,) in the induced band, which acts
as an effective gap with dimensionless curvature Ay = otd /R;,
where a(7) € [0,1] is the proportion of induced (high shear
rate) band**”8. As the shear rate is increased, a variety of
more or less complex spatio-temporal patterns is observed 3.

Note that when the vortex flow generated by viscoelastic
instability is coherent, there is no particular signature of the
instability in the 1D velocity profiles (i.e. no noticeable level
of fluctuations in the local azimuthal velocity)>®. The exis-
tence or absence of secondary flows can only be attested re-
liably by 2D measurements. On the other hand, the largest
and most obvious fluctuating behaviors have been associated
with turbulent bursts (e.g. Fig. 3a-ii) and other manifestations
of elastic turbulence 3270 (e.g. Fig. 3a-iii-2). These results
prompted a new reading®' of the phenomenon initially con-
sidered as “rheochaos” 2764,

When instabilities develop on shear-banded base flows of
wormlike micelles, the resulting secondary flows have notice-
able differences with the flow patterns observed in homoge-
neous solutions of polymers. We will see in section 4 that this
may be due to the interaction between the usual bulk modes
of instability and modes associated with the interface between
the bands. In order to underline the similarities rather than
the differences between living and regular polymers, a study
recently investigated the instability of a homogeneous—non
shear-banding—solution of wormlike micelles. The conditions
investigated corresponded to an elasticity & ~ 1, and the flow
patterns were very similar to those observed at similar values
of & in polymer solutions>. The ultrasonic velocimetry tech-
nique that was used also allowed the measurement of the radial
velocity field, which revealed an asymmetry unseen in inertial
vortex flows (e.g. Fig. 3b-ii-2 and b-iii-2).

Most recent progress in the hydrodynamical approach came
from experiments performed in TC geometries mounted on
standard rheometers but modified to allow for flow visuali-
sation of some type. Nevertheless, it is important to under-
line that the TC case is a prototype for the Taylor-Gortler
mechanism occurring in any other curved flow dominated by
shear?. When the base flow has mixed kinematics, like in
entry flow®, or flows behind cylinders®®®7 or spheres®, the
interpretation is subtler, but the viscoelastic instability phe-
nomenology should remain applicable. We shall discuss flows
dominated by extension in section 5.

4 Theory

Since the 80s shear-banding has been the subject of many the-
oretical studies®. Shear-banding is ubiquitous in entangled
micellar solutions so most theoretical studies focus on them;
studies on dilute or ordered phases are much more scarce,
and to the best of our knowledge, none came out in the last
five years. Again, two approaches must be distinguished: one
rather microscopic and the other rather macroscopic.

The first approach could be called reductionist or bottom-
up; in other words it starts from a structural perspective, gets
validated by a comparison with microscopic data, and tries
to compute predictions of macroscopic phenomena. Cates’
reptation-reaction model remains the prime example for such
an approach®. In the early 90s, Cates et al. modified the
reptation model of polymers in order to include the constant
breaking and recombination of micelles. The model not only
predicted the correct distribution of micellar lengths, but also
the associated linear rheology and even the onset of shear-
banding. Nevertheless, the model was hardly tractable when
used to predict realistic macroscopic flows. It is also impor-
tant to note that shear-banding in Cates’ model was not asso-
ciated with the living property of the polymers. On the con-
trary, shear-banding was already a feature of the Doi-Edwards
(DE) model used to model regular polymers>. Because no
shear-banding seemed to be observed in polymer solutions,
the DE model was extended to include the so-called “convec-
tive constraint release” (CCR) mechanism®. Depending on
the degree of CCR, shear-banding could be removed. Some
arguments were then made to explain the difference in degree
of CCR between micellar solutions and polymer solutions’°.
These arguments and other modern additions to the DE model
were recently included in Cates’ model’!. Note that deter-
mining if shear-banding can be at play in polymer solutions
remains a topic of active debate. This controversy may find
its roots in the conclusion of a recent broader theoretical study
which concerns the connection between steady shear-banding
flows observed in entangled solutions of living polymers and
other transient shear-banding flows observed in polymeric and
soft glassy materials 2.

