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Abstract

The impact dynamics of water drops on thin films of viscoelastic wormlike micelle solutions is experimentally studied using a high-speed
digital video camera at frame rates up to 4000 frame/s. The composition and thickness of the thin film is modified to investigate the effect of
fluid rheology on the evolution of crown growth, the formation of satellite droplets and the formation of the Worthington jet. The experiments
are performed using a series of wormlike micelle solutions composed of a surfactant, cetyltrimethylammonium bromide (CTAB), and a salt,
sodium salicylate (NaSal), in deionized water. The linear viscoelastic shear rheology of the wormlike micelle solutions is well described by a
Maxwell model with a single relaxation time while the steady shear rheology is found to shear thin quite heavily. In transient homogeneous
uniaxial extension, the wormlike micelle solutions demonstrate significant strain hardening. The size and velocity of the impacting drop is
varied to study the relative importance of Weber, Ohnesorge, and Deborah numbers on the impact dynamics. The addition of elasticity to
the thin film fluid is found to suppress the crown growth and the formation of satellite drops with the largest effects observed at small film
thicknesses. A new form of the splashing threshold is postulated which accounts for the effects of viscoelasticity and collapses the satellite
droplet data onto a single master curve dependent only on dimensionless film thickness and the underlying surface roughness. Additionally,
a plateau is observed in the growth of the maximum height of the Worthington jet height with increasing impact velocity. It is postulated
that the complex behavior of the Worthington jet growth is the result of a dissipative mechanism stemming from the scission of wormlike
micelles.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction complexfluidsin different flow regimes is therefore of critical
importancq1-5].

Complex fluids such as polymer melts and solutions, sus-  Surfactants are surface-active molecules that consist of a
pensions, and micelle solutions are encountered in a variety ofhydrophilic head group and a hydrophobic tail. When dis-
industries and applications critical to modern day economies. solved in water the surfactants will diffuse to the interfaces,
Micelle solutions are currently being used extensively as rhe- significantly reducing surface tension. As the concentration
ological modifiers in consumer products such as paints, deter-of the surfactant is increased and the interfaces become sat-
gents, and pharmaceuticals where careful control of the fluid urated, the surfactants can spontaneously self-assemble to
properties is required. In addition, micelle solutions have also form several different types of aggregates in the bulk fluid
become important in a wide range of applications including [6—8]. The morphologies of these aggregates can range in
agrochemical spraying, inkjet printing, and enhanced oil re- shape and size from spherical micelles, to wormlike micelles,
covery. A fundamental understanding of the behavior of these to lamellae depending on surfactant, and counterion concen-

tration. Under the proper conditions, the micelles, resembling
* Corresponding author. slender rods, can entangle and impart viscoelasticity to the
E-mail addressjprothstein@ecs.umass.edu (J. Lampe). fluid [1]. The behavior of wormlike micelle solutions is sim-
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Fig. 1. Series of images showing the rupture of a filament of 0.05 M CTAB 0.05 M NaSal wormlike micelle solution in a transient uniaxial extensional flow at
a Deborah number Be=_8.8. The filament achieves a final Hencky straimiof 2.5 before failure.

ilar to that of polymer solutions and melts. The primary dif- flow tends to pinch off and fail through an elastocapillary,
ference being that unlike a covalently bonded polymer back- Rayleigh-type instability14]. By comparison, the filament
bone, micelles are in a state of thermodynamic equilibrium stretching experiments on a series of the wormlike micelle so-
with the solvent and are perpetually broken and reformed un- lutions performed by Rothstejd] came to an abrupt end with
der Brownian fluctuations. This leads to a broad and dynamic the dramatic rupture of the fluid filament near its axial mid-
distribution of micelle lengths, which can change under an plane. As can be seen from the series of high-speed images
imposed shear or extensional fl¢9}. in Fig. 1, the filament failure is not the result of elastocapil-
The break-up dynamics of droplets and jets of complex lary thinning, but instead, the filament exhibits an instability,
fluids such as micelle solutions are governed by the exten-which is unique to wormlike micelle solution and other self
sional viscosity and surface tension of these non-Newtonianassembling systemg]. A similar instability was also ob-
fluids. The dynamical response of complex fluids in exten- served by Smolka and Belmort5] during the pinch-off of
sion is quite different than in simple shd&0]. Whereas the  a pendant drop of several wormlike micelles solutions. Roth-
shear viscosity of a typical micelle solution will heavily thin  stein[4] hypothesized that this filament failure stems from the
with increasing shear rate, the extensional viscosity can in- scission of wormlike micelles resulting in a dramatic break-
crease by several orders of magnitude with increasing straindown of the micelle network structure en masse. This inter-
[4,11]. This strain hardening has been found to stabilize jets pretation was supported by Prud’homme and VWB5i who
and drops of viscoelastic fluids by resisting the extensionally found that at a critical Deborah number, the extensional vis-
dominated flow leading to break-up resulting from capillary cosity was observed to reach a maximum and decreases with
stresse$12-14] In order to understand and predict the im- furtherincreasesin Deborah number. They theorized and later
pact dynamics of a droplet on wormlike micelle solution thin showed through light scatter measurements that the observed
film, detailed knowledge of both the shear and extensional reduction in the extensional viscosity at high extension rates
rheology is essential. was the result of a scission of the wormlike micelles in the
Prud’homme and Warfl5] were the first to perform a  strong extensional flojd5,17] The response of micelle so-
comprehensive study of the extensional rheology of worm- lutions in purely extensional flows has been found to lead
like micelle solutions using a Rheometrics RFX opposed jet to new and interesting instabilities in more complex flows
device. At large extension rates, chain stretching within the such as the flow past a sphere falling through a wormlike mi-
oriented segments was observed to lead to strain-hardening ircelle solution[11,18] and bubbles rising through wormlike
the extensional rheology. Rothstg#] later used a filament  micelles solution$19,20]and could have a significant effect
stretching rheometer to study the transient extensional rheol-on droplet impact dynamics and satellite droplet formation.
ogy of a series of cetyltrimethylammonium bromide (CTAB) The initial spreading and deformation of a droplet im-
and sodium salicylate (NaSal) solutions with similar results. pacting a liquid or solid surface is dominated by the inertial
Although polymer and wormlike micelle solutions exhibit and viscous forceR1]. In Fig. 2, a sequence of images is
similar behavior in strong extensional flows, wormlike mi- shown for a water droplet impacting a thin film of water.
celle solutions can exhibit a wide array of complex flow be- Upon impact, an enormous pressure impulse similar to wa-
haviors not observed for polymer solutiddsl1]. For exam- ter hammer is created within the droplet and the thin film.
ple, a filament or jet of polymer solution in an extensional As seen inFig. 2b, the droplet spreads outward forming a
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Fig. 2. High-speed digital video images (2000 frame/s) of the impact of a waterldgep4.6 mm,u= 3.6 m/s) on a thin film of watet{(=5.1 mm). The images
show (a) the droplet just prior to impact; (b) the crown and satellite droplet formation; (c) the formation of a Worthington jet.

