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A small-deformation perturbation analysis is developed to study the effect of sur-
factant on drop dynamics in viscous flows. The surfactant is assumed to be insoluble
in the bulk-phase fluids; the viscosity ratio and surfactant elasticity parameters are
arbitrary. Under small-deformation conditions, the drop dynamics are described by a
system of ordinary differential equations; the governing equations are given explicitly
for the case of axisymmetric and two-dimensional imposed flows. Analytical results
accurate to third order in the flow-strength parameter (capillary number) are derived
(i) for the stationary drop shape and surfactant distribution in simple shear and
axisymmetric straining flows, and (ii) for the rheology of a dilute emulsion in shear
flow which include a shear-thinning viscosity and non-zero normal stresses. For drops
with clean interfaces, the small-deformation theory presented here improves the results
of Barthes-Biesel & Acrivos (J. Fluid Mech., vol. 61, 1973, p. 1). Boundary integral
simulations are used to test our theory and explore large-deformation conditions.

1. Introduction

Surface active agents (e.g. surfactants, compatibilizers, and proteins) are often
employed to control properties of emulsions and polymer blends; they are added to
stabilize the emulsions, to facilitate drop breakup, to prevent drop coalescence, etc.
(Lequeux 1998; Van Puyvelde, Velankar & Moldenaers 2001; Tucker & Moldenaers
2002; Fischer & Erni 2007). Quantitative understanding of the effect of surfactants on
drop dynamics represents a challenging problem because drop shape and surfactant
distribution at the interface are not given a priori but are determined by the balance
between interfacial and fluid stresses.

In the absence of surfactants, drop deformation is governed solely by the isotropic
surface tension, which acts to keep the drop spherical (Rallison 1984; Stone 1994).
In the presence of surfactants, surface tension is reduced and may become non-
uniform. Experimental studies have revealed an intricate interplay between shape
deformation, surfactant redistribution on drop interface and bulk flows (Stone &
Leal 1990; Velankar et al. 2001; Hu & Lips 2003; Jeon & Macosko 2003; Velankar
et al. 2004a,b). For example, in linear flows (see figure 1), fluid motion elongates the
drop and sweeps the surfactant towards the drop ends. The accumulation of surfactant
at the tips decreases the surface tension. As a result, the curvature increases as needed
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FiGure 1. Illustration of a surfactant-covered drop in a simple-shear flow.

to maintain the normal stress balance. The increase of interfacial area accompanying
drop deformation leads to dilution of overall surfactant concentration and increase
of surface tension. The non-uniform surfactant distribution gives rise to gradients
of the surface tension (Marangoni stresses). Tip-stretching, dilution and Marangoni
stresses have been studied extensively for axisymmetric flows and two-dimensional
drops, mainly by means of numerical simulations (Stone & Leal 1990; Milliken, Stone
& Leal 1993; Eggleton, Pawar & Stebe 1998; Eggleton, Tsai & Stebe 2001 ; James &
Lowengrub 2004; Lee & Pozrikidis 2006; Xu et al. 2006; Muradoglu & Tryggvason
2008), although recently analytical results for a highly deformed bubble have been
obtained using slender-body theory (Booty & Siegel 2005).

In shear flows, the rotational flow component rotates the drop away from the
extensional axis and continuously redistributes the surfactant, thereby decreasing the
non-uniformities and shape distortion. The effect of rotation becomes increasingly
important as the viscosity contrast increases. Three-dimensional simulations have
been developed to explore the dynamics of surfactant-covered drops in shear flows
(Li & Pozrikidis 1997; Yon & Pozrikidis 1998; Bazhlekov, Anderson & Meijer 2004;
Pozrikidis 2004 ; Vlahovska, Btawzdziewicz & Loewenberg 2005 ; Bazhlekov, Anderson
& Meijer 2006; Feigl et al. 2007). However, with exception of Bazhlekov et al. (2006),
these studies are limited to equiviscous drop and suspending fluids because simulations
of high-viscosity drops are computationally expensive.

Since high-viscosity drops deform little in shear flow, analytical theories based
on perturbation analyses for small deviations from sphericity provide an attractive
alternative to the costly numerical simulations. Most work has been focused on
surfactant-free drops, where expansions for up to third order in shape deformation
have been derived (Taylor 1934; Cox 1969; Frankel & Acrivos 1970; Barthes-Biesel
& Acrivos 1973a; Greco 2002). Rallison (1980) provides a clear summary of the
expansions based on different small parameters (e.g. capillary number, viscosity ratio).

Similar analyses of surfactant-covered drops are at an earlier stage. A leading-order
perturbation theory, which includes surface shear and dilatational viscosities as well as
mass transfer from the bulk was developed by Flumerfelt (1980). Stone & Leal (1990)
also considered the near-sphere limit analytically and included surface diffusion in
their analysis. These theories describe the drop deformation to leading order but are
insufficient for predicting the non-Newtonian emulsion rheology. A solution beyond
the leading linear order is a difficult task because it requires evaluation of boundary
conditions, e.g. matching inner and outer velocities or stresses, on the interface of the
deformed drop. This problem can be circumvented for the special case of a drop with
the same viscosity as the suspending fluid. For this problem, the fluid velocity field can
be computed directly from the interfacial stresses using the integral representation of
the Stokes flow solution (Kim & Karrila 1991; Pozrikidis 1992). We have developed
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a third-order perturbation solution for the equiviscous drop (Vlahovska et al. 2005)
and derived explicit results for the stationary drop shape, surfactant distribution and
effective stresses of a dilute emulsion of deformable surfactant-covered drops.

The present work addresses the general case of a drop with arbitrary viscosity
contrast. In order to derive an analytical solution for small drop deformation,
we develop a perturbation formalism capable of treating the matching process at
the deformed interface. The paper is organized as follows. Section 2 presents the
formulation of the problem, while §3 outlines the general idea of the perturbation
solution. Section 4 provides details of the solution; a reader more interested in the
applications may skip this rather technical part. Section 5 presents the second-order
evolution equations for the shape and surfactant distribution in linear flows as well
as the effective stress of a dilute emulsion. Sections 6 and 7 provide the weak-flow
expansions for the stationary shape, surfactant distribution and emulsion effective
stresses for two common types of flow: axisymmetric extensional and a simple-shear
flows; we compare the results from our third-order small-deformation theory with
boundary integral simulations. The combined analytical and numerical study leads to
an improved quantitative description of the effects of surfactant on drop dynamics. In
§8, we give the complete third-order shape-evolution equations for a surfactant-free
drop, and we present the relation between our analysis and that of Barthes-Biesel &
Acrivos (1973a).

2. Problem statement

Consider an initially spherical, neutrally buoyant drop with equilibrium radius a
and viscosity n™ suspended in an unbounded fluid with viscosity 7. A monolayer
of insoluble surfactant is adsorbed on the drop interface. At rest, the surfactant
distribution is uniform and the equilibrium surfactant concentration is I5,; the
corresponding interfacial tension is o,,. The coordinate system employed is spherical
(r, 8, ¢), with the origin coinciding with the centre of mass of the drop. The drop is
placed in a linear flow

u”(r)=yE-r, (2.1)
where y is the strain rate. E is a traceless constant tensor, which characterizes the
velocity gradient

0 1480
E=1[1-8 0 0 (2.2)
0 0 0

and B is the rotational component of the flow. Simple-shear flow is given by g =1.
Hereafter, the surfactant concentration is normalized by I,; all other quantities

are rescaled using 7n°*, a and y. Accordingly, the timescale is !, the velocity scale
is ya, bulk viscous stresses are scaled with n°'y» and the scale for interfacial tension
IS Ogy.

2.1. Governing equations
In the creeping flow limit, the fluid motion inside and outside the drop obeys the
Stokes equations

V-T=0, V-u=0, (2.3)
where the bulk hydrodynamic stresses are

TOU = —po [ 4+ [Vuo + (Vuo")T], (2.4a)
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T" = —p™l+ (x — 1)[Vu™" + (Vu™")T], (2.4b)

u denotes the velocity and p is the pressure.
The viscosity contrast is characterized by

in

Ui
77aut :

Since this parameter is always greater than unity, its inverse is well defined. Thus, it
can serve as a small parameter for a perturbation analysis of highly viscous drops.
In the case of a spherical surfactant-covered drop, x ' provided expansion that was
converging much faster than the one based on the usual inverse viscosity ratio n° /n™"
(Blawzdziewicz, Vlahovska & Loewenberg 2000).

Far from the drop, the flow tends to the undisturbed external flow,

x=1+

(2.5)

out

' —>u* as r— o. (2.6)
Fluid velocity is continuous across the drop interface
' =u"  at r=r,, (2.7)

where r; denotes the position of the interface. Drop interface moves with the fluid
velocity, i.e.

oH
y—l—u-VH:O r=ry, (2.8)
where H =r — ry represents the interface as the set of points r, where H (r,t) = 0.
The shape function H defines the outward pointing unit normal to the drop interface
VH
= —. 2.9
"= YH (29)
The evolution of the distribution of an insoluble, non-diffusing surfactant is governed
by a time-dependent convective (Stone 1990; Wong, Rumschitzki & Maldarelli 1996)
or
E—{—VS-(uSF)—i—F(u-n)VS-n:O at r =ry, (2.10)
where V; is the surface gradient operator, Vi = (I — nn) - V.
The jump of the hydrodynamic tractions across the drop interface is balanced by
the interfacial stresses

n-T" —n-T" =1¢. (2.11)
Interfacial stresses arise from non-uniform curvature and gradients in surface tension
t = Ca '(onV,-n)—MaV,o, (2.12)
where V; - n is the local mean curvature. The capillary number, defined as
Ca= 1" (2.13)
Oeq

reflects the relative strength of the distorting viscous and restoring surface-tension
forces. Likewise,

out y

nay

Ma™' = s
Ao

(2.14)
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reflects the relative strength of the distorting viscous and restoring Marangoni stresses.

ao
Ao = —1—'&1 ﬁ
I'=ry,

is the characteristic magnitude of the surface-tension variations that result from per-
turbations of the local surfactant concentration I" about the equilibrium value I5,.

The dependence of the surface tension on the local surfactant concentration is
generally nonlinear (Pawar & Stebe 1996; Eggleton et al. 1998). However, for small
perturbations around equilibrium or dilute concentrations, the equation of state can
be linearized

o(N=1—E(I" —1). (2.15)
The elasticity number is given by
A
E="2% - CaMa. (2.16)
Oeq

In this study, we choose Ca as the dimensionless strain rate to define the flow. The
elasticity, E, and the viscosity contrast, x, are flow-independent material parameters
characterizing the surfactant monolayer and the fluids. Our previous work focused
on the effect of surfactant elasticity at fixed viscosity contrast (Vlahovska et al. 2005).
In this paper, we explore the effects of the viscosity contrast at a given surfactant
elasticity.