The second approach could be called phenomenological or
top-down; in other words it starts from an hydrodynamic per-
spective, gets validated by a comparison with macroscopic
data, and may try to connect its parameters to microscop-
ically relevant quantities. The diffusive Johnson-Segalman
(dJS) model originally developed by Olmsted et al. remains
the prime example for such an approach. In recent years, a
version of the dJS model with diffusion on velocity gradient
rather than stress was used to obtained an analytical solution
of the shear-banded flow in simple shear’374. This solution
was used to highlight the systematic interplay between wall
slip and shear-banding flows ’#, which had been underlined in

This journal is © The Royal Society of Chemistry [year]
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recent experiments®28%73-78 and in simulations”. Stabil-

ity analysis of the dJS model was also performed in order to
confirm the preponderance of bulk modes of viscoelastic in-
stability of the high shear rate band in TC flows3%8!. Since
the bulk modes depend on the curvature of the streamlines
(Aq), they vanish at the onset of shear-banding, where o¢ — 0.
Within this limit, interfacial modes related to the jumps in nor-
mal stress differences between the bands are likely to become
preponderant!. The agreement between dJS predictions and
experiments is good, but some discrepancies remain. In par-
ticular, the linear stability analysis predicts that the first insta-
bility should be non-axisymmetric®!, whereas most secondary
flows in experiments appear to be axisymmetric*. Neverthe-
less, one recent experiment did show the presence of some os-
cillating behavior in the flow direction 37 (see Fig. 3¢). Over-
all, the dJS model has remained a useful guide on the macro-
scopic behaviors of shear-banding wormlike micelles. The
major shortfall of the model comes from the absence of a re-
lationship between its parameters and microscopic dynamics.
Most importantly, the so-called “slip parameter” a of the dJS
model (which needs to be different from £1 to produce shear-
banding) does not have a rigorous connection to the kinetics
of the fluid structure.

The difficulty in reconciling microscopic and macroscopic
models is not at all unique to living polymers; it is an out-
standing problem in soft matter research in general®’. To
bridge the gap between the two perspectives, one usually in-
vokes some type of mesoscopic kinetic theory. For instance,
it is well-known that the Oldroyd B model of viscoelasticity
can be obtained by summing up the dynamics of mesoscopic
elastic dumbbells in a viscous solvent. Such cross-over theory
allows a connection between the macroscopic relaxation time
and the ratio of the drag on the dumbbells and their elasticity
T, = lt/Kp. The drag coefficient y and elasticity Ky can then
be connected to more fine-grained dynamics. Such a relation
does not exist for the dJS parameter a. In contrast, the dif-
fusive Giesekus model has a parameter similar to a but with a
clearer connection to anisotropic drag at a mesoscopic level 83,
For that reason, the diffusive Giesekus model has been pre-
ferred over the dJS model in some recent studies 222325 since
the macroscopic predictions are otherwise similar.

Other recent progress on the theory of wormlike micelles
is similarly placed at the cross-over between microscopic
and macroscopic modelling. For instance, some progress
has been made on the Bautista-Manero-Puig model (BMP),
which is built on extended thermodynamics 3%, Neverthe-
less, some issues of this model related to the selection of
the stress plateau in the shear-banding regime remain’. An-
other route has been taken with the Vasquez-Cook-McKinley
(VCM) model 3. This model proposes to coarse-grain the
broad distribution of micellar lengths in an entangled solution
to a set of two species, one short and one twice as long. The

breaking/recombination kinetics are then taken into account
by allowing the short species to fuse into larger pieces, which
can in turn break. The VCM model can predict shear-banding
at least as well as the dJS model and can also be used to per-
form stability analysis of shear-banded flows®*. Originally,
the VCM model was thought of as a simplification of Cates’
model®. Nevertheless, it is important to point out that shear-
banding has a different origin in the two models. In Cates’
model, shear-banding is a consequence of the shear-induced
tube alignment of the DE model, which cannot be tamed due
to a weak level of CCR. In contrast, shear-banding in the VCM
model is a consequence of shear-induced breakage of long
species into short ones, as recently reported from a nonequi-
librium thermodynamical approach 3.

