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In this work we provide a basic physical modeling of the spatiotemporal pattern of emulsification
produced by chemical reaction-driven tip-streaming and observed by Fernandez and[Rbgssy
Fluids 16, 2548(2004]. Features of this phenomenon—nonlinear autooscillations, a conical drop
shape, tip-streaming, and droplet trajectory splitting—are addressed in this paper. In particular, the
experimentally found regimes of self-sustained periodic motion and the transitions between them
are explained with the help of a nonlinear relaxation oscillator model. An exact self-similar solution
for the steady tip-streaming mode supports the suggested mechanism of a Marangoni-driven
phenomenon. Finally, the ionic nature of the surfactant produced at the interface offers a reasonable
explanation for the formation of a spray cone, which is due to repulsive electrostatic interactions
between droplets. These features distinguish this phenomenon from standard tip-
streaming. ©2004 American Institute of Physic§DOI: 10.1063/1.1739232

I. INTRODUCTION AND BASIC PHENOMENA shear flows distinguished two primary modes of drop
DESCRIPTION breakup: afracture mode occurring for pure fluids at a cer-
tain shear ratdequivalently, at a critical capillary number

Fernandez and Hombyn the course of pendant drop mea- a.), accompanied by the formation of satellite droplets; and
. . . ._tip-streaming which takes place in the presence of surfac-
surements conducted to determine the interfacial tensio

. . .Pants and produces much smaller drops without satellites.
(IFT). Experimental observations were done under condi- . .
. . . : . . The shear rates required for the last type of breakup in
tions of an acid/alkaline reaction taking place at the oil/water_.

) . . o o simple shear flows can be 2 orders of magnitude lower than
interface. This particular reaction is well studied in view of . .
o S . . for the fracture mode. In the case of extensiofsataining
its importance in oil recovery,since a low IFT resulting -

. . flows, the presence of surfactant may also significantly lower
from the production of the surface active substance enhanc

%e critical capill mbercf. Sieget® 11
[ & 3 pillary numbexfcf. Sieget” and Hu et al.™)
this processetcf. Donnan.” Thus, even though the pendant_ from that for pure fluids studied by Acrivos and £owWhile

drop metho8l has been extended to transient and dynamn;ihe effect of surfactants appears to lower, Céhe limits of

IFT measurementsthe discovered phenomena reveals its . : )
L ; . . “low (dilute) and high(saturateglconcentrations of surfactant
limitations, since the usual method assumes a uniform distri-

bution of the surfactant along the interfgtas we will see, leads to Cacorresponding to the pure liquid case as long as

. ; o the relevant value of IFT is used. The last fact indicates the
the phenomena imply the existence of significant concentra- . : . :
tion gradients. Importance of surfactant gradients in the tip-steaming phe-

The observed phenomenon involves three main featuregonona as elucidated by de Brdifor simple shear flows

. . : : and by Eggletoret al1*!* for extensional flows. However,

(1) tip-streaming—the formation of a conical drop shape . . .

. . . oo the role of surfactant concentration gradients is yet not fully
with pointed endscf. Fig. 1(c)] and ejection of very small, 4 : .

X : understood and thus admits alternative hypotheses. In par-

um, droplets[cf. Fig. 2a)] from the pointed ends2) non- . s : .

. . L . ticular, a qualitative explanation of the effect of surfactants in
linear self-sustained oscillations—a periodic change of th

. . . owering critical capillary number given by de Bruijmnd
drpp shape from nearly hem@phencﬁ&ig. 1@] 0 com_cal . Stoné is based on assumption of rigid ends of the drop due
[Fig. 1(c)]; (3) droplet separation—an organized motion, in

which one ejected droplet moves to the right. while the sublo swept surfactant, so that viscous stresses required for tear-

sequent one moves to the I6éf. Figs. 2a)—2(b)]. mg_the narrow regions away are Iower._ However, thIS. expla-
. : . , nation should remain valid at saturation concentrations as
The first effect(tip-streaming, to the authors’ knowl-

edge, has never been observed in systems with internal
chemically driven flows, but readily occurs in externally im-
posed shear or extensional flows, like the four-roll mill
device! While a complete theoretical understanding of the
tip-steaming phenomena is still lacking, its basic features are
quite extensively studied experimentallgf. the recent re-
view by Stong® Starting with experiments by Taylérit is
known that drops with low viscosity relative to the ambient @ ® ©

fluid, i.?., with ViSCOSity_ ratid\<O(O..1), can |ead}0 Fhe tip- FiG. 1. Nonlinear oscillations of a pendant drop shape: from hemispherical
streaming. Later experimental studies by de BRiiinsimple  (a) to conical(c) (courtesy of J. Fernandez

The phenomenon to be discussed here was discovered
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stant supply of surfactant, at least until the reactants are de-
pleted.

