PHYSICS OF FLUIDS VOLUME 12, NUMBER 4 APRIL 2000
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We examine the effect of surfactants on the evolution of the shape of an initially nonspherical drop
translating in an otherwise quiescent fluid at low Reynolds number. A combination of the
boundary-integral method and a finite-difference scheme is used to solve the coupled fluid dynamics
and surfactant transport problems, in conjunction with the Frumkin adsorption framework to
account for the effects of monolayer saturation and nonideal surfactant interactions. For sufficiently
small Bond numbers, the drop achieves a nonspherical steady shape. For large initial deformations
or Bond numbers, however, the drop deforms continuously, and eventually breaks up through either
the formation of an elongated tail or the development of a re-entrant cavity at the trailing end,
similar to the mechanisms of drop breakup reported by Koh and[Bésis. Fluids Al, 8 (1989],

and Pozrikidig[J. Fluid Mech.210, 1 (1990], for surfactant-free drops. Surfactants are found to
have a destabilizing effect on the shape of translating drops. The destabilizing effect is mitigated by
the presence of strongly-cohesive surfactant interactions, and by surfactant transport between the
bulk and the interface. @000 American Institute of Physid$§1070-663(100)02503-4

I. INTRODUCTION The results of the aforementioned studies are applicable
only to ‘clean’ two-phase systemge., in the absence of

an flui in h el surface-active specigsSurfactants alter the mechanics of
bounded Newtonian fluid domain has been extensively studgiq faces and, as such, their presence can have a profound

!ed in the pas{cf. Clift et al). Ha_ldamard and Ryb_zynskl effect on the macroscale behavior of dr8g=or instance, it
md_ependently a_nalyzed t_he_ free riseffall of a sphen_cal dmpl's well known that the free rise/fall of drops can be signifi-
let in _the creeping flqw limit, e_md found the foIIOW|.ng ex- cantly hindered by the presence of surfactants in the bulk
pression for the terminal velocity)yr, of the droplet: phase. Surfactants adsorbed onto the interface near the lead-
2(N+1) ing end of the drop are convected towards its trailing end,
HRZM1 (D) where they desorb from the interface and diffuse away
through the bulk phase. In this process, a nonuniform surfac-
where is the ratio of the drop phase viscosity to the sus-tant concentration profile is developed on the surface of the
pending fluid viscosity. Taylor and Acrivbdater showed drop. If the only effect of surfactant is assumed to be a local
that a sphere is an exact solution for the steady drop shape faduction in the interfacial tension, the interface will be
the zero Reynolds number limit, and that the introduction ofpulled from the low tensiorthigh surfactant concentratipn
small inertial effects causes the drop to deform into an oblateegion at the rear pole to the high tensiow surfactant
elllpSOId Thestablhty of the Shape of a Spherical drop fall- Concentratioh region_ The resumng tangenti@Marangon}
ing freely in an unbounded domain was first examined bystress resists the surface flow, and eventually causes the in-
Kojima et al® who showed that, in the zero interfacial ten- terface to behave like a no-slip surface, thereby increasing
sion limit, the spherical shape is unstable to infinitesimakne drag on the drop and reducing its mobility.
perturbations, with a growth rate for the instability which  \when surface convection is the predominant mechanism
scales as (¥ ) *. The nonlinear stability of a translating for surfactant transport on the interface, and the surfactant
drop to finite shape perturbations was subsequently studiegx from the bulk is extremely slow compared to the surface
by Koh and Leaf;® and Pozrikidis’ These authors found two convective flux(i.e., in the limit of an insoluble surfactant
modes of instability for the buoyancy-driven translation of jhonglayey, the interface is partitioned into a surfactant-free
drops: the formation of a continuously elongating tail at theregion near the leading end of the drop and a surfactant-
rear stagnation point of drops that are initially perturbed intosatyrated region near the trailing end which behaves like a
a prolate ellipsoid, and the development of a growing re-tagnant cap. The stagnant cap regime was first examined by
entrant cavity at the trailing end of initially-oblate drops. A Savic? and has since been the subject of several other
summary of these stability results is provided in the reviewgy,giesl-18\ith the exception of the analysis of H al, 6

The motion of a droplet translating through an un-

article by Stoné. all of these studies assumed a linear dependence of the inter-
facial tension on surfactant concentration. eteal® used

3Author to whom correspondence should be addressed. the (nonlineaj Langmuir adsorption framework to show that
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spherical drop with equal volume. The exterior and interior
bulk phasegdenoted by() and(}’, respectively are incom-
pressible and Newtonian with viscositipsandA u, respec-
tively, and the entire system is assumed to be isothermal.
The two-phase interfacey,, is described by an interfacial
stress tensor that consists of only an isotrofterfacia)
tension,o. In what follows, all lengths are made dimension-
less with R, all velocities with the characteristic velocity
Up=(1—y)pgR% x, all stresses withuU,/R, and time
with R/Uy, . The interfacial tensiong, is made dimension-
less by its reference value, corresponding to an interface
with uniform distribution of surfactant in the absence of
flow.

In the low Reynolds number limit, the bulk flow in each

FIG. 1. Definition sketch of a viscous droplet suspended in an otherwisé)hase is governed by the continuity and Stokes equations

quiescent immiscible fluid of infinite extent. given by

V.u=0; Vp=V2, for xeQ, 2
the linear equation of state underestimates the size of the X
stagnant cap in the limit of sorption-controlled mass transfer V-u’=0; Vp'=AVa’ for xe ', ©)

for which the bulk-phase diffusive flux is much faster than ) .
the sorptive flux at the interface. whereu and p represent the velocity and the modified pres-

