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Wormlike micelle (WLM) solutions are abundant in energy, environmental, and industrial applications,
which often rely on their flow through tortuous channels. How does the interplay between fluid rheology
and channel geometry influence the flow behavior? Here, we address this question by experimentally
visualizing and quantifying the flow of a semi-dilute WLM solution in millifluidic serpentine channels. At
low flow rates, the base flow is steady and laminar, with strong asymmetry and wall slip. When the flow
rate exceeds a critical threshold, the flow exhibits an elastic instability, producing spatially-heterogeneous,
unsteady three-dimensional (3D) flow characterized by two notable features: (i) the formation and
persistence of stagnant but strongly-fluctuating and multistable “dead zones” in channel bends, and (ii)

Received 3rd April 2025, intermittent 3D “twists” throughout the bulk flow. The geometry of these dead zones and twisting events

Accepted 20th May 2025 can be rationalized by considering the minimization of local streamline curvature to reduce flow-
generated elastic stresses. Altogether, our results shed new light into how the interplay between solution
rheology and tortuous boundary geometry influences WLM flow behavior, with implications for predicting

and controlling WLM flows in a broad range of complex environments.
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1. Introduction

Above a threshold concentration in solution, many surfactants
self-assemble into long, flexible, polymer-like chains reaching
microns in length. However, unlike polymers, these wormlike
micelles (WLMs) constantly break and reform at thermal equi-
librium and under flow. Hence, they are often termed “living

polymers”."”> When concentrated enough to be semi-dilute,

WLM solutions are both strongly shear thinning and highly

“ Department of Chemical and Biological Engineering, Princeton University,
Princeton, NJ 08544, USA
? Division of Chemistry and Chemical Engineering, California Institute of
Technology, Pasadena, CA 91125, USA. E-mail: ssdatta@caltech.edu
i Electronic supplementary information (ESI) available: Movie S1. Steady laminar
base flow in the R; = 300 pm channel at Wi = 0.18 < Wi,. Successive half-loops are
imaged with a time offset of 2 min. Scale bar is 500 pum. Movies play at 3.3 x real
time and are generated using a moving average of fluorescence intensity over 30
frames. Movie S2. Strongly 3D unsteady flow in the R; = 300 pm channel at Wi =
0.78 > Wi,. Successive half-loops have a time offset of 2 min. Scale bar is 500 pm.
Movies play at 3.3x real time and are generated using a moving average of
fluorescence intensity over 30 frames. Movie S3. Dead zones arise in the unsteady
flow regime in serpentine channels of varied radii of curvature: R; = 300, 500, and
1000 pm channels, from left to right. Flow is from left to right. Scale bar is
500 pm. Movies play at 3.3 x real time and are generated using a moving average
of fluorescence intensity over 30 frames. Movie S4. 3D twisting events arise in the
unsteady flow regime in serpentine channels of varied radii of curvature: R; = 300,
500, and 1000 um channels, from left to right. Flow is from left to right. Scale bar
is 500 wm. Movies play at 3.3x real time and are generated using a moving
average of fluorescence intensity over 30 frames. See DOI: https://doi.org/10.1039/
d5sm00344j
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elastic, and therefore, are used in a wide range of energy
and industrial applications, such as subsurface proppant
transport,”® groundwater remediation,”® heating and
cooling,” ! drag reduction,"®™® lubrication,'” drug manufac-
turing and delivery,"®>° and as rheological modifiers in con-
sumer products,**>*>2

All of these applications involve the flow of WLM solutions
through complex, confined spaces, such as winding pipes and
porous rocks, where the boundary geometry introduces tortu-
osity to the flow. This tortuous flow in turn couples to the
complex WLM solution rheology to produce unusual flow
behaviors. For example, in Couette-type geometries, the homo-
geneous base flow can become unstable, separating into low and
high shear bands that together maintain a constant shear stress
with increasing shear rate** >®—a form of shear localization. The
high shear rate band can subsequently exhibit another instabil-
ity that produces unsteady flow,”*>°* with pronounced spatio-
temporal fluctuations similar to those exhibited by elastic
polymer solutions in tortuous spaces.***° This instability arises
at low Reynolds number (Re « 1)}—so the effects of inertia,
which often causes flow instabilities, are negligible. Instead, it is
generated by fluid elasticity, and is therefore often parameter-
ized by the Weissenberg number, Wi, which compares the
relative strength of elastic and viscous stresses. This purely-
elastic instability has also been documented for WLM solutions
flowing in a range of microfluidic geometries, such as through
rectangular channels,*** around sharp bends,**** through
contractions and expansions,***® in cavities,*” and past a single
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obstacle or two-dimensional (2D) array of obstacles.
However, such geometries have multiple confounding factors,
such as mixed shear and extensional flow topology and the
presence of stagnation points at solid surfaces, that can simulta-
neously influence the flow behavior. Thus, a clear understanding
of how the coupling between tortuous boundary geometry and
fluid rheology influences the complex flow behavior of WLM
solutions is still lacking.

