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We show theoretically that an initially homogeneous planar Couette flow of a concentrated polymeric
fluid is linearly unstable to the growth of two-dimensional (2D) perturbations, within two widely used
constitutive models: the Johnson-Segalman model and the Rolie-Poly model. We perform 2D direct
nonlinear simulations of both models to show that this instability leads to a state of elastic turbulence
comprising several narrow shear bands that dynamically coalesce, split, and interact. Importantly, we show
that this 2D instability arises not only in fluids that have a nonmonotonic constitutive curve and therefore
show shear banding in 1D calculations, but also in shear thinning fluids with a monotonic constitutive
curve, for which an initially homogeneous base state is stable to 1D perturbations. For the former category,
the high shear branch of the constitutive curve is unstable to 2D instability in both models, so the high shear
band may be turbulent. In the Rolie-Poly model, the low shear branch is also likewise unstable. Our Letter
provides the first simulation evidence for elastic turbulence in highly entangled polymeric fluids. It also
potentially explains rheo-chaotic states seen experimentally in shear banding wormlike micelles. We
additionally demonstrate elastic turbulence within both models in the planar Poiseuille geometry.

DOI: 10.1103/k1g3-283t

Polymeric fluids show strongly nonlinear flow phenom-
ena that significantly impact industrial processes such as
the extrusion and moulding of molten plastics [1]. At a
microscopic level, chainlike polymer molecules show
sluggish viscoelastic relaxation dynamics and are easily
disturbed by an imposed flow. Beyond a critical value of the
Weissenberg number, defined as the ratio of the flow rate to
the viscoelastic relaxation rate, this leads to nonlinear and
unstable flow phenomena at the macroscopic level, even at
a negligible Reynolds number.
Dilute polymer solutions have long been known to suffer

linear instabilities driven by hoop stresses in flow geom-
etries with curved streamlines [2–4], with a pathway to
elastic turbulence (ET) at a high Weissenberg number [5,6].
ET has also been observed in dilute solutions in rectilinear
geometries: experimentally in channels [7–9] and pipes
[10] and numerically in Kolmogorov flow [11–13], chan-
nels [14–16], and planar Couette flow [17]. The instabilities
that underlie ET in dilute solutions are predicted to arise
either linearly via a hoop stress [2], center-mode [18–21] or

polymer diffusive [17,22,23] mechanism or via finite-
amplitude perturbations [24,25]. For reviews on these
viscoelastic instabilities and ET, see Refs. [26–28].
In dilute solutions the chainlike molecules are assumed

to behave independently, but in concentrated solutions and
melts, they can become highly entangled with each other.
Surprisingly, ET in concentrated systems remains signifi-
cantly underexplored to date. The central contribution of
this Letter is to demonstrate ET for the first time in direct
numerical simulations of concentrated shear thinning
polymeric fluids. We study two widely used constitutive
models in two rectilinear geometries, which lack hoop
stresses in any initially laminar base state: planar Poiseuille
flow (pPf), in which the base state has significant stress
gradients, and planar Couette flow (pCf), in which the base
state has uniform stress. We also identify a route to ET via
the linear instability of an initially rectilinear base state. In
pPf, this is consistent with existing predictions that normal
stress gradients can cause instability in shear thinning fluids
[29–32], as seen experimentally [33–35]. Early work also
predicted linear instability of the shear thinning Phan-
Thien-Tanner model in pCf [32], but without making any
link with ET. Indeed, our finding of ET in concentrated
polymeric fluids in a flow geometry that lacks either hoop
stresses or stress gradients is particularly unexpected.
In concentrated polymers [36,37] and wormlike micellar

surfactants [38], an initially homogeneous shear flow is
often unstable to the formation of coexisting bands of
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differing shear rate, with layer normals in the flow-gradient
direction. This instability is driven by a region of negative
slope in the underlying constitutive relation between shear
stress and shear rate, such that the constitutive curve as a
whole is nonmonotonic [39]. In addition to our Letter
demonstrating ET in fluids with a monotonic constitutive
curve, a significant additional contribution of this Letter is
to uncover ET in shear banding fluids with a nonmonotonic
constitutive curve, again by means of both linear stability
analysis and nonlinear simulations.
Indeed, experiments on shear banded flows commonly