2.2. Effective rheological properties
In the linear flow (2.1), the effective stress of a dilute emulsion with volume fraction
¢ is given by
¥ =2E +¢T¢, (2.17)
where E° denotes the symmetric part of the velocity gradient tensor (2.2) and T¢ is

the drop contribution. The emulsion shear rheology is fully characterized by the shear
viscosity X, and normal stress differences N; = Tix — T‘iv and N, = T;I,y —T1¢

xXx*

The zero-shear rate limit of the viscosity of a dilute emulsion of surfactant-
covered drops is given by Einstein’s result for suspension of hard spheres, T, =5/2
(Btawzdziewicz et al. 2000). At finite shear rates, drop deformation and Marangoni
stresses give rise to shear thinning and normal stresses.

3. Small-deformation analysis

In a reference frame with the drop centre at r =0, the position of the drop interface
is specified by

re=a+ f(2), (3.1)

where f is the deviation of the drop shape from a sphere, which depends only on the
solid angle §2 and has a vanishing angular average

fde =o. (3.2)
/

The isotropic contribution « is determined by the constraint for constant drop volume

/ (@ + f)*de =4n. (3.3)
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The evolution of interface (2.8) in terms of the shape perturbation f becomes

o _ yeth— _
E—u (F—=Vf) r=r,. (3.4)

The evaluation of the surfactant conservation equation (2.10) on a deforming interface
represents a complicated problem because of the surface divergence operator.
However, if the surfactant distribution is projected onto a sphere, I"=Ir?/n - #
(Vlahovska et al. 2005), the surfactant conservation simplifies because the surface
divergence is evaluated on a sphere. Similar to (3.1), the projected surfactant
distribution can be represented as

'=1+g, (3.5)

where g denotes the local, flow-induced variation of surfactant concentration. Thus
the evolution (2.10) takes the form

d R
=V al + )], (3.6
where # is the tangential angular velocity
a=r'(I—#)u r=r,. (3.7)

For small deviations from equilibrium characterized by some relevant parameter
¢ we seek to obtain evolution equations for the shape (3.4) and the surfactant
concentration (3.6) as third-order regular perturbation expansions in the small
parameter ¢

i) : g o

TS errire, B=3eG,(f0) (38)

p=0 p=0

In creeping flows and moderate viscosity ratios, drop shape remains close to spherical
provided that the capillary number is small. In this work, we focus on this weak-flow
limit, i.e. ¢ = Ca. If E ~ O(1) surfactant distribution remains nearly uniform, and the
perturbation in the surfactant concentration around its equilibrium distribution also
scales as ¢. In shear flows, high-viscosity contrast between the drop and suspending
fluids limits the shape and surfactant distortion because of the increased rate of drop
rotation. Thus, another choice for the small parameter is the viscosity contrast, x ~';
the results of this analysis will be presented in a forthcoming paper.

The spherical geometry of the problem suggests to expand the position of drop
interface and surfactant concentration in scalar spherical harmonics (A 1)

-y

Jj=2 m=—

J o
fijjma g=Z Z gijjm- (39)
J Jj=2 m=—j

In the following section, we present details of our solution. The reader more interested
in the final results than the technical details may proceed directly to §5, where the
evolution equations for the drop-shape deformation and emulsion-effective stress are
listed.

4. Solution
4.1. Evaluation of quantities at the deformed interface: general formalism

Similar to the shape and surfactant concentration (3.9), all quantities are represented
as perturbation expansions in the small parameter ¢, e.g. the velocity and stress fields
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are

3 3
u(r)="> &’u,(r), T(r)=) &"T,(r). (4.1)
p=0 p=0

Solving the hydrodynamic problem requires evaluation of the boundary conditions for
the velocity continuity (2.7) and stress balance (2.11) at the interface of the deformed
drop. For small deviations of the drop shape from a sphere, all quantities that are to
be evaluated at the deformed shape interface are approximated in terms of equivalent
quantities on a sphere using a Taylor series expansion around r =1 for ¢ < 1.

We first proceed to obtain the surface velocity. The combination of (4.1) with the
Taylor series expansion for the velocity fields yields

u(r=ry) =Y &', (), (4.2)
where
Z Lol @3)
The continuity of velocity (2.7) must hold term by term
' (2) = )" (2)+uy (2), (4.4)

where u}; (£2) denotes the Taylor series expansion of the external flow velocity (2.1).
Note that for linear flows (2.1), u*(r) is linear in r and, therefore, the terms u}’ of
order p = 2 vanish.

The hydrodynamic tractions at the deformed interface,

T(rs)zn'T(rx)7 (45)
are expanded as
3
T(ry) = Zs”rp (£2). (4.6)
p=0
The expansion terms
P
T,(2)=FT,+> n,i- Ty (4.7)
k=1

are obtained by combining the normal vector expansion

3
n(2)=#+> e'n,(2) (4.8)

p=1

with the stresses expansion (4.1). T, (£2) denotes the nth term in the Taylor series for
the stresses (defined analogously to the surface velocity (4.2), (4.3)). The stress jump
condition (2.11) must hold at any perturbation order, hence

73" (2) — (x — DTy (2) = 1,(82), (4.9)

where ¢, is the corresponding term from the interfacial stress expansion

3
t=> eP(Ca) P + Mat". (4.10)
14 4
p=0
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At each perturbation level, we apply (4.4), (4.9) to solve for the velocity field in terms
of shape, f, and surfactant distribution, g. Then we determine f and g using the
evolution (3.4) and (3.6).

4.2. Expansions in spherical harmonics

Spherical harmonics are used to represent not only the shape and surfactant
distribution but also velocity and stress fields. This formalism, in particular the
use of scalar and vector spherical harmonics, has already been presented in several
papers (Blawzdziewicz et al. 2000; Vlahovska et al. 2005). In this section, we outline
the basics and give more details about the new features related to the representation
of stresses with tensor spherical harmonics.

Vector quantities such as the interfacial stress (4.10) and the normal vector (4.8)
are expanded in vector spherical harmonics y;,, (£2) (B1):

tpzztjmq,p(fa g)yjmgl7 npzznjmq,p(fa g)yjmq’ (411)

jmq Jjmq
where f and g denote the sets of shape and surfactant parameters
F={fim}, g={gn) (4.12)
and
0 j 2

=35 (4.13)

jmq j=2m=—j q=0
Velocity and stress fields are described using a basis of fundamental solutions of the

Stokes equations (Cichocki, Felderhof & Schmitz 1988). The velocity basis functions
are

Wi ( Z (37) ¥y (4.14)

where U, (j;r) can be found n Blawzd21ew1cz et al. (2000). There is a stress tensor

field associated with each u;m J

TE, (1) = —ph 0+ V' (4.15)

jmq>
where the pressure is given by (Blawzdziewicz et al. 2000)
Py (1) = P (j5r) Y, (4.16)

and the rate-of-strain tensor is expanded in tensor spherical harmonics Y;,, (B2)

2
V u?mq Z %:]L—q’ (]:r) ijq’- (417)

q’=_

The matrices %,q (j;r) are listed in Appendix B.2.
In the basis of functions (4.14), the velocity fields are represented as

' (r) = u” + E CimgWimg (T) 5 u™ (r E ChmgWimg (T) - (4.18)
Jjmg Jjmq
The corresponding stress fields are

Jjmq jmq
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The external flow and stress are specified by
u”(r) =Y Gpyllhn, (1), E= hyTing (). (4.20)
Jjmgq Jjmq

Following the perturbation scheme (4.1), the coefficients are expanded as
qu ZSP jmqp(f’ gv Ca’ X?E) (421)

Hereafter, we adopt the notation that summation over repeated indices is implied.

4.3. Matrix representation of the boundary conditions at the deformed interface

The spherical harmonics representation transforms the boundary conditions for the
velocity (4.4) and stresses (4.9) into a matrix form. The perturbation problem reduces
to solving a hierarchy of the matrix equations, which we have done using the software
for symbolic computations Mathematica. The calculations up to (and including) order
p = 3 were performed. However, owing to its hierarchical structure, the solution, in
principle, can be extended to higher orders.

4.3.1. Velocity

Introducing representations (4.18) and (4.14) in the expression for the surface
velocity (4.3) leads to

p
= Zc;imq,p X qu Dir= 1) ¥ jmg, v = in, out, (4.22)
k=0

where UT® denotes the kth term in the Taylor series for the U qql t (j;r) (defined
analogous to (4.3)). After some algebra, details of which are given in Appendix C.1,
we obtain

ﬁ; (£2) = Z Cimg.p— D qujzmzqz k (f) Yimg V= in, out. (4.23)

The matrix D g jmqr.k (C 5) is diagonal at k = 0:

Djm61jzm2qz~,0 = 6/' j28m 1112811 q2 (424)

where §,, denotes the Kronecker delta function. Thus, according to (4.24) and (4.23),
the velocity continuity condition (4.4) can be rewritten as a relation between the
velocity coefficients inside and outside the drop
+ _ -
Cimg.p = Cimq.p T Vima.p, (4.25)

where the term vj,, , is defined to absorb all contributions from the lower order
(k < p) perturbations
Vjmg.p = /mq’D]mq/mqﬂ(f)

+ Z j'm'q’,p— kD/ 'm'q’ jmq .k (f) — C;r’m’q’,ﬂ—kD;tm’q’jmq,k (f)) - (4.26)

Equation (4.25) illustrates the recursive structure of the perturbation solution.
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4.3.2. Hydrodynamic tractions

Similar analysis of the hydrodynamic tractions leads to an equation analogous to
(4.23). The surface tractions (4.7) are cast into the form

p
TI’ ($2) = Z C;_F'"q p— k qu/zmzqz k (f) Y jymagn (4.27)
k=

The traction matrices @ are discussed in Appendix C.2, where the explicit expressions
for the perturbation order k =1 are listed. For k=0, the traction matrix reduces to

O}_’"Cijzmzqz (U ajjzammz @qi;n (]) > (4.28)

where @;—;2 is given by (C 12). The stress jump condition (4.9) is rewritten in a matrix
form as

Imq/ P@q 'q ( ) (X - 1)cjmq 2 q'q (]) Xjimg,ps (429)

where the contributions from the lower order solutions as well as the interfacial
stresses and tractions due to the external flow are combined in

P
Xjmg,p = Z (C;in’q’,p—k@;m q'jmq.k (f) ]m 'q', p— kOJ 'm'q’ jmq .k (f))
k=1
— 828,07y + Timgp (f2 ). (430)

The last term in (4.30) is the interfacial stress expansion term ¢;,, , from (4.11). The
tractions associated with the external flow (2.1) are 7.

4.4. Problem solution: recurrence relations

The solution at the perturbation order p is given by a recurrence relation involving
the solutions at lower perturbation orders.