In contrast to the insoluble surfactant limit, the surface>Y"® re_spectively,_and a_II drop phase quantitie_s_are denoted
concentration varies smoothly over the entire interface wherli’y a prime. The dimensionless boundary conditions can be

the surfactant flux from the bulk is comparable to the surfacd'Mtten as
convective flux. The induced Marangoni stresses then lead to

uniform retardation of the surface velocity over the entire (U,p)=(=u0), as|x|—e=, @
interface. This limit was first studied by Levithwho found u()=u'(x), for xe Sy, (5)
the reduction in the terminal velocity of a spherical drop

whose interfacial tension is slightly perturbed from its

equilibrium value. The uniform retardation regime has also  n-u’(x)=n- ar for xe Sy, (6)
been examined by other investigators for trace quanti-

ties of surfactants in the diffusion-controlfd® and 17 de

sorption-controlle® mass transfer limits, using a linear ad- n-(I'-M)= — (—)VSF—an(VS- n)

sorption framework. Most recently, Chen and Sfétmna- Bol\dr

lyzed the effect of surfactants on drop mobility in the limit of

high surface coverage with sorption-controlled mass transfer. —Bon(e,; x)|, for xe Sy, (7)

Using the Langmuir and Frumkin adsorption frameworks,
they showed that the linear framework fails at elevated surwherell is the Newtonian stress tensey,is the unit vector
face concentrations due to its inability to account for thejn the axial direction,n is the unit normal vector on the
finite size of adsorbed surfactant molecules and the nonidealrface of the drop directed in@, andV,=(1—nn)-V is
interactions among them. the surface gradient operator acting in the plane tangent to
All of the aforementioned studies of the effect of surfac-the interface. The Bond number, BuUy/0eq, is defined
tants on the buoyancy-driven motion of drops have focuse@ased on the equilibrium value of the interfacial tension, and
on the drop mobility, assuming a fixed spherical shape fofepresents the ratio of gravitational forces tending to deform
the drop. In this study, we examine the influence of surfacthe drop to interfacial tension forces resisting deformation.
tants on thestability of the shape of an axisymmetric drop The boundary conditions on the surface of the drop include
translating in an unbounded fluid at zero Reynolds numbetthe continuity of velocity across the interfafgq. (5)], the

The Frumkin adsorption framework will be adopted to studykinematic conditiof Eq. (6)], and the jump in the interfacial
surfactant effects at elevated surface concentrations, and bogfaction vector due to interfacial tension gradients and sur-

bulk-insoluble and soluble surfactants will be considered. face curvaturdEq. (7)].

The first term on the right hand side of E@) represents
the variations of interfacial tension due to gradients in the
surface concentratioth;, of any surface-active molecules ad-
sorbed on the interface, whede/dI" is given by an appro-

Consider the buoyancy-driven motion of a drop of den-priate surface equation of state=o(I'), as shown in Sec.
sity yp in a large reservoir of an otherwise quiescent fluid ofll C. In the absence of surfactants, there will not be any

Il. PROBLEM FORMULATION
A. Fluid dynamics

densityp (see Fig. 1 Since the drop shape is unknown
priori, the drop size is characterized by the radiBsof a
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tants, these equations must be complemented with the apprand the interface flux condition
priate equations governing the surface concentration of sur-

factant. n-VC=-ePgn-q), for xeSy, (12)
wheree=T".,/C.R is a measure of the thickness of the sur-
B. Surfactant transport factant depletion sublayer adjacent to the interface. The latter

In the absence of bulk fluid motion, surfactant rnoleculescondition is obtained by requiring the diffusive flux of sur-

are free to adsorb and diffuse along the interface, and Wilfactant _from the bulk o the sublaye_r to be equal to f[he net
establish a uniform concentratiolleg, which will be in adsorptive flux of surfactant at the interface. Assuming the

equilibrium with a bulk concentratiorG,. The interfacial adsorption rate to be first order in both the bulk surfactant

forces that result from bulk fluid motion will tend to disturb _concentratlon at the interface and the available space on the

this state of equilibrium, and a new balance between surfac'gtenc":lce (analogous 0 seconq-order ad_sorptlon Kingfics
nd the desorption rate to be first order in the surface con-

convection and the competing fluxes due to diffusion an trationT". th t ad tive f b itten in di
adsorption/desorption will lead to a redistribution of surfac-centationt, the net adsorplive fiux can be written in dimen-

tant molecules on the interface, represented by a nonequilibs—Ionless form as
rium surface concentratioth, (made dimensionless with the —n-g=Bi[KC(1-T)-TI7, (12

maximum concentration for monolayer r . Thi . . : .
aximum concentration for monolayer adsorptios) S where Bi is a Biot number, representing the ratio of the char-

guantity can also be thought of as a dimensionless surface .~ ~ ° : . . .
) . . . acteristic sorption rate to the rate of interfacial convection of
coverage or saturation since it can never exceed unity. The

. . - surfactant, and is the equilibrium surfactant partition coef-
governing equation for the surface concentration is an un;

. e . . L . ficient, representing the ratio of the characteristic adsorption
steady convective-diffusion equation which, in dlmenslon-t0 desorption rate at the interface. Using Etp), the inter-
less form, can be written &3 P ' g :

face flux condition Eq. (11)] can be rewritten as

ar 1
E+VS-(FUS)—@V§F+FH(u~n)=—n-q, for xe Sy, n-VC=DgKC(1-I')-T1], (13

(8)  Where D& e Pe Bi is a Damkohler number, representing the
ratio of the characteristic adsorptive to diffusive flux.
Depending on the value of the Damkohler number, sev-
eral mass transfer regimes can be identified for nonzero val-
ues of Bi. For small values of Da, the adsorption/desorption

. . : e process between the sublayer and the interface is much
tant on the interface, witlbs being the surface diffusivity of slower than bulk-phase diffusion, and surfactant mass trans-

surfactant. The first three terms on the LHS of B). rep- fer is sorption-controlledIn this regime, a uniform bulk con-

r(_asentfthe foTveFt'orTlel ?ﬁcﬂmﬁlft'on‘ convef[:tl?n, t?]nd dlffu'centrr:ltionCzl is maintained everywhere in the suspending
sion of surtactant, while the last term accounts for theé vanay, ;y o the other hand, for large values of Da, surfactant
tions in surfactant concentration resulting from local

tretchi d def i f the interf The t th diffusion from the bulk to the sublayer is much slower than
stretching and deformation of the intertace. The term on g, adsorption/desorption process, and surfactant mass trans-