It is worthwhile mentioning the apparent similarity of
the observed cone shape of the drop in the bursting regime to
Taylor cones®>* While the shape and bursting effects sug-
gest an analogy to the phenomena of formation of stable
cones in electrified liquid interfaces, the underlying physical
mechanisms are different. As explained by Taylaho as-
sumed equipotentiality of the interfg¢ethe conical shape
arises as a balance of normal stresses: the electrostatic pres-
surepE=%eoEﬁ induced by the normal component of elec-
trical field E,, (the tangential component being zero in view
of equipotentiality equilibrates with the capillary pressure
p,= o cotalr which varies inversely with the distance from

@ (b) cone tip,r, so thatE,~ (a/eyr) Y2 In the case of gradients
of the interfacial potential, the tangential component of elec-
FIG. 2. Tip-streaming and droplet separati@ourtesy of J. Fernandez trical stresses- e,ELE, can be either negligible or lead to
swirling or nonswirling motion inside the Taylor corief.
Hayati et al)!” without influencing its self-similar conical
well, thus contradicting experimental observations and emshape. In our case, the conical shape is produced as a result
phasizing the importance of surfactant gradients. of balancing both normal and tangent stresses, so that the

Our hypothesis, shown in Fig. 3, refers to capillary Predominant role is played by the gradient of surface tension.
breakup of a cylindrical jet. First, consider a clean interfaceAs a result, the cone shape results from nontrivial fluid mo-
case depicted in Fig.(8). Axisymmetric longitudinal distur- tion both inside(which is analogous to that produced in
bances inevitably yield “trough” and “crest” regions. The Taylor cones by tangential stressesid outside the cone.
capillary forces in the trough regions tend to collapse the =~ The mechanism explaining the second effewnlinear
interface with a force= ., while the forcesF, which tend to self-sustained oscillationsconsists of the basic sequence,
restore the cylindrical shape, have a radial comporfent triggered by ) thefirst drop effectnamed here in analogy
that competes withF . If the wavelength of instability is With the first drop effect in the dripping faucet—detachment
large enough)\ >2a, with a being a radius of the undis- of a large drop under gravity leading to an extensional flow
turbed cylinder,F; cannot balancé=. and collapse takes in the viscous oil. Under usual circumstances, this flow
place. would attenuate due to viscous dissipation, but in this par-

This standard understanding of Rayleigh jet breakup inficular case it leads tdi) sweeping surfactant towards the tip
dicates that whenti) the tip of a thread is saturated with of a new pendant drop and, if the viscous extensional flow
surfactant as shown in Fig(® and(ii) there are gradients in produced by thdirst drop effecis strong enough, deforming
surfactant concentratiofsurface tension to the left of the tip the interface up to formation of a pointed end, &mglburst-
is highey, the restoring forc&, and its radial componer; ing. The burstingtip-streaming in turn removes surfactant
are much weaker in view of the lower surface tension. Thigrom the tip of the drop, andii) the surfactant concentration
fact allows for much shorter unstable wavelengths, as foungradient between the top and the tip of the drop so created
experimentally in Ref. 1, and for the smaller size of the drop<{(sketched in Fig. Adrives a Marangoni flow, whickiv) has
lets, which becomes close to the diameter of the threadhe same effect as tHest drop. Thus one has the following
While this picture is based on static reasoning, dynamicsequence:  tf— (i) — (ii) — (iii) — (iv) — (i) — (ii) — (iii)
comes into the mechanism of accumulation of surfactant in—(iv) —.... The experiments revealed two particular modes
the tip region. of this process: nonlinear self-sustained oscillations of the

In systems which contain only a small amount of con-drop and steady tip-streaming, when there is no apparent
taminant, tip-streaming stops when most of the surfactant iime dependence of the nearly conical shape of the remaining
swept away, while systems with surfactant solutions can expendant drop. See Fernandez and Hdnfiey a detailed de-
hibit ever-continuing tip-streaming. Our system belongs toscription.
the latter class, because the chemical reaction provides a con- Nonlinear self-sustained oscillations have been found

Oinin

FIG. 3. The role of surfactant in the phenomena of tip-
streaming(a) Breakup of a clean interface Rayleigh jet.
(b) Breakup of a surfactant covered thread.

covered tip
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original conjecture by Resler?® it was found that its time
' delay diagrams exhibit period doubling and chaos as the flow
| rate changes. With a few recent exceptions, numerous works
I (cf. de Innocento and Renfraand references thergion this
' relatively simple systeffi are restricted to a relaxation oscil-
z lator (cf. original works by Shaw and Martieat al)>>—a
phenomenologically motivated equation—instead of treating
the hydrodynamics in a rational way. Rational models be-
came possible due to the one dimensional slender-jet ap-
proximation of the axisymmetric Navier—Stokes equatiohs,
and an approximate overall energy description in Lagrangian
variables?®?° Neither of these approaches is applicable in
our case for obvious reasons. As a result, we follow the his-
torical way of model development starting with the simplest
mechanical model. Of course, this approach does not provide
any details on the shape and pinch-off, but nevertheless gives
important insight into the basic physical processes.