crown as it is slowed by viscous forces and surface tension. pactdynamics of liquid drops on reservoirs of non-Newtonian
Splashing, which is defined by the formation of secondary fluids although the results of their experiments were presented
droplets, is observed for impacting droplets with sufficient as a series of qualitative pictures and not fully quantifgsd.
initial energy that jetting becomes possible from the crown  There are currently no experimental or numerical data
[22]. The crown eventually collapses and, as sedfign 2a showing how elasticity and shear thinning affect the impact
and ¢, Worthington jet is formed as the fluid rushes back into dynamics of droplets on thin films or deep reservoirs of sur-
the crater left by the impacting drop. It has been shown by factant solutions. In this manuscript, we will quantify the
Stow and Hatfield23] that the splashing threshold, , can functional dependence of the Worthington jet height, crown
be expressed in terms of an Ohnesorge number and a Webeformation, splashing threshold and the satellite drops result-
number. ing from the impact of a drop on a thin film of wormlike
037 ) micelle solution on the film thickness, Deborah number, We-
w > ) (DU 2R0) ) ber, and Ohnesorge number.
 Po2Rg o ’ The outline of this paper is as follows. In Secti@dnwe
briefly describe the experimental setup, the implementation
wherey is the Newtonian viscosity, the densityp the sur-  of several measurement techniques and the shear and exten-
face tensionRy the initial droplet radius, and is the droplet  sjonal rheology of the wormlike micelle solution used. In

impact velocity. The dropletimpact dynamics have been stud- Section3, we discuss the experimental results and in Section
ied for Newtonian fluids on dry surfaces with various surface 4 we conclude.

roughnessRyp, and on Newtonian films with various film
thicknessed; [21-25] For a Newtonian fluid, the threshold
for splashingK =f(8, Rup), has been found to be a function
of the dimensionless film thicknegss ti/Dg, and the surface 2. Experimental
roughnes$24].

A series of experiments have also been performed study-2.1. Flow geometry and experimental setup
ing the effect of dynamic surface tension and elasticity on the
impact of dilute polymer solutions and surfactant solutions A schematic diagram of the flow geometry and experimen-
on dry surface$26—29] These studies were motivated by tal setup is shown ifrig. 3. A high-speed, high-resolution
the need to suppress the secondary drop formation and dropligital video camera (Kodak Motion Corder Sr) was used to
rebounding during agrochemical spraying, spray coating or observe the drop impact dynamics and follow the evolution
inkjet printing. These studies demonstrated that the addition of crown growth, the size and number of satellite droplets,
of a small amount of polymer solution or wormlike micelles and the height of the Worthington jet. For each surfactant
dramatically increases the threshold for splashing and dropsolution, the size, velocity and composition of the impacting
rebounding. These studies found that the drop impact dy- droplet was varied to study the relative importance of Weber

KL = Oh~ 93" We = (

namics are a strong function of Deborah numligr= 1y, number, Ohnesorge number and thin film thickness on the
which describes the relative importance of elastic and viscousimpact dynamics.
stresses. Herae, is the relaxation time of the fluid andis A series of 5 cm square acrylic and glass dishes were fab-

the shear rate. A series of experiments by Cheny and Waltersricated and used to contain the desired thin films. The depth
[30] investigated the effects of elasticity on the Worthington of the fluid was precisely determined for each experiment by
jet height resulting from the impact of a solid sphere with a measuring the thickness of thin film resulting from the ad-
deep reservoir of dilute polymer solution. They showed that dition of a known volume of fluid. A fine, 1 cm long stylus
the large extensional viscosities of these polymer solutions was inserted into the fluid and imaged using the digital video
resulted in a significant reduction in the maximum height camera. The images were processed using a MATI'AB
reached by the Worthington jg0]. Cheny and Walter80] routine, which calculated the thickness of the thin film from
also performed the only studies to date to investigate the im-the difference between a calibration image of the full stylus
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Fig. 3. Schematic diagram of the experimental setup.
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and the length of the stylus visible after immersion in the thin tion of the surfactant and the salt in solution were varied from
film. 10<mM < 25. Each of these solutions is well above the crit-
Droplets were generated with a syringe pump (KD Sci- ical micelle concentration, which for CTAB in pure water is
entific 100) used to expel a known volume of fluid out of CMC =0.9 mM and can be reduced by the addition of[§jlt
the end of a length of flexible plastic tubing. The size of the At these concentrations, the wormlike micelle solutions are
droplets generated was determined both by determining theconcentrated and entangled with significant number of en-
mass (Mettler AC100) of a series of drops and by comparing tanglement points per chdji@]. The solutions were prepared
the image of a falling drop to an optical scale. The size of the and allowed to equilibrate at room temperature for several
drops generated was modified by changing the diameter ofdays before experiments were performed.
the tubing resulting in drops with diametersiaf=3.59 mm The equilibrium surface tension for each of the worm-
and 4.56 mm. like micelle solutions tested was assumed to be consistent
The impact velocity of the drop and thus the Weber number with the value ofr =0.036 N/m reported in the literature for
were modified by changing the release point of the droplet. CTAB/NaSal solutions above the CMR7]. However, be-
The velocity of the droplet upon impact was not always mea- cause of the relatively short timescales associated with the
sured explicitly for each experiment, instead it can be shown dropletimpact experiments, Cooper-White ef2ir] showed
that the velocity of the falling drop can be fit by the following that it is the dynamic and not the equilibrium surface tension

