HTML AESTRACT * LINKEES

PHYSICS OF FLUIDS VOLUME 16, NUMBER 9 SEPTEMBER 2004

Beads-on-string phenomena in wormlike micellar fluids
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We present experimental results on the dynamics of wormlike micellar filaments surrounded by an
immiscible viscous bulk fluid. For certain concentrations, these filaments develop a beads-on-string
structure previously observed only in polymer jets and filaments surrounded by air. By taking
advantage of the longer time scales present in this experiment, we are able to quantify the evolution
of individual beads. We also investigate the stability of these filaments and the robustness of the
beads-on-string structure by stretching the filament within a rotating flo20@4 American
Institute of Physics[DOI: 10.1063/1.1779672

The beads-on-string instability is a well-known example In this Letter, we report the observation of the beads-on-
of a uniquely viscoelastic phenomenon, in which a uniformstring phenomena on a wormlike micellar filament in an im-
filament develops into a series of large drops connected bgniscible viscous Newtonian oil. The filament is both pro-
thin threads:? Such beaded filaments have been observed iduced and linearly stretched by a large pendant drop of the
both jetd ™ and stretched filameritd of polymer fluids in air, same fluid. The drop falls slowly through the oil due to the
and have been reproduced numerichﬁ/This general prop- relatively low density differencéAp=0.03 g/cni) and the
erty of the resistance of polymer filaments to breakup isviscosity of the bulk fluid. The beads that form appear to be
known as “spinnability.” In contrast, jets and filaments of asimilar to polymeric beads in air, though they are typically
Newtonian fluid break up rapidly into droplets by the surfacelarger, and their dynamics occur on a much longer time
tension driven Rayleigh instabili%ﬁoA connection between scale; whereas the polymer filaments break in milliseconds
Newtonian observations and polymer filament behavior isor seconds, our experiments last on the order of minutes.
given by a nonlinear analysis using the Oldroyd-B constitu-Thus, we are able to take data without the use of a high-
tive equatiorﬁ which shows that the viscoelasticity causedspeed camera, and resolve the shape evolution of individual
by the addition of polymers has three effects: a delay of théoeads. We are also able to produce beads-on-a-string within
onset of perturbations, faster perturbation growth, and than ongoing hydrodynamic flow, by injecting the wormlike
retardation of filament breakup due to the buildup of exten-micellar filament into a rotating viscous Newtonian oil.
sional stresses. A viscous exterior fluid has also been seen to The main experimental setup consists of a stationary
significantly affect the pinch-off of Newtonian filamerlfst>  clear rectangular cell filled with polydimethylsiloxane
Until now, the sole example of the beads-on-string phenom¢PDMS) oil of viscosity 0.98 Pas. The cell is a Plexiglas
ena within viscous fluids was reported by Chaetgal.” In box, 42 cm in height, with cross-sectional area 5.7 cm
this experiment, a single viscoelastic bead was formed on x 6.3 cm. The micellar fluid is loaded at the top of the cell
polymer filament in a Newtonian fluid of nearly the samewith a pipette(2 mm diameter and pipetter. The pipette’s
density. position is fixed so that its tip is in the center of the cell, just