4.4.1. Velocity and stress fields

The velocity and stress boundary conditions (4.25), (4.29) represent a set of linear
equations for the velocity expansion coefficients ¢, , and ¢, ;. Eliminating ¢}, .,
from these equations yields the solution for the velocity coefficients of the flow field
outside the drop

Cimg.p = Zimg', 2 Yyqs (4.31)

where
Zjmg'.p = Xjmg'.p — (X = D)Vjmg.p Oy (J) (4.32)

and
_ ~1
Yyq = [@q,q —(x — 1)@;7‘1] (4.33)

T is defined in Appendix C.3. Explicit expressions for the velocity coefficients at
perturbation orders 0 and 1 are listed in Appendix D. The expressions for orders 2
and 3 are very lengthy; they can be found in Vlahovska (2003).

The components of effective stress T¢ (2.17) are directly related to the velocity
coeflicients c;,,, (Vlahovska et al. 2005).
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4.4.2. Shape- and surfactant-evolution equations

The shape- and surfactant-evolution (3.8) in spherical harmonics representation
(3.9) take the form

fjm = Zsijm,p7 gjm = ngGjm,]n (434)
p=0 p=0
where the dot denotes the time derivative and we have introduced
Fy = FimpYjm, Gp=GjmpYjm- (4.35)
After some algebra outlined in Appendix C.4, we find
ij.,p ]m2 p + wj_m P (436)
and, similarly,
Gmp =L G+ DI (Chop T Wi y) - (4.37)

In the above expressions, the use of outer ¢~ or inner ¢ velocity coefficients yields the
same results (this served as a useful check). The terms wﬁm , absorb all contributions
from the lower order perturbations,

P
J'" P Z ;_Ln 'q",p— r:q 'jm, k(f) (438)
k=1
and
ﬂnp chm ".p—k qujmk(f g); (4.39)

where the matrix W;Lm,q jm.i 18 given by (C29) and W 7 F,q, mi 18 given by (C 33). Details
about its derivation can be found in Vlahovska (2003) Explicit expressions for the
evolution coefficients of perturbation orders 0 and 1 are listed in Appendix D; again,
orders 2 and 3 are very lengthy and can be found in Vlahovska (2003).

Thus far, we have presented the solution in a general form valid for any type of
external flow. In the following sections, we give explicit results for linear flows.

5. Evolution equations

Here we list the explicit expressions for the second-order O(Ca~'e?, Mae?) evolution
equations or shape, surfactant and effective emulsion stresses in hnear flows. The
third-order expressions are very lengthy; the complete set can be downloaded from
Vlahovska (2007). The hyperbolic flow (x, —y, 0) does not belong to the family of
linear flows described by (2.2). However, it corresponds to the straining flow, 8 =0,
with the flow axes rotated by n/4.

Let us split f;,, and g, into real and imaginary parts

Jitm = fim £1fin  &jtm = &jn £ 18 (5.1)

For m = 0, the shape and surfactant parameters are real. In simple-shear flow, f,,
7, and  fy correspond to drop deformation along the flow direction (x-axis), the

stralnlng axis x =y and the vorticity direction (z-axis), respectively. Let us introduce

the capillary number based on the surface tension of the surfactant-free interface

Cag = Ca(1+ E)™". (5.2)
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This would allow us to take the surfactant-free limit of our theory, Ma =0. The
evolution equations are

fr=

f,22=

f/2/2=

&0 =

P/
8 =

2d11 >, + dia fro fr + dis i

+Cay" [Dy fro + Da(—fo + 25 + 2137

+Ma D12 fr + Di3gao + Dot (—fao + 255 + 2155)
+ Doy (— f20820 + 2 f12850 + 2/185) |

—2wfyy + dat o f3r + dor fiy + Cag ' [Dy f3, + 2Ds foo fy)
+Ma [Dlzfz/z + Di3g% + 2Ds1 foo fry + Do (fr085 + gzofz/z)]

2wfy, + [ds1 + dii fro + dsa fro + das fo3 + dsa fos + das fio + d3r fia)

+Cay' [Dy 3+ 2Ds o f35] +Ma[Dis 3, + Di3gh,
+ 2Dy foo frs + Daa(fr08% + 820.f25)]

2b11 for + 2b1285 + bis fro frr — 2b1a (f2085) — 820.f2) + bisfir
+bisgh, + Cay' [—2D12f20 + B, (—fzzo +2f5+ 2f2”22)

+ Bai(— f20820 + 2f,8% + 2/185) ]

+Ma [Blzfzo + Bi3gx + 322(—f220 +2f5+ 2f2//22)

+ B3 (— 20820 + 2 f28% + 2 f2285) + Bau(—g30 + 28% +28%) |

= —2wgh, + a1 f fry — 2b1a fr289 + bax f85 + b7 fay + bisgiy

+ Cay! [—2D12f2/2 + 2B fro fry + Bai (fr085 + fz/zgzo)]
+Ma B> fo, + Bi3ghy + 2B fro fry + B3 (fr085 + 820 /)
+ 2Bz4gzog§2]

2wghy + [3d31 + byi fro + by fx + bss fr3 + b fos

+b12820 — bia fr0820 — b2 f85 — 2b1a 3585 + bio fao + baogao
—bi7fiy — bisgly] + Cay' [—2D12 24 4 2Bs fro £

+ Boi (fr085 + fr5820)] +Ma By frs + Bi3gh, + 2B fro fry
+ B3 (f208% + &20.f2) + 2B24gx85]

fao = dar o5 + dus foo fy + daz iy + Cag' [ D3 fao + Da(3fr0 + f3 + f27)]
+Ma [Py fao + Pi3gao + P (3fn + foz + 127)]
+ Pox(3 f20820 + [18% + f2285)]

flo=—Bfir+dsi fo oo +dsafiy + Cay ' [Ds fi, + Dat fro )
+MalPy fy, + Pi3gyy + P31 fro frr + P f2085 + 820./0)]

fiir = Bfir 4 det foo + dea o + des fr3 + dea fry + des fao — dsa fis
+ Cay'[Ds fiy + Dat fro fool + Ma[ Py fi + Pi3ghs
+ P31 fao for + Psa(f2085 + 820 f5)]

(5.3a)

(5.3b)

(5.3¢)

(5.3d)

(5.3¢)

(5.3/)

(5.32)

(5.3h)

(5.3i)
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faa = =2Bfi +dn foy +dnfofor + drsfiy + Cag' [Dsfiy + D (f23 — f57)]
+Ma[Pp fiy + Pi3ghs + Pu (33 — £25) + Pio(f228% — frr85)] (5.3))

i = 2Bfas — dn fr, — dp2 fro fry — dp3 fi + Cag ' [Ds fiy + 2D f3 o
+MalPiyfiy + Pisgis + 2Pai for for + Pio( 2285 + f2r8%)] (5.3k)

240 = q18% + 42842 + 43 f43 + qio fro frr + qi1( 2085 — f22820)
+Cag' [Q1fao+ Q2 (330 + [ + 7)) + 0030820 + frngh + f28%)]
+Ma[Q1fio + Q3840 + Qa1 (3f50 + 13 + f27)
+ 0233 20820 + f18n + f189) + Q2 (383 + 85 + 833 ] (5.30)

"7

8u = =B + qagis + qs fay + a2 for + Q13 f2285:
+Cag'[Q1 fi + O3 fo 3 + On(fogh + 820f2)] + MalQus fy
+ 013845 + 031 fr0 f2 + O33(f208% + 820 /) + 0348208%] (5.3m)

2 = B8 — 94844 — 45 fis + 6 fao + G1820 + gs8a0 + qia fro + q15 f23
+qi6fr3 + qi7(frgh + 1 fr082) + Cay'[Q1fh + Qs fofh
+ 03(f208% + &0 f22)] +Ma[Q1s fiy + Q1384 + Q31.f20 fr
+ 033(f2085 + 820./25) + 0348208%] (5.3n)

Gaa = —2B8gus — 45 f1> + Q98 — a8 T qis f0 o + 19 f2085)
+ Caa‘ [Q1f4,4 + Q4( 2% - 2”22) + Q42(f2/28§2 - ﬁ/zggz ]
+Ma[Qufiy+ Q1384 + Qa1 (53 — 15) + Qu3(f2:85 — fr58%)
+ Qa8 — &) (5.30)

G4y = 2By + q5fa2 — 4985 + qa8ln — qisfr0.frr — q19 f2085
+Cay ' [Q1fis +20afnf3r + Qua(f8% + [3r8%)]
+MalQ 2 fus + Q1384 + 2041 [ o + Qu3( 2285 + f2085)
+204485:8%)- (5.3p)

In the equations above,

= g — el (5.4)

is the angular velocity of a rigid body of the shape f in the external flow u® and ¢; is a
constant. The rigid-body rotation produced by the rotational flow component is given
by B; B=1 corresponds to a simple-shear flow. The remaining term represents the
rigid-body rotation produced by the straining component of the flow E and vanishes
for f=0. The coefficients d;;, b;;, q;; and D;;, Bij, P, Q;j, where i, j=1,2,...,
are rational functions of the viscosity ratio y and the elasticity E. These coefficients
and the constant ¢; are listed in Appendix E. The terms that involve the coefficients
d;;, b;; and g;; represent the effect of the dissipative motion of the dispersed-phase
fluid due to the straining component of the external flow; the terms that involve the
coefficients D;;, B;;, P;; and Q;; represent drop relaxation towards spherical shape
due to the capillary and Marangoni forces. Note that the terms associated with
the external flow in equations for time derivatives of f; (f;]) are odd (even), and
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the terms associated with the interfacial forces are even (odd) with respect to the
transformations (5.5)—(5.6) associated with the reversal of the direction of the flow:

Jon = Jons 8im = 8im: (5.5)
Jon = —fime 8w = —8im- (5.6)
Setting Ma =0 in the shape-evolution equations yields the O(Ca~'e?) theory for
a clean drop. Thus, we extend the work by Barthes-Biesel & Acrivos (1973a), as
discussed in more detail in §(8).
The effective stress of a dilute emulsion is determined from the shape and surfactant
via

T = 1o+ Ti1 fro + T2 fao + T3 fag + Tia oo + Tis fos + Tis for
+ Cay ' [—4121 3 + 22 fro fos] + Mal1(6 f3, — g5,

+ 731 f20 for + T32( f2085 + 820 5] (5.7)
Ny = 2113 fiy + nu1 for foy + 2Cag ' [4a1 foy — 22 fo ]
—2Ma[t1(6 5, — &%) + T31.f20 frr + T32( 2085 + 820 F2,)] (5.8)

Ny = J6111 3 4 3310702 £ + 1ot fao £
4 \/§Caal [—4fz1f20 + Tzz( 5+ fr— %fzzo)} +\/§Ma [Tzl (6./20 — 820)
trt (f3 £33 — LfR) + 2t (fiagh + f58% — L fog)]. (59)

The coefficients t7;; and n;; are rational functions of the viscosity contrast x and E.
They are listed in Appendix F.

