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Flow of a model shear-thickening micellar fluid past a falling sphere
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We present quantitative measurements of a dilute micellar solution past a falling sphere.
The dilute micellar solution that consists cetyltrimethylammonium bromide and 5-methyl
salicylate (CTAB/5mS) in deionized water exhibits shear-thickening behavior beyond a
critical shear rate of γ̇c ≈ 0.4 (1/s). Previous experiments have demonstrated that this
micellar solution forms unentangled rodlike micelles at equilibrium [Davies et al., J. Am.
Chem. Soc. 128, 6669 (2006)]. At a vanishingly small Reynolds number Re = 0.03, the
drag coefficient for the falling sphere is similar to that of a Newtonian fluid. However, sur-
prisingly, for conditions that correspond to 0.09 � Re � 9.86, falling spheres experience
a significant drag reduction. Moreover, an unusually extended wake which spans over a
long distance >80a downstream of the sphere is detected by particle image velocimetry.
These unusual results could be rationalized by invoking the phenomenon of flow-induced
structure formation. We hypothesize that strong shear and/or extensional flows around the
falling sphere could trigger aggregation of rodlike micelles into giant wormlike structures.
Such wormlike micelles may induce significant sphere drag reduction and extended elastic
wakes in the rear of sphere. This interpretation is consistent with the steady shear and
transient extensional experiments, whereby a strong shear and elongational thickening have
been recovered.

DOI: 10.1103/PhysRevFluids.4.073303

I. INTRODUCTION

Flow past a falling sphere is one of the benchmark problems in both theoretical and experimental
fluid mechanics [1,2]. The hydrodynamic mechanism of the Newtonian fluid past a falling sphere
has received continuous attention since the pioneering work of Stokes and is relatively well
understood [3]. However, most of industrial processes, such as oil recovery, waste water treatment,
and food processing, involve interaction between falling spheres and non-Newtonian complex fluids.
Inspired by these applications, multiple research groups have investigated effects of non-Newtonian
features, including shear thinning [4–14], elasticity [15,16], and shear thickening [17–19] in flow of
complex fluids past a falling sphere.

McKinley and colleagues studied flow of a single falling sphere past viscoelastic fluids [5,9].
While a negative wake forms in the rear of the falling sphere in shear-thinning polyacrylamide
solution, an extended wake was observed for a constant viscosity polyisobutylene solution [5].
The negative wake is characterized by motion of the fluid in an opposite direction to that of the
falling sphere. These researchers have shown that the strongest negative wake region occurs at
locations downstream of the sphere where extensional flow is strongest. In addition, Fabris et al.
[10] quantified the velocity field around a falling sphere in a constant viscosity elastic fluid based
on monodisperse, high molecular weight polystyrene and showed formation of an extended wake
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behind the falling sphere with no signs of negative velocities [10]. Verneuil et al. [20] studied
a single-sphere sedimentation in a shear-thinning viscoelastic fluid based on xanthan gum and
reported formation of a negative wake in the rear of the sphere. Therefore, it is believed that shear
thinning contributes significantly to the formation of the negative wake structure.

Numerical simulations have also shown that negative wake can form behind a falling sphere
in viscoelastic shear-thinning fluids when the ratio of Deborah number (De) to Trouton ratio (Tr)
is beyond a critical threshold [6,8]. The Deborah number is defined as De = λγ̇ and the Trouton
ratio is Tr = ηE/η0. λ, γ̇ , ηE , and η0 are the relaxation time, characteristic shear rate, transient
extensional viscosity, and zero-shear rate viscosity of the fluid. γ̇ = vs/a, where vs and a are the
terminal velocity and the diameter of the falling sphere, respectively.