Here, we simplify this problem by studying WLM solution flow at
Re « 1 and Wi ~ 1 in serpentine channels comprising successive
semi-circular half-loops. This microfluidic geometry enables us to
isolate the role of fluid streamline curvature—which is known to be
a key factor controlling purely-elastic flow instabilities since it
generates elastic hoop stresses®®*”—in shaping the unstable flow.
Indeed, our work is inspired by prior studies of elastic instabilities
in polymer solutions;**"** these provide useful intuition, but are not
directly reflective of the flow behavior of WLM solutions, which have
fundamentally different microstructures and rheological properties.
We find that the base steady, laminar flow exhibits strong asym-
metry and wall slip at the lowest flow rates tested due to the unique
rheology of the WLM solution, which enables it to support shear
localization. Above a critical Wi = Wi, the flow becomes unstable,
producing spatially-heterogeneous unsteady three-dimensional (3D)
flow. This unsteady flow has two notable features: (i) persistent,
fluctuating dead zones, which form due to the ability of the WLM
solution to support shear localization, and (ii) slow “twisting” events
in 3D. Our characterization of these unusual flow behaviors suggests
that when WLM solutions are forced to flow in confined, tortuous
spaces, they develop pathways of least resistance that minimize local
streamline curvature. Altogether, our work provides a key first step
toward making sense of complex fluid flows in complex spaces,
potentially enabling their prediction and control in a broad range of
applications.

2. Methods

2.1. Test fluid and preparation

We use a well-characterized semi-dilute, entangled WLM solution
composed of 100 mM cetylpyridinium chloride (CPyCl; Sigma-
Aldrich) and 60 mM sodium salicylate (NaSal; Sigma-Aldrich) in
ultrapure Millipore water.*>™*7>132°85570 e prepare the solution
by first dissolving the CPyCl, which is a cationic surfactant, and
then adding the NaSal, an aromatic organic salt, and stirring the
solution for 24 h. The addition of NaSal induces the elongation of
micelles due to electrostatic screening of the charged headgroups
and steric interaction with the aromatic ring of the organic salt.”
We let the resulting WLM solution rest for >48 h to allow air
bubbles to disappear before use. We also add 1 um diameter
fluorescent, amine-functionalized polystyrene tracer particles
(Invitrogen; yellow-green) to the solution at 20 ppm for flow
visualization and particle image velocimetry (PIV).

2.2. Shear rheology

To characterize the shear rheology of the WLM solution, we use
a stress-controlled Anton Paar MCR501 rheometer fitted with a
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truncated cone-plate geometry (CP50-2: 50 mm diameter, 2°,
53 pum) at a controlled temperature of 25 °C. We measure
steady-state flow curves at fixed values of the shear rate 7,
ramping up and down between 0.01 and 10 s '; shear rates
exceeding 10 s~ ' result in fluid ejection due to an elastic
instability. The results, averaged over three replicate measure-
ments, are shown in Fig. 1(a) and (b). As shown in Fig. 1(a), the
shear stress ¢ increases approximately linearly with shear rate
up to o ~ 0.3 s, and then plateaus at a value ¢* = 13 Pa, a
signature that may reflect the presence of shear banding.>**’
As we show later on, this strong shear thinning of the WLM
solution has an important consequence for its flow in serpen-
tine channels: it enables them to support shear localization,
i.e., separate into low and high shear regions under a constant
imposed bulk flow rate. As shown in Fig. 1(b), the corres-
ponding dynamic viscosity 7(j) = a(7)/7 is nearly constant at
o = 49 Pa s at low shear rates, and then continually decreases
(shear thinning) with increasing 7 > j,. This shear thinning
behavior is described well by the Carreau-Yasuda model,”* as
demonstrated in previous studies of similar or identical WLM
solutions;*9°1°*358:69.72 the model is shown by the solid lines:
00 = 1o + (Mo — 1)1 + (770)) ", where a = 3.8 describes
the transition to the shear thinning regime, the power law
index n ~ 0, and we set 1, equal to the solvent viscosity of
1 mPa s given the absence of a measurable high shear rate
Newtonian plateau. Importantly, the Carreau-Yasuda model
does not capture any variations in local fluid viscosity due to
any shear banding behavior; we simply use it to identify the
onset and strength of shear thinning in our flow experiments.