reveal ET [40–42], with the high shear band often turbid
[43–48] and chaotic [49–51]. Historically, however, shear
banded states have often been interpreted via one-dimen-
sional (1D) calculations predicting a flat interface between
stationary homogeneous bands [52–54]. Early attempts to
capture complex spatiotemporal dynamics suggested pos-
sible “rheo-chaos” of the high shear band [55,56], con-
centration coupling [57], or an undulatory instability of the
banding interface [58–60]. Importantly, our Letter suggests
that many experiments should instead be interpreted in
terms of the coexistence of an elastically turbulent high
shear band with a laminar low shear band.
The ET reported here in concentrated polymeric fluids

adds to the list of known systems, including dilute
polymeric fluids (as discussed above), active fluids [61],
and bubbly air-water flow [62], in which nonlinearities
other than momentum advection can produce turbulence.
Models—We consider incompressible flow that satisfies

∇ · u ¼ 0 and the inertialess force balance equation

0 ¼ μ∇2uþ∇ · Σ −∇p −G0x̂; ð1Þ

with velocity u, solvent viscosity μ, polymer stress Σ, and
pressure p. The imposed pressure gradient G0 ≠ 0 in pPf
andG0 ¼ 0 in pCf. For the polymer stress, we consider two
widely used constitutive models of entangled polymeric
fluids: the phenomenological Johnson-Segalman (JS)
model [63] and the microscopically motivated Rolie-
Poly (RP) model [64]. Both capture shear thinning and,
in some parameter regimes, shear banding and can be
written in the same compact way:

Σ
⋄
¼ 2GpD −

2

τR
ð1 − AÞðIþ Σþ βAΣÞ − Σ

τd
þD∇2Σ;

ð2Þ

with the Gordon-Schowalter time derivative [65]

Σ
⋄
≔

∂Σ
∂t

þ u ·∇Σ − aðΣ · Dþ D · ΣÞ − ðΣ ·Ω −Ω · ΣÞ:

Here D and Ω denote the symmetric and antisymmetric
parts of the velocity gradient tensor ð∇uÞij ¼ ∂iuj, respec-
tively. Both models have a polymer modulus Gp, reptation

time τd, and stress diffusion coefficient D. The JS model
obtains for τR → ∞, with β then irrelevant, and has a slip
parameter a with jaj < 1. The RP model has a constraint
release parameter β and Rouse time τR, with
A ≔ ð1þ trðΣÞ=3Þ−1=2, and obtains for a ¼ 1. For further
model details, see Sec. I of Supplemental Material [66] (see
also Refs. [67,68] therein).
Flow geometry—We consider two-dimensional (2D)

flow in the x-y plane, with flow direction x̂ and flow-
gradient direction ŷ. We assume translational invariance in
the vorticity (spanwise) direction ẑ (∂z ¼ 0), with uz ¼ 0
and Σxz ¼ Σyz ¼ 0. Our flow domain is bounded by hard
flat plates at y ¼ �h, where we assume boundary con-
ditions of no penetration and no slip for the velocity. In pCf
this gives uj�h ¼ �U0x̂, where U0 is the magnitude of the
plate speed. In pPf it gives uj�h ¼ 0. Nonzero stress
diffusion D also requires a boundary condition on Σ.
Unless otherwise stated we use the Neumann condition
∂yΣj�h ¼ 0. However, we have checked robustness by also
considering ∇2Σj�h ¼ 0, equivalent to enforcing D ¼ 0 at
the walls [69].
Units and parameter values—We choose units in which

the polymer modulus Gp ¼ 1, reptation time τd ¼ 1, and
channel half-height h ¼ 1. We set the dimensionless stress
diffusion coefficient ε ≔ Dτd=h2 ¼ 10−3 throughout. In
the RP model we also set the constraint release parameter
β ¼ 0.71 [70]. We then vary the slip parameter a in the JS
model, the entanglement number Z ≔ τd=3τR in the RP
model, and the dimensionless solvent viscosity ratio δ ≔
μ=τdGp in both models in a regime of high polymer
concentration, δ ≪ 1. We also vary the Weissenberg
number W ≔ U0τd=h (in pCf) or pressure gradient G ≔
G0h=Gp (in pPf).
Linear stability analysis—We first examine the stability