The three-dimensional axisymmetric extensional flow u® = (%x, % y, —z) represents
an important type of linear flow not described by (2.2). Because of the axial symmetry
fim=0and g, =0 if m # 0. The evolution equations take a simpler form

8 —_
% =5 (d31 — di1 fro + 3dsa fry + 6d36 f10) + Cay' (D1 fr0 — Da f)
+ Ma (D12f20 + Di3g20 — Dzlfzzo - D22f20g20)
8 —
% =S (3d41f20 - \@d64f220 - %\/§d43f40) + Cag' (D3 fuo +3Daf3)
+Ma (P2 foo + Pi3g20 + 3Py foo + 3P2 f08) (5.10)
d
% = 5(3ds1 — b11 fro — b12g20 + 5b34 ) — biafr0g20 + 6b19 fao + 6b20840)

+ Cay' (2D fr — Baf5 — Bai fo8x)
+ Ma (By2 fro + Bi3g2o — Bax fr) — Bas f20820 — Bug)
g
o= s (3q1820 — \/g‘lléfzzo + /5411 f0820 — %\/é(%faxo + ¢2840))

at
+Cag ' (Q1 fao +30:f3 + 302 fr8)
+Ma( Q12 fa0 + Q13840 + 3021 fx + 3023 fr0820 +30248%) (5.11)

where s =—.,/6. Note that the coefficients corresponding to relaxation driven by
interfacial forces are identical to those in (5.3).
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6. Weak-flow expansions for a stationary drop

We focus our attention on steady state drop deformation; however, our analysis
can also be used to explore transient flows using the evolution (5.3). We present
theoretical calculations for drop deformation and the effective stress of an emulsion
consisting of deformable surfactant-free drops in the weak-flow limit, where the small
parameter is the flow strength ¢ = Ca. In the case of no viscosity contrast, x =2, the
expansions reduce to the ones derived in Vlahovska et al. (2005).

6.1. Axisymmetric extensional flow

To third order in Ca, we obtain that the steady-state shape and surfactant distribution
are described by

fio=f;(E)Ca+ f;(E) Ca®+ f{(E) Ca’,

1 2 3

gjo =g\ (E) Ca+g'?(E)Ca® + ¢(E) Ca’.
In irrotational flows, stationary shape and surfactant distribution are independent
of the viscosity contrast, because the Marangoni stresses immobilize the surface at

steady state (Milliken et al. 1993; Bazhlekov et al. 2006). At leading order, the only
non-zero contributions are

1+2E) {5n
N e 62)

2 E

(6.1)

The second-order terms are

(2)2 155m (2)=45ﬁ
7 b

2 4 14 (6 3)
2 14E 4 14E ‘
The third-order terms are
@) _ 5(216—49E) NE £ 7650,/1 0 5625./n/13
2 98 4 539 6 308
o0 — 5(199 + 1518E — 196 E?) (/51 o= 75(278 +213E) /n
2 196 E 4 539 E
112527 —8E) /n/13
(3) _

6.2. Simple-shear flow

To third order in Ca, the steady-state shape and surfactant distribution for a drop in
shear flow are described by the expansions

fim = F (B, x) Ca+ fRNE. x) Ca® + f)(E, x) Ca®,

Zim = 8in(E, X) Ca+gi(E, x) Ca* +g\)(E, x) Ca’.
The rotational component of the flow continuously redistributes the surfactant and,
therefore, the stationary state of the drop will, in principle, depend on the viscosity
contrast. The convergence radius for these weak-flow expansions is best for moderate

viscosity contrasts. Here we list only deformation parameters with j < 4. At leading
order, the solution is independent of viscosity contrast

" /5T ” 1+2E /5m
f22(1) = — Fv gzél) = — £ F (66)

(6.5)
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The effect of rotation, and thus viscosity contrast, enter at second order and the
non-zero contributions are

—ff @ 13+x—|—E(9+23X) 5n

E 6 (6.7)
5 /5m
(2) o
i = 28\f = 4V 14
and
55+17E ) 1 10x +3E(3+ x)+ E>(9+23)
@ _ [5r o/ — = =
20 =" E ™82 =1 E? 6 (68)

594 4E 594 4E
@_ 2 2 _
s =g g V& 8w =g V 14'

Note that the expressions for f,5 and g5 in the x =2 case listed in Vlahovska et al.
(2005) contain typographical errors. At third order, the non-zero contributions are

m"3) _ 1 Sl(Ea X) i
2 28224 E2 6’

425 [5m
3 _ 422 [T 6.9
2 539V 2° (69)

e _ —10(1+x) + E (239 +109x) + E?(839 42049y ) /51;
“ 864 E2

and

g//(3)= 1 S(E, x) Sj
2 14112  E3 6’

wy 25 2184213E [5n
§02° = 33 E V2

o = _ —540x + E (385 +2731x) + E* (3133 + 3779y) + 2E° (569 + 1359)()[
864 E3
(6.10)
where
SI(E, x) =980x(3 + x) + 147E(21 + 34x + 9x?)
+ E2(—99 711 4 20286 + 25921 2) + 23 520E3 611)

SH(E, x) =9800x2 +98E(9 + 96 + 31x?) + E*(—18 147 + 12642
+3577x2) 4+ E3(—178 191 4+ 20286 + 25921 2) + 23 520E*.

Substituting the shape and surfactant expansions (6.5) in (5.7) yields for the effective
shear viscosity a dilute emulsion

5 5
a_2_ 2 2 2
T, = 3 1176E2[245X +98E(3+ x)+ E-(—1059 + 1127x)]Ca". (6.12)
At very low shear rates an emulsion of surfactant-covered drops behaves as a

suspension of rigid spheres with viscosity given by Einstein’s result, 1 +5/2¢ and zero
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normal stresses. Shape deformation and surfactant redistribution at increasing shear
rate give rise to shear thinning, which depends on the viscosity contrast. However, at
leading order the normal stresses are independent of viscosity contrast

S4E + 1
N1=* + Ca,

2 E (6.13)
M= —in+ P
2T Ty Mg e

Given that stresses are normalized by the viscous stress ny, the rheology is obtained
at one order less than the drop shape and surfactant distribution. For example,
the O(Ca®) term in the expansion of the normal stresses depends on the O(Ca?)
perturbation in shape and surfactant.

6.3. Surfactant-free drop

For the sake of completeness, we list the expansions for the stationary shapes of
surfactant-free drop. A comparison of the drop shapes in the absence and the presence
of surfactant can provide a quantitative estimate the importance of surfactant effects.

6.3.1. Axisymmetric extensional flow
The third-order expansion for a surfactant-free drop in extensional flow reads

Fio=1"00) Ca+ fP(x)Ca® + 7 (x) Ca’. (6.14)

The expansion coefficients depend on viscosity contrast

AV = Dr5n

—36 — 309 x + 601 x>
(2 _ X X
f=Dr 280 1 Vo
—95+ 751 %
@ _
=gy T (6.15)
7776 + 115528 x — 195631 x> — 2862098 x> + 3220761 x*
(3)
=D N
/2 r 235200 1 T
639 780 + 595807 x — 51008 602 x2 + 85699 543 x*
(3)
=D \/
/s ! 6985440 X3 o
3) 31449 — 628546 x +2934377 x> [n
f6 = Dr TA
1921922 13
where Dy is Taylor’s deformation parameter (Taylor 1934):
(=3+19y)
Dy = ——*=~. 6.16
r= (6.16)

6.3.2. Simple-shear flow
The expansion for the shape parameters of a surfactant-free drop in shear flow is

Fim = Fi(x) Ca+ f13(x) Ca® + f12)(x) Ca’. (6.17)

At leading order, the only non-zero contribution is

" S
= —Dry/ ¢ (6.18)



310 P. M. Vlahovska, J. Btawzdziewicz and M. Loewenberg

The second-order expansion terms are

o_p (36 +309% — 601x%) [ 0 _ pp2xtl [5n
20 r 168 x2 5 22 ) ’

@) —95 4751y 95—751x /5¢m

1(2)
= [ ———A =Dp——— .
w =Dr—pme VT fu =D g

(6.19)

At third order, we have

io) _ gy (1944 — 28882y + 49900 + 706925, — 811695¢* + 108927,° +159201°) [
2 T 352804 \V 30°
p 639780 + 595807 — 51008 6022 + 85699543%° [n
G _ 2
o =Dr 25147 5843 \V 100 (6.20)
0~ _p 5077 — 62376 + 119505¢> + 5073%4* [
Mmoo 46 656> 70°
The expansions for the effective stresses of a dilute emulsion (5.7)—(5.9) are
5 3
T = 272 Ca*Dr(x)
o —3888 — 27308y + 23104132 —33637x> — 189761 x* + 159201 >
35280%* (6.21)

N; = Ca (10D3) ,

3124 9x — 25x2
Ny = —IN, — Capy U2 IX = 2507)

282

The expressions for the normal stresses agree with Schowalter, Chaffey & Brenner
(1968). The shear thinning coefficient differs from Barthés-Biesel & Acrivos (1973b),
but this can be attributed to the fact that the O(g®) theory of these authors was
incomplete (see §8).

7. Discussion

The results presented in the previous section show that the presence of surfactant
suppresses the sensitivity of the stationary state to viscosity contrast. However, the
transient dynamics strongly depends on viscosity contrast as illustrated in figure 2:
higher drop viscosities slow the approach to the steady state.

In axisymmetric extensional flow, the stationary deformation of a surfactant-covered
drop is independent of viscosity ratio in contrast to a surfactant-free drop, see
(6.15). Marangoni stresses immobilize the interface at steady state. Hence, the surface
velocity vanishes and there is no fluid flow inside the drop. Surfactant enhances drop
deformation; in the high-viscosity limit, x — oo, the deformation of a clean drop is
smaller than a surfactant-covered one by a factor of 19/20 (at leading order).

Drop deformation in a simple-shear flow is illustrated in figure 3, where the
predictions from the small-deformation theory are compared to numerical simulations
using the boundary integral method (Vlahovska et al. 2005). In weak flows, the
stationary state is independent of viscosity contrast at leading order; the drop feels
only the extensional component of the flow and the Marangoni stresses rigidify
the interface. The effect of viscosity contrast enters at second order because of
the rotational component of the flow acting on the deformed drop. The rotation
continuously redistributes the surfactant, thereby remobilizing the interface. In strong
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FIGURE 2. Drop shape evolution upon startup and cessation of axisymmetric extensional flow
with Ca = 0.02 and E = 1 for two different viscosity ratios, x = 2 (solid line) and x = 11

(dashed line). The dotted line shows the stationary deformation.

flows, the effect of viscosity contrast is more pronounced as the numerical results in

figure 3 indicate.