Although effects of shear thinning and/or elasticity on the falling sphere problem have been
extensively studied in the past, another important feature of complex fluids, shear thickening, has
received much less attention. Shear-thickening behavior has been reported in a range of industrially
important fluids such as concentrated suspensions. Perhaps one of the difficulties associated with
sphere sedimentation studies of shear-thickening fluids is related to the opaque nature of these
systems. Von Kann and colleagues studied sphere sedimentation in a shear-thickening corn-starch
suspension. The authors used a thin rigid metal wire attached to the top of the falling sphere to
track the sphere center of mass in the corn-starch suspension [19]. They showed that a falling sphere
in this system never attains a constant terminal velocity; instead it experiences an oscillatory settling.
The oscillatory behavior was partially explained by a jamming model [19]. We note that attaching a
thin wire to the falling sphere may affect sphere sedimentation dynamics. Flow of shear-thickening
fluids past a falling sphere has also been studied numerically. Dhole et al. [17] investigated the
flow of a shear-thickening fluid past a falling sphere at intermediate to high Reynolds numbers
(10 < Re < 500). By using a power-law model, they showed that the drag coefficient of shear-
thickening systems is higher than the Newtonian counterparts at a given Reynolds number. The
power-law viscosity can be expressed as η = K γ̇ n−1, where K and n are the consistency factor and
the power-law index with n > 1 for shear-thickening fluids. Despite these limited experimental and
numerical efforts, it is still unclear how shear-thickening behavior could modify the exact form of
flow structure around a falling sphere. In addition, the relevant theoretical results, in particular the
reported drag enhancement by Dhole et al. [17], has not been verified in experiments.

Shear-thickening behavior has been documented in a wide range of micellar solutions at low
concentrations [21–23]. Different characteristic methods such as small angle neutron scattering [24],
birefringence [21], transmission electron microscopy imaging [25], and particle image velocimetry
[26,27] combined with rheometery have been used to investigate different aspects of flow of
shear-thickening micellar solutions. The shear-thickening phenomenon in surfactant solutions has
been related to formation of shear-induced structures [28,29]. The dilute micellar solutions typically
contain isolated rodlike micelles at equilibrium; however, beyond a critical imposed shear rate
(which depends on micelles concentrations and temperature), the micelles can grow to form larger
aggregates that in turn gives rise to viscoelastic effects [30,31].

Thus far, studies on flow of surfactant solutions past a falling sphere have mainly focused on a
semidilute concentration regime in which long and flexible wormlike micelles exist [11–14,32–35].
Wormlike micelles are usually made by dissolving surfactants and salts in water. At high salt and
surfactant concentrations, spherical micelles transform to long flexible wormlike structures that,
at sufficiently high concentrations, entangle and induce shear-thinning viscoelastic responses [36].
Similar to shear-thinning viscoelastic polymer solutions, a negative wake has been reported in the
rear of the falling sphere in wormlike micelles [11,13,33]. One interesting difference between sphere
sedimentation results in wormlike micelles and polymeric solutions is that falling spheres may
experience an instability in wormlike micelles that is characterized by acceleration and deceleration
in sphere sedimentation velocity [11–14,32]. Such instabilities have been attributed to flow-induced
micellar chain scission in the wake of the sphere where extensional flow is dominant [11,13].
Recently Mohammadigoushki and Muller proposed a phase diagram based on extensional Deborah
number DeE and Reynolds number to distinguish steady from unsteady sphere sedimentation
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behaviors [11]. DeE is defined as DeE = λε̇max, where λ is the Maxwell relaxation time and
ε̇max is the maximum strain rate in the wake of the falling sphere [11], and Re is defined as
Re = ργ̇ a2/η(γ̇ ).

Surfactant micellar solutions provide a unique platform for studies of shear-thickening fluids
past a falling sphere, because unlike shear-thickening corn-starch suspensions, these systems are
transparent and allow us to fully resolve the flow field around the falling sphere. The main goal of
this study is to investigate the flow of a shear-thickening dilute micellar fluid past a falling sphere
via a combination of particle tracking velocimetry and particle image velocimetry. In particular, the
effect of shear thickening on sphere drag coefficient and form of flow structure around the falling
sphere will be examined.