To characterize the solution elasticity, we also measure the
first normal stress difference N, and linear elastic storage and
loss moduli G’ and G”, respectively. As shown in Fig. 1(c), Ny
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Fig. 1 Shear rheology of 100/60 mM CPyCl/NaSal WLM solution. (a) Shear
stress ¢ and (b) shear viscosity # as a function of imposed shear rate 7,
exhibiting a shear stress plateau. Solid lines correspond to a Carreau—
Yasuda fit. (c) First normal stress difference N; as a function of imposed
shear rate 7, with power law fit (solid line). (d) Storage G’ and loss G” moduli
as a function of angular frequency w under small amplitude oscillatory
shear in the linear viscoelastic regime at 1% strain amplitude. Solid curves
are fits to the single-mode Maxwell model with a characteristic relaxation
time Ay = 1.4 s. Error bars correspond to the standard deviation over 3
replicate measurements.
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increases with shear rate as a power law (solid curve),
Ni(7) = Ky, Y™, with Ky, = 12.7Pas" and power law index
ny, = 0.85. The instrument resolution due to normal force
sensitivity is roughly N; &~ 10 Pa. Thus, estimates of N; using
the power law model at shear rates below 7 ~ 1 s ' are
extrapolations of this power law and assume that the power
law dependence holds in the non-shear thinning regime at low
shear rates. Given that the measured power law dependence of
N, occurs over a range of shear rates corresponding to the shear
stress plateau in Fig. 1(a), an interesting direction for future
work could be to explore how this power law dependence
relates to, and potentially can help to estimate the amount of,
shear banding. As shown by the curves in Fig. 1(d), G’ and G”
determined from small-amplitude oscillation over a range of
angular frequencies o are well described by a single-mode
:7601?42602 and G"(w) ziGOvaw ,

1+ ApPw? 1+ ApPw?
where G, = 29 Pa is the plateau modulus and 4, = 1.4 s is the
Maxwell relaxation time. We thereby estimate the mesh size of

Maxwell model: G'(w)

kT

1
3
the entangled micellar network as ¢ = ( e ) =52nm.”?
0

Based on prior estimates of the persistence length for the same
WLM solution ([, ~ 28 nm°®”’’), we estimate the average
micelle contour length to be ~830 nm.””’* The rheology
measurements also enable estimates of the micelle breakage
and reptation time scales Tprea = 0.49 s and Trepe = 3.5 s,

respectively, using the framework of Turner and Cates.”” Their

Thbreak

ratio = 0.14 <« 1, confirming that the micelles are in the

Trept
fast-breaking limit where the fluid is well-described by the
idealized Maxwell model.”®

2.3. Device architecture and fabrication

The serpentine channels used for the flow experiments com-
prise 19 semi-circular half-loops with inner radius R;, fixed
channel width W = 1 mm, outer radius R, = R; + W, fixed
channel height H = 2 mm, and fixed aspect ratio H/W = 2; an
optical top-down image of a representative example is shown in
Fig. 2(a). We choose a large channel aspect ratio to ensure that
the dominant velocity gradients arise in the flow imaging plane.
All the quantitative results presented in this paper are for
channels with R; = 300 um; however, as shown in ESI{ Movies
S3 and S4, we observe similar behavior in channels with R; =
500 and 1000 pm.

We design the body of each channel [dark blue in Fig. 2(b)]
using CAD software (Onshape) and 3D-print it with a clear
methacrylate-based polymeric resin (FLGPCL04) using a For-
mLabs Form 3 stereolithography printer. This resin is inert and
likely does not interact with or alter the WLM solution through
specific chemical interactions.>’®”” Moreover, while slight
surfactant adsorption to the channel walls may occur, given
the device geometry, we estimate that the resulting change in
the solution concentration is at most 0.05%—negligible com-
pared to the concentration used in our experiments. We
assemble each millifluidic device by screwing together this

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Serpentine channel geometry and experimental setup. (a) Bright-
field optical image of the serpentine channel device comprised of 19 semi-
circular half-loops with inner radius R; and channel width W. (b) Schematic
of experimental setup for flow visualization.

3D-printed channel body and a laser-cut transparent acrylic
top sheet (McMaster-Carr) [gray in Fig. 2(b)], with a ~1 mm-
thick layer of polydimethylsiloxane (PDMS; Dow SYLGARD 184,
8.5:1.5 base : curing agent by weight) sandwiched in between to
act as a gasket. We then glue flexible Tygon tubing (McMaster-
Carr) in the inlet and outlet using a 2-part watertight epoxy (JB
MarineWeld).

2.4. Flow imaging

Before each flow experiment, we flush the device to be used
with ultrapure Millipore water to remove any residual debris or
air bubbles. We then fully saturate the channel with the WLM
solution to be tested at a flow rate of 1 mL h™" for at least 3 h
using a syringe pump (Harvard Apparatus PHD 2000). The
device is affixed to the stage of an inverted Nikon A1R+ laser
scanning confocal fluorescence microscope, ensuring that the
syringe pump, device, and outlet waste jar are at the same
height to avoid hydrostatic pressure differences, as shown in
Fig. 2(b).

In each experiment, we impose a stepwise ramp of increas-
ing flow rate Q from 0.5 to 6 mL h™", allowing the flow to
equilibrate at each flow rate for 30 min before commencing
imaging. For each flow rate tested, we use a 4x objective lens to
acquire 2 min long (~86 1,,) movies at 30 frames per second
focused on a horizontal optical plane, 37 pm in thickness,
centered at the mid-channel height to avoid boundary effects
induced by the top and bottom channel walls. Each movie is
taken at each successive half-loop along the length of the
serpentine array, with a 3167 x 3167 um? field of view at a
resolution of 6 um per pixel. The fluorescent tracer particles
seeded in the fluid are excited by a 488 nm laser and their
emission is detected using a 500-550 nm sensor.