expression32] which is the relevant quantity. As the thin film and impacting
droplet are deformed and new surface is generated, CTAB
U= /9'781(1 — g 2Ah), ) molecules diffuse from the bulk and populate the new sur-
A face. The timescale for repopulating the surface can be long
whereh is the release height of the drop and the coefficient in comparison to the timescales associated with generating
Ais a given by new surface. Using a maximum bubble pressure tensiometer,
Cooper-White et al27] measured the dynamic surface ten-
A— 3 _Cipair ’ 3) sion of a series of CTAB/NaSal solutions. Above the CMC,
8 pdropRo the dynamic surface tension behavior was found to be in-

dependent of surfactant concentration. At short times, up
to about 15ms after the creation of a new surface, the dy-
namic surface tension equals that of wates(0.070 N/m).
Astime progresses, the surface tension decays, eventually ap-
proaching an equilibrium value ef=0.036 N/m after about
E.1000 ms[27]. As the timescale for the impact dynamics of
interest occur over very short timescales, the equilibrium sur-
face tension of water will be used to calculate the necessary
dimensionless parameters.

where pqjr is the density of the airpgrop the density of the
drop, andC; is the empirically fitted drag coefficient on the
drop. To determine the drag coefficient, a series of experi-
ments were performed to determine the velocity of a falling
droplet as a function of its release point. The position of
the center of mass of the drop was determined in successiv
high-speed video images using a MATLAB routine. The
velocity of the drop was then determined by dividing the dis-
tance the drop fell by the time lapse. Using a least squares fit
of Eq. (2) through the data, a drag coefficient©f =0.63
was found. This value is in good agreement with previously 2.3. Shear rheology
experimental result®6,32]
The steady and dynamic shear rheology of the test fluid
2.2. Test fluids was characterized using a TA cone-and-plate controlled stress
rheometer (Model AR2000) with a 6 cm diameter ahttn-
The test fluids are a series of equimolar wormlike micelle cated cone. The micelle solutions were loaded and allowed
solutions of a surfactant, CTAB (Fisher Scientific), and a salt, to equilibrate aflf =25°C for several minutes. The samples
NaSal (Fisher Scientific), in deionized water. The concentra- were not presheared. The results of the linear viscoelastic-
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Table 1

15

Parameters characterizing the shear rheology of the CTAB and NaSal wormlike micelle solutions

CTAB [M] NaSal [M] Viscosity, no [Pas] ModulusG% [Pa] Relaxation time). [s]
0.01 0.01 50 0.28 18

0.0175 0.0175 41 1.2 35

0.025 0.025 68 25 27

ity measurements are shown kig. 4. The storage modu-
lus, G, and loss modulusz”, of the wormlike micelle so-
lutions with concentrations of 10 mM, 17.5 mM, and 25 mM
CTAB/NaSal are plotted ifrig. 4 as a function of angular
frequencyw. Categ[1] proposed that, in the fast breaking-
limit, Ag > Apreak the relaxation timej = (Aprealrd) Y2, is

a function of the repetition or disentanglement time of the
micelle in solution,\.gq, and the characteristic timescale for
break-up and reformation of a wormlike micell@yeax[1,2].

In Table 1 the zero-shear-rate viscosity, relaxation time

2 and elastic plateau modul) = no/x, determined by
fitting a single-mode Maxwell model to the low frequency

time of the micellg37]. For the three solutions presented in
Fig. 4, 200 ms <\preak< 350 ms. In the fast breaking limit,
Mpreak < ARouse << A, however, as we will show in Secti@

all three of these timescales are long when compared to the
dynamics of droplet impact.

In Fig. 5, the steady shear viscosity, is plotted as a
function of shear ratey for the three fluids used. At small
shear rates the viscosity plated38]. As the shear rate is
increased, the fluids begin to heavily shear thin, the shear
stress plateaus and the viscosity dependence on shear rate
approaches a slope gfoc 1. Superimposed over the ex-
perimental data ifrig. 5are the predictions of the Giesekus

data are listed for each viscoelastic surfactant solution. Themodel[38] with the non-linear parameter=0.25 for all the

linear viscoelastic data and the predictions of the Maxwell micelle solutions tested. The Giesekus model is a good fit to
models are in good agreement for all of the wormlike mi- the data over the entire range of shear rates.

celle solutions tested over much of the dynamic range. How-
ever, deviations are observed at large angular frequencie
corresponding to the Rouse-like behavior of the micelle be-
tween entanglement poinf83]. This deviation, which be-
comes more pronounced as the concentration of surfactan?1
and salt and therefore the number of entanglements per chai
are reduced, is consistent with observations in the literature
[34,35] Using the models developed by Cates efz$,37]

$.4. Extensional rheology

A filament stretching rheometer capable of imposing a
omogeneous uniaxial extension on a fluid filament placed
etween its two endplates was used to make simultaneously
measurements of the evolution of the force, the midpoint
o . radius and the flow induced birefringence of the fluid fila-
the Rouse relaxation timggouse Was approximated from the ment. A complete description of the design and operating

. P S .
upturn in theG_ data. The Rouge_relaxatlon time was the_n space of the filament stretching rheometer used in these ex-
used to determine the characteristic break-up and reformatlonperiments can be found in Rothstein and McKinja9,40]
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Fig. 4. Linear viscoelastic shear rheology of the wormlike micelle solu-
tions used. The filled symbols denote the storage mod@luahile the
open symbols denote the loss modu@®s The data include:&) 10 mM
CTAB/NaSal; @) 17.5mM CTAB/NaSal; @) 25 mM CTAB/NaSal; (—)
the fit from a single mode Maxwell model.