RHfS ?f th.'(8) reﬁ?reds?nts tt?]e ngke?SI&nlgsts r;ate at WhIChfer is diffusion-controlled In this regime, equilibrium be-
surfactant 1 supplied from the bk o he Interiace. tween the sublayer and the interface is essentially established

;"he ?lur;ac:]anté‘s Zssutmefihto dbe SOL“Z'S:O?E/ in the Sus|'nstantaneously, and the surfactant is partitioned between
pending fluid pnaseand not in tN€ drop phAase-Urthermore, - .., according to an equilibrium adsorption isothe(as

convective transport of surfactant in the suspending fluid I${escribed in the next sectiprin the limit Da— 2, the flux of

assumed to be negligible so that surfactant transport betwe%:ﬂrfactant from the bulk to the sublayer tends to zero and the

the mterface ""T‘d the bUIk. occurs through a cqmbmauon %hass transfer problem approaches that for an insoluble sur-
kinetic adsorption/desorption and molecular diffusion. Thefactant

latter assumption leads to a linear surfactant transport prob-
lem in the suspending fluid, and is strictly valid only in the
limit of a small bulk-phase Peclet humbétefined as Pe
=U,R/D, whereD is the bulk diffusivity of surfactant Before a solution to the transport equations can be ob-
Physically, this approximation implies a small diffusive time tained, a surface equation of state describing the dependence
scale, as in the case of a surfactant with a large bulk-phag® interfacial tensiono on surfactant concentration must
diffusivity. The bulk-phase surfactant concentrat@imade  be specified. The first step is the selection of an adsorption

dimensionless witlC,,) is thus governed by Laplace’s equa- framework. The Frumkin adsorption framework, which is
tion, most appropriate for nonionic surfactants, will be used in this

oo study. The Frumkin adsorption isotherm is a lattice-type
ViC=0, for xe Q. (9 model that accounts for both the finite size of surfactant mol-

This equation is solved subject to the Dirichlet condition thatecules and the nonideal interactions among them. In dimen-

the surfactant concentration decays to its equilibrium valugionless form, it can be written #sf. Chang and Frans&$

far from the drop, KC

C=1, for |x|—c, (10) I=kcremer)

whereug= (I—nn) - u is the surface velocity vector, the sur-
factant flux,q, is made dimensionless with,I".. /R, and the
surface Peclet number PeU,R/D; represents the relative
importance of the convective to diffusive transport of surfac-

C. Surfactant thermodynamics

(14)
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where the surface concentratidh is made dimensionless 3.0
with the maximum surface concentration for monolayer ad-
sorption,I".,, and the interaction parametgis a measure of
the nonideality of mixing at the interface. The surface satu-
ration concentratiod’,, is a theoretical limit that is impor-
tant, but normally will not be reached due to constraints on  , 4|
the maximum bulk concentration such as the critical micelle 5
concentration or the solubility. The interaction paramétir
negative for cohesive interactions and positive for repulsive
interactions. When the interaction parameter becomes zero 8
the Frumkin isotherm reduces to the Langmuir isotherm. An ﬁ
important feature of the Frumkin and Langmuir isotherms is
their ability to account for surface saturation effects, i.e., the
dimensional surface concentration cannot exceed the surface 4]
saturation concentratiohi.. .

The appropriate surface equation of state corresponding
to the selected adsorption framework is dictated by interfa- 00 v v s » w0
cial thermodynamics. The dimensionless Gibbs adsorption ‘ ' ‘ ‘ ’ ’
equation at constant temperature is

do=—-EI'd(InC), (15

25}

I{

pressu

15

Ui

10}

surface coverage, I

FIG. 2. The dependence of surface pressure on surface coverage based on
the Frumkin model for surfactants with cohesive interactioregativeé),
repulsive interactiongpositive £), and no interactionsi.e., the Langmuir

where the elasticity numbdE=RTI ../ o is a measure of mode).

the sensitivity of interfacial tension to variations in surfactant
concentration. Integration of E@L5) using the Frumkin ad-

sorption isotherm leads to the following surface equation of .
P 9 g add more surfactant to the interface. Thus, the surface pres-

state: . ;
sure is nearly zero for low surface coverages encountered in

1, the dilute limit, while it diverges for surface coverages ap-
o=octE/In(1-T)- §§F ' (16) proaching monolayer saturation. For any surface coverage, it

is more difficult to add surfactant to the interface in the pres-
where o is the interfacial tension of the clean interface gnce of repulsive molecular interactions, compared to the
made dimensionless witte,. The interfacial tension distri- jgeal case of a Langmuir surfactant with no molecular inter-
bution on the surface of the drop is then determined by asactions, i.e., the surface pressure for posits larger than
suming the surface equation of state to apply locally for noninat for £=0 at any value of’. On the other hand, surfac-
uniform surfactant distributions. It should be noted that  tgnts which exhibit cohesive interactiofreegativet) require
andK are not independent parameters, and can be calculatggsg energy to be added to the interface, and hence lead to
from the equation of state and the adsorption isotherm, resmaller surface pressures, than Langmuir surfactants¢ For

spectively, according to = —4, corresponding to surfactants with strong cohesive in-

1 teractions, close inspection of E(L.6) reveals that the sur-
0.=1-E|In(1-T¢y— Egrgq (170  face pressure has a critical point at 50% surface coverage,
such that any stronger cohesion would result in a surface

and phase changécf. Ferri and Stelfd). The existence of an
inflection point is also demonstrated by the plateau in the

_ Fe®XP(éleq) (18) surface pressure isotherm for such a surfactahbwn in

1-Teq Fig. 2. This plateau can be thought of as a coexistence re-

gion between a surface expanded state at low surface satura-
ion and a surface condenséar aggregatedstate at high
urface saturation, where surface pressure becomes essen-
lly independent of surface coverage.

In the dilute limitT"¢;<1, Eq.(16) reduces to the more com-
monly used linear equation of state. Because of its inabilit
to capture surface saturation effects that will be present at
elevated surfactant concentrations, the linear equation cH‘a
state overpredicts the reduction in interfacial tension at high
surface coverages. Hence, it is strlc_:tly valid only in the Ilmltm_ SOLUTION PROCEDURE

of very dilute surfactant concentrations.