II. MATERIALS AND METHODS

In this work, the aqueous micellar solution contains hexadecyltrimethylammonium bromide
(CTAB) and 5-methyl salicylic acid (5mS). The concentrations of CTAB and 5mS are 12.5 mM,
and 7 mM, respectively. Both CTAB and 5mS were purchased from Sigma-Aldrich and used
without further purification. The steady shear viscosity is measured via an Anton-Paar rheometer
(model MCR 302) in a standard Couette coaxial cylinders geometry with inner cylinder of radius
Ri = 13.35 mm and outer cylinder of radius Ro = 14.53 mm. Due to the importance of the
extensional flows in the wake of the falling sphere, we have also performed transient extensional
flow measurements via a custom-made capillary extensional rheometer (CaBER). More details
about the CaBER device can be found in our recent work [37,38].

Sphere sedimentation experiments are performed in a cylindrical glass tube with length L =
100 cm and diameter R = 85 mm. A temperature-controlled water bath is used to keep the
temperature of the micellar solution constant during sphere sedimentation experiments. Two types
of spheres with different densities (nylon and Delrin®) and diameter (a = 1/32–1/4 inches) are used
in these experiments. These two types of spheres provide the least deviation from solution density,
which in turn allow us to perform sphere sedimentation experiments over a broad range of Reynolds
number. The micellar solution is seeded with 0.02 wt% seeding particles (model 110PB provided
by Potters Industries LLC), and a laser (model Genesis MX 532-5000 from Coherent Inc.) is used
to illuminate the flow field around the falling sphere. Sphere motion is recorded via a CCD camera
(model STC-MBS241U3V) equipped with a AF-SDX Micro NIKKOR lens. The sphere velocity
is obtained by tracking the sphere center of mass via an open source ImageJ Plugin [39]. Finally,
to resolve the detail form of flow structure around the falling sphere, we performed particle image
velocimetry analysis via an open source MATLAB code [40].

III. RESULTS

A. Steady shear rheology

To evaluate the viscoelastic response of the micellar solution, we performed small amplitude
oscillatory shear (SAOS) experiments in the linear viscoelastic regime. The SAOS results showed
very small storage modulus (below the lower limit of the rheometer) in a wide range of angular
frequencies (results not shown). This indicates that in this solution micelles are not entangled, and
therefore, solution behaves as a viscous fluid. This is consistent with the results of Davis et al. [23].
Moreover, in order to confirm the shear-thickening nature of the CTAB/5mS micellar solution, we
have performed steady shear experiments. Figure 1 shows the steady-state shear viscosity (η) as a
function of shear rate (γ̇ ) for this micellar solution. At low shear rates, the shear viscosity is constant
and about 0.02 Pa·s. However, for γ̇ > 0.4 (1/s), an upturn in viscosity is observed until viscosity
reaches a maximum around 0.15 Pa·s for a shear rate of γ̇ ≈ 1.5 (1/s). Therefore, this micellar
solution shows an apparent shear-thickening behavior. The apparent shear-thickening behavior has
been documented in a wide range of dilute micellar solutions and has been linked to flow-induced
structure formation [21,22,41]. We will further discuss these results in Sec. IV.
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FIG. 1. Steady-state shear viscosity as a function of shear rate for a dilute micellar solution of CTAB/5mS
at room temperature.