Fig. 5. Steady shear rheology of the wormlike micelle solutions used. The
experimental data include aqueous solutionsadf 10 mM CTAB/NaSal;

(@) 17.5mM CTAB/NaSal; M) 25 mM CTAB/NaSal. The experimental
data is compared to the predictions of: (—) the Giesekus model.
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Fig. 6. Transient homogeneous uniaxial extensional rheology of 25mM Fig. 7. Critical Weber number for the appearance of satellite drops as a func-

CTAB 25mM NaSal wormlike micelle solution at a Deborah number of tion of dimensionless film thickness. The filled symbols represent impacting

De=8.8. The experimental data shows the growth of the tensile s@ss ( water drops of diameté = 3.59 mm while the open symbols represent im-

as a function of Hencky strain. The data is compared to the predictions of: pacting water drops of diametBg = 4.56 mm. The data include aqueous so-

a FENE-PM model (—) and a Giesekus model (- - -). lutions of (o) 10 MM CTAB/NaSal; @) 17.5 mM CTAB/NaSal; M) 25 mM
CTAB/NaSal; @) water. The lines through the data are not a quantitative fit,

In Fig. 6, the Trouton ratioTr = 5 /no, which is a non- ~ Putare simply toguide the eye.

dimensionalized transient extensional viscosjgl, is plot-

ted as a function of accumulated Hencky straig; &z for the librate for at least 20 min before each impact experiment. The
25mM CTAB/NaSal wormlike micelle solution at a Debo- data inFig. 7represent the average critical Weber number de-
rah number ofDe = A¢ = 49. At a Hencky strain of =2.9, termined from a series of experiments. The repeatability of

a dramatic rupture of the fluid filament occurs near its axial these experiments was relatively good, however, as observed
midplane, se€&ig. 1L The wormlike micelle solution demon- by Cossali et a[24] and others, at nominally identical exper-
strates considerable strain hardening and appears to approacdimental conditions very close to the critical Weber number
an equilibrium value of the Trouton ratio aroufid~ 50. No the impact can either resultin the production of satellite drops
significant contribution to the Trouton ratio from the aqueous or not making it difficult to identify an exact critical Weber
solvent is observed. The growth of the elastic tensile stress isnumber. The uncertainty in the splashing threshold is repre-
well predicted by a multimode FENE-P modé|41], how- sented by the characteristic error bars superimposed over the
ever, the Giesekus model, which did an excellent job predict- data inFig. 7. The dependence of the critical Weber number
ing the shear rheology, significantly underpredicts the growth on the dimensionless thin film thickness of the water is weak,
in the elastic tensile stress. For a more detailed discussion ofdecaying slowly as the depth of the water is increased. Both
the constitutive model fits to the extensional and shear rheol-the trend and the magnitude of the critical Weber number for
ogy of wormlike micelle the reader is directed to the recent the impact on a thin film of water are in good agreement with
literature[4,11]. the experimental results in the literatypel].
The impact dynamics of water droplets on thin films of vis-
coelastic micelle solutions are quite different from those of

3. Results and discussion water and other Newtonian fluids. At large film thicknesses,
§>1, the critical Weber number for the formation of satellite
3.1. Impact experiments drops is not a strong function of film thickness, decreasing

slowly with increasing dimensionless film thickness for all
The impact dynamics of water droplets were studied for the wormlike micelle solutions tested. For all the wormlike
a series of thin films of both water and viscoelastic en- micelle solutions tested, the critical Weber number was found
tangled wormlike micelle solutions composed of equimolar to be significantly larger than that of water. In addition, at a
CTAB and NaSal solutions in water having molarities be- given dimensionless film thickness, the critical Weber num-
tween 10 mM and 25 mM. IRig. 7, the critical Weber num-  ber was found to increase with increasing CTAB concentra-
ber for the formation of satellite droplets from the crown is tion and decreasing drop size. These trends can be partially
presented as a function of dimensionless thin film thickness. explained by the changing viscosity of the thin film fluids. As
To determine the critical Weber number, drops were releasedshown in Eq(1), the threshold for satellite droplet formation
from successively larger heights until satellite droplets were even for a Newtonian film is a weak function of Ohnesorge
observed. A new thin film was generated and allowed to equi- number and thus the observed critical Weber number will in-
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crease with the viscosity of the thin film. In the low shearrate 1000 ——————————— e
limit, the viscosity of each of the micelle solutions is signifi-
cantly larger than water and increases with increasing CTAB
concentration. However, the shear viscosity of the micelle so- 800
lutions thins quite heavily with increasing shear rate making I
it necessary to use the shear rate dependent viscaGily
when evaluating the Ohnesorge number and the splashing
threshold K| .