To characterize the flow behavior, we define a nominal shear
rate using the channel half-width W/2 as the characteristic

length scale: j = %[ZW) Our experiments probe the range
0.14 < j < 1.7 s~ '; as shown by the gray region in Fig. 1(a), this
range corresponds to strongly shear thinning conditions for the
WLM solution. We thereby define the Weissenberg number Wi,
which compares the relative strength of elastic and viscous
Ni(7)

0(7)7’
power law and Carreau-Yasuda fits to the bulk shear rheology,

stresses, as Wi = where Ny(}) and 5(7) are given by the

Soft Matter, 2025, 21, 5045-5054 | 5047


https://doi.org/10.1039/d5sm00344j

Published on 22 Mee 2025. Downloaded on 09.02.26 11:53:57.

Paper

respectively. Our experiments probe the range 0.17 < Wi <
0.78, and the onset of shear thinning arises at Wi, = Wi(j,) =
0.19. For flow conditions exceeding Wi = 0.78, we are unable to
obtain PIV measurements for quantitative analysis.

To visualize the WLM solution flow, we generate fluid path-
line images and movies using grouped projections of mean
pixel intensity over successive frames using the open-source
software Image].”®”° Pathlines correspond to trajectories of
tracer particles as they are advected by the fluid flow. Example
movies are shown in ESIf Movies S1-S4. To quantitatively
analyze the flow field, we directly measure each time-resolved
2D velocity field u using PIVlab,*® manually isolating regions in
the imaged field of view that only contain fluid flow. We then
use the FFT window deformation algorithm with 4 passes of
decreasing interrogation area from 64-32-16-16 pixel box sizes
and 50% overlap, producing a spatial grid resolution of 50 pm
for which particles in each PIV voxel travel approximately 4-8
pixels between successive frames.®>®> Given that the channel
width of 1 mm greatly exceeds the spatial PIV resolution, this
approach resolves flow gradients in the selected 2D imaging
plane. Similarly, the imaging frame rate (30 frames per second)
sets the temporal resolution of our velocity fields (33 ms). Given
the fluid relaxation time of 1.4 s and total imaging time at each
location of 120 s, our approach enables us to resolve temporal
variations in the flow field for variations occurring over a broad
range of timescales from 33 ms to 120 s. Finally, we use in-
house MATLAB codes to process the velocity fields for all
analyses. We characterize the flow in each channel using three
metrics: the normalized velocity magnitude |u|/max(|u|), root

mean square velocity fluctuations u /(u),,, and shear rate

7(x) = v2D:D, where x and ¢ represent the 2D position in
the horizontal optical plane and time, respectively, and

1
D:E(Vu+Vu) is the rate-of-strain tensor computed from

the measured velocity field.

3. Results and discussion
3.1. Base steady laminar flow

We first characterize the steady base flow of the WLM solution
in the serpentine channels at low Wi. A representative pathline
image of the laminar steady flow at Wi = 0.18 is shown in
Fig. 3(a), and the velocity profiles at the apex and exit of a half-
loop are shown for the regions outlined in yellow and red in
Fig. 3(b), respectively; the corresponding ESIT Movie S1 shows
that the pathlines remain unchanging over time. Notably, at the
apex of the bend, the velocity profile is highly asymmetric and
skewed toward the outer bend. While the curvature of the
channel walls is known to induce slight asymmetry in New-
tonian flows,*¢*%%%3 in this case the velocity profiles are
starkly different. In particular, as shown in Fig. 3(b), the flow
is plug-like, unlike the typical parabolic profile associated with
Poiseuille flow, because of the shear thinning of the WLM
solution. Additionally, near the channel walls, the velocity does
not decrease to zero—indicating strong slip caused by shear
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Fig. 3 Base steady laminar flow exhibits strong shear thinning and slip at
surfaces. (a) Pathline image of flow in the R; = 300 um device at Wi =
0.18 < Wi, generated using a moving average of fluorescence intensity
over 60 frames. Scale bar is 500 pm. (b) Time-averaged (over 861) velocity
profiles, normalized by the maximum velocity, at the apex (yellow rectan-
gle) and end (red rectangle) of a half-loop. All velocity profiles exhibit
highly asymmetric plug flow and indicate the presence of a substantial slip
velocity at surfaces. The PIV grid resolution used is 0.05 W. (c) Streamline
visualization and color maps of the normalized velocity magnitudes at
selected half-loop locations further reflect strong plug flow and asymme-
try in the base laminar flow state.

localization at the fluid-solid boundary, as has been reported
for WLM flows in other geometries.'”*>°** We estimate
characteristic slip velocities by linearly extrapolating the velo-
city profiles near the solid surfaces, finding average slip velo-
cities of 0.07, 0.22, and 0.48 mm s ' at flow rates Q = 0.5, 1.5,
and 3 mL h™", respectively, indicating that the extent of slip
increases monotonically with increasing flow rate in the steady
flow regime. The corresponding slip lengths (>100 pm in all
cases) greatly exceed the spatial resolution of PIV (50 um),
which additionally confirms the presence of strong slip. The
estimated slip velocities are persistent in time in the steady flow
regime, indicating sustained shear localization occurring at the
channel walls.