B. Transient extensional rheology

Sphere sedimentation dynamics is directly connected to the strong extensional flows in the rear
of the sphere. Therefore, in addition to shear rheology, we have characterized extensional rheology
of the micellar solution in a Capillary Breakup Extensional Rheometer (CaBER). Figure 2 shows
a series of snapshots illustrating the filament-thinning dynamics in the micellar solution in CaBER
experiments. Shortly after the strike time, a cylindrical fluid filament forms between the two plates
and gradually thins. As time progresses, a beads-on-string phenomenon appears until eventually
fluid filament pinches off. The beads-on-string phenomenon has been linked to inertio-capillary-
thinning dynamics in a viscoelastic polymer solution [42,43]. To evaluate the importance of inertia
in CaBER experiments, we can construct the ratio of the viscous timescale to the inertial timescale
in CaBER experiments as

tv
ti

= 14.1η0R0/σ

1.95
(
ρR3

0/σ
)1/2 . (1)

Using the experimental parameters of this study, tv ≈ 0.63 ti. This indicates that inertia is important.
Therefore, consistent with theory, the beads-on-string phenomenon is expected in the CaBER
experiments with this dilute micellar solution.

Figure 3(a) shows temporal evolution of the normalized filament diameter for the micellar
solution obtained from snapshots of Fig. 2. It turns out that the filament lifetime in CaBER
experiments is on average about 26 ± 4 sec. The filament lifetime in CaBER experiments refers

t=0.1s t=0.3st=0s t=0.6s t=0.8s t=2.0s t=5.0st=0.02s t=21.9s

t=0.3s t=0.6s t=0.8s t=2.0s t=5.0st=0.1s t=10.0s t=21.9s

t=0.05s

FIG. 2. Snapshots illustrating the filament-thinning process in the CaBER experiments for a CTAB/5mS
solution. The lower panel shows a close-up view of the cylindrical filament that clearly indicates formation of
the beads-on-string phenomenon.

073303-4



FLOW OF A MODEL SHEAR-THICKENING MICELLAR …

10-2 10-1 100 101 102

time (s)

10-3

10-2

10-1

100
D

/D
0

(a)

10-2 10-1 100 101 102

time (s)

100

101

102

103

T
r

(b)

0 10 20
time (s)

10-2

10-1

100

FIG. 3. (a) Normalized filament diameter as a function of time for a CTAB/5mS solution in CaBER
experiments. (b) Transient Trouton ratio as a function of time. The inset in panel (b) shows the transient strain
rate as a function of time.

to the window from cessation of uniaxial stretching till the filament pinch-off moment. In addition,
Fig. 3(b) shows the Trouton ratio as a function of time for this micellar solution. It is clear that the
Trouton ratio increases as a function time until it reaches an asymptotic value around 1.3 × 103.
Finally, plotted in the inset of Fig. 3(b) is the strain rate profile during the filament-thinning process.
The strain rate is calculated as ε̇ = −2

D
dD
dt . We will provide a detailed discussion of the above results

in Sec. IV.

C. Particle tracking velocimetry

Following fluid characterization, we performed sphere sedimentation experiments and measured
the temporal evolution of velocity of the sphere center of mass. Unlike,previous experiments
on wormlike micelles where a transition from steady to unsteady settling is reported, sphere
sedimentation experiments in this dilute micellar solution show steady settling velocity over the
entire range of experimental conditions. Perhaps this is not surprising, because this micellar system
mainly consists of unentangled rodlike micelles that exhibit no viscoelasticity at equilibrium.
Figure 4(a) shows representative velocity profiles as a function of time for series of spheres. We
note that the surface chemistry of these spheres does not affect the sphere sedimentation dynamics
in these experiments because (1) sphere sedimentation experiments are repeatable in both nylon
and Delrin and (2) micellar solution rheology does not change after performing extensive sphere
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FIG. 4. (a) Velocity of the sphere center of mass as a function of time in a dilute micellar solution. (b) Drag
coefficient as a function of Reynolds number for falling spheres in a CTAB/5mS solution (�), in simulations
of Dhole et al. [17] (�), and in Newtonian fluids (continuous curve).
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sedimentation experiments. The steady-state velocity data are used to calculate the total sphere drag
coefficient. The total drag coefficient for the falling sphere in the micellar solution can be calculated
from the force balance as [44]