As the dimensionless film thickness is reduced, a non-
linear increase in the critical Weber number for satellite drop
formation was observed for some of the micelle solutions. g [
The observed dependence of the critical Weber number on 5 200
the dimensionless film thickness for these non-Newtonian
wormlike micelle solutions is qualitatively different than the
dropletimpact dynamics on thin films of water or other New- L “‘)O —— 2(‘)0 —— 3{‘]0 —— 4:]0 —— 5[‘)0
tonian fluids[23]. The onset of the upturn in the critical ) )

. . Deborah Number, De
Weber number was found to move to larger dimensionless
film thickness with increasing CTAB concentration and de- fig g, critical Weber number for the formation of satellite drops as a func-
creasing drop diameter. For thin films of the 25mM CTAB tion of Deborah number. The filled symbols represent impacting water drops
solutions and a drop diameter b =3.59 mm, no satellite of diameteiDg = 3.59 mm while the open symbols representimpacting water
droplets were observed for any of the experimentally ob- drops of diametebg = 4.56 mm. The data include aqueous solutionsadf (
tainable Weber numbers below a critical dimensionless film 0™ CTAB/NaSal;®) 17.5 mM CTAB/NaSal; W) 25 mM CTAB/NaSal.

. . The solid line represents a linear fit to the data.
thickness of approximately~ 0.32.

As seen inFig. 2b, the kinetic energy of the impacting
droplet causes the thin film to spread outward forming a itis possible to quantify the influence of elasticity on the form
crown as it is slowed by viscous stresses, surface tensionof the critical Weber number ifig. 7. The relaxation time
and elastic stresses for the case of a viscoelastic fluid. If thein Eq. (5) is evaluated as a function of shear ratg;), using
impacting droplet has sufficient initial energy, the crown will  the Giesekus model fit the shear rheology describ&ignb.
bifurcate into a series of jets, which can eject satellite drops For a dropletimpact experiment at a given Weber number, the
as they pinch off as a result of a Rayleigh instabi[4]. Deborah number willincrease linearly as the film thickness is
The final break-up dynamics of the jets is an extensionally decreased. Thus, if both the Weber number and dimensionless
dominated flow driven by surface tension and resisted by thefilm thickness are fixed, the Deborah number will increase as
extensional viscosity of the flu{@3]. Although the shearvis-  the diameter of the impacting droplet is decreased and the
cosity of these micelle solutions thins heavily and approacheseffects of elasticity will be observed at progressively larger
the viscosity of water at the shear rates produced by thedimensionless film thicknesses.
droplet impact, the extensional viscosity increases dramat-  If the critical Weber number is now plotted as a function of
ically, Tr > 3, as the strain and thus the micelle deformation Deborah number, as fig. 8, the critical Weber number for
is increased. This strain hardening of the extensional viscos-satellite droplet formation is found to be linearly proportional
ity has been found to stabilize jet break-up of viscoelastic to the Deborah numbeWeyir ox De. Substituting this result
fluids [12—-14,44]and one would certainly expect to observe back into Eq(5) it can be shown that
similar stabilization here.

For ‘strong’ flows wher®e> 0.5, viscoelastic effects will ~ § o Wei{if(Wecm — Wewo) %, (6)
become significan38]. The characteristic shear rate of the
droplet impact can be estimated as the impact velocity of the whereWe,, is the critical Weber number measured for the
droplet divided by thickness of the thin filmy,= U/#%. The impact of a drop on an infinite reservoir of the surfactant
impact velocity of the droplet impact can be rewritten as:  solution or in other words, the Deborah number going to

zero De— 0. In the limit that Wegit > Weo, the critical
U (U We) 1/2 Weber number scales a&egit o« 82, and thus the critical

600

.
=
S

cal Weber Number, We,,,

T
L

(4) Weber number will approach infinityVe,i — oo, as the di-
mensionless film thickness approaches zére, 0, and the
impact Deborah number approaches infinidg— oco. The
upturn in the critical Weber number and the suppression of
the creation of satellite drops from the crown observed in
U Lo We\ M2 o Wes\ V2 Fig. 7_is 'Fhus a fjire_ct resul_t of the increasing elasticity of
De = == — < ) — ( ) , (5) the thin film, which is considerable at these large Deborah
.t \ pDo w32\ p numbers.

pDo

By re-expressing the Deborah number as a function of Weber
number,
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This analysis suggests a new form of the splashing thresh-rates required to produce satellite droplets increase beyond
old for viscoelastic thin films the range of the rheological data availablé-ig. 5. At these
very large shear rates, the accuracy of the Giesekus model pre-

-0.37
Kye= O We dictions may be diminished. Additionally, the bifurcation of

’ De the crown into jets and their subsequent break-up into satellite

. —037 1 LU22R, 1 droplets is a strong extensional flow and thus the extensional

( pUZRQ) ( pe ) (;\U) (1) rheology and not just the shear rheology must be considered

when developing a splashing threshold. A complete analysis

, , . o o would require knowledge about the extension rate and accu-
.In this equet|on, the viscosity(y), and relaxat'lon time, . mulated strain in the crown; whether the mode of failure of

M), ofthe fluid are evaluated at the shear rate of impactusing ¢ jetis elastocapillary or a rupture event similar to that seen

the Giesekus modelfit to the steady shear daagnS. Ifthe i, Fig 1 and even whether the droplet impact has induced
proposed scaling of Eq/) is correct, the experimental data e, strycture or a breakdown of the entangled micelle net-
should collapse onto a single master curve dependent only ony o “Unfortunately, such an analysis is difficult to develop
the d|men5|onle§s film thlckne.ss. The _splashmg threshold iSin a simple scaling argument for the splashing threshold and
plotted as a function of dimensionless film thicknesBign 9 would require detailed numerical simulations if one is to be-

for all of the experiments presentedHiy. 7. The error bars i, 14 ynderstand in detail the influence of all these factors
incorporate both the error associated with the determination j, ihe formation of satellite drops

of the critical Weber number and the fit of the Giesekus model Crooks and Bogei26] studied the splashing threshold for
to the shear rheology. The data for a fixed CTAB/NaSal con- 5 serjes of viscoelastic polyethylene oxide solution droplets
centratlo.n but different drop dlametere dp |n'deed collapse impacting on dry surfaces. They found that the splashing
onto a single master curve, thereby eliminating the effects threshold for viscoelastic fluid, ve, could be related to

of drop size observed iRig. 7. However, the agreement of the splashing threshold of Newtonian fluid,, by consid-
the data across all the CTAB/NaSal solutions is not as gOOd'ering the relaxation time of the fluid. Crooks and Bofg#]