S New tools of investigation

Many recent studies going beyond what we reviewed so far
have used microfluidic tools of investigation, i.e. flow geome-
tries with a sub-millimeter scale d. From an hydrodynamic
perspective, microfluidics allows reaching very high shear
rates (because 7 ~ d—!) while remaining inertialess (because
7; ~ d?). The first studies on living polymers indeed used
microfluidics to obtain high shear rheology data in straight
channel flows %190 In straight channels, the curvature of the
streamlines vanishes and the Taylor-Gortler mechanism of in-
stability (see section 3) is ineffective. Nevertheless, in shear-
banded flows, the stratification of normal stresses can lead to
interfacial instability mechanisms generating streamwise vor-
tices and unsteady flows, as shown both experimentally °® and
theoretically °+%-101.102 (see Fig. 4a). A nonlinear transition
to elastic turbulence is also a theoretical possibility°.
Microfluidic channel flows were also used as a mean to
probe so-called “non-local effects” in shear-banding worm-
like micelles 93194, Such non-local effects are evidenced by a
difference between the global flow curve measured on macro-
scopic rheometers and that obtained by using the relationship
between the local stress and the measured shear rate in micro-
channels. The term “non-local” is somewhat misleading. It
comes from the fact that differences between global and lo-
cal rheologies are a consequence of the diffusive terms as-
sociated to shear-banding models (d-JS, diffusive-Giesekus,
and VCM). Such diffusive terms usually apply to stresses or
shear rate. In shear-banding wormlike micelles, the length
{ =+/97, associated with the diffusivity & typically gives
the width of the interface between the bands. The most re-
cent measurements suggest that this length is between 1 and
10 um*>103.194 1 general, non-local effects should be ex-
pected when & = ¢/d > 0.17*. Many open questions remain
regarding non-local effects. Are non-local effects related to
wall slip’#? What is the microscopic origin of 2? What is the
interaction between non-local effects and flow instabilities? In
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Fig. 4 a) Top : Greyscale of the experimentally measured velocity
component v, for a given pressure drop in a straight microchannel of
rectangular cross-section (Ly =5 cm, Ly =64 um, L; =1 mm). The
shear-banding micellar system is CTAB (0.3 M)/NaNOQOj (0.405 M)
at T = 26°C. The applied pressure gradient is dyP/Gp=1.3 where
Gp = 3.10%> Pam™! characterises the onset of shear banding.
Bottom : Corresponding numerical snapshot of the fully developed
pattern computed from the dJS model. Reproduced from Nghe et
al.®® with permission from the American Physical Society. b)
Experimentally determined streamlines and retardation showing the
development of asymmetric flow in the cross-slot geometry for a
shear banding 100:60:0 mM CPyCl:NaSal:NaCl solution (7 =
22°C) as the flow rate is increased: (top) steady symmetric flow,
(bottom) bifurcated flow. Reprinted from Haward er al. * with
permission from the American Physical Society. ¢) Gel formation
from a surfactant solution CTAB (0.003 M)/ NaSal (0.003 M)
flowing at a flow rate of 1.5 ml/h in a 500 m channel packed with
50-100 pm particles to create a microporous medium flow. In
contrast with pure shear flow, the resulting flow-induced structure

has an irreversible character Reprinted from Vasndevan et al 98

particular, in Nghe’s study, which was focused on instabilities,
non-local effects were not reported® where they should be
expected, and in Masselon’s studies, which were focused on
non-local effects, instabilities were not 1reported103’104 where
they should be expected. A similarly awkward situation exists
in theoretical studies3%9¢, where in order to maintain the inter-
facial instability mechanism the values of & used are orders of
magnitude smaller than what is measured experimentally*>.

Microfluidics was also used in recent years to study flows
dominated by extension rather than shear. Extensional rhe-
ology is comparatively less understood than shear rheology
in many complex fluids. A few studies used macroscopic
devices to investigate the effect of extension on living poly-
mers 195110 Nevertheless, such conditions usually lead to free
surface flows, which further complicate the problem. In the
last few years, a few studies on the cross-slot geometry gath-
ered data of relevance to both macroscopic and microscopic
perspectives. From a structural perspective, the microfluidic
cross-slot geometry can be used to study the consequences of
the coil-stretch transitions triggered near the stagnation point.
In standard polymers, the coil-stretch transition has been ob-
served directly at the scale of the polymer by using fluores-
cently labelled molecules N1 For micelles, direct data on the
coil-stretch transition are still very limited !'2, but several re-
cent studies have analysed the fine structure of the birefrin-
gence strand associated with the structural transition. Bire-
fringence microscopy was used to investigate the difference in
birefringence in channels flows of shear-thinning and shear-
banding solutions of entangled micelles''3. The technique
was then used in conjunction with particle image velocimetry
in cross-slot geometry, as shown in Fig. 4b, and in a contrac-
tion geometry 4. In cross-slot, some structural differences
were seen between shear-banding °”>'!> and non shear-banding
solutions®7116 . Nevertheless, in both cases flow instabili-
ties eventually disrupted the birefringence strand, as shown
in Fig. 4b. The instability had been noticed first by Pathak and
Hudson!!7. The same year, Arratia et al. 118 1 dentified a simi-
lar flow bifurcation instability in an homogeneous solution of
regular polymer, which was subsequently understood to be a
consequence of viscoelasticity, but different from the Taylor-
Gortler mechanism!!. Haward et al. were the first to con-
nect the instability seen in living and regular polymers '3, and
to systematically study the impact of Re, Wi, and the shear-
thinning index on the instability.