The third effect(droplet trajectory splittingis the most

h fy cone ‘—}» thread

min

z subtle one, which makes this particular tip-streaming differ-
ent from the classical on@n which the jet is ejected along
FIG. 4. Sketch of the driving mechanism. the extensional axis and droplets do not experience any kind

of trajectory splitting. Our hypothesis in explaining this phe-
nomenon is based on the ionic nature of the surfactant,
previously in different circumstances involving chemical re-which, in view of particular size of the pendant drop and
actions that produce surfactants. In particular, Dupeyrat androplets, provides a repulsive electrostatic interaction suffi-
Nakashé&® observed a macroscopic self-agitation in a quasicient to explain the experimentally observed speeds of the
periodic variation of interfacial tension in an oil/water sys- sideways motion of droplets.
tem, in which a cationic surfactant is dissolved in the aque-  The paper is organized as follows. In Sec. Il we provide
ous phase. Magone and YoshikdWatudied the analogous the general set of governing parameters, their magnitude, and
system of an oil droplet situated in an aqueous layer of surtheir role in the phenomena. Then we perform a basic overall
factant solution. The proposed mechanism for these selfenergy analysis and formulate and analyze a mechanical
sustained oscillations consists of a gradual formation of amnodel of nonlinear oscillations. In the second part of this
interfacial monolayer of surfactant until a critical value of section we deduce a self-similar solution which helps to un-
surface pressure is reached, followed by monolayer collapsgerstand the flow pattern when tip-streaming takes place. It
and cationic surfactant migration into the bulk. This leads tcalso happens to be important in the discussion of the electro-
an abrupt decrease of IFT and, therefore to the macroscopkinetic mechanism of droplet trajectory splitting, to which
motion of the drop accompanied by the change of the curvaSec. lll is devoted.
ture of a certain part of the interface. As the monolayer forms
again, the phenomenon repeats itself for 30—60 min. Another
exarrzlg)lle of autooscillations was observed by Kovalchulﬁl_ PENDANT DROP DYNAMICS
et al“” in a system where a droplet of a surfactant solution
with limited solubility on a tip of a capillary under a free We first identify the characteristic nondimensional pa-
liquid surface dissolves in a container. The autooscillationgameters which govern the behavior of the system. Since the
in this case are attributed to a competition between diffusiosystem does not involve any external mechanical motion, but
and convection transport of the surfactant. nevertheless exhibits observable macroscopic motion, one
In general, nonlinear Marangoni-driven oscillations canneeds to define the characteristic spdegl, and Weber(or
be due to either concentratfdnor temperature gradientS.  effective Reynoldsnumber
Our phenomenon belongs to the last subclass, when the sur-
factant is produced by chemical react®drt® The only dif- pUZD pUoD
ference from previous work&!® consists of developing a e= oo “Re= P @
singularity at the interface which leads to surfactant transfer
by tip-streaming. We develop a simple mass-spring mechaniAs it is easy to deduce from the analysis of Marangoni-
cal model which predicts both modes of tip-streaming de-driven flow due to a surface tension gradient, the boundary
scribed above. In the model formulation we followed thelayer near the interface of some characteristic lenQth
same lines as in the analysis of a dripping faéét.The  which is here understood as the pendant drop diameter 0.4
similarity of these two phenomena consists of nonlinear osmm, has the following scales for the thickness and speed:
cillations and singularity formation. However, the objectives )
in the analysis of the mechanical model of the dripping fau- 5 ( I

1/3 S oo

I UO’-VB;!

2

cet are centered around its chaotic behavior, since after the Doy

Downloaded 15 Nov 2004 to 131.215.42.229. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



Phys. Fluids, Vol. 16, No. 7, July 2004 On physical mechanisms 2559

TABLE |. Basic physical constant@t T=20 °C). where the left-hand side represents a sum of kinetic and
Interfacial tensionrg 35 mN/m potential energy (surface_z tensu_on and grawta_tlon with
Dynamic viscosity of watefu, 1.002 mPas o= pgex, being a potential the first term on the right-hand
Dynamic viscosity of oilx, 0.22 Pas side is a viscous dissipation terfr is the viscous stress
Density of waterp,, 998 kg/n? tensoy, while the remaining terms provide an energy supply
Density of oil 1 764 kg/n due to productiorf of surfactant of concentratiori as well
Kinetic rate constark® 029 mimol™s™ o anergy storage and dissipation due to surface stretching
Bulk concentratiorCgo- 4+ 1.0 mol/n? ; . .