Nonlinear effects can have a significant impact on the In the absence of inertial and convective effects in the
interfacial tension distribution. This is most clearly visual- fluid dynamics and bulk surfactant transport problems, re-
ized by plotting the isotherms for different types of surfac-spectively, the governing equatiofiggs. (2), (3), and (9)]
tants in the form of nondimensional surface pressure, definedre linear, and the boundary integral method provides a con-
as [1=(o.— 0)/E, versus dimensionless surface coveragevenient and efficient means of solving for the bulk surfactant
(shown in Fig. 2. Physically, surface pressure represents theoncentration and the flow field. Following the standard
work per unit area required to compress the monolayer tdoundary integral formulation of the Stokes and Laplace
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equations, and using boundary conditigisand (13), inte- 1.000
gral equations for the interfacial velocity and the sublayer
concentration distributions can be written as
0.998 |
I 39y 1 on(v £
U(Xo)—m . ar | Vs —on(Vg-n) g
%; 0.996 |
—Bon(x-e,)|dS(x) :§
s 0994}
[~
200N dS(x) (19 E
rrene -u-ndS(x), 5
(1+)) Js, 2
0.992 |
é(xo)=—2J {Cn-K +J.DAK(1-C)(1-T(x))
S 0.990

10 20 30 40
number of collocation points, N

—T)1}dS(x), (20

whereC=1—-C is the disturbance bulk concentrationjs o ) i

the intearation variable amb is a fixed point on the inter- FIG. 3. the steady migration velocitgcaled by the Hadamard—Rybzynski
9 ! . p velocity, Ug) as a function of the number of collocation poinltg,on the

face. The fundamental solutions of the Stokes and Laplacgurface of the drop.

equations appearing in these expressions are given by

3 [ tive and positive values ok correspond to oblate and pro-
<_) (21 late initial deformations, respectively. A uniform surfactant
distribution corresponding to the equilibrium surface cover-

agel'=T"¢y was used as the initial condition for the surfac-
22) tant concentration on the surface of the drop. Starting with
the initial shape and surfactant concentration profile, the
R boundary integral equations were solved for the unknown
x) surface velocity and sublayer concentration distributions.

3l

K=

4 r5

(23 Subsequently, the kinematic conditi¢&g. (6)] was inte-
grated using an explicit Euler method to update the drop
1 shape, and a new surfactant distribution on the surface of the
Jc—47.rr ' (24 drop was obtained by solving the surface convective-
R R diffusion equation. After each time step, the collocation
wherex=x,—x andr=|x|. points were redistributed over the new interface to maintain
The coupled system of equations formed by the fluidelements of equal size, and the drop volume was calculated
dynamics and surfactant transport problems were solved ito estimate the truncation error. The iterations were carried
an iterative manner. A standard boundary collocation techeut until either steady-state was achieved or the drop ap-
nique was used to solve Eq4.9) and(20) for the interfacial peared to be on the verge of breakup. Typically 40 elements
velocity and sublayer concentration distributions, while awere used to discretize the surface of the drop, but this num-
Crank—Nicholson time-marching scheme along with aber was increased in the case of highly deformed drops with
second-order accurate finite-difference approximation  regions of large curvature. All computations were performed
the same grid as that used in the solution of EGS) and  on IBM RS/6000 workstations.
(20)] was used to solve the surface convective-diffusion
equation[Eq. (8)]. Since only axisymmetric drop deforma- V. RESULTS AND DISCUSSION

tions were considered, the surface integrals in E&8). and In order to check the accuracy of the numerical scheme,
(20) were reduced to line integrals by performing the azi-we compared the computed velocity of a spherical drop with
muthal integrations analytically. The line integrals were thenthe corresponding prediction based on the Hadamard—
evaluated numerically using a combination of an iteratedRybzynski solutiongiven by Eq.(1)]. Figure 3 shows the
Romberg method and Gauss—Legendre quadrature with qugomputed terminal velocity of a drop with=1 as a func-
dratic variations oi andC over each element on the inter- tion of the number of collocation points used in the compu-
face. Details of the integration procedure are providedations. Clearly, foN=40, the computations converge to the
elsewhere® exact solution to within at least 0.05%. We also performed

In order to study the stability of a spherical drop to finite mesh refinement studies to ensure sufficient resolution to re-
perturbations in drop shape, the computations were initiategroduce the computational results of Koh and Leahd
with either an oblate or a prolate ellipsoidal drop shape. FolPozrikidis® for the evolution of the shape of clean drops. For
lowing Koh and Leaf, the initial shape perturbation was all of the computations reported in this section, the values of
characterized by the deformation paramefer (L—B)/  the viscosity ratio and the elasticity number were fixed at
(L+B) (where L and B are defined in Fig),Iso that nega- =1 andE=0.4, respectively.
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A=03 A=-03 23
— — — clean
t=45 £=-4
— ¢ — g =0
22t :
t=30 @ o /
£ /
©
g 21
s ) /
8
3
@ (®)
FIG. 4. The time-evolution of the shape of an initially ellipsoidal drop with
Bo=25 in the absence of surfactanta) A=0.3,(b) A=—0.3. 19 . . , .
0.0 02 04 06 08 1.0
(a) normalized arclength, s’
For sufficiently small Bond numbers, clean drops that
are initially perturbed into an ellipsoidal shag@ther prolate 1.05 -
or oblatg revert to a spherical shape. For Bond numbers — - g"ia_’;
beyond a critical value, however, initially perturbed drop —_—— =0
shapes continuously deform until drop breakup occurs
1.00 |