In a very recent study, Haward et al. 1> came back to the
channel flow of the non shear-banding solution investigated by
Ober et al. 113, Tt was realized that the laminar flow observed
at one altitude along the neutral direction of the channel by
Ober was actually a smooth subpart of a flow that was glob-
ally unstable. The instability reported seems to be linked with
the spatio-temporally intermittent nucleation of gel-like SIS.
Indeed, the solution used sat at the boundary between the di-
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lute and semi-dilute regime, where non-standard behaviors are
known to occur?, with the superposition of shear-thickening
due to SIS on top of a shear-thinning curve*’. The macro-
scopic flow curve of the fluid used by Ober and Haward did
not show any signature of SIS, but confinement may well be
a catalytic factor in the kinetics of SIS. Generally, the kinetics
of SIS remain very elusive. Recent microfluidic studies man-
aged to produce permanent flow-induced structures using con-
fined flows with very high deformation and extensional rates
98,121-126 "5 shown in Fig. 4c. Such data are very valuable but
their theoretical interpretation remains superficial, especially
because no link has been established so far between permanent
flow-induced structures and reversible SIS associated with the
various nonlinear rheological behavior of wormlike micelles.

The nature of the cross-slot instability has yet to be elu-
cidated, in regular polymers as much as in living polymers.
Curvature of the streamlines does not seem to be a domi-
nant factor, and extension rather than shear seems to be the
dimensional control parameter. Nevertheless, the instability
may also depend indirectly on the transient nature of any flow
with a stagnation point. The extension of single chains un-
dergoing coil-stretch transitions is typically parametrized by
Wi, but given as a function of the strain y = ¢, where ¢ is the
residence time in the vicinity of the stagnation point!!112,
The importance of this time scale for the microscopic coil-
stretch transition may have some macroscopic impact on the
flow asymmetry instability.

Generally, the study of unsteady flows of complex fluids re-
mains in its infancy, and living polymers offer a great oppor-
tunity to investigate that research avenue. The recent grow-
ing interest in large amplitude oscillatory shear (LAOS) ex-
periments %7 is likely to give a rich set of data on which to
build further research. A recent paper investigated the main
flow field during LAOS of living polymers in cone-and-plate
geometry 28, another used SANS to gain information on the
microstructure >3 and a couple of papers investigated the-
oretical aspects 31132 In an upcoming paper, we shall also
discuss the onset of flow instability in LAOS 33,

6 Conclusions and perspectives

Living polymers—like many if not all soft matter systems—are
characterized by a complex feedback between the structure
of the fluid and its flow, between the microscopic and the
macroscopic. This nonlinearity means that the attribution of
a cause for a given effect is always somewhat problematic. A
strictly bottom-up/structural/fluid-oriented approach is too re-
strictive, and so is a strictly top-down/hydrodynamical/flow-
oriented approach.

On the structural side of the problem, part of recent activ-
ities has been focused on permanent flow-induced structures
using confined flows with very high deformation and exten-