Another class of viscoelastic fluids are the so-calledtouching the top surface of the oil. This prevents pinch-off at
wormlike micellar fluids*® At the microscopic scale, these the orifice after the micellar fluid is injected. The wormlike
long tubular surfactant aggregates resemble their polymenicellar fluids used are aqueous solutions of equimolar con-
counterparts. However, the aggregates continually break arzentrations(8—20 mM of cetylpyridinium chloride(CPCI,
re-form due to thermal fluctuatiotfsand flow’® This added  surfactant and sodium salicylatéNaSal, organic salt-®**
microscopic feature may be responsible for the interestindg-or a concentration of 10 mM, a relaxation time)o£33 s
effects seen both rheologicalf*>*®  and  and a zero-shear viscosity of 4.8 Pa s were measured with a
hydrodynamically®> In fact, the oscillations observed in Rheometrics RFS-Ill rheometer in Couette geometry at
rising bubble&" and falling spheré§ suggest that these mi- 25 °C. Between the micellar solution and the exterior oil, a
cellar fluids may not be able to support large extensionasurface tension of 3.5 mN/m was measured by a pendant
stresses; the oscillations seem to be due to a wakerop techniqué? Due to the slowly changing filament sur-
instability.21 Similarly, filaments of a wormlike micellar fluid face, we ignore the kinetics of micellar adsorption and any
have been seen to rupture suddenly when stretched in liquidynamic surface tension effects. Video images were recorded
bridge<® or by a falling pendant drof. It was therefore not  with a charge coupled devicgCCD) camera and a digital
obvious that a wormlike micellar fluid could sustain the ex-image processing system. Some still images were captured
tensional stresses needed to resist droplet fornfatiand  with a high-resolution color digital camera. All experimental
produce the same beads-on-string phenomena seen in polyata were taken at a room temperature of 21-23 °C.
mer fluids; see, however, Fig. 1. The experiment starts when a volurre 1l ml) of the
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FIG. 1. Thinning filament of a wormlike micellar fluid(10 mM e o477
CPCI/NaSal in PDMS oil displaying the beads-on-string phenomena. Im- E 6 10 40 70 100 130 160
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heavier micellar fluid is injected at the top of the oil-filled p} “ E 104 Tracer particle
cell, forming a pendant drop. As the pendant drop sinks at a s [/ =
constant terminal velocity =0.1 cm/3, it stretches a fila- N8 3
ment that connects the drop to the pipette orifice, shown in 2 © @ 54
Fig. 2a) for 12 mM CPCI/NaSal. The filament remains uni- N o A
form (radiushy=0.06 cm over a length of more than 15 cm ! (c)
before local instabilities begin to develop close to the orifice; Ot

T T 1

this occurs nearly 3 min after injection. The Deborah number o 10 40 70 100 130 160

based on the initial stretching of the filament is Dé/L Radius (mm) Time (s)

=0.2, whereL=L,,=17.5 cm. Besides being the average

length of the filamentl,q is also the length of the filament FIG. 3. Time evolution of a single bead on a filament of 8 mM CPClI/NaSal
o ki . . in PDMS oil. () Shape profiles at time@) 65 s, (ii) 85 s, (i) 105 s,(iv)

when the !n|t|al beads On Stl‘ll’]g_ perturba_tlons begm to ap125 s, andv) 145 s.(b) Maximum and minimum filament radius vs time.

pear. In Fig. 2b) the uniform filament gives way to the (c) comparison of the bead center with a tracer particle.

growing beads-on-string form. Much like a jet, time and

space are related, since locations further from the pendant

drop are older. In fact, this thinning filament might be seen a®f breakup(t~8 min), the connecting threads develop sec-
a reverse jet with its nozzle being the pendant drop. Théndary beadd? Pinch-off finally occurs nearly 10 minutes
beads-on-string instability develops furth@fig. 2(c)] into  after injection.

the classic form of large drops connected by thin threads In Fig. 3, we analyze the profile of a bead as it forms on
[Fig. 2d)], around the same time that the pendant drop hit@ stretched filament of 8 mM CPCI/NaSal. These curves
the bottom of the Plexiglas cell=6 min). In the late stages were obtained from digitized images of the experiment with
a resolution of 27.5um/pixel; the time is given relative to
the moment that the initial pendant drop passed the midpoint
of the cell (t=0). The development of a perturbation into a
bead is shown in Fig. (@), in which the bead and filament
are also falling due to gravit§0.01 cm/s, ten times slower
than the pendant dropln Fig. 3b), we track the evolution

of the maximum and minimum radii of the filament. The
connecting thread exponentially decays with a rate close to
1/2\ during bead growfh[straight line in Fig. 8)]. Using

this dependence and assuming that the fluid from the fila-
ment feeds a growing spherical bead, we obtain an analytic
function for the bead heigtturved line in Fig. 8b)]. The
lone free parameter, the distance between two beads, is fitted
to 73, not far from the observed values oflgl[Fig. 3a)]

and 2'h, [Fig. 2b)]. The Rayleigh prediction of for an
inviscid filamen? would yield a smaller maximum bead
height than observed experimentally.