Interestingly, we observe hints of shear inhomogeneity
reminiscent of shear banding behavior—referred to here as
“shear localization”—when Wi is increased slightly to 0.25, as
shown by the inflection in the blue profile shown in the right-
hand plot of Fig. 3(b). This effect diminishes upon further
increasing Wi, as shown by the green profile in Fig. 3(b),
suggesting that the flow re-homogenizes across the channel
width. A representative image showing the velocity magnitudes
and flow streamlines across multiple half-loops is shown in
Fig. 3(c) for this case of Wi = 0.43, at which the flow remains
laminar and steady. The analyses in Fig. 3 present 2D velocity
profiles measured at the channel mid-plane; however, due to
the 3D nature of the channel, steady secondary flows not
captured by our 2D measurement likely arise due to the
inversion of curvature in the serpentine geometry, as have been
reported previously.**~%°

3.2. Onset of 3D unsteady flow

Further increasing Wi gives rise to an elastic flow instability
where this base steady flow becomes unstable to 3D unsteady

This journal is © The Royal Society of Chemistry 2025
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flow. An example is shown in Fig. 4(a); for this channel
geometry, the onset of the instability—determined as when
the rms velocity fluctuations exceed a threshold value of 0.2 set
by the noise threshold of the PIV measurements—occurs at a
critical value Wi = Wi, & 0.7. Such purely-elastic instabilities
are typically generated through the coupling of elastic normal
stresses and streamline curvature, which gives rise to destabi-
lizing hoop stresses.****® This coupling can also be described
using a dimensionless parameter developed by Pakdel and

i
average flow velocity. In our experiments, the critical value of
M = M, = 2.5, in good agreement with prior measurements
across a broad range of fluids and geometries.*®

As shown by the maps in Fig. 4(a), all three flow metrics
exhibit pronounced heterogeneity throughout the channel.
To further characterize the flow dynamics, we examine
the temporal power spectral density (PSD) of the magnitude
of velocity fluctuations across different frequencies f:

McKinley:>**” M =, /2Wi -

, where U = Q/(HW) is the

1
E(f) = E|FFT(u’(t))\2, where L is the duration of the signal,

F; is the sampling rate, and FFT denotes a fast Fourier trans-
form. Our results, spatially averaged over all PIV voxels, are
shown in Fig. 4(b). Above the onset of the elastic instability, the
PSD exhibits a broad power law decay E(f) ~ f* with o ~ 2.6 at
Wi = 0.78, reflecting energy dissipation by flow fluctuations
across a broad range of time scales—consistent with previous
characterizations of polymeric and WLM elastic instabilities in
other confined geometries,?®30:39:45:46,:63:64.87°89 The ahgence of
distinct peaks in the PSD indicates that the unsteady flow is
aperiodic with no characteristic time scales. Analysis of the
instantaneous velocity profiles shows the presence of pro-
nounced slip behavior consistent with the strong slip present
in the steady flow regime (Section 3.1); however, the estimated
slip velocities now vary greatly over time (e.g. ranging from 0 to
2.54 mm s ' at Q = 6 mL h™") due to the strongly fluctuating
nature of the flow.
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3.2.1. Dead zone formation, dynamics, and size are shaped
by fluid rheology. Close inspection of the unstable flow shown
in Fig. 4(a) reveals a fascinating consequence of the WLM
solution’s ability to support shear localization: As shown by
the dark blue regions in the top row of Fig. 4(a), non-flowing
“dead zones” (identified by |u|/max(|u]) < 0.05) form and
persist in the downstream portion of some of the half-loops.
The corresponding ESIT Movie S2 shows these dynamics using
pathline imaging. While they are reminiscent of corner eddies
reported for viscoelastic WLM solution flows around sharp
bends,*>** the dead zones formed in our serpentine channels
are truly near-stagnant regions with minimal flow, whereas
eddies are characterized by non-zero circulating flow. This
feature is illustrated by the shear rate profiles across the
channel width (inset) in Fig. 5(a), and an example instanta-
neous pathline image with two dead zones demarcated by the
yellow dashed outlines is shown in Fig. 5(b). As shown in the
dark-colored profiles in Fig. 5(a), a clear peak of high shear rate
separates the dead zone (j ~ 0 s ') and the flowing regions,
generating a strong shear rate gradient at the dead zone
boundary; by contrast, if the fluid could not support shear
localization, dead zones would not form, as previously docu-
mented for non-shear banding elastic polymer solutions.’*~**

To characterize their dynamics, we track variations in the
dead zone areas (Apz) over time. Examples for selected half
loops along the length of the channel are shown by the traces in
Fig. 5(c). Notably, the dead zone sizes fluctuate dramatically
over time, often persisting over durations much longer than the
characteristic relaxation time A,, = 1.4 s. These fluctuations do
not have any clear periodicity; instead, they mirror the spec-
trum of bulk velocity fluctuations shown in Fig. 4(b), as
reflected by the broad decay in the power spectral density Ep(f)
in Fig. 5(d)—indicating that dead zone fluctuations are estab-
lished by the unstable fluctuations in the freely-flowing fluid
outside the dead zone. Despite these fluctuations, however, all
dead zones are bounded by a maximal size A", indicated by
the gray region in Fig. 5(c).