The data do appear to superimpose within experimental eImoround thatk| ve = KL /(1 — 1.072.922) which is different
onto a single curve at dimensionless thicknesses greater thar]zarom the scaling we arrived at in EZ). The application of
§>0.5 and asymptotically approach a splashing threshold of ;;, scaling of Crooks and Boger to our data does not col-

KLve ~21foré>1. However, the limitations of our scaling  |5hse it onto a single master curve even if we focus on a
analysis become clear at dimensionless film thickness belowsingle drop size. However, this is not altogether surprising

§<0.5. , ) considering the many differences between our experiments
There are several possible explanations for the observedand those of Crooks and Boger.
deviation in the splashing threshold data. As the film thick- | Fig. 10 the maximum Worthington jet height is

ness is reduced, the Weber numbers and therefore the Shearheasured as a function of Weber number for the 10 mM
CTAB/NaSal micelle solution for a series of dimensionless
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Fig. 9. Splashing threshold as a function of dimensionless film thick-
ness. The filled symbols represent impacting water drops of diameter Fig. 10. Maximum Worthington jet height as a function of Weber number
Do =3.59 mm while the open symbols represent impacting water drops of for the impact of a water drop of diametBg = 3.59 mm on a thin film of a
diameterDg = 4.56 mm. The data include aqueous solutionsa)f{0 mM 10 mM CTAB/NaSal solution in water. The data include dimensionless film
CTAB/NaSal; @) 17.5mM CTAB/NaSal; M) 25 mM CTAB/NaSal. thickness of £) §=0.62; (O) §=0.55; @) §=0.5.
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film thicknesses. Each data point kig. 10 represents the 1 S S S
average of three or more independent experimental measure-
ments. As the Weber number is increased, the maximum
height of the Worthington jet is initially observed to grow,
but, at a critical Weber number, the jet height appears to
approach and oscillate around a plateau. This complex be-
havior of the Worthington jet is qualitatively different from
the monotonic growth observed for Newtonian flu@4]

and it has not previously been reported even for experiments
with viscoelastic polymer solutions. To determine whether
the scatter in the high Weber number data is significant or
within the experimental error of the measurements, a series

6

Worthingt on Jet Height [mm]

L f//A——'E
of 15 independent experiments were performed at several ex- . /‘,\AA’

perimental conditions. The standard deviation of these exper- Y
iments is represented Ifig. 10by error bars superimposed 0.0 0.5 1.0 1.5 2.0 25 3.0 3.5

over the data. The statistical analysis resulted in standard de- Drop Impact Velocity [m/s]

viations between 3% and 5% at low Weber numbers during

the growth of the Worthington jet and 15-18% at larger We- Fig. 11. Maxim.um Worthington jet height as a'functio.n ofimpactvelogitya
ber numbers within the plateau. This suggests that the oscilla-V2*e! fmp of diameteldo =3.59 mm on a thin film of dimensionless thick-

. . II= nesss =0.5. The experimental data include a series of aqueous wormlike
tions observed in the data may not be significant because theyicelie solutions: &) 25mM CTAB/NaSal; ®) 17.5mM CTAB/NaSal;
measurements the Worthington jet heights within the plateau (m) 10 mM CTAB/NaSal; (- - -) water.
region are indistinguishable from each other within experi-

mental error. its maximum heigh{39]
As can be seen frorRig. 10 the qualitative behavior of '
the Worthington jet height growth is not affected by changing gjet = / gjet(?) dr. 9)
0

the dimensionless thin film thickness, however, the onset of
the non-monotonic behavior occurs at lower Weber numbers  In all cases, the resulting Deborah number was initially
as the film thickness is reduced and the Deborah number islarge enough to result in a coil-stretch transition and strain
increased. In all cases, the Worthington jet remains coherenthardening of the wormlike micelle solutions, however, the
and does not eject a secondary droplet and, in addition, thetotal accumulated Hencky strain was in all cases found to
onset of the plateau in the Worthington jet height occurs well be less thar < 1. Because the Worthington jets do not at-
below the critical Weber number for the formation of satellite tain significant heights, even in the presence of such a strong
drops from the crown. extensional flow, calculations using a multimode FENE-P
The dynamics of forming the Worthington jet results in a model show that the extensional viscosity of the micelle so-
strong extensional flow within the jet. This extensional flow lutions does not strain harden enough to significantly retard
deforms and aligns the wormlike micelles within the jet as the development of the Worthington jet. If the Weber num-
the fluid is stretched. As the Worthington jet grows and the ber is increased beyond the extent of the dat&ig 10
accumulated strain increases, one would expect the extenthe Worthington jets will break-up and eject satellite drops
sional viscosity of the wormlike micelle solutions to strain through a surface tension driven Rayleigh instability as shown
harden perhaps resulting in the observed plateau of the Wor-in Fig. 2c. If significant strain hardening had occurred, one
thington jet height with increased Weber number. To analyze would expect to see a break-up of the Worthington jet simi-
the extensional stresses in the Worthington jet, the extensionlar to the filament rupture observedhig. 1 Of course this
rate of the flow within the Worthington jet was estimated by analysis assumes that the composition of the Worthington jet