of an initial base state of homogeneous pCf, with uniform
polymer stress Σ and shear rate γ̇, with respect to small
amplitude heterogeneous perturbations Σ0; γ̇0 that depend on
x and t as eikðx−ctÞ, as well as on y. Here k∈R is the
streamwise wave number and c∈C is a complex wave speed
to be found. We define the growth rate ω ≔ kci, where
ci ≔ Im c, so modes with ω > 0 are linearly unstable. The
largest growth rate for purely 1D perturbations (which
depend only on y) is defined as ω1D ≔ ωðk ¼ 0Þ while
the most unstable growth rate over all k is defined as
ω� ≔ supk∈RωðkÞ. Hence ω� ≥ ω1D, with ω� ¼ ω1D when
1D perturbations are the most unstable.
Constitutive curves of shear stress as a function of shear

rate are shown in Figs. 1(a) and 1(b) for the JS and RP
models, respectively. An initial state of homogeneous pCf
(the “0D” state) is known to be unstable to the growth of 1D
perturbations in the regime of negative constitutive slope,
leading to the formation of shear bands with layer normals
along y [39]. We indeed find ω1D > 0 in this regime, in
both JS and RP. Interestingly, however, we find purely 1D
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perturbations to be more unstable than 2D ones only in the
JS model at relatively low shear rates: 0 < ω� ¼ ω1D, as
shown by the red lines in Fig. 1(a). Throughout the rest of
the regime of negative slope in JS, and all of this regime in
RP, 2D perturbations are more unstable: 0 < ω1D < ω�, as
shown by the green lines in Figs. 1(a) and 1(b).
More interestingly still, in both JS and RP we find that

2D perturbations can grow even in regimes of positive
constitutive slope, where 1D perturbations are stable:
ω1D < 0 < ω� [blue lines in Figs. 1(a) and 1(b)]. In the
JS model, this 2D instability arises only on the high shear
branch of the constitutive curve, above the regime of
negative constitutive slope. In the RP model, it arises on
both the high and low shear branches, either side of the
window of negative slope. Importantly, the RP model
shows this 2D instability even at low entanglement num-
bers, for which the constitutive curve is monotone increas-
ing, giving shear thinning but not shear banding.
At largerW in the JS model, the 2D instability changes in

character, from having an eigenfunction that is global and
large scale, corresponding to a bulk constitutive instability,
to being small scale and confined to the boundary,
corresponding to a polymer diffusive instability (PDI)
[17,22,23]). (These modes are classified in Sec. II of
Supplemental Material [66], and the switch is identified

via a discontinuity in the most unstable wave number k�
and a change in the eigenfunctions; see Fig. S1(a) [66].) No
PDI arises in the RP model: its 2D instability is always a
bulk constitutive mode.
The instability regimes just discussed in the context of

the constitutive curves are summarized in the parameter
planes of a-W (for JS) and Z-W (RP) in Figs. 1(c) and 1(d)
with the same color coding as in Figs. 1(a) and 1(b). In
both models, the large blue regions of parameter space are
particularly striking as they indicate regimes of 2D
instability in which the constitutive curve nonetheless
has positive slope, giving 1D stability. We subdivide these
blue regions into unhatched, to denote the bulk constit-
utive instability, and hatched, to denote the PDI (present
only in JS).
Shear thinning polymeric fluids were previously shown

to be linearly unstable to the growth of 2D perturbations
within several constitutive models [29–32]. However, those
works focused mostly on pressure driven flow, pPf, and
suggest that the instability is driven by gradients in the base
state’s normal stress. In significant contrast, we report 2D
instability here in the JS and RP models in pCf, for which
the base state is homogeneous, consistent with an early
report of 2D instability of pCf in the Phan-Thien-Tanner
model of concentrated polymers [32].