Bulk concentratiorC oy 12.5 molind Vs Vs, inflation V- v, , and surfactant transport. Given the

Surface-excess concentratibp,a, 10-5 mol/n? complexity, it is not feasible to perform reliable phenomeno-
logical modeling of these terms as done, for example, in the
problems of a liquid drop spreading on a solid surfaead

of the damping of shape oscillations of liquid dro&.here-

fore we pursue a classical mechanical approach in order to

where o, is a reference interfacial tension, apdthe dy-  Predict the basic properties of the phenomena.

namic viscosity. With such a scaling fbr, one can estimate ) _

the effective Reynolds number. In Table | we provide a list ofA- Relaxation oscillator model

relevant physical constants and their magnitudes details In analogy with the simple mechanical model for the

refer to Ref. 1. dripping faucet proposed by Martiest al?® we formulate
Using these numbers, one finds that the flow in the watethe dynamics of the pendant drop in terms of the evolution of

phase is of a boundary layer type with,~35 m/s and a geometric poink at the axis of symmetry, at which one can

We,~10*, while the flow in the oil phase is of moderate apply Newton’s second law. This model consists of a mass of

Reynolds number, so thal,~0.15 m/s and We~0.2. It the pendant drop, pulling on a spring with a spring con-

should be noted thatl, is of the order of the speed of the stantk. We takeM ~7D3p/12 in view of the added mass

droplets ejected due to tip-streaming. Subsequently, the sheaffect, and for simplicity we neglect the change of pendant

®Reference 5.

rate in the oil phase is estimated as drop mass due to droplet ejection, which corresponds to a
U quasisteady approximation. This is justified by the 2 orders
G~E°~102 s 1 ©) of magnitude difference between sizes of the dropldts;

=6 um, and the pendant drdp=0.4 mm. Since the pres-

which is of the order of that observed experimentalhe ~ sure difference between the inside and outside of the drop

above parameters characterize the hydrodynamic properties@ D and éx~D, we conclude thak(T") has the meaning

of the system. Its chemical properties, important for our purOf @ surface tension and is approximated here by a simple

poses, are best described by the production rate corRgant State equatiolk(I') = o- (1= I'/T s,).% For the forcing we

which follows from nonequilibrium Langmuir-type sorption assume the surfactant concentration to grow linearly with

kinetics? time with chemical reaction rat®, which is a control pa-
rameter in our case. The forces involved include: gravity,

c ( 1- Fﬂ) 1 Tro Mg with g=9.8 ms ? being the gravitational acceleration,

RO Tiax)  Kegq Tmax friction due to the fact that the fluid is viscous b (dx/dt),
with b as a friction coefficient, and a linear restoring force

. ) —kx produced by the spring. When the surfactant concentra-
stant, Cro- the bulk-phase concentration at the interfaceyjon 1 reaches a critical valuk, , its magnitude is suddenly

I'ro- the surface-excess concentration, &gy the surface- 4 ceq byAl', which in reality is a function of ¢, X, but

excess saturation concentration. Therefore, the producti%r simplicity we useAT =T, which implies that all surfac-
c»

rate . is ) 2sas}i{nated as ROZKFmaX Cro-=0.29  3ntis removed in the process of tip-streaming. The resulting
X107°> molm “s * and I',,,, /R, essentially represents a mathematical model reads

characteristic time scale.

In order to understand the complexity of the phenom- d2x dx

enon it is sufficient to look at the energy balance for the M FTche Mg — bm—

dt =KI max

)

wherek is a kinetic rate constank.y an equilibrium con-

k(I)x -, )

whole system. Neglecting the effect of a fregas—liquid gravity . - surface tension
surface and assuming®— p(M|<p12), the energy balance
reads(with the standard notatign
d p|V|2 HZR' when I'<I', (8)
m fdeV+ fAU dA— J;fp dav
I'=r,—AI', whenI'=T". 9

=—f 7 (Vv)dVv (5
v

l,
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The difference between our model and the “dripping faucet”
problem is a discontinuity of a spring constant as opposed to
d—o-(f+V°VSF—FVS~V)+(TVS-VS}dA, (6) mass; hence, the reaction ra_te is a qontrol parameter instead
dr of flow rate. Using the following scalings:
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r
IN—r0, t— ﬂX'[, X— DX,

R (10

we arrive at the nondimensional version of the oscillator
model

R \2dx )dx (T "
Ry a teil Ry ar "¢ (Ix=cs, (11)
dI’

EZR’ when I'<T, (12
I=T,—AT, when ['=T,, (13)

where the reference reaction r&gis defined above and the

constants
2 2
_Fmaxb _FmaxUO c zrma>g
ROM ' 7 R2D

(o (14

= ROM s C2_
are estimated as;=10%, ¢,=10, andc;=2Xx10°. The ra-

tio R/R, is taken as the physical control parameter, which
can be changed by different means, e.g., by varying the con-
centrations or reactants.