tracking the height of the jeh(t), as a function of time is that of the thin film. In actuality, the Worthington jet could
be composed entirely of the water from the impacting drop
terll) 1 di(r) ®) or a much reduced concentration resulting from the mixing
jet\l) =

of the impacting drop with the thin film. In either case, the
extension viscosity of the fluid within the jet will be further
By fitting the height of the Worthington jet as a function reduced from the extensional viscosity of the thin film. Thus,
of time to a third order polynomial, the extension rates were the plateau in the Worthington jet height is most likely not
then calculated from E8). The extension rates were found the result of strain hardening of the extensional viscosity.
to initially begin at no more thah~ 1000s ! andto decay ~ To study this phenomenon further, the growth of the Wor-
very quickly to zero after approximately 15 ms. To determine thington jet height was studied as a function of surfactant
the total Hencky strain accumulated in the jet, the time de- concentration.
pendent extension rate was integrated with respect to time In Fig. 11 the maximum Worthington jet height as a
from the onset of the jet formation to the time the jet reached function of drop impact velocity is shown for the impact

(t + h(r)) dr °
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of a water droplet of diametddg=3.59 mm on thin films, micelle solutions all appear to follow the same general trend
3=0.5, of a series of wormlike micelle solutions. Both the in jet height growth as a function of impact velocity, how-
10mM CTAB/NaSal and 17.5mM CTAB/NaSal solutions ever, the onset of the plateau in the Worthington jet height
demonstrate the bounded behavior observeeidgn 10 For was found to move to lower impact velocities and Weber
this film thickness, the experimental measurements of the numbers as the concentration of the surfactant is reduced.
Worthington jet height of the 25 mM CTAB/NaSal solution Although the Worthington jet height plateaus, the droplet
were limited by the pinch-off and the subsequent release impact dynamics do continue to changeflg. 12 a series of

of a secondary droplet from the Worthington jet. The crit- high speed images are shown to illustrate the evolution in the
ical Weber number for the formation of secondary droplets impactdynamics on athin film of 17.5 mM CTAB/NaSal with
from the Worthington jet was found to increase as the film dimensionless thicknegs: 0.5 as the dropletimpact velocity
thickness was reduced. At lower film thicknesses, by fore- is increased frond =1.9-3.2 m/s. These images correspond
stalling the onset of jet pinch-off, it was possible to observe to points at the onset and the high end of the plateau shown in
the non-monotonic behavior of the Worthington jet height Fig. 11 Comparing the form of the Worthington jet between
in the 25 mM CTAB/NaSal solutions as well. However, at the two impact events, one observes that although the two
the film thicknesses where the plateau was observed for thejets are roughly equal in height, the jethig. 14, is much

25 mM CTAB/NaSal solutions, the Worthington jet produced narrower than the jet ifrig. 124, and becomes more blunt
by the 10 mM CTAB/NaSal solution was not large enough to as it collapses. In addition, the crown that forms as a result
produce a useful comparison between the different wormlike of the larger impact velocity is taller, has a slightly larger
micelle solutions. Thus, a thicknesssof 0.5 was chosen for  diameter and has bifurcated into a series of fingers around
the presentation ifrig. 11 Within experimental error, the its rim. The growth in the crown height and diameter was