FIG. 1. Constitutive curves and stability maps in pCf of the JS model with δ ¼ 10−2, ε ¼ 10−3 and of the RP model with δ ¼ 10−4,
ε ¼ 10−3. (a) Constitutive curves of the JS model for several values of a. (b) Constitutive curves of the RP model for several values of Z.
(c) Stability map of the JS model in the a-W plane. (d) Stability map of the RP model in the Z-W plane. Colors show linear instabilities
with 0 < ω� ¼ ω1D (red), 0 < ω1D < ω� (green), and ω1D < 0 < ω� (blue). Hatching for the JS model in (c) shows regions where the
PDI is the most unstable mode. The PDI does not arise for the RP model in (d). The dotted line in (d) additionally shows the neutral curve
when δ ¼ 10−3. Dispersion relations and most unstable eigenmodes at symbols along the horizontal dashed lines in (c) at a ¼ 0.5 and in
(d) at Z ¼ 1000 are shown in Fig. S1 in Supplemental Material.
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Elastic turbulence—So far, we have shown by means of
linear stability analysis that a state of initially homogeneous
pCf suffers a 2D constitutive instability in the large regimes
of parameter space shown by the blue unhatched regions in
Figs. 1(c) and 1(d). We now perform direct nonlinear
simulations to evolve this 2D instability to finite amplitude
in a domain of length Lx ¼ 2π, using the implementation
described in Supplemental Material [66]. In both the JS and
RP models, this reveals chaotic dynamics that we identify
as ET. (For justification of our classification of any state as
chaotic or quasiperiodic, see Ref. [66].) For comparison,
we also perform 1D nonlinear simulations with spatial
variations only in y.
We simulate both a 1D and a 2D ramp-down protocol

that starts at a high Weissenberg number W ¼ 20.0 and
progressively steps W downward, waiting at each W for
times tw ¼ 200 (tw ¼ 500 for W < 5.0) to ensure that the
space-averaged total shear stress Txy ¼ Σxy þ μγ̇ attains a
statistical steady state, as evidenced in Fig. S2 of [66].
Convergence checks at W ¼ 20.0 in both models con-
firmed that numbers of Fourier-Chebyshev modes
ðNx; NyÞ ¼ ð400; 400Þ and (600,600) give results with less
than 0.5% difference in the time- and space-averaged T̄xy.
For the JS (RP) model we used the latter (former) spatial
resolution with time step dt ¼ 10−4 (5 × 10−5), checking
for convergence by halving the time step.
The flow curve T̄xyðWÞ obtained in 2D simulations of the

JS model is shown by the blue line in Fig. 2(a), with the
underlying homogeneous constitutive curve shown by the
black dashed line for comparison. Representative snapshots
of the states, characterized by the trace of the polymer
stress, are shown in (b) for the values ofW indicated (i)–(vi)
in (a). We identify ETwith two qualitatively different types
of state: type A for W > 4.2 and type B for W < 4.2.
Type A states comprise multiple bands arranged across

the flow gradient direction, each with a 2D structure. See
snapshots (i)–(iii) in Fig. 2(b). The number of bands
fluctuates over time as they dynamically coalesce and
split. The associated stress signal is chaotic, with standard
deviation shown by the vertical red bars in Fig. 2(a).
Type B states comprise distinct bands that are localized

near the domain walls. Their number remains constant over
time, with each band a coherently distinct entity. The shear
stress fluctuates less than for type A states, being either
constant [crosses in Fig. 2(a)] or with standard deviation less
than 0.01 (open circles). ForW ¼ 2.8 [snapshot (iv)] we find
four bands with quasiperiodic dynamics. At lowerW we find
a single thin band, still with some 2D structure, exhibiting a
traveling wave at W ¼ 1.3 [snapshot (v)] or chaos at W ¼
0.98 (vi). Homogeneous flow is recovered for W < 0.63.
The flow curve obtained in 1D ramp-down simulations is

shown by the orange line for comparison. It follows the
well-known scenario of 1D shear banding calculations [54].
ForW > 11.3 andW < 0.55 the flow curve coincides with
the constitutive curve, and the shear field is homogeneous.