System(11) has been integrated numerically for a wide
range of the paramet&/Ry<[1,2000 with the discontinu-
ous surface excess behavior shown in Fign) Jroducing
four general types of dynamics of the pendant drop:

(1) Slow reaction R/Ry=1. Gradual stretching of the
drop occurs until” reaches saturation, followed by(quite
stiff) relaxation to the original equilibrium shape, as shown
in Fig. 5(b). The time scale of the nonlinear oscillations is
identical to the period of discontinuous oscillationdoénd,

for the conditions of Table |, has an estimate
T=Ta/R~3 s. (15

(2) Moderately fast reactionR/Ry=100. This regime
still exhibits oscillations, but an increase of reaction rate

R. Krechetnikov and G. M. Homsy

(2)

x 05

01
0.08F
x 0,06

0.04

0.02

0.06

0.05F

0.04

(e)

FIG. 5. Dynamics of the pendant drop: oscillator mode). Dynamics of
surfactant surface concentratidiv) slow reactionR/Ry=1; (c) fast reac-

leads to smoothing of the relaxation part of the oscillations jon, R/R,=100: (d) very fast reactionR/R,= 2000, steady tip-streaming;

as shown in Fig. &).

(3) Very fast reactionR/Ry,=2000. A further increase of
R leads to auasisteady tip-streamimgfate, so that the shape
is distorted just slightly, as shown in Fig(d, with the

(e) very fast reactionR/Ry=2000, negligible dissipation.

tion period and wave form of these oscillations are well

amount of the removed surfactant being fixed. The observethodeled by(11) with the appropriate choice of parameters,
size and quantity of droplets is the same as in the nonlineaas in Fig. %b). As one can observe, this simple nonlinear
oscillation regime. Physically, this situation corresponds ei-oscillator model is capable of capturing qualitatively all four
ther to 0=0 over the major part of the cone and a Ma- regimes of the pendant drop dynamics observed experimen-
rangoni flow localized around thread region, or to the mactally. In addition to the general dynamics inferred from the

roscopic Marangoni flow under conditions that
adsorption flux to the interface and the flux due to tip-
streaming are of the same order.

(4) Very fast reaction R/Ry=2000, no dissipation,
c1<<1. In the situation analogous {8), but with negligible
dissipation, one can observe pendant drop oscillations with a
period which is much larger than that bf as one can ob-
serve in Fig. %e). Physically, the reduced dissipation can be
reached either by the lowering of the ambient liquid viscos-
ity, or by switching to modg3), since the absence of the
macroscopic oscillations also leads to friction reduction.

For comparison we provide the experimental data on the

the model, further simple reasoning leads to the followanie-

evolution of the tip position with time in Fig. 6. The oscilla- FIG. 6. Experimental data on the tip dynamiceurtesy of J. Fernandez
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ria: the oscillatory motion occurs if eithefa) the shear rate Z

is strong enough to lead to formation of a cone and bursting, 4
. . . I ¢
so that the interface concentration becomes locally dilute and
_ <
thus is able to accumulate new surfactant moleculegb)r |
the reaction is not too fast, so that within the time of filling | r
the interface with new molecules, the new Marangoni flow is 0

developed with sufficient shear rate.

B. Self-similar solution for a steady tip-streaming
regime

While in the general case of nonlinear oscillations it is
not feasible to obtain analytical solutions, the case of steady
tip-streaming admits a significant simplification due to the
existence of self-similarity in view of the nearly perfect coni- |
cal shape of the pendant drofenalogous to that of Taylor ]
cones.!® This solution can also be interpreted as intermedi-
ate asymptotics for other regimes when tip-streaming is ob-
served, since for the period of time when small droplets are
emitted the pendant drop takes a conical shape.

Since the experimental observations suggest that the sof variations oféBo and do. Also, the particular form of the
lution behaves in a self-similar fashion, we ground ourinterfacial tension dependence is an idealization of reality
analysis on this assumption, which is equivalent to seekingnd suggested by the experimentally observed self-similar
solution of the Navier—Stokes equations of the form given bybehavior: variable rates chemical reaction along with con-
Eq. (17) below. This form must also be compatible with the vection creates a distribution of close to(17). Deviations
boundary conditions, including conditions at the interfacefrom this law can be accounted for asymptotically through
While the details are omitted, it is easy to demonstrate thatctual material behavior and surfactant transport equations.
strict similarity requires media of equal densities, and eitheHowever, here we are interested in the fundamental structure
0=0 or o~z 1. Therefore, by the transformatign=Bo;  of the solution and thus we do not account for these adjust-
-z+P;, i=1,2, one scales out the hydrostatic component ofnents. The most important deviation from self-similarity is
the pressure. Also, for simplicity, we disregard the inertiadue to its breakup, which inevitably takes place sifi® is
effects in the water phase since we are interested in the flownbounded ag—0. Nature, as one can infer from experi-
pattern in the oil phase, and consider ments, usually resolves this singularity either by forming a

rounded tip[cf. Fig. 1(b)], when capillary forces dominate

We, ,We,<1, (16) shear stresses, or by forming a thrdafl Fig. 1(c)], when
so that one can work with the Stokes approximation in botrshear stresses dominate capillarity. Since surface tension is
phases. However, accounting for nonlinear inertia effectslways boundedymin<o<omax (cf. Fig. 4), the solution(17)
which are present in our case since Wel(*, is straightfor- ~ breaks down whea~O (o mn).
ward with the only difference that the solution can be found ~ Substitution of (17) reduces the standard biharmonic
only numerically: one needs only to remark that for high€quation for¥” to