Fig. 12. Images of the impact of a water drop of diam&gr 3.59 mm on a thin film of 17.5 mM CTAB/NaSal with dimensionless thickrées6.5. The
images on the left are for a droplet impact velocityof 1.9 m/s and the images on the right arelfior 3.2 m/s.
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observed to grow monotonically with increasing drop impact direct result of the elastic effects generated within the thin film
velocity even as the Worthington jet height reached a plateau.upon droplet impact. After impact, as the thin film spreads
The maximum Worthington jet height of the CTAB so- and the crown grows, the fluid experiences a very strong in-
lutions before the onset of non-monotonic behavior is in all homogeneous biaxial extensional flow. The strength of the
cases larger than that of water for the same drop impact veloc-biaxial extensional flow can be estimated from the rim ve-
ity. This is markedly different from the results of Cheny and locity of the crown,Uc, divided by the thickness of the thin
Walterg[30] who found that the height of the Worthington jet  film, t; [45]
decreased with increasing fluid elasticity of deep reservoirs
of low concentration polymer solutions with constant viscos- . Uc  1dRc(t)
ity, a Boger fluid. Cheny and Waltef30] hypothesized that eelr) = "
the reduction in the Worthington jet height was a result of the
large extensional viscosity of the polymer solutions. This hy- whereR; is the radius of the crown as a function of time. By
pothesis is consistent with their experiments as Worthington measuring the crown radius as a function of time and then
jets were produced with very large aspect ratios and thereforefitting the profile to a third order polynomial, estimates of the
significant strain hardening could have been achieved. How- extension rates during crown growth of upeto~ 2000 51
ever, as described above, extensional rheology alone cannoand accumulated strains of upsg~ 3 were calculated from
be used to satisfactorily explain the experimental results in Egs. (10) and (9), respectively. The result of the elasticity
Figs. 10 and 11 of the thin film at low Weber numbers is to store some of
A series of experiments were performed to determine the the energy of the droplet impact as the crown grows and to
importance of the dynamic surface tension on the dynam- return that energy to the crown as it recedes, thereby increas-
ics of the Worthington jet. The equilibrium surface tension ing the velocity of the receding crown and the height of the
for these wormlike micelle solutions was found by Cooper- Worthington jet. As the impact velocity of the droplet is in-
White et al.[27] to beo =0.036 N/m. However, because of creased, the extensional and shear stresses within the thin film
the relatively short timescales associated with the droplet im- increase causing the wormlike micelles to align with the flow
pact experiments, as new surface is created, the dynamic surand stretch. At this point, the stress exerted on an individ-
face tension starts at the surface tension of water for aboutual micelle can be significant. Unlike an entangled polymer
20 ms before CTAB molecules begin diffusing from the bulk melt, which relieves stress through reptation or convected
to populate the new surface. The surface tension will then constraint release, micelles can break and then reform a short
begin to decay, eventually approaching an equilibrium value time later under Brownian fluctuations. Whereas a covalently
after about 1000 mR27]. If the short time value of the sur-  bonded polymer chain can require energies on the order of
face tension is used to convert the impact velocitfign 11 100s ofkgT to result in the scission of the macromolecule
into a Weber number, then the Worthington jet height of the [46], the scission energy of a wormlike micelle is expected
CTAB/NaSal solutions will be larger than that of water for to only require 'a fewkgT [47]. Here, kg is the Boltzmann
all Weber numbers. However, if the equilibrium value of the constant and is the temperature. This perpetual break-up
surface tension is used, then as expected from the results ofind reformation can lead to a broad and dynamic distribution
Cheny and Walterg30], the Worthington jet heights for the  of micelle lengths which can change under an imposed shear
surfactant solutions will be smaller than water for all We- or extensional flow9] and which can result in a wealth of
ber numbers. To explicitly study the role of dynamic surface complex phenomenon.
tension, a thin film of a 1 mM CTAB/NaSal solution was im- In some viscometric shear flows, wormlike micelle so-
pacted with water droplets. The dynamic surface tension of lutions have been found to exhibit the formation of banded
the 1mM CTAB/NaSal solution is identical to that of the structures or‘slip layers’ of different surfactant morphologies
more concentrated surfactant soluti¢ag] and because the  having dramatically different rheological propertjé8—54]
concentration is so low, the fluid is not elastic and the vis- As seen inFig. 5, as the imposed shear rate is increased, a
cosity is constant and roughly equal to that of water. Within critical shear rate is reached for each of the wormlike micelle
experimental error, the observed impact dynamics of thesesolutions tested above which the shear stress approaches a
experiments were identical to impact dynamics on a thin film constantz ~ constant, and the viscosity decays with a slope
of water. Thus, it appears that the short-time limit of the sur- of n o« 7~1. This behavior is synonymous with onset of shear
face tension is the correct value to choose for these fast ex-banding. Through direct NMR measurements of the flow field
periments. Additionally, these experiments suggest that thewithin a cone-and-plate rheometer, Britton and Callgbaih
dynamic surface tension of the wormlike micelle solutions is showed that as the shear rate was increased above this critical
most likely not the primary cause of the increase in Worthing- shear rate, the percentage of the flow occupied by these shear
ton jet height of the surfactant solutions over that of water or bands increasefb5,56] The plateau observed in the shear
the odd behavior of the Worthington jet height as a function stress might therefore represent the maximum shear stress
of Weber number observed ifig. 11 that can be supported by the wormlike micelles before they
It is our hypothesis that the complex behavior of the Wor- are broken into smaller, less elastic wormlike micelles, or
thington jet height of the viscoelastic surfactant solutions is a inelastic spherical micelles.

(10)
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At the shear rates experienced by the fluid beneath theof Weber, Ohnesorge, and Deborah numbers on the impact
impacting drops and for the extension rates imposed on thedynamics.
fluid as the crown expands, a cleavage of the wormlike mi-  The addition of elasticity to the thin film fluid was found
celles into shorter wormlike micelles or even spherical mi- to suppress the crown growth and the formation of satel-
celles is highly probable. The scission of the micelles is a lite drops with the largest effects observed at small film
dissipative phenomenon as energy must be supplied to crethicknesses. A new form of the splashing threshold was
ate two additional endcaps every time a micelle is ruptured postulated which accounts for the effects of viscoelasticity,
[6]. Thus, the plateau in the Worthington jet height can be K| ve = Oh~%37 We De~1, which successfully eliminated
explained in terms of this dissipative process. As the impact the effects of drop size and collapsed the satellite droplet data
velocity and therefore the kinetic energy of the impacting onto a single master curve at large dimensionless film thick-
droplet are increased, a critical stress is reached in the fluidnesses. A previously unobserved plateau was found in the
above which the micelles begin to rupture. As the impact ve- growth of the maximum height of the Worthington jet with
locity is further increased, additional energy is dissipated as increasing impact velocity. The complex behavior of the Wor-
scission occurs in progressively more micelles. These argu-thington jet growth is believed to be the result of a dissipative
ments are consistent with the observationsigs. 10 and 11 mechanism stemming from the scission of wormlike micelles
in which the critical Weber number for the onset of the non- under the strong extensional flow conditions.
monotonic behavior of the Worthington jet heightis observed  Understanding the impact dynamics of droplets on thin
toincrease with increasing micelle concentration and increas-films of viscoelastic wormlike micelle solutions is important
ing film thickness. At larger surfactant concentrations, there to applications ranging from inkjet printing to the agrochem-
are more wormlike micelles to carry the imposed load upon ical spraying to spray coating.
impact and therefore the stress experienced by each micelle
is reduced. Additionally, as the film thickness is increased the
extension rate experienced by the fluid during crown growth acknowledgements
Eq.(10)as well as the Deborah number of impact E&).are
decreased, reducing the extensional stresses developed inthe The authors would like to thank the referees for the helpful
thin film and forestalling the onset of micelle scission. As de- ¢omments and suggestions, Professor Menon of the Univer-
scribed in Sectio, the characteristic time for the break-up- sty of Massachusetts for the use of his high speed video cam-

recombination of these wormlike micelleyreay is several  era and 3M Non-Tenured Faculty Award for partial support
hundred milliseconds. As seen frdfig. 12 the typical dura-  of this research.

tion of an impact event is on the ordertgfpact~ 40-50 ms
and thus we do not expect significant structural recovery over
the course of these experiments. The applicability@faxk

to the reformation of wormlike micelles has been shown for
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