CD = 4

3

(ρs − ρ)

ρ

ag

v2
s

, (2)

where ρ is the density of the solution, and ρs is the density of the sphere. Figure 4(b) shows the total
drag coefficient as a function of Reynolds number for experiments in micellar solutions (squares)
along with expected values for the Newtonian fluid (continuous curve) and simulations of Dhole
et al. [17] (diamonds) for the power-law model with n = 2. We note that the total drag coefficient
for a Newtonian fluid past a falling sphere is calculated as [44]

CD ≈
{

24/Re, if Re < 1

18/Re0.6, if Re � 1
. (3)

Simulation results of Dhole et al. [17] indicate that shear thickening leads to drag enhancement.
The power-law index of n = 2 is similar to that the shear-thickening behavior in the micellar
solution over the shear rate range of 0.5 � γ̇ � 1.5 (1/s). Therefore, the sphere sedimentation
experiments in a micellar solution are expected to generate a similar drag enhancement. However,
at low inertia (Re ≈ 0.03), the sphere drag in a micellar solution is similar to the one estimated by
the Newtonian relation. More interestingly, as inertia increases to Re � 0.09, the drag coefficient
in a micellar solution becomes smaller than the one for the Newtonian fluid. Therefore, despite
the shear-thickening nature of this micellar solution, a drag reduction is reported at finite inertia.
The latter result seems to be inconsistent with the simulation results of Dhole et al. [17] that shear
thickening should lead to drag enhancements. Clearly, such drag reductions should be intimately
connected to the structure of the flow around the falling sphere.

D. Particle image velocimetry

Particle image velocimetry (PIV) is performed to resolve the flow field around the falling sphere.
Figure 5 shows the normalized velocity vectors around a falling sphere in a CTAB/5mS solution
for nylon spheres with different sizes over a wide range of inertia Re. As expected, the velocity near
the sphere surface is maximum and quickly reduces to zero upstream of the sphere center of mass.
However, downstream of the sphere, velocity vectors decrease rather gradually.

Figures 6(a) and 6(b) show the normalized velocity of the fluid along the axis of the sphere center
of mass parallel to the direction of the sphere motion. Fluid velocity is normalized by dividing to
the velocity of the sphere center of mass. These results clearly show that the velocity profile around
the sphere is no longer fore-aft-symmetric. Upstream of the sphere center of mass, velocity quickly
drops to zero (x ≈ 15a). Conversely, fluid velocity shows a rather gradual decay downstream of
the sphere center of mass. For most cases, the velocity of the fluid does not approach zero even
at distances about 80a away from the rear of the sphere. Included in Fig. 6 are the simulations of
COMSOL multiphysics for the same size sphere and a shear-thickening power-law model with n =
2 (continuous curves). This shear-thickening index is chosen because it matches the one estimated
from the shear-thickening portion of Fig. 1. The simulation results for the power-law model also
show a modest wake which is further extended away from the sphere center of mass. Although this
trend is consistent with the experimental results on the micellar solution, simulations significantly
underestimate the experimental velocity profiles both upstream and downstream of the sphere center
of mass. Therefore, we can conclude that the flow structure around the falling sphere in the dilute
micellar solution is not solely described by the shear-thickening power-law effect. This conclusion
is consistent with the above results on drag coefficient. The drag coefficient for spheres falling
in a micellar solution is also significantly different from the one calculated for shear-thickening
power-law fluids.
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FIG. 5. Normalized velocity vector maps for nylon spheres falling in the dilute CTAB/5mS micellar
solution at different Reynolds numbers.

To summarize, we illustrated that a sphere falling in the dilute CTAB/5mS micellar solution
(12.5 mM/7 mM) experiences a drag reduction over a wide range of inertia Re. Additionally, the
flow structure around the falling sphere is asymmetric with a strong extended wake in the rear of
the sphere. In the following, we attempt to rationalize these seemingly unusual results.