through one of the two mechanisms described by Koh and
Leal? and Pozrikidi€ depending on the nature of the initial
shape perturbation. In the case of initially-prolate drop
shapesgi.e., for positive values ofA), drop breakup occurs
through the formation of a tail at the trailing end of the drop,
which continuously elongates in time and eventually pinches
off either at a single point near the main body of the drop or
at multiple points along the tail due to the development of = 51/
finite amplitude capillary wave instabilitidsee Fig. 4a)].
For initially-oblate drop shape@.e., for negative values of
A), the breakup mechanism consists of the formation and
growth of a re-entrant cavity at the trailing end of the drop 0.85
[see Fig. 4b)], which either collapses at the trailing end of
the drop to form a separate drop of suspending fluid within )
the original drop, or completely penetrates through the drOI%IG. 5. The steady-state surface curvature distribut@nand the time-
to form a torus, similar to the behavior reported by Kojima evolution of the migration velocityb) for stable surfactant-laden drops with
et al® for drops with zero interfacial tension (Bex). At  Bo,=6.0,A=-0.3, and Pg=10.
this point, it should be emphasized that the evolution of the
drop shape could not be computed accurately near the point
of actual pinch-off. Computations were carried out until theshape in the presence of surfactants. The associated Ma-
dimensionless thickness of any neck regions became smalleaingoni stresses at the interface retard the motion of the drop
than a predetermined limittypically O(10 ®)], at which  as a whole, as evidenced by the time-evolution of the migra-
point drop breakup was considered to be imminent. tion velocity of the drop shown in Fig.(B). The increase in
The stability behavior of a surfactant-laden translatingsurface curvature at the rear stagnation point of the drop and
drop is qualitatively similar to that of a clean drop in that, for the reduction in its migration velocity become more pro-
any initial shape perturbation, there exists a critical value ohounced as the cohesive interactions between surface mol-
the Bond number beyond which the drop becomes unstablecules become weaker, due to the larger interfacial tension
In contrast to the case of clean drops, however, stable drop&riations induced across the surface of the drop. Unstable
in the presence of surfactants do not attain a spherical shapdrops in the presence of surfactants eventually break up
This is demonstrated by the variations in surface curvature ahrough one of the mechanisms described by Koh and1.eal,
the steady drop shapes shown in Fig)&s a function of the and Pozrikidi€ for the breakup of clean drops. The differ-
normalized arclengtls’, wheres’=0 ands’'=1 represent ence in the stability behavior of clean and surfactant-laden
the front and rear stagnation points on the drop profile, redrops lies in the critical conditions for the onset of drop
spectively. The interfacial tension variation created acroséreakup, which are strongly affected by the time-evolution of
the surface of the drop by the nonuniform surface distributhe interfacial tension distribution on the surface of the drop,
tion of surfactants leads to a slightly oblate steady dropas will be discussed in the following sections.

095

migration velocity, U/U, o

0 10 20 30 40
time, t

Downloaded 19 Apr 2005 to 128.235.249.80. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



Phys. Fluids, Vol. 12, No. 4, April 2000 Shape stability of surfactant-laden drop translating at low Re 779

clean £=0 E=-4 E=4+4 0.08
— — — clean
=4
O @ @ @
0.06 |
0O D W
5 0.04 |
[
z
(DO 0O O3
"g” 002}
8
= O O O OO
0.00
(a) (b) © @
FIG. 6. The time-evolution of the shape of an initially-oblate drop with
=—0.3 and Pg=10; (a) clean drop with Bg=12.0, (b) Langmuir surfac- 0,02 . . .
tant (¢€=0) with Bg,=12.0 (Bo=15.3, (c) strongly-cohesive surfactant ] 1 2 3 4
with é&=—4 and Bo=15.3, (d) strongly-repulsive surfactant with= +4 (a) arclength, s
and Bo=15.3.
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A. Insoluble surfactants

In this section, the effect of bulk-insoluble surfactants on
the critical conditions for the onset of drop breakup is inves- ¢
tigated. In order to probe the effects of a surface phaseg
change in the case of strongly-cohesive surfactants, the equix
librium surface coverage is fixed &t,,=0.5 which corre-
sponds to the critical point of the surface pressure isotherm
for surfactants withé= — 4. Consider first the case of a drop
with A= —0.3 which corresponds to an initially oblate drop
shape. The nonlinear evolution of the drop shape is shownin o0}
Fig. 6 for clean and surfactant-laden drops. In order to show
the effect of surfactants on drop deformation, the behavior of
the clean drop is compared to that of a surfactant-laden drop
with the same value of Bdsee Figs. @) and 6b)], where 0.85
Bo, represents the Bond number based on the interfacial ten-
sion of the clean interface. The behavior of surfactant-laden
drops in Fig. 6 is presented at a fixed value of the Bond-IG. 7. The surface velocity profika) and the time-evolution of the migra-
number Bo(based on the equilibrium value of the interfacial tion velocity (b) for drops shown in Fig. 6 at=30.
tension to identify the effect of nonideal interactions among
surfactant molecules on drop deformation. The drop shapes
are shown at equal intervals of 15 dimensionless time unitsurface, accompanied by a simultaneous increase in interfa-
While all four drops break up through the formation of a cial velocity over the part of the drop surface comprising the
re-entrant cavity at the rear stagnation point of the drop, it ige-entrant cavity. The latter effect is consistent with the faster
clear that the surfactant-laden drops are less stable than tiggowth rate observed for the cavity in the presence of sur-
clean drop in the sense that the cavity grows at a faster rafactants. A comparison of the two surfactant-laden drops in
in the presence of surfactants. Furthermore, surfactant-laddfig. 7(a) reveals that the deviations from the clean interface
drops become more unstable with increasing valugs(bé.,  behavior are more pronounced for the strongly-repulsive sur-
as the cohesive interactions among surfactant molecules afactant. Foré= + 4, the interface mobility is reduced to such
weakenegl A better understanding of the drop breakupan extent that stagnation rings develop in the high curvature
mechanism can be obtained by examining the surface distrregion at the entrance of the re-entrant cavity. The overall
butions of surfactant and interfacial tension. reduction in the migration velocity of the drop due to the

The interfacial velocity profiles corresponding to the presence of surfactants is about the same for all three surfac-
drop shapes at=30 in Fig. 6 are shown in Fig.(@. The tants considered, as shown by the time-evolution of the rise
tangential component of velocity in a drop-fixed referencevelocities in Fig. Tb).
frame is plotted as a function of the arclengthwheres The surface coverage and interfacial tension distribu-
=0 corresponds to the front stagnation point of the droptions corresponding to the drop shapes$-aB0 in Fig. 6 are
Clearly, the presence of surfactants leads to a reduction ishown in Fig. 8 as a function of the normalized arclength. In
the interface mobility over the convex portion of the drop general, surfactants are accumulated near the trailing end of