For 0.55 < W < 11.3 the flow curve shows a flat plateau of
constant stress Txy, and the flow field is shear banded. [For
shear rates just to the left (right) of the negative slope in the
constitutive curve, where the stress is greater (less) than the
plateau value, states of homogeneous shear are known to be
metastable [71].]
A 1D state with a flat interface between shear bands is

known to suffer an interfacial instability [58,60]. In a state
with just two bands, this leads to undulations along the
banding interface [72]. When multiple bands are present
(Fig. 5 of Ref. [72]), it leads to a state suggestive of low
dimensional chaos. These states reported in Ref. [72]
resemble our type B states in Figs. 2(b)(iv)–2(b)(vi).
Plausibly, the 2D constitutive instability of an initial state
of homogeneous pCf reported here takes a system directly
to the states obtained via the 2D interfacial instability of an

FIG. 2. (a) Flow curves obtained by ramping down the shear
rate within the JS model in pCf: in a 2D (solid blue line), 1D
(solid orange line), and 0D (black dashed lines) system. In each
case the initial condition comprises a state of homogeneous shear
atW ¼ 20 (red circle). In the 2D simulations, steady stress values
are shown by crosses and fluctuating stress values by closed
(open) circles for standard deviations larger (smaller) then 0.01,
with vertical red bars showing �1 standard deviation. Linear
stability regimes of the 0D curve are marked by colors as in
Fig. 1(a). a ¼ 0.5, δ ¼ 10−2, ε ¼ 10−3. (b) Snapshots of the trace
Σxx þ Σyy þ Σzz of the polymer stress for states marked (i)–(vi) in
(a). (c) Snapshot of the trace of the polymer stress in the RP
model in pCf for W ¼ 20 and Z ¼ 50, δ ¼ 10−3, ε ¼ 10−3.
(d) Counterpart for the RP model in pPf for G ¼ −1. Time series
and frequency spectra of the stress signals are shown in
Supplemental Material [66].
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initially 1D shear banded state in Ref. [58]. No counterpart
of our type A states showing broadband turbulence was
obtained in Ref. [72].
So far, we have demonstrated ET across a range of W in

the flow geometry of pCf, within the JS model, and with a
nonmonotonic constitutive curve. We finally find that ET
arises robustly across different material parameters (chang-
ing δ, ε), flow geometries (pCf vs pPf), constitutive models
(JS vs RP), and shapes of constitutive curve (nonmonotonic
vs monotonic). For example, the ET seen in Fig. 2(b)(i) at
ε ¼ 10−3, δ ¼ 10−2 is also sustained when δ is reduced to
δ ¼ 2 × 10−3 or increased to δ ¼ 2 × 10−2 (although not
when δ ¼ 3 × 10−2). ET is also found if ε is increased or
decreased by a factor of 5; the bands grow narrower and
more numerous as ε falls (not shown). Figure 2(c) shows
ET in the RP model at parameter values for which the
constitutive curve is monotonic. Importantly, this shows
that ET can arise in concentrated polymeric fluids that are
shear thinning but not susceptible to (1D) shear banding.
We also found ET in pPf, for which the base state stress Txy

is heterogeneous, with the turbulent region close to the
channel walls: for G ¼ −1; a ¼ 0.5; δ ¼ 10−2; ε ¼ 10−3 in
the JS model (not shown) and in Fig. 2(d) for the RP model.
Finally, all ET identified here is 2D, although it no doubt
also exists in 3D where simulations at the resolutions
needed are currently intractable.
Discussion—In this Letter, we have identified that two

widely used constitutive models of concentrated polymeric
fluids are susceptible to the 2D instability found for shear
thinning fluids in Ref. [32]. We have further shown that this
triggers 2D ET. This is the first numerical demonstration of
ET in concentrated polymeric fluids, and it is robust to
changes in model (JS and RP) and geometry (pCf and pPf).
Importantly, ET arises for both monotonic shear thinning
and nonmonotonic shear banding constitutive curves. In the
latter, 2D instability occurs on the high shear branch of both
the JS and RP models considered, as well as the low shear
branch in the RP model.
Previous studies have reported ET in dilute polymeric

fluids, arising via hoop stress [73], center-mode [15], or PDI
[17] linear instabilities. Each of these exists in an Oldroyd-B
constitutive model, which is not shear thinning. By contrast,
the ET uncovered in this Letter exists in concentrated
polymeric solutions and melts, and with an instability
mechanism that stems from the shear thinning behavior of
such fluids. Accordingly, the ET reported here is funda-
mentally different in mechanism and structure from ET in
dilute systems, where shear bands do not seem to play a role.
Further work is required to see how closely the ET