0.8 106
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. 002 —0.18
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Fig. 4 Unsteady 3D flow arising from an elastic instability. (a) Color maps of the flow field measured at the channel mid-height in the unsteady flow state

showing the (top) normalized velocity magnitude |ul/max(|ul), (middle) root-mean-square (rms) velocity magnitude fluctuations u,, /(u)

/x> and (bottom)

shear rate y(x) in the R; = 300 um channel at Wi = 0.78 > Wi.. The top and bottom rows show near-instantaneous flow fields that are time-averaged over
a duration of 1 Ay to reduce noise. The middle row shows rms velocity fluctuations over a duration of 86 Ay, highlighting the spatial heterogeneity and
temporal persistence of flow fluctuations. All color maps comprise stitched fields-of-view obtained sequentially during flow imaging, giving rise to the
visible discontinuities between adjacent half-loops. (b) Power spectral densities of the magnitude of velocity fluctuations indicate that above the onset of
the elastic instability, more energy is dissipated in fluctuations across a broad range of frequencies, with no characteristic time scale.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Characterization of dead zone formation, dynamics, and size. (a)
Temporal evolution of shear rate profiles along the channel width (location
shown in inset). Successive curves are plotted at time intervals of 6.7 s. At
early times (0 < t < 90 s), a large peak in shear rate separates the dead
zone (5 ~ 0 s™%) from the bulk flow, while at later times the dead zone is
washed away and the shear rate profile re-homogenizes. (b) Example
instantaneous pathline image of the unsteady flow state in a selected half-
loop. Yellow dashed lines demarcate example dead zone regions. Scale
bar shows 500 pm. (c) Temporal variation of dead zone size Apz in selected
half-loops shows considerable fluctuations. The shaded gray region
denotes the range of theoretically-predicted dead zone areas from con-
sidering minimization of local streamline curvature. (d) Power spectral
densities of dead zone size fluctuations indicate no characteristic time
scale. (e) Probability density distribution of normalized dead zone areas
Apz/Anatioop With increasing advective Deborah number De,q, shows a
broad increase in dead zone sizes for De,q, > 1. (f) Degree of multistability
¢ describing the range of observed dead zone sizes at a given flow condition
shows onset of multistable dead zone behavior above De,q, = 1. All data in
(a)—(d) are for Wi = 0.78.

Intriguingly, for a given unstable flow rate and at a given
time, not all half-loops contain dead zones—as shown in
Fig. 4(a) and 5(c). Instead, they exhibit multistable behavior:
some half-loops do not have dead zones (the dead zone-free
state), while other half-loops have persistent dead zones of
varying sizes (the dead zone-containing state). As time pro-
gresses, a given half-loop can randomly switch from the dead
zone-free state to the dead zone-containing state and vice versa;
an example is shown by the different traces in Fig. 5(a), in
which a dead zone eventually washes away, as well as those in
Fig. 5(c). This behavior is reminiscent of the multistability
exhibited by eddies during the unstable flow of elastic polymer
solutions in pore constriction arrays,” > in which multistabil-
ity arises when flow-induced elastic stresses do not have
sufficient time to relax as they are advected between constric-
tions. Hence, following this prior work, we parameterize the
onset of the multistability observed for WLM solutions in
serpentine channels using a streamwise Deborah number
comparing the stress relaxation time of the WLM solution to
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the time required for the fluid to be advected between adjacent

A .
half—loops: Deygy = t_ where tagv = HAhalfloop/Q and Ahalfloop 1S
adv

the half-loop area. Consistent with this prior work, we also find
that multistability arises when De,q, 2 1. For example, Fig. 5(e)
shows a color map of the probability density function (p.d.f.) of
the dead zone areas aggregated over the different half-loops,
normalized by Apaifioop, for the different De,q, tested—showing
that this p.d.f. abruptly begins to broaden, a hallmark of
multistability, when De,q, = 1. Furthermore, also following
prior work, we define the degree of multistability
__max (Apz) — min (Apz)
<= A
half loop

stable behavior and ¢ = 1 describes the maximum possible
extent of multistable behavior. As shown in Fig. 5(f), we again
see an abrupt increase in the degree of multistability £ when
De,qy 2 1. Taken together, these results demonstrate that fluid
elasticity plays a key role in determining dead zone formation.