FIG. 7. System of coordinates.

enough Weber numbers one can expect nonexistence of a (1= x2) D — axy® =0, (19)
self-similar solution in view of generation of swirl such as in
the Taylor cone problerif:® Since twice the mean curvature equals

Under these conditions, the self-similar solution is de- 1 1 cot®
fined b _

y R_l + R_2 == (20
€ (X)
W=rg(x), o= p=—=7", (17 where® is a cone angle, the dynamic boundary conditions

yield ({§=co0s0)
where, as will be shown below,= o, X=cos6, andV¥ is

a Stokes stream function in a spherical coordingétefer to €& 2¢

Fig. 7 (6]~ == 1 gl (21)
x'=rsinfcose, y'=sinfsing, z'=rcosd, (18 )

with #e[0,7], ¢ €[0,27]. As one can notice, it belongs to =- ﬁ[lﬂ(@]— V1= ()], (22

the class of convergent flows, such as Jeffrey-Hamel and
Taylor cone solutions, but the interfacial tension gradient efwith the pressure given by

fect leads to significantly different boundary conditions. In )

practice, there is always some deviation from self-similarity, e 1-¢ 3)

but it can be constructed via perturbation expansions in terms m(&) =4 2 v, (23

Downloaded 15 Nov 2004 to 131.215.42.229. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



2562 Phys. Fluids, Vol. 16, No. 7, July 2004 R. Krechetnikov and G. M. Homsy

or w'(&)=¢"(§). The system is completed with velocity The kinematic condition is trivial and contained in the above

continuity conditions conditions forx= ¢ (cone surfack Integrating Eq(19) three
ti ield
Y€)= du(), (24 T YEES i
, , (X*=1) " —2x¢p=Cp+ Cyx+ Cpx7, (29
(&)= Bu3(E), A
e solution of which is given
where 6= \We, /We, and zero stream function locus g Y
x Co+ C X+ C,X%2
x=1: =0, (26) ¢=C(X2—1)+(X2—1)f Wdi (30)
0 _
=-—1: =0, 2 — - : ,
X £ @7 Application of the boundary conditions gives the final solu-
x=§& i1=¢=0. (28)  tion

e[ D= HE- D261+ +8(-1+28)] o, s (Eg
S I=8[1+¢+08(1-8)] O VL= Elog| Ly g ) |- (31)
|
(x—1)(x— &) (2624 £—1) Ill. DROPLET DYNAMICS
2= 62\/1—52[1+ E+8(1-9)] 32 The system under consideration is a water drop pendant

in the oil phase with an acid-base reaction at the oil-water
. L ) . . interface. Here we would like to unravel the primary mecha-
The existence of self-similar solutiofl7) provides di- P Y

. . __nisms that distinguish the phenomena of tip-streaming in thi
rect support for the proposed mechanism for self—sustalneélglS s that distinguish the phenomena of tip-streaming S

. . . se from the standard one occurring in shear or extensional
Marangoni phenomena and emphasizes that the conic f g

shape of the pendant drop is a dynamic effect as opposed ows. Two primary differences—the absence of an indepen-

Tavlor cones. which are static. The sliaht diveraence of th ent external flow and the presence of a chemical reaction—
y ' ¢ : 9 ergence of e, e responsible for the flow pattern shown in Fig. 9. While

streamlines from the axis of symmeiry away from the CONGhe origin of the flow along the interface and axis of symme-

tip is due to viscous diffusion. One might conjecture that thls,[r is discussed in Sec. I, the observed droplet trajectory

streamline divergence may be responsible for the observe litting (cf. Fig. 9 is not explained by the generated flow

droplet trajectory splitting. However, the same diffusive ef'since the angle of the cone, in which the droplet trajectories

fect ”.‘“S‘ take place in tlp-streqm|ng expgn_ments with exterTie, is of the same order as the pendant drop cone angle
nally imposed flows, but no trajectory splitting has been ob-

served (cf. Ref. 8. Thus, there must be some otherN78 (see Fig. 5 in Ref. Il Indeed, the generated Ma-

mechanism responsible for that, which will be discussed i 2O oW shown in Figs. 8 and 9 diverges insufficiently in

Sec. Il order to explain the much stronger sideways motion of the

droplets, which depart from axis in a very organized
1 0.8 D..l 0.4 0.2 o 0z 0‘4 0“ (2]

The streamlines are as shown in Fig. 8.