Experiments typically characterize drop response to shear flow by a deformation
parameter, D, and the inclination angle with respect to the flow direction, ¢o. D is
defined as (L — B)/(L + B), where L =r(¢) and B =r(¢ + 1/2) are the drop lengths
along the main and minor axes of the ellipsoidal drop contour in the flow plane.

Using (3.1) and the expansions for the stationary shape parameters (6.5), we obtain

p —E—Ca 23x+9YE+x+3
L1 48E

ca [(21)( —29)E? + (31 —19%)E + 10(x + 1)

. (71
1152E2 (7.1)
The long and short axes, r. and r_ respectively, are

. 5 L1175 )

+ 517440E° 4 (2851312 + 223146 — 2971 701)E> + 4312(x + 3)*E].
Accordingly, L =2r,, B=2r_ and the deformation parameter is

3
D=Ca§+ >Ca

3 2 . 2
R YTEL T X [517440E° + (2851312 + 223 146 — 1886 001)E
+4312(x + 3)*E +1617(13%> +38x — 3)] + O(Ca®). (7.3)

The leading-order deformation is independent of the elasticity and viscosity ratio.
The theory agrees well with experimental data, as shown in figures 4 and 5.

The rheology of a dilute emulsion of surfactant-covered deformable drops is shown
in figures 6 and 7. The results predict a shear-thinning viscosity, a positive first normal
stress difference and a negative second normal stress difference, as generally observed
in emulsions. Drop deformation and surfactant redistribution both contribute to these
non-Newtonian features. In weak flows, the surfactant immobilizes the interface so

(7.2)



312 P. M. Vlahovska, J. Btawzdziewicz and M. Loewenberg

0

s

J20

70.3 1 1 1
0 0.1 0.2 0.3

Ca

FIGURE 3. Drop deformation in a simple-shear flow: The shape parameters f35, f5, and fy,
as a function of the flow strength Ca for a surfactant-covered drop with elasticity E = 1
and viscosity contrast: y =1 (circles, solid line), x =2 (crosses, dashed line), x =6 (triangles,
dotted line). The points are data from boundary integral simulations. The lines represent the
third-order small-deformation theory (6.5).

that the emulsion behaves as a suspension of rigid spheres at leading order. The
viscosity contrast affects the rheology at second order because of the tendency for
the rotational component of the flow to align the deformed drop with the velocity.
Drop alignment increases with viscosity contrast leading to enhanced shear thinning
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FIGURE 4. Steady drop deformation in an extensional flow u®* = (x,—y,0) (Hu & Lips
2003). Points are experimental data for various surfactant coverage and viscosity contrasts
x = 1.093 and x = 3.3. The theoretical line is D = 5/2Ca.
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FIGURE 5. Steady deformation and inclination angle of a surfactant-covered drop in a simple
shear flow (Feigl et al. 2007). Points are experimental data for viscosity contrasts y = 1.335
(circles), x = 4.335 (crosses), and y = 7.338 (squares). The theoretical lines are given by (7.3)
and (7.1).

as predicted by (7.1). In strong flows, the effect of viscosity contrast is more visible
as the numerical results in figure 3 indicate. Our numerical results agree qualitatively
with the simulations of Yon & Pozrikidis (1998); however, quantitative comparison is
not possible because the simulations include surfactant diffusion. Our theory quant-
itatively describes the rheology, although the radius of convergence of expansions
(6.12) and (6.13) is apparently small, as indicated by the results in figures 6 and 7.

8. Relation to previous small-deformation analyses

The classic works on deformation of surfactant-free drops (Chaffey & Brenner
1967; Cox 1969; Frankel & Acrivos 1970; Barthés-Biesel & Acrivos 1973a) employ
a tensorial representation of the spherical harmonics. A spherical harmonic of order
J is a symmetric traceless Cartesian tensor of jth order, having (27 + 1)-independent
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FIGURE 6. Effective shear viscosity as a function of the flow strength Ca for an emulsion of
surfactant-covered drops with elasticity £ = 1 and different viscosity contrasts: x = 1 (circles,
solid line), x = 2 (crosses, dashed line), x = 6 (triangles, dotted line). The points are data from
boundary integral simulation. The lines represent the third-order small-deformation theory
(6.12).
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FIGURE 7. Normal stress differences Ny and N, as a function of the flow strength Ca for an
emulsion of surfactant-covered drops with elasticity £ = 1 and different viscosity contrasts:
x = 1 (circles), x = 2 (crosses), x = 6 (triangles). The points are data from boundary integral
simulation. The lines represent the small-deformation theory (6.13).

components

w(2)=V (1> , (8.1)

where V/ denotes applying the gradient operator j times.

The correspondence between the 2 + 1 components of the Cartesian tensor (8.1)
and the 2j + 1 scalar harmonics Y;,, (m=—j, ..., j) defined by (A1) is discussed in
Appendix A; for more details the reader is also referred to Vlahovska (2003). We
have found that the scalar harmonics offered a less complex way to perform the
calculations for the higher order perturbations, because there is a very well-developed
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theory for manipulating the products of spherical harmonics (Jones 1985;
Varshalovich, Moskalev & Kheronskii 1988).

In this section, we translate the shape-evolution equations from a tensorial form
(Rallison 1980) to our scalar spherical harmonics representation. The motivation is
to ease the communication between researchers that are more accustomed to either
notation. The perturbation f of the drop shape (3.1) in the tensorial form reads

= e3F, : FF + &2 —95 :Fy + 105F, i ##7F| + O(&7), 8.2)
5

where F; is a fully symmetric traceless tensor of the order j. Extending the analysis of
Barthes-Biesel & Acrivos (1973a), the following evolution equations for the second-
and fourth-order tensors are obtained:

JF;
el =L (8.3)

where

L2 = —SAZFz + (l()E + & [Kale + aZSd(E * Fz)]
+&” [kasSd(F3) + asEF; : Fy + asF>E : Fy + a;Sd(E - F3) + asF, : E|
+83K (CZGF2F2 . F2 + a9F2 . F4) + 0(83), (84)

and

Ly = —2F, + b;SA4(EF,) + & [kboFs + kbySds(F2F>) + b3Sd4(E * Fy)
+b4Sd4(E * F2F2) + b58d4(F2 * F2E)]
+ &%k [bgSd4(F, * FoF,) + b7Sd4(F; + F4)] + O(e?). (8.5)

In the above equations, x = Ca™", the deviatoric operators Sd and %Sd4 represent the
fully symmetric traceless parts of the corresponding second- and fourth-order tensors
and the operator 2 represents rigid-body rotation of the drop due to the rotational
component of the flow. Note that Rallison (1980) omitted the term proportional to
bs in his analysis; however, there are two independent ways to couple E and two
tensors F, to obtain a fourth-order tensor. The complete set of shape equations
at O(e®) should also include the sixth-order tensor Fs. However, the steady-state
rheology is not affected by Fg, and we omit it for the sake of keeping the presentation
concise.

The expressions for the coefficient ay, ..., ag and by, ..., by were derived by Barthes-
Biesel & Acrivos (1973a). Note that there is a misprint in the expression for b,, 431
should read 413. The expression for ag should be corrected to

80 (81052)° + 68 132* + 10203 5° — 20850 + 135x + 80)
@ = 21(2x + 1)2(10% + 1)(17x — 1)(19x — 3)? '

(8.6)

We obtain for the coefficients bs, bs, bs, bg and b7, needed for a consistent O(Ca?)
theory, the following expressions:
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_20(—29 +4y)
© 111+ 2x)(1 + 10x)°
288(—2+ x)(—2 +29x)
47 539(1 4 2x)X(1 + 10y)
72(—=2+ x)
77(1 + 2x)(1 + 10x)’
20P (x)
T 2311 + 2x)2(1 + 100)2 (=1 + 17x)3(=3 + 19x )2
20 (27154005 ° + 1976946+ — 468 621> — 140 120x2 + 13 143y + 276)
77(2x + 1)(10x + 12(17x — 1)2(19 — 3) ’

b3

bs =

(8.7)

bs

b; =

where

P(x)=15156 + 5779475 — 11326093 x> + 16345769 x> + 247274201 x*
— 997178008 x> 4 1392085940 ° — 485298 400%7. (8.8)

The perturbation solution at p < 2 for a surfactant-free drop agrees with the
second-order theory derived by Barthes-Biesel & Acrivos (1973a). Greco (2002)
reported some discrepancies with Barthes-Biesel & Acrivos (1973a), which we do
not find. Moreover, we have carefully checked the coefficients with boundary-integral
numerical simulations of drop deformation in axisymmetric extensional flow as well
as with the theory for equiviscous drop (Vlahovska et al. 2005).

9. Conclusions

A perturbation solution of order O(e?), where ¢ measures the magnitude of the
shape distortion, was developed to describe the dynamics of a deformable surfactant-
covered drop with arbitrary surfactant elasticity and viscosity contrast in creeping
flows. The solution is applicable to any linear flow under transient or steady-state
conditions. Spherical harmonics are employed to cast the problem into a matrix form
that facilitates the application of the boundary conditions on the interface of the
deformed drop. Our analysis also extends the solutions of Barthes-Biesel & Acrivos
(1973a) for a surfactant-free drop by adding the £°Ca™" terms.

Weak-flow expansions O(Ca®) for the stationary drop shapes in linear flows and
effective stress of a dilute emulsion were derived. Predictions of drop shape, surfactant
distribution and emulsion rheology based on our small-deformation theory are in
quantitative agreement with our numerical simulations using the boundary integral
method, although the weak-flow expansion was found to have a relatively small radius
of convergence. A more efficient expansion based on the inverse viscosity contrast
will be reported in a forthcoming paper.

Our analysis provides a suitably accurate theory for experimental determination
of interfacial tension between immiscible polymers using drop deformation methods
(Hu 2008). Surfactants affect the collective drop dynamics in non-dilute systems,
e.g. hydrodynamic interactions and drop coalescence (Hu, Pine & Leal 2000; Ha,
Yoon & Leal 2003; Hudson, Jamieson & Burkhart 2003; Rother & Davis 2004;
Van Hemelrijck et al. 2004; Rother, Zinchenko & Davis 2006) and modify emulsion
rheology (Pozrikidis 2001). The analytical results can serve to validate numerical
simulations of flow of many surfactant-covered drops. The theory also provides a
rigorous basis for studying the dynamics of other deformable particles with interfaces
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that develop Marangoni stresses such as vesicles and biological cells (Seifert 1999;
Misbah 2006; Vlahovska & Gracia 2007; Lebedev, Turitsyn & Vergeles 2007).