identified here matches experiments. In the Taylor-Couette
geometry, constitutive and hoop stress instabilities [74]
coexist, and it is commonly thought that the latter is
responsible for instabilities on the high shear branch of
shear-banding wormlike micellar solutions [40–42].
However, when the curvature is low and hoop stresses

are weak (or absent in rectilinear systems), the constitutive
instability is more important and may give rise to a
different ET state compared to the hoop stress instability.
Specifically, we expect that curvature-induced instabilities
do not exist in the Taylor-Couette geometry provided
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðro − riÞ=ri

p

τdγ̇ < 5.92 [74], where ri and ro are the
inner and outer boundary radii, respectively, and γ̇ is
the applied shear, as is consistent with the Pakdel-
McKinley criterion [4] (the critical value is altered by a
factor of 0.7 < f < 1.3 during banding [75]). The
“extremely striated” high shear band in a solution of
CTAB and NaNO3 in Fig. 12 of Ref. [44] (t ¼ 175 s) is
comfortably within this regime, with

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðro− riÞ=ri
p

τdγ̇¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1.5mm=23.5mm
p

×0.17 s×8 s−1 ¼ 0.34< 5.92, and
hence is a promising setup with which to investigate this
constitutive ET. They describe the band as containing small
subbands strongly ordered in the direction of the flow in
line with our simulations, but unlike our simulations these
subbands are localized to the high shear band. While this
localization did not occur in our pCf states, we do obtain
localization by introducing a base shear stress hetero-
geneity, as is the case in Taylor-Couette (see Fig. 3 in
the End Matter). Other experiments in sheared, hoop stress-
free regimes in wormlike micellar solutions find turbidity
and inhomogeneities different from 1D shear bands in a
solution of CTAB and NaSal [76] and chaotic flow on the
high shear branch in a solution of EHAC and NH4Cl [77].
This instability may also contribute to the so-called “rheo-
chaos” observed experimentally by Sood et al. [49,50,78],
who suggest that concentration coupling may be required
for ET. We have shown that this is not necessary.
Calculations in a shallow 3D Taylor-Couette geometry,

likely requiring highly intensive computations, would be a
useful next step by allowing for more concrete comparison
with experiments. Our findings suggest that the shear
banded states observed in wormlike micelles and polymer
solutions may comprise a homogeneous low shear rate
band coexisting with a turbulent high shear band, in
contrast to the simpler 1D interpretation of banding
between homogenous stable states [53].
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McKinley, and S. Lerouge, Criterion for purely elastic

PHYSICAL REVIEW LETTERS 136, 104001 (2026)