fashion—one drop moves to the left, the next one moves to

FIG. 8. Streamlines in a Stokes regime. FIG. 9. Schematics of the droplets splitting phenomena.
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. | | TABLE II. Electrokinetic constants.
oil RLO water
phase | ¢ 3| phase Mobility of b+ 3.2610°2 /s V
| ER+0 5| Mobility of byo- 1.80x 1072 cn?/s V
8 = Mobility of b+ bnat =0.45x 1072 cné/s V
| g R+O g | Pendant drop radiug; 2x107* m
| 2 2 | Droplet radiusR, 3x10°%m
| ~RTO |
/ |
R-O + H+ | Hlo | HO + Na+ magnitude 1-2 mN/m; see Ref. 36 and references therein
| ? | This in turn allows the Marangoni stresses to create substan-
| | tial shear flow along the interface as sketched in Fig. 9. On
| — the other hand, the effect of the reaction is the formation of a
R+O Na double layer at the oil-water interface. Its existence has been
| . | envisaged by Risenfeftf, but its mathematical theory was
interface developed much latefcf. Guoy®® Chapmart® and Debuy
FIG. 10. Basic chemical features of the problem: acid-base reaction at thand HU(e|)-40 We refer the reader to these works standard
oil-water interface. text on physical chemistry of surfad®sfor the details, and

below provide just the physical discussion of this theory as
applied to our system. For convenience of the subsequent

the right—thus demonstrating the existence of a force differanalysis we summarize the relevant electrokinetic constants
ent from both gravity and hydrodynamic drag. At the samein Table II.

time, the low Reynolds number of the flow in the oil phase, ~ Since the hydrogen cation Hand hydroxyl ion HO
Re,~0.2, seems to exclude the possibility of swirling motion have the highest mobilitietand thus diffusion rates and
outside the cone, which also could potentially lead to thdheir recombination rate is much higher than that of anionic
droplets splitting. It should be noted that the transition tosurfactant and sodium ion, there is an excess of negative
swirling motion found inside Taylor condsf. Ref. 35 takes ~ i0ns, RO, in the oil phase and interface and positive ions,
place at sufficiently high Reynolds numbers. In addition,N&", in the water phase, as shown in Fig. 11. The last pro-
careful viewing of the flow visualizations reported in Ref. 1 cess is usually referred to apalarizationof the interface or
clearly demonstrate that the droplets’ trajectories are straighformation of a double layer. The much lower recombination
thus indicating the absence of any swirling. Therefore, heréate of RO and N& comes from the phenomenon of
we consider an alternative mechanism for the droplet trajechydratlon—formatlon of a shell of water molecules around
tory splitting. sodium ions. Thus, the characteristic reaction rate of the

The velocity of the droplets has two origins: one is dueWhole system is controlled by the slowest reactjaich is
to Marangoni convection and the other is due to an unspec@ recombination of acid radicals and sodium joasd as a
fied repulsive forcéthe role of gravity is negligible heyeAs result the properties of the double layer can be determined
it will be shown, this force takes its origin in the electrostatic from the dynamics of these two types of ions. Consider, for
interaction induced by the ionic nature of surfactant. For arflefiniteness, the water phase. In the steady state the diffusion
exact calculation of the forces involved in this phenomenonﬂux balances the flux driven by electrostatic interactions:
one needs to solve a complete hydroelectro-chemical prob-
lem. However, if one is just interested in orders of magni- Crat Brat——
tude, the problem admits a very simple analysis which is oX
given below.

While the details on the chemistry of the reaction at the
oil-water interface between linoleifatty) acid and sodium
hydroxide can be found in Ref. 36, we provide some basic
facts sufficient for understanding the electrostatic aspects of
phenomendcf. Fig. 10. The reaction is

RO +H*+ Na*+HO~ —H,0+RO Na', (33)

linoleic acid  sodium hydroxide

o™ S5Cnat
~Diat 5,7 (34

where it is assumed that recombination of Hnd HO and

that of Na& and RO dominate any others. In particular, the
last interfacial reaction produces a tight, undissociated so-
dium salt, so that the insoluble surfactant becomes surface
inactive. This salt partially remains at the interface and par-
tially diffuses into the oil phase. ReactigB3) is, on one — — >
hand, responsible for the substantial variation of interfacial o raersber
tension(from 35.0 mN/m for clean interface case to the low FIG. 11. Double layer structure.
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where the potentiab" is governed by the Gauss theorem
relating the divergence of the gradient of the electrical po-
tential ¢ at a given point to the charge density at that point

e
_”_m[cNeﬁ_CHO*]- (35

In view of the high mobility ofCyo-, one can neglect the
concentration variation of these ions in the double layer, so
that Cya+ — Cho- is controlled by the variation of the con-

centration of sodium i0NSCya+ —Cro-~Cpar — OCnat @ ®

- C:of + 0Cho-=— 0Cy4+, @s shown in Fig. 11. The form FIG. 12. Basic features of electrostatic interaction.
of the concentration profile fo€Cy,+ follows from the fact

that the reaction is diffusion controlled, i.e., ions approaching 6  pip2

the interface react instantaneously compared to the charac- P1=P2 4meqe® L4 (38)

teristic time of diffusion. Therefore, the magnitude of con-
centration at the interface is close to zero, so that the co
centration variation in a double layé@Cy,+ ~Cyat+- Taking
into account the Einstein relation between diffusion coeffi-
cient and mobility Dy,+=(kgT/e)bya+, and excluding
electric potential variation, one arrives at the following esti-