Appendix A. Transformation between scalar and tensor spherical-harmonics
representation

The normalized spherical scalar harmonics are defined as

2j+1(j —m)!

4t (j +m)!
where (r,0,¢) are the spherical coordinates and P}'(cos6) are the Legendre
polynomials; the index m takes 2j + 1 values from —j to j.

To translate (8.3)—(8.5) into the spherical-harmonics representation (4.34), we
introduce spherical tensors T;,, defined by the relations

Yo, = Toyp : ?i" (A 2)

1/2
Y (2) = { ] (—1)" P!"(cos 0)e™, (A1)

Yy = Ty i FFPFF. (A3)
The real and imaginary components of T;, are given by

1 .

ﬁ(Tﬁm +iTp). (Ad)
where T, and T}, are real. Tensors T;, and T;,, where m=0,...,/, form an
orthonormal basis in the space of fully symmetrlc traceless tensors of the order
[, with the normalization of the scalar products for / =2, 4 given by

8

T, =

!

75 Ton * Tow = B (A5)
327[ i . i’
35 T 1Y) = 8B, (A6)

where 7)) =7/ and T =T/,
Con51stently w1th (3. 9) and (A 2)—-(A4), stationary drop shapes are described by
tensors T with even values of the index m. Explicit expressions for non-vanishing

matrix elements of the tensors T}, and T}, with [ =2,4 and m = 2k, are

U 22 13 LS . (A 7a)
20 =00 = 7200 T T\ ¢ ;
, 15
m-—rz-(2) . (A7H
15\ 72
T//12 — i . A7
4<n> (ATo)

Note that the superscript indices denote the Cartesian tensor component. The fourth-
order tensors are

T/llll 1-’-/2222 -’-/3333 T/1122 T!1133 _ - 2233 3 1 12 (A8 )
3 T ’ a4

12
TUN = 22 s 2B _% (i) , (A 8b)
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2
T2 - 2t 17/1233__1 3 Y (A8c)
27427 16 \n '

12
T i 136 (35> ’ (A 8d)
12
R O .

the remaining non-zero elements are obtained by permutations of the components.
According to (A 2)—(A 4) and having in mind that there are no contributions from
odd | or m, the relation between (3.9) and (8.2) of the drop shape is

Jjl2 k

niF; =" (FroonToon + FrianToian): (A9)

k=1 n=0

where n, =3 and ny4 = 105 are the normalization factors, see (8.2). Evolution equations
for the coefficients f;, ) — = fims [im» J =2,4 are obtained using relations

8f2l STC (l
=71 L =0,2 Al
5 — 15 2, m=0,2, (A 10)
and
afry  3m
“m 222l —0,2, 4, All
ot 315 4 " (A1D)

which follow from (8.5), (A5) and (A 6).
By inserting (8.4) and (8.5) into (A 10) and (A 11), and evaluation of the scalar
products, evolution (5.3) are obtained, with

1
dii = ——=ao, (A12)

2./6

1 /5
di = 5V &(305 +a7), (A13)
2 /1
—70fd13 = —20\/70122 = —140 £d36 = 20\/7(137 = dag, (A 14)
3 3 3 3
1 /5
day =—§\/§(6—|—a5), (A15)

6
dy = — ?nao, (A16)

1
dy = 21\ 6n (6614 + a7), (A 17)
d33 = —*M ( 12+2a4+a7) (A18)

dyy = —Z\/ on (2614 + 2as + ay), (A19)
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14
—\/ %dzu =—/ ?dm = dy = 54210y, (A 20)
5

dy = ——— (7Tby + 2bs) , A21
0 6\/§( 4 5) ( )
1 7 1 /14 1
3 Ed43 =ds) = 3 ?das = —dp = mb& (A22)
57/5
ds; = s\ %bm (A23)
5 5
dey = T %(bél — bs), (A24)
5 5
=2/ A2
ds3 6 ans, (A25)
d 2 (by + bs) (A26)
64 = ¢\/ 3 (ba 1 Ds).
5 /35
dp = T g(bzt + 2bs), (A27)
and
D; = ay, (A 28)
1 5
D, = 12\/;613, (A29)
D3 = by, (A 30)
D4 = iD41 = £D42 = 57t’1/2b2. (A 31)
15 35

Appendix B. Spherical harmonics
B.1. Definitions of tensor spherical harmonics

For the sake of completeness, we list the definitions of scalar- and vector-spherical
harmonics (Jones 1985; Varshalovich et al. 1988). The vector-spherical harmonics are
defined as

Yimo =G+ D)2V,
yjml =—-urX yij’ (B 1)
Yim2 =TYjm,

where V denotes the angular part of the gradient operator. The vectors y imo and ;.

are tangential, while y;,, is normal to a sphere.
The tensor spherical harmonics are defined as

; 1/2 .12
y J+1 - J
Y. o = p2i j-1 . — ‘
pim =T (j—1>(21—1><2j+1>} V(’ (”'"”[HJ y””))

Vi =7 (3G = D2j + D]V y0)

(B2)



320 P. M. Vlahovska, J. Btawzdziewicz and M. Loewenberg

and

. 6 172 4 j+11"2
Y. —=pJ T pit PR )
= | arraa=1) V<r (y”"" ] ).

Yiom =r2 (22— Qi+ 0]V ()

j 1/2 j+1 172
Jj+2 r |:(]+2)(2]+3)(2]+1):| (V <y]m0 j yjm2

(B3)

where V' denotes taking a symmetric, traceless gradient of a vector harmonic. The
spherical tensor basis a,, discussed in Btawzdziewicz et al. (2000) corresponds to

Yoom-

B.2. Rate-of-strain tensor

The basic set of solution u;*’mq (4.14) is introduced in Btawzdziewicz et al. (2000).
Taking a symmetric, traceless gradient of a vector harmonic of order j produces five
tensorial harmonics with an angular number / taking values j—2, j—1, j, j+1, j+2
(Varshalovich et al. 1988). Here we list the rate-of-strain matrices defined as Vu®™ =

+ Jjmq
%;q/ ij+q’m:
Ag_z(r72 + BO+—2) 0 Ag 00
wt, (jir) =1l 0 Af 1 0 00 (B4)
AT ,r?+ B, 0  A3,00

and
0045, 0 Ay(r2+ By)
Uyy (j;r)=r""""100 0 Apr! 0 : (B5)
00A7, O A5(r2+B5)
where
. . . . 342
Afy = =3 (=14 )1+ j)(1 +2j)(—1+2))]"7, Bo*_z=‘1_2j"
A [36+2) 17
00 2(=1+2j)|
. N11/2
A =L+ Ha+2i)”, (B6)
—14+Ha+2)1" . Jj(5+2j)+3
R 2)— 3, By, = LOF2NE
2-2 2|: ](_1+2]) (.] (5+ ]) 3)’ 2-2 ](5+2‘])—3’
A= [3U+)B+2)) 2
20 2j(—1+2j) ’
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and

A = 3(2.] 1/2
00 2(2J+3 '
Agy = : G+2)Q2j+1)2j+3)1', By _1-2j
027 > 02 2 +3

1 12
a5+ 1] ®7)
A3 _[ 3j(2j—1) ]1/2
2+ 0@j+3)]
1 (j+2)(2j+1)]“2 L 6+J(zj_1)
Apy=—= |22 T (6 j(2j—1), Byp=—t

B.3. Recoupling formulae for products of vector- and tensor-spherical harmonics

Starting from the general formula for the inner product of tensor harmonics
(Varshalovich et al. 1988) we derive new, simplified expressions for the inner product

of a tensor harmonic and the tangential vector harmonic y;,o:

Yimo* le Jitqimi = yjzmzng (J’ jl, J.Z, m,my, m2) (gqu (J’ jl’ 12) s (B 8)

where the Clebsch—Gordan coefficient ¢ is defined by (B 13) and

@ 20:_(j(j+1)—j2(j2+1))2—j1(2j(j+1)+2j2(j2+1)+j1(j1—1)(j1+1))
- LG+ 1D jiGr— 1D Q2 — D (@2ji + 1) ja (2ja + D]V2 ’
C_10=—ca[js — 72 (j +j>— jo— j3),

%0_\[3(1(J+1)—Jz(12+1))2+11(11+1)( 4 U+D 4G+ —4p(h+1)
3 UG+ G+ 1D 2= 1) (21 +3) j2 (2 + D]
(510=—C4[j1+2]71/2(J + 2= —J3)

GGHD— G+ D + G+ DQj G+ D)+ 2/ G+ 1) — ji (i + 1) (i +2))

C20 = — , : : ; s 2 )
GG+HDGI+HDGE+2) 2+ 1) (251 +3) 2(2j2+ 1)]
(B9)
J1—1 o .. .
C -2 =-2 {j(j+1)j2(2j2—1)(2j2+1)} G+D+i G+ 1) =0+ DI
G 12 =ca[(j1 — 1) jo (j2 + D]'?,
G+ +Gi— )G+ +1)
%or = \/6— ,
. f[j G+ Ui G+ DQ2j— D) 2ji + 317
Ji+2 iz .. ..
%222Luﬂ)ulﬂ)(zﬁ+1)(zj1+3>] UG+ D4+ Gr4 D) — (o + 1.
12 =—ca[(j1 +2) jo (o + D]V
(B10)
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Con=—c(j+iP—ji+jt—p—Jid) UG —1)Qji— 17",
C 11 =c3[ji — 1177,

2]~1 +1 :|1/2
6Li(i+D)Qi—DQRjy+3)]

(501 = —26’2 (3] +3J2 _jl _.]12 - 3J2 _3~]22) |:
G =cs[ji +217'7,

Cr=—c24+j+72+3i+i—p—i) i+ DG +2QhH+317"
(B11)
In the above expressions

Cr =

GHi—i)G—ji+i)(—j+ha+p+1)G+i +j2+1)}1/2
JUH+Dp(+1)2H+1) '
a=RCj+DCh+ D" LG+ iGi+ )i+ 172

x (o (L4 i) (j+ 2+ ji+ 2 —ja—Jj3)

iU+ ) (=j= P+ a+it+id).

B (2j+1)(2j2+1)(j+jl—jz)(j—jl+j2)(1—j+jl+jz)(1+j+j1+jz)]”2
Cq4 = .. . . . . .
JU+D G+ G+ 1)

(B12)

B.4. Clebsch—Gordan coefficient
For the sake of completeness, we list the definition of the Clebsch—Gordan coefficient

(—1y™ [Q2j + DQji + D2jp+ 1]V
2 4r

J=&jh R\ [(J v ]
><< 0 00) <mm1—m2>’ (B13)

where £ = 1 if ¢ + ¢, is even (or zero) and & =0 if g + ¢, is odd.