IV. DISCUSSION

We start the discussion with particle tracking velocimetry results that indicated a strong drag
reduction in the dilute micellar solution. A similar drag reduction has been documented in flow of
viscoelastic polymer solutions and wormlike micelles past a falling sphere [9,11–13]. It is worth
noting that there are two main differences between the experiments reported in this paper and prior
pertaining experiments in viscoelastic fluids. First, the micellar solution studied in this work consists
of unentangled rodlike micelles suspended in aqueous solution that do not exhibit any signs of
viscoelasticity in a linear viscoelastic regime [23,25]. Second, viscoelastic systems show either a
shear-thinning or constant-viscosity elastic behavior (Boger fluids), while the micellar solution in
this study exhibits a strong shear thickening at low shear rates followed by shear thinning at high
shear rates.

As noted in Fig. 1, the dilute CTAB/5mS micellar solution exhibits a strong shear-thickening
behavior. At low shear rates [γ̇ < 0.4 (1/s)], the solution shows a constant viscosity, which
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FIG. 6. Normalized steady-state velocity of the dilute CTAB/5mS micellar fluid on the sphere axis parallel
to the direction of sphere motion. The continuous curves show the steady-state velocity of a shear-thickening
power-law model with power-law index n = 2 as calculated by COMSOL.

indicates that micelles maintain their rodlike structure. However, as the imposed shear rate increases
to γ̇ � 0.4 (1/s), rodlike micelles can fuse into each other and form larger aggregates of wormlike
micelles. The presence of such wormlike micelles aggregates in solution can explain the increase
in shear viscosity. At still higher shear rates [γ̇ � 1.5 (1/s)], the shear-induced structure exhibits
a strong shear-thinning behavior. This shear-thinning behavior could be due to either alignment of
the wormlike micelles in the direction of flow or flow-induced micellar breakage. Therefore, there
clearly exists a positive feedback loop between flow and the micelles morphology, whereby flow
can modify the microstructure of the micelles and micellar microstructure can in turn modify the
flow field.

The significant drag reduction and presence of long extended wake in the rear of the falling
spheres could be linked to flow-induced structure formation in this dilute micellar solution. Short
rodlike micelles may have been affected by the strong flows around and in the wake of the falling
sphere. The flow field around a falling sphere is complex in nature. On the flanks of the sphere and
parallel to the direction of the sphere motion, a combination of shear deformation and extensional
flow is present. However, in the wake of the falling sphere, extensional flow is dominant. Therefore,
in the discussion to follow, we will assess the strength of the shear and extensional flows around
the sphere by comparing the range of imposed shear rates and extension rates to that of applied to
micellar solutions in simple shear and/or uniaxial extensional flows. Such comparisons will allow
us to predict whether flow-induced structure formation could play any role in sphere sedimentation
experiments.

To evaluate the strength of the shear flow around the falling sphere, the characteristic shear rates
are calculated and listed in Table I. It is clear that such characteristic shear rates fall within the shear-
thickening and shear-thinning portion of the steady shear viscosity data of Fig. 1. This indicates that
the shear flow on the flanks of sphere is strong enough to transform rodlike micelles into long
flexible wormlike micelles. The presence of wormlike micelles around the falling sphere should
reduce the total drag. This provides what we believe is the first indirect evidence for formation of
giant wormlike micellar aggregates in strong flows near the falling sphere.

In addition to shear deformation, the dynamics of the sphere sedimentation is linked to
extensional flows that are dominant downstream of the sphere. The reported extended wake in the
rear of sphere is reminiscent of the thin extended wake reported in flow of Boger fluids past a falling
sphere [10]. Such extended wakes have been linked to elastic forces that can be carried over long
distances by polymer chains. Although at equilibrium the micellar solution consists only of rodlike
micelles with an average length shorter than 20 nm [23], a strong extensional flow can also perturb
the micellar microstructure through elongation-induced structures (EISs) [37,45]. To evaluate
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TABLE I. Spheres and corresponding flow parameters.