0.95

migration veloci

— — — clean

E=-4,0,+4

10 20 30 40
(b) time, t

Downloaded 19 Apr 2005 to 128.235.249.80. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



780 Phys. Fluids, Vol. 12, No. 4, April 2000 R. A. Johnson and A. Borhan
08 clean £E=0 £E=-4 E=+4
07} t=45
~ 06} t=30
o
&
[
g 05 t=15
8
£
? 04
t=0
03f (a) (®) (c) (@
FIG. 9. The time-evolution of the shape of an initially-prolate drop with
0»200 0'2 0‘4 ole 0'8 10 A=0.3 and Pg=10; (a) clean drop with Bg=7.0, (b) Langmuir surfactant
) ’ ' ’ ' ' (¢=0) with Bo,=7.0 (Bo=8.9), (c) strongly-cohesive surfactant with=
(a) normalized arclength, s’ —4 and Be=8.9, (d) strongly-repulsive surfactant with= +4 and Bc=8.9.
14
..... ——— = clean fect in that the region of the interface with lowered isotropic
e - E:S‘ tension will reach the critical conditions for drop breakup at
12 e E=+4 ] a lower Bond number.
T — We now examine the shape evolution of initially-prolate
o . \ drop shapes with = 0.3, as shown in Fig. 9. Once again, the
§ 10 === T~ — —— — ] destabilizing effect of surfactants is evident from a compari-
B \ son of the shapes of clean drops and surfactant-laden drops
ks - \ with £&=0 at a fixed value of Bo. In particular, the unstable
g 08 ~ tail of surfactant-laden drops forms earlier and grows at a
E T faster rate than the characteristic rate of-(X)) ~* predicted
by the linear stability analysis of Kojimat al2 for clean
sl drops. The surfactant-laden drops shown in Fig. 9 are all
characterized by the same value of the Bond number based
on the equilibrium value of the interfacial tension. The faster
04 . . . . growth of the unstable tail of surfactant-laden drops for
00 02 04 06 08 1.0 larger values of indicates that, as in the case of initially-
(b) normalized arclength, s’ oblate drop shapes, drops are less stable in the presence of

FIG. 8. The surface coveraga) and interfacial tensiofb) distributions for

surfactants with stronger repulsive interactions. The surface

velocity profiles presented in Fig. (@ for the drop shapes
att=30 in Fig. 9 show trends that are qualitatively similar to
those presented in Fig.(a for initially oblate drops.

the drop, and depleted at the leading end, relative to th&lamely, in the presence of surfactants, the interface mobility
equilibrium surface coverage d¢f.,,=0.5. Even though sur- is retarded over the main body of the drop, with the reduc-
factant accumulation on the portion of the interface withintion in interface velocity being most pronounced in the case
the cavity is larger for the strongly-cohesive surfacta@ete  of strongly-repulsive surfactants. In the tail region, on the
Fig. 8@], Fig. 8b) shows that the interfacial tension in the other hand, interface velocities are larger when surfactants
unstable cavity is actually lower for the Langmuir and are present. Overall, surfactants have a retarding effect on
strongly-repulsive surfactants. This counter-intuitive relationthe mobility of the drop as a whole, as demonstrated by the
between surfactant concentration and interfacial tension catime-evolution of the migration velocities in Fig. @). In

be understood by referring to the surface pressure-surfagmntrast to the initially-oblate drops, however, the reduction
coverage isotherm shown in Fig. 2. For any given surfaceén the migration velocity of initially-prolate drops is more
coverage, the surface pressure is larger., the interfacial pronounced for surfactants with stronger repulsive interac-
tension is smallgrfor surfactants with weaker cohesive in- tions. For the surfactant-laden drops in Fig. 9, surfactant con-
teractions since it is energetically “easier” to pack surfac-centration in the tail region is much higher than that over the
tants with cohesive molecular interactions on the interfacemain body of the drop, with local accumulation of surfac-
The lower interfacial tension in the cavity for the strongly- tants in the neck region joining the tail and the main body of
repulsive surfactartelative to the strongly-cohesive surfac- the drop[see Fig. 11a)]. As expected, the interfacial tension
tany requires larger interfacial deformations in that region toover the tail region is significantly lower for the strongly-
satisfy the normal stress balance. This is a destabilizing efrepulsive surfactants compared to that for the strongly-

drops shown in Fig. 6 at=30.
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FIG. 10. The surface velocity profil@) and the time-evolution of the mi-
gration velocity(b) for drops shown in Fig. 9 at=30. FIG. 11. The surface coverade) and interfacial tensiorib) distributions
for drops shown in Fig. 9 at=30.