J it h
m miq myp

is the Wigner 3j-symbol (Edmonds (1960)). More details about the definition and
properties of ¢ can be found in Blawzdziewicz et al. (2000). The functions xy and
0, which appear in the recoupling formulae for products of spherical harmonics
(Vlahovska et al. 2005), are defined as

XU, jui)=jG+D)+jp(+1)—ji(ji+1), (B14)
0. )= +j—p)G—ji+ i) L—j+ji+i)A+j+ji+p]"*. (B15)

¢, jis osm,my,my, g +q2) =

Appendix C. Evaluation of quantities on the interface of the deformed drop
C.1. Surface velocity

Section 4.3.1 outlined the matrix representation of the surface velocity. The kth term in
the Taylor series expansion of the velocity contains the product of k shape parameters
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f*. It is recoupled as
B ()Y i, (C1)

The coefficient @,,];)( f) is evaluated by the following recursive formula (Vlahovska
et al. 2005):

(k—1) jimax Jmax
(k—1
]m _2 Z Z ]1]’]11)2 Z f]zmzé-(.]l’ .]2’] my, my, m, 4) (Cz)
mi==ji Ja=2ma=—js

where

Jmax  Jmax

(pfrz _ZZZ Z Z fj1m1f]2mz{(J13J2’J7m17m2’m 4) (C3)

J1=2 p=2mi=—ji1 my=—j»

After recoupling the product Y, y;,,, (Vlahovska et al. 2005), we can write for the
expansion terms in (4.22)

U™ (57 =1 ¥jmar = Dimgiomaas (F) ¥ jmsa» (C4)
where
k jmax 1
D,imqumzqz,k = Z Z P k€ (J L pmmymy, q + q1) qqlk) () Caq, (ilj2) . (C5)
1=0 my=—I

Here we list only the matrices D for k = 1; the expressions for order 2 are rather
lengthy and can be found in Vlahovska (2003):

D il = Z Sim € (G5 L, ja, m,my,ma, g + q2)

Imy
G+v 1" { G+1) ]”2 o A
2| —=—— 22— 2 1
{jjz(jz-i-l)} x G ) ThGirn] Ut 2UG )

. 12 .
J J 6(j.1. j) { J

12
[(j+1)jz(j2+1 (J+1)Jz(jz+1)} x (1 )

345 .. . _ L. 3+ .. . _ L.
—TJ[JZ(DH)] (ol o) Tj[Jz o+ 17203, 1, o) —4

D;mqumzqz,l = Z .flmIC (,]7 la j27 m,mp, mp, q + qZ)

IWL]
. 12 . 172
J L G+ S Lo 12
2| l —_— l 2 1
eyl MR ryres v ICCUC I T
. 12 . 172
x| 2 %] 0.1, _ [&} il 0
rarerea B by vl RS
2 =24
L UG D Gy = e P0G )

(C7)
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C.2. Hydrodynamic tractions

The first term in the expression for the surface tractions (4.7) corresponds to tractions
on a sphere
P

+ +,(k)
Z clmq p— k qch (]) yjzmzqz’ (C 8)
where the matrix R(fql is defined as

qu (r) fﬂ[l (J’r) yjmq1 ’ (C 9)

and the superscript, (k) denotes the kth term in the Taylor series. When evaluating
the tractions on a sphere (C8) we avoid the direct coupling of a vector and tensor
harmonics by using the relation

u

o oo d 1
$ Vu—ra<;)+;V(u r. (C10)
Inserting (4.14) in (C 10) yields

. d (Us, Gin)\ .. Us,
RioUsr) =rg; <°" + G+ 017
r r r

. d (U5
R;rl(JQV):VE (1" , q=0,1,2, (C11)

r

: d
Ry (jir) = =P (jir) +2

At leading order k = 0 (4.28), the drop is not yet deformed and the surface tractions
are evaluated on sphere

Uzq (Jsr).

Oy () =RL, (j:1). (C12)
Hence,
F1\ 2
2j +1 0 —3<J+. )
J
0,y (j) = 0 j—1 0 , (C13)
3<J+1> 0 2+14-
J J
j 1/2
2 —1 0o 32
/ <j+1>
O (j) = 0 —Jj=2 0 . (C 14)

LN 12
3
3 <J> 0 —2j—1——0
j+1 j+1
The subsequent perturbations require the evaluation of the term
ny_i-* Tk =n,_i* V/u,%” — p,::np_k. (C 15)

The expansion of the normal vector (4.8), however, contains not only radial but also
tangential vector harmonics. A simplification similar to (C 10) is unavailable for the
product of tangential vector harmonic and tensor harmonic. Hence, it has to be



Deformation of a surfactant-covered drop 325

evaluated using the relations in (B.3). The kK = 1 term in (4.27) has a general form

@;_rnlqumzqz,l = Z { (J l j2 mm;ymjq + q2) flml |:R;1_'_q’fl) (.]) Cchqz (Ja la .]2)

Imy

— 0+ 0P, ()G (i 1)+ U0+ DI PEG) Cos (1 )| (C16)
After some algebra, it is reduced to

O it = O S & GLipmmimyg +q) [ (G + 1) ja (o + DI XE (ol o)

Imy

(C17)
where

Xoy = xUo L ) (=xGs jo, )+ 1475 4+452) 4+ j(2j — Dx (A, j, ja2),
X =—1—6j—x(j.l. jo). (C18)
Xy =L (o + DIV (=125 (s ) — Qi + D x (o L, o) s

Xiy =—4=3j—x (.1 j»).
1 =4 J )1(/2(] Jz.) (C19)
Xy =G+ 24+)),

Xy =G+ DTG+ DIYVA(=220 + D2 437 — 272 — 9% (i, 1, jo))s

_ 9 .
X =y UG+ (C20)
Xy = LG+ D apGh+ 018G+ D+ x (L o))
14+
and

XSt =X G L ) =5+ 6)) x (ol j2) + 22 (o + 1) 3+ 5) 4257,
Xot=5+6j—x (i1, j), (C21)
X =+ DI (=12 (1 + j) + 2j+ D x (.1, 1),

Xiot=—143j—x (.1 jo), )
X5 =1hGh + DIV (1 =),
X =[G+ D" (=2 + 1) (3+7j 4+ 22) + 9% (. 1, j»)),
9 .
Xyt = -3 L (j + 1], ©23)

Xyt = UG+ DRG+ D12 (=8 + x (j, 1, )

For k = 2, the explicit expressions become very cumbersome and can be found in
Vlahovska (2003).



326 P. M. Vlahovska, J. Btawzdziewicz and M. Loewenberg

C.3. Recurrence relations for the velocity
The expressions for @;—;, are used to find 7, (4.33). Thus, (4.31) becomes

Cimap = AdNAG)[=3Zjmo (=1 + x(G + 1)+ 2jm2pJ (G + D (1+2j)x],

Ciml,p = _dc(.])d(fl)zjml.ln

Cimop = A(NADjmop [ (G + DI'?G =G+ DB+ j + %))
—3%jmap [ (G + DI (=14 x(j + D)].

where z was defined by (4.32), d (j) by (D 11) and d. (j) by (D 15).

(C 24)

C.4. Evolution equation matrices

The two terms in (3.4) describe interface evolution due to fluid motion radial and
tangential to a sphere (the expansion of V f involves only tangential vector-spherical
harmonics),

g # = "0 pYm. (C25)
eugVE=> &0,V (C26)
p=1

Radial and tangential vector harmonics do not couple (Btawzdziewicz et al. 2000;
Vlahovska et al. 2005), and in particular #+y,,, = ,2Y;,». Hence, in the product of the
surface velocity (4.23) and the unit radial vector only matrix coefficients Djmq jma.k
with g =2 remain

p

+ B
Qjm.p = ]m2p Z qu ,p—k ]mq;mZk(f) Vv =1in, out, (C27)

k=1

where the diagonal form of Dfm,q, jm20 (4.24) is taken into account. For the second
term (C 26), we get

p p—k

+ +
]mp ]m = Zc7m’q’ ,p—k—n J "m"q" j'm'q’, n(f)N]mq k(f)yjmq y]”m 'q" (C28)
k=1 n=l

where the matrix N is the spherical harmonics representation of Vf, given in
Vlahovska et al. (2005).

The scalar product of vector harmonics in (C28) is further recoupled using the
formulae from Btawzdziewicz et al. (2000) and Vlahovska et al. (2005). Combining
(C27) and (C28) yields

w.r . =D

Jjmqjamak T JWtqumzZ k

+ Z Djmqj 'm'q' k—n J m”q”,nCq’q”(j/j//jZ);(j/ j// j2 m/m// my, q/ + q//)9
(C29)

where N, , represents the nth term in the expansion of V f.
The surfactant evolution (3.6) requires evaluation of the divergence of the product of
angular velocity and surfactant distribution. At the deformed interface, the tangential
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angular velocity introduced by (3.7) is expanded as

ii(r,) =Y e, (2). (C 30)

Inserting the surface velocity expansion (4.23) and expanding r; ! in the Taylor series,
we obtain

By (£2) = ( Cimg.p T ZC m'q’,p— kAjm’q’jmqvk(f)>yjmq’ q=01, (C31)

where

k Jimax 1
Atk = D Y Prwal (1 jammyma, q + q1) m(mz)Z( DEUE™ ().
=0 m;=— n=0

(C32)

The vector—scalar harmonics couplings in the product of the angular velocity (C31)
and the surfactant concentration expansion in scalar harmonics (3.9) are recoupled
according to the formulae listed in Vlahovska et al. (2005). Taking the divergence of
the result, having in mind that the angular surface divergence of the tangential vector
harmonics y;,, is identically zero, leads to

+,I E 2 :
W]mq]zmz k jmq/zmzok + Djmqj 'm'q’ k— ngJ”m q" ”C 'q"

n=1 j'm'j"m"
Y

X (" )G j" jam' m"my, g +q"). (C33)

Appendix D. Perturbation solution: explicit expressions for velocity,
surfactant- and shape-evolution coefficients

Because of the linearity of the Stokes equations, the fluid flow can be decomposed
to a flow driven by interfacial stresses, and a disturbance flow due to a “blob” with
viscosity contrast but no interfacial stresses. Accordingly, the evolution coefficients
(3.8) can be split into contributions due to viscosity contrast, capillary and Marangoni
stresses

1 F F

Ejmp = /mp+ca Ky, +MaMj, p’} (D1)
1l r

Gjm,p jm[,—i—Ca ijp+Manmp

In the following subsections, explicit expressions for velocity, shape and surfactant
evolution coefficients for the perturbation order 1 are listed. The expressions for
orders 2 and 3 are very cumbersome and can be found in Vlahovska (2003).