Our ability to resolve the shape of the bead allows a test
of various functional forms for its shape. In Fig. 4, a modi-
fied Gaussianh(z)=H+Ae B’ compares well with three
bead profiles at 30 s intervals. Here the bead’s positions have
been offset so that their center is at zero. This modified
FIG. 2. Progression of the beads-on-string structure on a thinning filamengsaUSSIan does not vyork at later times, as the bead's proﬁle
of 12 mM CPCI/NaSal in PDMS oil. Each image size is 823 cn?;  approaches a spherical shape. Other shapes such as a true
times shown arga) 3 min, (b) 4 min, (c) 5 min, and(d) 6 min. Gaussian or seéldo not fit well at even intermediate times
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FIG. 6. Mobility of the connection points in the beads-on-string structure,
FIG. 4. Profile comparison dﬁ(z):H+Ae‘B‘Z‘3 with a growing bead on a for 10 mM CPCI/NaSal in PDMS 0il2=0.02 Hz(I'=15). Image size is

filament of 8 mM CPCI/NaSal in PDMS oil. Times shown @85 s,(by 32 6.2 cnf.
115 s, andc) 145 s.

since they are t0o narrow at the peak and too gradual at thf mm diameter pipette located 4.5 cm from the center of

Conr\}\E/!eCUO:t Ff):lc:nitnst-dication of the evolving velocity field b roation. The  rotation =~ rate () - ranges from
com arig the position of the bead’s cgenter wti)t/h a tragero'oz Hz to 0.25 Hz. Since the micellar fluid is almost neu-
paring P trally buoyant, the rotation rate provides a direct and inde-

particle (~70 um-diametey located along the filament axis . : :

[Fig. Ac)]. The tracer moves linearly down the filament dur- pendent means of experimentally controlling the stretching
LF19. AC)1. © . y : of the filament, and thus the beads instability. This flow ge-
ing the initial stretching. Even before the bead begins to

. Il fill th k with I i f
develop, the particle slows to a stop downstream of th ometry allows us to fill the tank with a very long string o

bead's center. At nearly the same time that the bead appeargidas;;1 F(;?'ag‘o'ri‘r;(i:ii?oggoozzgéjsad_ﬁ? I(:))]:ezocrc;rr]\u:llj(r)nut)ser
(t=75 9, the particle begins to move upstream with the fluid bp y i

that feeds the developing bead. As the tracer reaches the aph?{e is De(2=8.3 and the Reynolds number based on the

of the connection point, it rapidly accelerates into the bea Ow past the pipette is 0.08.

. Once created, the viscoelastic beads-on-a-spiral structure
and continues to move slowly towards the cefités. overall begins to sink due to the slight density difference with the
motion is down the filament, carried within the falling bead. 9 9 y

A new twist on the beaded filament experiment is ShownoiI. From the side, the spiral forms a vase-like shape which is
- . . . . > XP caused by a combination of the elasticity of the filament and
in Fig. 5, in which a wormlike micellar filament of 10 mM

CPCI/NaSal is injected into a steadily rotating tank filled the flow disturbance of the pipette tip in the rotating fluid.

with the same oil used previouslyThe fluid is injected at a This is why Fig. 5 appears as concentric fings. The newer
. ! . . (outen rings have just started to develop the perturbations
fixed rate of 1.3 ml/min with a syringe pump, through a

while the beads-on-string structure appears latiener
rings). At the same rotation rate, the exterior flow causes an
injected Newtonian filament50/50 glycerol/water,Ap
=0.15 g/cm, not shown to take a similar vase-like shape.
However, without viscoelasticity, it is comprised of indi-
vidual droplets which have completely pinched off within
1 cm of the pipette tip.

For very slow rotation rates, it might be expected that a
Rayleigh instability should break the micellar filament into
droplets, as in the Newtonian case. However, in this case
gravity is more dominant than the stretching caused by the
rotating tank. As the Rayleigh instability begins, the thicker
regions of the perturbation sink faster, causing the connect-
ing filaments to stretch. This results in a striking cascade of
the beads-on-string phenomenon occurring on arches con-
necting falling drops, as shown in Fig. @.02 Hz, De
=0.66. We also note that the three large drops show that the
filament-bead connection points are mobile—they move to-
wards each other, meet at the top of the drop and merge. The
right drop of Fig. 6 shows that this single junction can be

FIG. 5. Beads-on-a-string in a rotating geometry. 10 mM CPCI/NaSal inpu”ed a.'W8.‘y fr.om the drop into a *Y. . . .
PDMS oil, 2=0.25 Hz. The arrow indicates the sense of rotation. Image AN ”’l‘d'cat'on.Of the. cause of the stretching is given by
size is 3.6<4.0 cn?. the relative velocity ratio,
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U 27RO bility across the surface of the beads. In each case presented,
= _—rot _ &% W7 1) . . .
UL U ’ the essential beads-on-string structure remains.
grav grav
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