Material a (inches) Re γ̇ (1/s) ε̇max (1/s)

Nylon 1/16 0.03 1.07 0.02
Delrin 1/16 0.09 3.86 0.19
Nylon 3/32 0.13 2.60 0.08
Delrin 3/32 0.6 7.91 0.28
Nylon 1/8 0.89 5.99 0.39
Nylon 5/32 1.98 8.44 0.57
Nylon 3/16 3.43 10.45 0.81
Nylon 1/4 9.86 17.60 1.94

this hypothesis, we have characterized the extensional flow along the axis of the sphere center
of mass.

Figures 7(a) and 7(b) show the strain rate along the axis of sphere center of mass, parallel to the
direction of sphere motion. The strain rate is calculated as

ε̇xx = dvx/dx. (4)

The general features of the strain rate profiles are the same for different experiments. Upstream of
the sphere center of mass, the strain rate decreases and shows negative signs as we move closer
to the sphere center of mass. This is mainly because in the leading edge of the sphere, flow is
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FIG. 7. (a), (b) Strain rate as a function of distance from the sphere center of mass. (c) Temporal evolution
of maximum wake strain rate (ε̇max) for different spheres over a wide range of inertia.
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mostly compressive. However, as we move further downstream of the sphere, the strain rate shows
a maximum followed by a decay to zero. The maximum strain rate ε̇max remains almost constant
over the course of sphere sedimentation experiments for all experiments reported in this study.
Figure 7(c) shows the maximum strain rate as a function of time in these experiments. As the
particle inertia (Re) increases, the maximum strain rate in the wake of the sphere increases. The
averaged maximum strain rate for each experiment is listed in Table I. In addition, a sample movie in
the Supplemental Material [46] presents the velocity vectors, strain rate, and velocity along the
center line of the falling sphere. To evaluate the strength of the extensional flows in the rear of the
falling spheres, we compare the maximum strain rates in the rear of the sphere presented in Fig. 7(c)
to the ones calculated from uniaxial extensional experiments of CaBER [inset of Fig. 3(b)]. Except
for the smallest nylon sphere with Re = 0.03, the strain rates that are listed in Table I lie within the
range of strain rates imposed by CaBER device. This means that the extensional flow in the wake
of the sphere for most cases is as strong as the extensional flow imposed by CaBER. Therefore, if
EISs can occur in experiments with CaBER, we expect a similar phenomenon to occur in sphere
sedimentation experiments.

To examine EIS formation in CaBER experiments, we return to the results of Fig. 3. For a
Newtonian fluid, the midfilament diameter decays linearly with time filament as

D(t ) = D0 − 0.1418
σ

ηs
t, (5)

where D0, ηs, and σ are the diameter of the plates, viscosity of the solvent (here water), and
surface tension. Using this equation, we can calculate a filament lifetime of about 12 ms for a
Newtonian fluid with a viscosity equivalent to the zero-shear viscosity of the surfactant micellar
solution. Therefore, the filament lifetime of the dilute micellar solution is much larger than the
filament lifetime of a Newtonian fluid at a given zero-shear viscosity. More importantly, the
maximum Trouton ratio (Tr∞) in the CaBER experiment with this micellar solution is much
higher than the Newtonian counterpart (Tr = 3). In fact, similar results have been reported in the
past for other shear-thickening micellar solutions in the range of the dilute concentration regime
[37,45]. In the CaBER experiments micellar fluid is subject to a strong perturbation at the onset
of experiments when the step strain is imposed. Such strong initial perturbations could potentially
modify the equilibrium micellar microstructure. To connect the dynamic micellar microstructure
to the parameters measured in extensional flows, we invoke a similar finitely extensible nonlinear
elastic (FENE-P) analysis used by Omidvar et al. [37]. According to the asymptotic analysis of the
FENE-P model, the steady-state extensional viscosity can be written as [47]