cohesive surfactants, and experiences a local minimum in the
neck region[see Fig. 1Mb)]. This has a destabilizing effect in Fig. 12 for Pe=10. The curves in this figure represent the
on the shape of the drop by accelerating the formation of thenarginal stability boundaries in the sense that conditions to
neck. the left of these curves result in steady drop shapes while
The presentation of results has heretofore focused on those to the right lead to drop breakup through one of the
effect of surfactants on the shape evolution of unstable droptsvo mechanisms described earlier. Clearly, the trends de-
with fixed initial shape perturbation and Bond numbersscribed earlier for fixed values df==*0.3 hold true for a
larger than the critical value for the onset of drop breakupwide range of initial deformations. Namely, for the same
For clean drops, Koh and Léashowed that the stability of initial deformation(either prolate or oblajeclean drops are
the drop shape depends on both the magnitude of the initiahore stable than those translating in the presence of surfac-
shape perturbation and the Bond number. Specifically, thetants. The effect of surfactants on the critical Bond number
found that as the extent of initial deformation decreases, thbecomes much more pronounced as the value of the interac-
critical Bond number for the onset of breakup increases. Irion parameter increasdsr, equivalently, as the cohesive
the infinite Bond number(zero interfacial tensionlimit, interactions among surface molecules are weakemtedact,
drops are unstable to infinitesimal perturbations from thehe marginal stability curve for surfactants with strongly-
steady spherical shape, as predicted by the linear stabilityohesive interactions is nearly the same as that for clean
analysis of Kojimaet al2 The effect of bulk-insoluble sur- drops.
factants on the critical conditions for drop breakup is shown It is interesting to consider the effect of surface Peclet
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FIG. 12. The marginal stability diagram for drops translating in the presence
of bulk-insoluble surfactants at Pe10.
10F
b..
number on the marginal stability curves. Increasing the sur- § 08
face Peclet number leads to an increase in surfactant accu- §
mulation at the trailing end of the drop, accompanied by a 2
reduction in the interfacial tension there, as shown in Fig. 13 % 06
for £&=—4 and Bo=2.0. The collapse of all three curves in £
Fig. 13b) to =1 in the vicinity ofs=0.5 is caused by the
plateau in the surface pressure isotherm fer—4, over o4t
which interfacial tension is essentially independent of surfac-
tant concentration. For Be 50, the trailing end of the drop 02 . . . .
is almost fully saturated, causing the interfacial tension to 00 02 04 06 08 10
drop to about 30% of its equilibrium value. The presence of  (b) normalized arclength, s’

such dramatic variations in interfacial tension on the surface

of the drop leads to nonspherical steady shapes for stable 28
drops, as evidenced by the nonuniform distributions of sur-

face curvature shown in Fig. (8. For sufficiently large Pe. = 50
values of Pg, the interfacial tension becomes nearly zero
over a cap-like region at the trailing end of the drop. This can
have a significant impact on the stability of the drop shape
since, as was shown by Kojimet al.? drops with zero in-
terfacial tension are unstable to infinitesimal shape perturba-
tions. Hence, it is possible that for sufficiently large values of
Pe,, there is a finite value of Bg beyond which drops
become unstable to infinitesimal perturbations so that no
stable drop shapes exist for B@o.,; regardless of the value

of A. In terms of the marginal stability diagram shown in
Fig. 12, this would imply that, for surface Peclet numbers
greater than a limiting value, the marginal stability curves for
positive and negative values Af would intersect each other ©)
at a finite value of Bg. For clean drops, on the other hand,

the marginal stability curves for positive and negative vaIue§'Gf- 13. The tsjfggygtﬁ?bSggfr?;efoio‘égﬁieZ‘J?fzﬁclgi'ttligseigr(ggé asn?N o
of A asymptotically approach tha =0 axis as the Bond. SBL:)F;C;O":‘;:%:_ " P
number tends to infinity. Unfortunately, we could not obtain

accurate results for surface Peclet numbers much larger th Bulk-soluble surfactants

50 because the surface pressure would diverge at surface
coverages approaching unity, thereby leading to negative In this section, the effect of bulk-soluble surfactants on
values of interfacial tension at the trailing end of the drop. the stability of translating drops is examined, and the results

surface curvature, Vn
N n
N H
.
Y
2]

n

o
-
o

18

0.0 0.2 04 06 0.8 10

normalized arclength, s*
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are compared with those presented in the previous section for 0.

bulk-insoluble surfactants. The dimensionless parameters for
the bulk-phase surfactant transport problem are fixed at Da
=0.1 and B1.0 so that surfactant mass transfer is neither
diffusion-controlled nor sorption-controlled. We first con-
sider the behavior of drops with BaBo;, for which a
steady drop shape is achieved. The steady-state surface ve
locity, surfactant concentration, and interfacial tension pro-
files for drops translating in the presence of a strongly-
cohesive surfactantE —4) with Pg=50 are shown in Fig.

14. In the presence of insoluble surfactants, interface mobil-
ity is significantly retarded compared to the surfactant-free
case, and a stagnant cap region begins to develop at the
trailing end of the drojysee Fig. 14a)]. This result was also
predicted by Chen and Stefidor nondeforming drops set-
tling in a surfactant solution. In general, bulk-solubility has (g)
the effect of increasing the interfacial velocity to such an
extent that the surfactant-free surface velocity profile is re-
trieved. The surfactant concentration profiles presented in
Fig. 14b) demonstrate that bulk solubility has the effect of
restoring a more uniform surface distribution of surfactant,

— — — clean
bulk-soluble
insoluble

0.06

tangential velocity
o
=y
Y

0.02 |

0.00 : : -
0.0 0.2 0.4 06 1.0

normalized arclength, s’

1.0

1.003

08 r

while simultaneously reducing the total amount of surfactant
=

insoluble .~

bulk-soluble

adsorbed at the interface. The amount of surfactant presen

o
>

- 1.001

on the surface of the drop is dictated by the equilibrium
partition coefficient,K, which depends on the equilibrium
surface coverage and the interaction parameter according tc
Eq. (18). The value of the partition coefficient corresponding
to the parameter values in Fig. {4e., for 50% equilibrium
surface coverage of a strongly-cohesive surfactant @ith
—4) isK=0.135, indicating the rate of surfactant desorption
to be larger than that of adsorption. Thus, compared to the
insoluble surfactant case, surfactant is “bled” from the in-
terface to the bulk. The resulting bulk concentration profile
at the interface follows the general trend of the surface cov-
erage profile, though its variations around the far field con-
centrationC=1, are very small. The bulk surfactant concen-
tration at the interface remains nearly uniform because, for
Da=0.1, the diffusive flux of surfactant in the bulk phase is
large enough to quickly eliminate any surfactant concentra-
tion gradients that may develop near the interface. Although
this is generally the case feorption-controlledmass trans-
fer, the Biot number is sufficiently large in this case to allow
rapid desorption of surfactants from the interface so that the
surfactant flux is limited by neither bulk-phase diffusion nor
interfacial desorption. The corresponding interfacial tension
distributions shown in Fig. 14) confirm that interfacial ten-
sion gradientgand hence Marangoni stressbave been dra-
matically reduced for the case of the bulk-soluble surfactant.
We conclude by showing the effect of bulk-solubility of
surfactants on the marginal stability diagram. Figure 15 pre- 00
sents the marginal stability curves for Langmuii<0) and ~ ©
strongly-cohesive §=—4) surfactants, where the labels FIG.'14. Th_e steaqu-statg syrfa_ce velogry, surfactant concentratiofb), _
“I"” and “S” are used to denote the bulk-insoluble and the gg?z'”zt%’fzcz'alf’”;'é’fgg:Sgi'zlit_'gynzrjgrDszgljlsurfaaam"ade” drops with
bulk-soluble surfactant cases, respectively. As in the case of
the insoluble surfactants, the marginal stability curves speci-
fying the critical Bond number as a function of the initial tension. In general, drops translating in the presence of bulk-
shape perturbationy, are presented at a fixed value of;Pe soluble surfactants are more stable than those contaminated
=10. It should be noted, however, that the Bond number irwith insoluble surfactants in the sense that the critical Bond
Fig. 15 is based on the equilibrium value of the interfacialnumbers at fixed values & are smaller in the latter case,
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FIG. 15. The marginal stability diagram for drops translating in the presence
of surfactants with Re=10, Da=1.0, and B=0.1. the labels “I” and “S”
denote bulk-insoluble and bulk-soluble surfactants, respectively.