Two major effects in our particular case lead to this force
r‘Being significant: the high dielectric constant of water in-
creases the thickness of the double layer and therefore its
dipole moment, while the low dielectric constant of the oil
increases the interaction force between dipoles. Since

_p2p2)) 4 . .
mates for the double layer thicknesses: Fp,—p,~ RIRS/L the. forceF, _,, of interaction between a
small droplet of radiufR,, and pendant drogR;>R,, at
o [€0€" keT 1/2 . L~Ry, is weaker than thaf,, _, between the small drop-
OX~h"~) == . ~107° m. (38 Jets of the same radilR, atL~R,. Quantitatively,
F ~0.5x10°7 N, (39

. . . pP1—P
For reference, the average distance between ions in the water * 2

phase is(d")c=(CnaorNp)  *~10"8 m, while the aver- While the force between droplets should be evaluated.for
age distance between surfactant molecules at the interface4Rz, as observed in experiments, and yields
(d")r=(Tro-Na) " *2~107° m. The fact thath”~(d")c F —10x10°°N. (40)
has the following explanation. Estimat€36) provide just
the characteristic length scale, but in reality, the thickness oThe Stokes drag experienced by droplets due to a sideways
the double layer is several times greater than just the averagaotion may be estimated from Stokes’ law and the experi-
distance between ions. Also, the very high surface chargmentally observed velocity as

density I'rg-Nae~1 C/n? cannot be neutralized just by _ _6

h"Cpa+Nae~1.5x 102 C/n¥, and thus leads to an increase 0.5<10°" N, 1)
of density of sodium ions Nain the double layer compared i.e., comparable witf{39)—(40).** In this context, the well-

to C° as sketched in Fig. 11 and a thickening of theorganized droplet motion has the following explanation: the

doubN@ I1ayer. isopotentials of the electric field of the pendant drop, shown

The presence of the double layer at the interface leads t& Fig. 12b) for the case when the tip of the drop is free of
electrostatic dipole—dipole type interactions between theurfactant, indicate that the axis corresponds to the local
pendant drop of radiuR, and small droplets of radiug,,  Maximum of electric strength=—V ¢, so that any charged
and between the small droplets themselves. Conceptually wePiect will tend to move away from the axis of symmetry in
follow the approach of Derjaguin and Landabut account- & manner analogous to the behavior of a point mass in un-
ing for the geometry of interacting objectmstead of the stable maximum of potential energy. Furthermore, the small
planar geometry assumed in Ref)4Phis interaction can be droplets also experience repulsive interactions, which there-
represented as a force between two pairs of concentric hemfiore provide a mechanism selecting the direction of a side-
spheres, each of which carries opposite charges as shown Ygys motion of each droplet. Thus in our system the long
Fig. 12@). Note that the interaction with the furthest pair of fange dipole—dipole interaction exhibits itself in a dynamic
hemispheregdashedl is significantly weakened in view of Manner. The static analog of long-range algebraic dipolar
high dielectric constant of water and thus omitted in ourinteraction is known in two-dimensional colloidal crystdls
consideration. Further, each pair of hemispheres can be aphen polystyrene spheres trapped at water—air interface are
proximated as a dipole, the moment of which is a product oPrganized due to dissociation of the sulfonic acid groups and

P2—P2

FStN 6 WMORZU o

the double layer thickness and the total charge appearance of the dipoles in view of screening water mol-
ecules. In other circumstances this mechanism is responsible
pi=27eRT™ N, hY,  i=1,2. (37)  for the stability of water-in-oil emulsions.

While the outline of the basic mechanism provided here
The interaction force between two dipoles separated by disias very sound support, it is based on the assumption of the
tancel is therefore exclusive role of electrostatic interactions in creating the
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sideways motion of small droplets. The structure of the formed by H. Wong, D. Rumschitzki, and C. Maldardliviarangoni
double layer suggests another contributing mechanism, how-effects on the mo_tion of an expanding or contracting bubble pinned at a
ever: the Marangoni flow along the interface can convect SUPmerged tube tip,” J. Fluid Mecl879, 279 (1999]. It was found that

ti h th f which in th ial fi il the Marangoni flow induced by concentration gradients reduces this gra-
negative charges, the presence ot which in the axial low Will' gient ang maintains a uniform distribution of surfactant, while the en-

lead to a sideways motion of the bulk. It may also happen hanced tangential flow violates the second assumption. In any case, our
that although small droplets carry some excess of positivesituation involves a tip-streaming phenomenon which allows for self-
charge immediately after ejection, it will be neutralized by sustained concentration gradients and the Marangoni flow in this case

adsorbing surfactant ions from the bulk plays an opposite role—it maintains the concentration gradients thus con-
’ tradicting the first assumption as well.
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