sional rates of dilute and to a lesser extent semi-dilute solu-
tions 98:121-126 " Nevertheless, the link has not yet been estab-
lished between such permanent flow-induced structures and
reversible SIS associated with the various nonlinear rheologi-
cal behavior of wormlike micelles. The kinetics of formation
of permanent or transient structures remain unknown. Un-
derstanding how structures form under the influence of other
fields could be helpful, for instance in ultrasound-induced
structures '3, In the entangled regime, improved small angle
neutron scattering techniques have recently been used to get
some new insight on the “structural origin” of shear-banding.
These studies essentially confirmed what had been established
in the 90s, i.e. that shear-banding in wormlike micelles is
correlated with a flow-induced alignment of the Kuhn seg-
ments of the worms. Close to an equilibrium isotropic/nematic
transition, the flow alignment produces a true nematic order,
whereas further away from the transition no structure factor
indicative of a nematic order can be observed>*. Such align-
ment naturally has signatures on the SANS or flow birefrin-
gence patterns. The merit of recent structural studies may re-
side in their impetus to put forth the possible influence of the
concentration field on shear-banding transitions. Nevertheless
the idea is not new® and it is unfortunate to notice that a sem-
inal study like that of Schmitt et al.>’ on the role of flow-
concentration coupling in shear-induced phase separation of
complex fluids has been overlooked by most recent struc-
tural studies. Experimentally, concentration effects sometimes
called shear-induced demixing have been observed at differ-
ent scales. On the one hand, it has been known for years (see
Lerouge et al. for a review?) that some shear-banding transi-
tions are associated with the appearance of turbidity, mostly
co-localized with the other banded patterns (of birefringence,
of viscosity and shear-rate, etc.). Such turbidity must be con-
nected to some types of mesoscopic structures with character-
istic sizes ranging in the microns, and flow-concentration cou-
pling has long been invoked to rationalize such fact*. Qualita-
tively, flow-concentration coupling in living polymers is prob-
ably connected to the mechanism developed for regular poly-
mers by Helfand and Fredrickson!3. Unfortunately quanti-
tative data about the resulting micron-size structures are still
lagging behind. A recent study focused on regular polymers
could lay the ground for further developments in that direc-
tion 136, Note however that concentration effects at large scale
are not a necessary ingredient for shear-banding since some
shear-banding flows are not associated with visible turbid-
ity#2323:33_On the other hand, in the recent spatially-resolved
SANS experiments focusing on small scale concentration ef-
fects, no concentration gradient of surfactant molecules be-
tween bands was observed in a semi-dilute sample exhibiting
a turbid high shear rate band !> while such a concentration gra-
dient at small scale was detected in a concentrated sample in
the absence of turbidity>>. These last studies open interesting
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perspectives but they are still far from elucidating the mech-
anisms of shear-banding, first because they are limited to the
investigation of two fluids and second because they ignore the
potential impact of flow instabilities on the reliability of the
structural measurements, leading to conclusions that should
be taken with care. Furthermore, the overall picture across the
different concentration regimes is far from being sorted out
since the correlation between the degree of SIS turbidity and
the surfactant and salt concentrations of the sample is clearly
not simple. In particular, salt content is known to have an im-
pact on turbidity>3. In our opinion, the quantification of the
relation between salt content and turbidity and its theoretical
rationalization should be a priority for researchers involved in
a structural approach. Is the unexplained impact of salt content
on turbidity in the nonlinear regime connected with the vari-
ation of viscosity in the linear regime? Is flow-concentration
coupling connected with stress diffusion and the turbidity to
the value of ¢? Is there a link between turbidity and wall slip?

On the hydrodynamical side of the problem, much progress
has been made in the past few years. Note that this approach
toward flows of living polymers was essentially non-existent
a few years ago. Many efforts have been made since then to
connect the emergence of complex flows in living polymers to
the phenomenology of viscoelastic instabilities originally de-
veloped for regular polymers. In contrast to recent structural
studies, hydrodynamical studies do acknowledge the other
side of the problem; they simply observe that many of the
structural properties of the fluid are not directly relevant at
the macroscopic scale. The strength of normal stresses seems
to be the most important factor in determining the thresholds
of instabilities, just like in polymer solutions. From this per-
spective, studies on living polymers offer a test ground for
the universality of viscoelastic instabilities. The influence of
shear-banding (or other stratifications) has been studied quite
extensively**. More recently, the impact of shear-thinning and
shear-thickening due to SIS has also been tested 3435 but more
studies in that direction would be welcomed. The potential
existence of viscoelastic instabilities in concentrated ordered
phases, in particular exhibiting yield stress, remains a tanta-
lizing possibility 3. In each case, the microstructural origin of
the huge normal stresses that develop in the SIS is clearly an
open challenge. Furthermore, many of the challenges awaiting
the hydrodynamical approach on living polymers are shared
by regular polymers. Is there a nonlinear transition to turbu-
lence in rectilinear shear flows*?? What is the precise inter-
play of elasticity and inertia when & ~ 1%4?? How can we
understand flow instabilities in transient flows such as LAOS?
Recent studies by Casanellas et al. 137138 have started to pave
the way in that direction, which we shall follow jointly in an
upcoming paper 3. How can we understand the statistics of
elastic turbulence3?? What are the differences between liv-
ing and standard polymers? Is there a relation with the mi-

croscopic coil-stretch transition, as suggested by Steinberg et
al.'3°? What is the mechanism of instability in flows dom-
inated by extension like the cross-slot flow 14°? What about
viscoelastic instabilities in flows with free surfaces? Only
a few exploratory studies have touched on this latest ques-
tion, from the perspective of the Faraday instability 14!, of the
Rayleigh-Plateau instability '4?, and of the dynamics of bub-
bles'43. In any case, the most important task is probably to
be able to define a relevant Weissenberg (and/or Reynolds, we
call it §) number. In many cases in living polymers, the time
scales involved in the definition are not trivial. Structural and
hydrodynamical transitions can influence the time scale of the
flow 1/7, and that of the fluid 7. Superposition rheometry of-
fers one possible way to assess such nonlinearity by measuring
some variation of fluid time with y'4*143. Whether or not such
fluid time scale is the one (7) relevant for the definition of S
remains unknown.
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