Motivated by these findings, as well as previous work
describing the shapes of eddies formed in elastic polymer
solutions entering contractions,”*™” we conjecture that con-
sidering the elastic stresses generated during WLM solution
flow in a serpentine channel can help predict the maximal dead
zone size Apg'. In particular, given that these elastic hoop
stresses are generated by streamline curvature,>*?” we expect
that the interface between a dead zone and the surrounding
freely-flowing region forms to minimize local streamline cur-
vature. This idea can be formulated using a simple geometric
description (detailed in the Appendix): for a given half-loop, we
expect that the largest dead zone that can form in a half-loop is
bounded by a straight line tangent to the inner bend of the
loop, as shown in Fig. 7. This prediction, shown by the gray
shaded region in Fig. 5(c), agrees reasonably well with the
experimental measurements as an upper bound ApZ* to the
individual traces of Apy.

3.2.2. 3D twisting flow events reduce local hydrodynamic
tortuosity. ESIT Movie S2 also reveals another unusual feature
of the unstable WLM solution flow: 3D flow inversion events
characterized by lower velocity “twists” in the imaging plane.
Additional examples are shown in ESIf Movie S4. Fig. 6(a)
presents snapshots taken at different times of the fluid velocity
field (arrows, with the normalized velocity magnitude shown by
the color map) corresponding to one such twisting event. The
initial faster-flowing, primarily 2D flow (bright green/yellow/red
region in the first panel) is overtaken by a slower-moving flow
(dark blue region) that twists in the z-direction, as reflected by a
curvy “disclination” of the velocity vectors. Note that these
vector fields correspond to a 2D representation of the flow in
the selected imaging plane and do not show the out-of-plane
velocity component. Fig. 6(b) confirms the presence of 3D flow
in this unsteady flow state by plotting the probability density
function of the divergence of the 2D velocity field,

ou 0ov . . .
V-u= o + ay using the in-plane velocity components. Under
steady flow conditions (Wi = 0.18-0.43), the 2D divergence is
close to zero, with slight deviations due to small weakly-3D

, where ¢ = 0 indicates no multi-
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Fig. 6 3D twisting flows intermittently arise in the unsteady flow. (a)
Snapshots of the velocity field (arrows) superimposed on a color map of
normalized velocity magnitude at different times, showing a representative
twisting event. (b) Probability density function of the divergence of the
measured 2D flow field suggests an increase in 3D flow above the onset of
instability (Wi > Wi. ~ 0.7). (c) Twisting reduces the hydrodynamic
tortuosity of fluid streamlines: the blue dashed curve is the center semi-
circular streamline in the base flow, and the green dashed curve is the
projected 2D sinusoidal path enabled by 3D twisting. Pathline images are
generated using a moving average of fluorescence intensity over 10
frames. Scale bar is 500 pm. Data in (a) and (c) are for Wi = 0.78.
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Fig. 7 Schematic describing the geometric prediction of dead zone size
and shape in the serpentine channels.

secondary flows generated by the inversion of curvature at
corners and bends;**®® however, in the unstable flow state
(Wi = 0.78), an appreciable fraction of the 2D divergence
becomes non-zero, reflecting flow in the third dimension.
Despite their complexity, we attempt to rationalize the basic
geometric properties of these 3D inversion events by again
considering minimization of the local streamline curva-
ture—which here manifests as a reduction of the 2D hydro-
dynamic tortuosity, 7. In the base laminar flow, the streamlines
can be approximated as a semi-circular path shown by the blue
dashed line in Fig. 6(c); the associated tortuosity, given by the
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ratio of the total path length to the horizontal streamwise
. . T . . ..
distance traveled, is then 7= 5 Guided by the visualization

in ESIT Movie S4 and Fig. 6(a), we approximate the ‘“disclina-
tion” boundary of the twisting flow as a periodic sinusoidal
function with amplitude R; and period 2(R; + R,). As shown
by the green dashed line in Fig. 6(c), this approximation
is in good agreement with the experimental observations.
The resulting 2D hydrodynamic tortuosity is then given by

_ 1 2R +2R, dy\’
T= IR T 2R 1+ ax dx, where x and y represent

the streamwise and transverse position coordinates. For this
channel, this calculation then yields a tortuosity of 1.08,
representing a 31% reduction from the laminar base case.

4. Conclusions

In this study, we investigated the flow behavior of a highly
elastic, shear thinning, semi-dilute WLM solution in serpentine
channels at low Reynolds number (Re « 1) and moderate
Weissenberg numbers (Wi ~ 1). The serpentine microchannels
are composed of successive semi-circular half-loops, thereby
enabling us to experimentally isolate the influence of stream-
line curvature—a fundamental feature of many real-world
flows—on the flow behavior without being confounded by other
geometric complexities. Our flow visualization experiments
revealed three key phenomena:

1. At low Wi, the base flow is steady and laminar but exhibits
spatial asymmetry with wall slip, reflecting the shear thinning
and shear localization tendencies of the WLM solution. Above a
critical Wi = Wi, ~ 0.7, the flow undergoes an elastic instability
and transitions to a 3D unsteady flow state characterized by
pronounced spatiotemporal velocity fluctuations. This transi-
tion occurs at a critical Pakdel-McKinley parameter value of
M, & 2.5, consistent with other measurements across different
viscoelastic fluids and geometries.