except for highly-prolate initial deformations with>0.4.

R. A. Johnson and A. Borhan

zero Reynolds number through a quiescent fluid,” Phys. Fluids 2309
(1989.

5C. J. Koh and L. G. Leal, “An experimental investigation on the stability
of viscous drops translating through a quiescent fluid,” Phys. Fluids A
2103(1990.

8C. Pozrikidis, “The instability of a moving viscous drop,” J. Fluid Mech.
210, 1 (1990.

"H. A. Stone, “Dynamics of drop deformation and breakup in viscous
fluids,” Annu. Rev. Fluid Mech26, 65 (1994.

8A. Frumkin and V. Levich, Zh. Fiz. Khim21, 1183(1947.

9P. Savic, “Circulation and distortion of liquid drops falling through a
viscous medium,” Nat. Res. Counc. Can., Div. Mech. Engng. Rep. MT-
22, 1953.

10R. E. Davis and A. Acrivos, “The influence of surfactants on the creeping
motion of bubbles,” Chem. Eng. Sc21, 681 (1966.

113, F. Harper, “The motion of drops and bubbles through liquids,” Adv.
Appl. Mech.112 59 (1972.

123, F. Harper, “On bubbles with small immobile adsorbed films rising in
liquids at low Reynolds numbers,” J. Fluid Mech8, 539 (1973.

13, F. Harper, “Surface activity and bubble motion,” Appl. Sci. R88,
343(1982.

3. s. Sadhal and R. E. Johnson, “Stokes flow past bubbles and drops

partially coated with thin films. Part |. Stagnant cap of surfactant films:

exact solution,” J. Fluid Mech126, 237 (1983.

15H. N. Oguz and S. S. Sadhal, “Effects of soluble and insoluble surfactants
on the motion of drops,” J. Fluid Mech.94, 563 (1988.

167, He, C. Maldarelli, and Z. Dagan, “The size of stagnant caps of bulk
soluble surfactants on interfaces of translating fluid droplets,” J. Colloid
Interface Scil46, 446(1991).

The stabilizing effect of bulk solubility is more pronounced V. G. Levich,Physicochemical Hydrodynami¢Brentice Hall, Englewood

for initially-oblate deformations £<<0) than for initially-
prolate deformationsX>0). As in the case of insoluble

Cliffs, NJ, 1962.
M. L. Wasserman and J. C. Slattery, “Creeping flow past a fluid globule
when a trace of surfactant is present,” AIChE15, 533(1969.

surfactants, strongly-cohesive interactions have a stabilizin@u. p. Levan and J. Newman, “The effect of surfactant on terminal and
effect on the drop shape, although this effect is less pro- interfacial velocities of a bubble or drop,” AIChE. 22, 695(1976.

20 n . .
nounced for bulk-soluble surfactants due to the smaller sur-J. A. Holbrook and M. D. Levan, “Retardation of droplet motion by

face concentrations encountered.

ACKNOWLEDGMENTS

surfactant. Part 2. Numerical solutions for exterior diffusion, surface dif-
fusion, and adsorption kinetics,” Chem. Eng. Comm#2@, 273 (1983.

213, Chen and K. J. Stebe, “Marangoni retardation of the terminal velocity

of a settling droplet: The role of surfactant physico-chemistry,” J. Colloid
Interface Scil78 144 (1996.

Acknowledgement is made to the Donors of the Petro22H. A. Stone, “A simple derivation of the time-dependent convective-
leum Research Fund, administered by the American Chemi-diffusion equation for surfactant transport along a deforming interface,”

cal Society, for partial support of this research.

IR. Clift, J. R. Grace, and M. E. WebeBubbles, Drops, and Particles

(Academic, New York, 1978

2T. D. Taylor and A. Acrivos, “On the deformation and drag of a falling

viscous drop at low Reynolds number,” J. Fluid Medi8, 466 (1964.

3M. Kojima, E. J. Hinch, and A. Acrivos, “The formation and expansion of

a toroidal drop moving in a viscous fluid,” Phys. Flui@g, 19 (1984.
4C. J. Koh and L. G. Leal, “The stability of drop shapes for translation at ?R. A. Johnson, Ph.D. thesis, The Pennsylvania State University, 1999.

Phys. Fluids A2, 111 (1990.

ZR. Aris, Vectors, Tensors, and the Basic Equations of Fluid Mechanics

(Prentice—Hall, Englewood Cliffs, NJ, 1962

%4C. H. Chang and E. Franses, “Adsorption dynamics of surfactant at the

air—water interface: a critical review of mathematical models, data and
mechanisms,” Colloids Surf., A00, 1 (1995.

25J, K. Ferri and K. J. Stebe, “Soluble surfactants undergoing surface phase

transitions: A Maxwell construction and the dynamic surface tension,” J.
Colloid Interface Sci209, 1 (1999.

Downloaded 19 Apr 2005 to 128.235.249.80. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