ηE ,∞ − 3ηs = 2nkBT λL2[1 − 1/(2λε̇) + · · · ], (6)

where ηE ,∞, ηs, n, KB, T, λ, and L2 are maximum extensional viscosity, solvent viscosity, surfactant
concentration per unit volume, Boltzmann constant, temperature, relaxation time, and dimensionless
finite extensibility parameter. The dimensionless finite extensibility parameter is defined as L2 =
Q2/〈Q2

eq〉, where Q is the maximum attainable micellar length in extensional flows and 〈Qeq〉 is the
equilibrium micellar length. For CaBER experiments, the nominal extension rate is considered as
ε̇ = 2/3λ. In addition, ηE ,∞ � ηs for this micellar solution. Therefore, Eq. (6) can be simplified
further as

ηE ,∞ ≈ GλL2/2, (7)

where elastic modulus G is given by G = nKBT and can be estimated as λ = η0/G. This gives
a relation between Trouton ratio and the finite extensibility parameter as L2 = 2Tr∞. The latter
relation connects the micellar microstructure to the extensional rheological parameters. Substituting
for the numerical value of Tr∞, we can calculate the finite extensibility parameter of the micelles
as L2 = 2.6 × 103. On the other hand, according to the experimental neutron scattering data of
Davies et al. [23], the CTAB/5mS micellar solution (12.5 mM/10 mM) at room temperature forms
short, rodlike micelles with an average length about 20 nm. The CTAB/5mS micellar solution
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(12.5 mM/7 mM) should contain smaller micelles than the CTAB/5mS (12.5 mM/10 mM) due
to its lower zero-shear viscosity. Using 20 nm as an upper limit for equilibrium micellar length in
combination with the estimated finite extensibility parameter, we can estimate the final length of
the micelles in the CaBER experiment as ≈1 μm. We note that micelles themselves do not have
the necessary length to undergo such big extensions. The only possible way to generate such big
finite extensibility is through aggregation of cylindrical micelles into big wormlike micelles under
extensional flows, i.e., EISs. Therefore, based on this analysis, strong extensional flows in CaBER
have induced a transition from short rodlike micelles to long flexible wormlike structures. Thus, in
sphere sedimentation experiments, where extensional flows are as strong as CaBER experiments,
micelles should also experience a similar EIS. This provides further support that the sphere drag
reduction and the extended wake downstream of the falling sphere in the dilute micellar solution are
linked to EIS formation. In addition to CaBER experiments, we attempted to evaluate the orientation
and microstructure of the micelles around the falling spheres using birefringent experiments. Our
results indicate that the micellar solution around the falling sphere does not show measurable
birefringence, presumably due to the weak nature of birefringent patterns. Although the CaBER
analysis provides an indirect evidence for EIS formation in sphere sedimentation experiments in
a dilute micellar solution, further microstructural analysis with scattering techniques (e.g., small
angle neutron or small angle x-ray) is necessary to obtain direct evidence for EIS formation.

V. CONCLUSIONS

To conclude, we studied dynamics of a falling sphere in a shear-thickening dilute micellar
solution based on CTAB/5mS (12.5 mM/7 mM) at room temperature. Particle tracking velocimetry
illustrated a significant drag reduction in this micellar solution over a wide range of inertia
0.09 � Re � 9.86. In addition, detailed PIV analysis showed that a long extended wake forms in
the rear of the falling sphere. These results suggest that the strong flow around the falling sphere
has modified the micellar microstructure by inducing a transition from rodlike to flexible wormlike
structures. The presence of wormlike micelles will significantly modify the sphere sedimentation
dynamics. This hypothesis is in line with transient capillary breakup extensional measurements that
demonstrated signatures of EIS formation in this micellar solution.
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