104001-7

https://doi.org/10.1016/0009-2509(70)87007-5
https://doi.org/10.1016/0009-2509(70)87007-5
https://doi.org/10.1103/PhysRevLett.104.178303
https://doi.org/10.1103/PhysRevLett.104.178303
https://doi.org/10.1039/c2sm26313k
https://doi.org/10.1039/c2sm26313k
https://doi.org/10.1039/c2sm06992j
https://doi.org/10.1039/c2sm06992j
https://doi.org/10.1103/PhysRevE.55.1668
https://doi.org/10.1021/la000269w
https://doi.org/10.1021/la000269w
https://doi.org/10.1103/PhysRevE.76.011503
https://doi.org/10.1103/PhysRevE.56.1869
https://doi.org/10.1103/PhysRevE.56.1869
https://doi.org/10.1103/PhysRevLett.81.5457
https://doi.org/10.1103/PhysRevLett.81.5457
https://doi.org/10.1039/D2SM00748G
https://doi.org/10.1103/PhysRevLett.84.2022
https://doi.org/10.1103/PhysRevLett.96.108301
https://doi.org/10.1063/5.0149756
https://doi.org/10.1080/00018730601082029
https://doi.org/10.1007/s00397-008-0260-9
https://doi.org/10.1122/1.551085
https://doi.org/10.1103/PhysRevLett.92.084502
https://doi.org/10.1088/1361-648X/ab5caa
https://doi.org/10.1103/PhysRevLett.90.224501
https://doi.org/10.1103/PhysRevLett.95.134501
https://doi.org/10.1016/j.jnnfm.2009.12.001
https://doi.org/10.1016/j.jnnfm.2009.12.001
https://doi.org/10.1016/j.jnnfm.2006.05.010
https://doi.org/10.1016/j.jnnfm.2006.05.010
https://doi.org/10.1146/annurev-conmatphys-082321-035957
https://doi.org/10.1017/S0022112091001015
https://doi.org/10.1017/S0022112091001015
https://doi.org/10.1016/0377-0257(77)80003-7
https://doi.org/10.1016/0377-0257(77)80003-7
https://doi.org/10.1016/S0377-0257(03)00114-9
https://doi.org/10.1016/S0377-0257(03)00114-9
https://doi.org/10.1122/1.549256
https://doi.org/10.1122/1.549256
http://link.aps.org/supplemental/10.1103/k1g3-283t
http://link.aps.org/supplemental/10.1103/k1g3-283t
http://link.aps.org/supplemental/10.1103/k1g3-283t
http://link.aps.org/supplemental/10.1103/k1g3-283t
http://link.aps.org/supplemental/10.1103/k1g3-283t
https://doi.org/10.1103/PhysRevResearch.2.023068
https://doi.org/10.1103/PhysRevResearch.2.023068
https://global-sci.com/index.php/JCM/article/view/11917
https://global-sci.com/index.php/JCM/article/view/11917
https://global-sci.com/index.php/JCM/article/view/11917
https://global-sci.com/index.php/JCM/article/view/11917
https://doi.org/10.1016/0377-0257(95)01377-8
https://doi.org/10.1016/0377-0257(95)01377-8
https://doi.org/10.1122/1.3610169
https://doi.org/10.1051/jp2:1997172
https://doi.org/10.1051/jp2:1997172
https://doi.org/10.1103/PhysRevLett.96.104502
https://doi.org/10.1103/PhysRevLett.96.104502
https://doi.org/10.1088/1367-2630/6/1/029
https://doi.org/10.1088/1367-2630/6/1/029
https://doi.org/10.1017/S0022112090001124
https://doi.org/10.1017/S0022112090001124


Taylor-Couette instability in the flows of shear-banding
fluids, Europhys. Lett. 96, 44004 (2011).

[76] J. Delgado, H. Kriegs, and R. Castillo, Flow velocity
profiles and shear banding onset in a semidilute wormlike
micellar system under Couette flow, J. Phys. Chem. B 113,
15485 (2009).

[77] B. Yesilata, C. Clasen, and G. McKinley, Nonlinear shear
and extensional flow dynamics of wormlike surfactant
solutions, J. Non-Newtonian Fluid Mech. 133, 73 (2006).

[78] R. Ganapathy and A. K. Sood, Tuning rheochaos by
temperature in wormlike micelles, Langmuir 22, 11016
(2006).

End Matter

Introducing a heterogeneous base shear stress—
Experimentally, the Taylor-Couette geometry is
commonly used to study shear banding [40–42,44],
which introduces a heterogeneity into the base shear
stress due to its curvature. By contrast, the pCf
geometry that was our focus has a homogeneous base
shear stress, which results in a degeneracy of the system
(in a 1D system, pCf can support multiple shear banding
interfaces, while introducing finite curvature means it
can support only one interface [54]).
Here, we check how including a shear stress hetero-

geneity into the laminar state can impact ET. This allows
for a better comparison with Taylor-Couette experiments
and removes the degeneracy associated with pCf. To do this
we take pCf and additionally enforce a pressure gradient
with strength G, causing the laminar shear stress to vary
linearly across the gap, with dTxy=dy ¼ G. This results in a
Poiseuille-Couette flow, where the flow is driven by both
boundary motion and a pressure gradient. Starting from the
pCf ET of Fig. 2(b) (i) at W ¼ 20, we introduce a pressure

gradient of G ¼ −0.5 and plot the resulting state in Fig. 3.
The ET state is still present, but now the narrow bands are
pushed toward the lower boundary, leaving an inactive
upper layer. This resembles the Taylor-Couette experiments
of Ref. [44] where curvature was low (see discussion),
which similarly introduces heterogeneities into the laminar
shear stress.

FIG. 3. Trace Σxx þ Σyy þ Σzz in Poiseuille-Couette flow of the
JS model with parameters G ¼ −0.5, W ¼ 20, δ ¼ 10−2,
a ¼ 0.5, and ε ¼ 10−3.
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