2. Alongside this unstable bulk flow, dead zones of stagnant
fluid form in the downstream portion of half-loops—reflecting
the ability of the WLM solution to support shear localization,
complementing reports of dead zone formation for other
types of complex fluids.”®**°> Due to coupling to the velocity
fluctuations in the bulk flow, these dead zones fluctuate in
their size; however, they are bounded by a maximal size that
minimizes the fluid streamline curvature, and therefore the
generation of elastic stresses. Dead zones also exhibit multi-
stable behavior—forming and persisting in some half-loops,
not forming in other half-loops, and randomly switching
between these two states. This multistability arises when the
advective Deborah number De,q, 2 1, indicating that it occurs
because elastic stresses generated by fluid flow do not have
sufficient time to relax between consecutive half-loops. This
finding expands on previous studies of multistability, which
were restricted to elastic polymer solutions flowing through
pore constriction arrays,”°* to a broader range of fluids and
flow geometries.
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3. The unstable flow state also features intermittent, 3D
“twisting”’ velocity inversion events amid the spatiotemporally-
fluctuating bulk flow. These twisting events reduce the hydro-
dynamic tortuosity compared to the base flow state, and their
geometric structure can also be rationalized as minimizing the
fluid streamline curvature, and therefore the generation of
elastic stresses.

These findings highlight how the shear localization and
elastic properties of WLM solutions give rise to unusual flow
behaviors in tortuous channels, expanding current understand-
ing of complex fluid flows in complex geometries. Further
investigating the physics underlying the formation of the dead
zones and 3D twisting events revealed by our experiments will
be a useful direction for future work.

Several extensions of our study offer opportunities for future
research. While our imaging focused on a single optical plane
at the mid-channel height, full 3D velocimetry in channels of
varying aspect ratio (H/W) would provide more comprehensive
insights into the nature of the 3D twisting events we observed.
Furthermore, direct measurements of the stress field during flow
could provide deeper insights into the coupling between elastic
stresses and flow structures (e.g.,, dead zones, 3D twisting
events). Our experiments probed a wide range of shear rates,
but they all fell on the stress plateau measured in the bulk shear
rheology shown in Fig. 1(a); exploring a wider range of shear
rates below and above this plateau will help further elucidate
WLM flow dynamics across a broader range of conditions.

Finally, while here we focused on a single semi-dilute, linear,
entangled WLM solution, future studies could explore other
formulations with different rheological properties (e.g., varying
the degrees of shear thinning and elasticity by tuning the molar
ratio of surfactant to salt). Studies could also probe how
variations in the micellar microstructure®”’%'°>** influence
the flow behavior—which could potentially guide ways to use
stimulus-responsive WLMs"'*'® to achieve targeted local flow
behaviors. For example, controllably forming stagnant dead
zones could be a mechanism to redirect flow on demand, while
conversely, prevention of dead zone formation could help
promote fluid homogenization.
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Appendix
Geometric prediction of dead zone shape and size

For one unit cell of the serpentine geometry, the upper bound-
ary can be described as

R2—(x—R,)? 0<x<2R,

Yrop(¥) =

—/R2—(x—2R, —1i)* 2R, < x <2R; +2R,,
where x and y represent the streamwise and transverse position
coordinates. Similarly, the bottom boundary can be described as

R?*(X*Ro)z W<x<W+42R

Voot (X) = W+2R <x<W

—/R2— (x —2R, — Ry)?
+2R; + 2R,.

Given a selected fixed point (x3, y5) on the outer boundary of
a half loop, as depicted in Fig. 7, we seek to determine the
location on the following inner bend (x*, y*) such that the line
between the two points is tangent to the inner half-loop
boundary, thereby minimizing local streamline curvature. The

* p—
slope between the two points is m = y* yh, which is equal
X° = Vb
to the derivative of inner curve parameterization evaluated at

(x* = Ro)
R — (x* — R,)?
must lie on both the inner curve equation and the tangent line

equation. Accordingly, (x*, y*) is straightforwardly determined
from the solution of:

O R =) fRe (v — Ry — i

R2 — (x* — R,)’

(x*, y¥): m= . Further, the point (x*, y*)

Note that only one of two solutions is physical in the context
of our experiments. By varying the selected point (xp, y,), we
obtain predictions of the dead zone shape and size where the
dead zone is bounded by the resulting tangent line and the
outer channel boundary. Example solutions are shown by
the red lines in Fig. 7. The maximum dead zone size is set by
the physical constraints of the bounding geometry as conserva-
tion of mass requires that some finite region of the channel
must contain non-zero flow velocity. The resulting range of
theoretical dead zone size predictions 0 < APS? < ATE is given
by the shaded region in Fig. 5(c) and is in good agreement with
the experimentally-measured values of dead zone sizes.
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