D.1. Leading-order perturbation solution

The leading-order solution describes the distorting effect on shape and surfactant
distribution by the extensional component of the external flow.
The linear flow (4.20) can be decomposed into pure straining

w b1 " /21
szozs\/;’ Comz = S 15’ (D2)
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and rigid body rotation

2n
3
Irrotational flows are characterized by w=0. The axisymmetric extensional flow
u”=(—1/2x,—1/2y,z) is specified by s=./6 and m=0 . Simple shear flow
u*=(y,0,0) is given by w=1, m=+2 and s= — sign(m)i. Hyperbolic flow
u*=(x,—y,0)is given by m= +2 and s=2.

The straining part of the external flow stretches the drop along the extensional
axis and convects the surfactant towards drop tips. These processes are described by
the leading-order terms, p =0, in the evolution equation for shape and surfactant;
accordingly, the terms corresponding to relaxation driven by capillary K, and
Marangoni stresses M, o are zero. The extensional part of the imposed flow (D 2)
is described by j =2 harmonics, and thus only j =2 harmonics are excited in the
disturbance flow field. After solving (4.31), taking into account (D 2) and (D 3) for
the expansion coefficients for the velocity and stress fields, we obtain

(D3)

Cloy = wi

S
CIm0,0 = Com0.0 T o0 = T2y V Sn
s 10m
0 = Comn0 T Cono = T2,V 3 (D4)
+ 2n
Clo1,0 = Cio1,0 T €10 = @i 3
The only non-zero terms in the evolution (D 1) are
10 V30
Shho= 5o\ 5 Sho=sT o (D)
’ 142y 3 : 142y

D.2. Order 1 perturbation solution

The order p =1 solution describes the flow due to the deformed drop, i.e. the restoring
effect of interfacial stresses and drop rotation. The expressions are given in a general
form that can be applied for any external flow.

D.2.1. Velocity field generated by interfacial stresses

Capillary and Marangoni stresses drive fluid flow that opposes the shape and
surfactant distortion induced the external flow. At this order, capillary and Marangoni
velocities are continuous at the deformed interface, thus in equations (4.26), (4.38)
and (4.39)

Vimg.1 =0 q=0.12 (D 6)
w;_:nFlv 0, w,t,,r]v =0 v = cap, mar.

After solving (4.31) for p = 1, we obtain that the capillary and Marangoni terms in
the velocity field are

Cios ==L G+ D17 (Ca™ K, + MaM], ).

C;_tnl 1 0 (D 7)
C;rmz,l =Ca~ m,1 +MaM,m1



Deformation of a surfactant-covered drop 329

The capillary and Marangoni terms in the evolution (D 1) are
Kjvm 1 .]m 1f1m’ _ (D 8)
MY ;m,10fjm+M,;')m,01gjm' v=F,T.

jm, 1=

For the shape-evolution equation, we have

Kfi=d(H(1—7)jiG+DG+2)2j+1x,
M o=d(j)j(+1D(=6+j(—1)(2j+5) x), (D9)
M =d()j+DCB+G—1)x).

For the surfactant evolution equation, we obtain

Kli=—d()3(G=1DjG+DG+2) (=10 +1Dx),
M 10==d()j G+ D34+ +)+G-DG+D(Tj+12) %), p (D 10)
Mo =d()j(G+DE+ G =D +1D2j+3)x)

where
d(j)=[B+2(-DG+Dx)N=3+C+4j+2/)0)1". (D 11)

D.2.2. Velocity field due to viscosity contrast

A ‘blob’ with viscosity different than the suspending fluid introduces a disturbance
in the external flow. The radial component of the velocity ‘jump’ (4.26) for this velocity
field is zero, because the first derivative of the radial velocity is continuous. However,
there are tangential components due to contribution from the external flow u™:

Ujm(),l = 2C§'Od (.]) X (27 j17 .]) 5
Ujmi,1 —Cudc (J)O 2, j, j1), (D 12)
Vjim2,1 0.

The solution for the velocity field coefficients is
Cimoa = ccod () (181 + /) (=1 + x(G + D)(x —Dx (2, j1, ) +4J)
+x 2,1 )G =x( + DB+ j+2/%)
X(x (2, j1,J) +2(=2=2j + x(1+2j)))),

s = —Cade ()0 2. i ) (=1 2, s )+ 2x(1 = ), (D13
it = 3cad () [ G+ DIV 44 4j — x (2, ji, D (=x (2, 1, )
+x[x 2, 1, )X+ /) +25 @25+ D),
where
5
ceqg = [im ¥ (s j1,m,my, q) (x — 2)\/;[1' G+ DI +2x]7" (D 14)
The denominator d () is defined by (D 11) and
d(j)=DB+G—-1x" (D 15)

The functions x and 6 are defined by (B 14) and (B 15). The flow function ¢ describes
the coupling of the external flow, j = 2, and the shape modes of order j. For a simple
shear flow, the flow function  is

1/’(]’ j17 m,mi, 61) = S({ (2’ j17 j’ 2,m1,m, q) _g (29 jl’ j! _2’m1’m’ q))v (D 16)
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and for the extensional flow

v (j, j1.m,my,q)=s¢ (2, j1,j,2,0,0,0,q), (D17)

where the coupling coefficient ¢ is defined by (B 13). Note that if the viscosities of the
drop and suspending fluid are equal, i.e. x = 2, the disturbance flow vanishes (D 14),
+
1e. ¢ =0.
We proceed next to evaluate the evolution coefficient S in (D 1). Using (D4), w
obtain from (4.38) and (4.39):

‘ﬁ J .]17m m172)

wjml lefjlml 2 (1+2 X(17 j’ jl)fj1m17 (DIS)
s g w(fv.hvm’mlvz) .
wfmfl :w178j12gj1m1 + 5 (1 +2X) X(17 .]7 ]1)(_fj1m1 +gj1m1) (D 19)

Combining (D 18), (D 13) and (D 12) in (4.36), we obtain for term S;,; in the shape
evolution

jm 1 (]lml) - Cl)l B ]12fj1m]

5 . _
+fjlmld(j) \/;w(.]i ]11m7m112) [(1+2X)] 1(610+a1X +a2X2)1 (Dzo)
where

ag = —=3(—1+ j)(—18 + j(11 +2(—1 + j)j))
=330+ j)(=19 =4(=1+j)j + 2ji(1 + j1)) (D 2la)

ay =3(—1+ j)(—26—7j — 3>+ 9% +2j%
=31+ j1) (29 + 102 + 4,7 =3, (i + 1) —2j (=9 +ji +ji)) (D21b)

ay = (=14 )24+ 14j + 5>+ 6> +13j* +4°) — ji (L + DGj1 G+ 1D (j1 + 1)
+2(=15+ j(—=16 + j(=5+ j +2j%)). (D2lc)

Likewise, inserting (D 19), (D 13) and (D 12) in (4.36), we obtain for the analogous
term in the surfactant evolution equation

. .m 5. . -
St (ima) = @182, + \@ﬂ (s josm, ma, 0) 25 + 117"

X [gjm 6+ +1)—ji(i+1)
—fimd () (=2+j = j)(=1+j +j)(x —=2)(bo + b1 x)]. (D22)

where
by = =3(1+ j)(6+ j)+ 3j1(1 + j1), }
by =14 j)(184+27j + 16>+ 3> +2j)—(j + 1)(2j2+j +3)jl(j; +1).

(D 23)

The first term on the right-hand side of equations (D 20) and (D 22) describes the
rotation of the deformed drop by the rotational component of external flow (D 3).
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Appendix E. Coefficients in the evolution equation
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Here we list the explicit expressions for all coefficients in the evolution (5.3). The
coefficients and the evolution equations can be downloaded from Vlahovska (2007).

1\/?

= E E%,
40x

S @x+ D19 =3)

24 (137x3 +213x> — 961 — 6) \/5/n

72x + 1)2(19x — 3)? ’
360y

S (10x + D)(17x — 1)’

D, =

D, =—

D; =

b /iD B /30 - 80y (14x% — 249y + 43)
TV T VESTE T 212 + )(10x + D)(17x — D)(19x — 3) 7’

_S5(4x —13)
- 7J62x + 11

10(x — 2)(13x — 6)./30/7
 T2x + 1219 —3)

6 6 20./2(43%% — Tx + 17
d13=\/;d22=2\/gd36=_\/;d37= V2(43x X )

72x + 1)2(19¢ — 3)
~10(x —2)(13x — 6)./30/%

11

dip =

d == )
! 72x + 1)2(19x — 3)
g - _ATon/3
31 — 2X +1 )

(2336)° — 22396 + 144775 — 933)./5/6n
98(2x + 1)*(19% — 3) ’

_(2703%% — 647y + 282),/T0/3

B 72x + 1)2(19% — 3) ’

(13256 —43816x> + 11117y +4107),/5/6n

492y + 1)3(19x — 3) ’

2 2 /30
dy = ——=ds1 = —\/ zzdn = — ,
NiE V33 lay +7

o 60(x = 2)(20x — 1), f6/m
2T 720 + 1210 + 1)

10 10 15/10(4x — 29)
dis = 3\| =dsy = 2dgs = —3| —dys = ,
. 702 e 777 7T 770202 + 12 + 1)

e 1200 = 2)(29x —2)/T0/x
T 5392 + 1)2(10x + 1)

dz = —

ds3

34 =

(E1)

(E2)

(E3)

(E4)

(E3)

(E6)

(E7)

(E8)

(E9)

(E 10)

(E11)

(E12)

(E 13)

(E14)

(E 15)

(E 16)

(E 17)
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45(x —2)(34x — 5)/T0/n
dsz = 5392x + 12(10x + 1) (E18)
) 30(x — 2)/10/% (E£19)

T 7702x + 1)(10x + 1)
_30(x — 2)(130x — 1)/T0/m

dss = 539(2x + 12(10x + 1) (E20)
iy — _60(x — 2)(24x + 1)/T5/Tm. (E21)

T72x + 1)2(10x + 1)
The above expressions can also be obtained from the relations in Appendix A.

123 — 1)

Pe = o -3 "

bi =55 f(f()(Jlr;() —3)’ 2
ORI
b, — 2081¢° 7—(24;32(21 - 115?—_3 )1253)J5/7Tt , (E 25)
o (lei( 13(;;9—)(11 3) "

P ="y -6+(71))((1+9)1()— 3) -
.
B = 7(122;31 1;(1)9@3)’ "2

B 15(446X37(+2 )(124271))(22(1_9)5<SEX3; 9\3/m (E 30)
g, — 306481 q;(;ioixf)z—(llg(f?& 129)\/5/m. (E31)
B = 7(;;71J1r)(11)ﬁ 3) =

by = 7(52)(\/?1) ’ (E34)

by — 300 =2)(23x — 1)30/m (E35)

T2x + 1)2(19x —3)
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, . _ 150 —2)y15/2m
14 =

92y + 172

1004/2(x —2)(17x + 1)
72y + 1)2(19¢ —3)

bis = bia4//3, b7 = b5/ 7/6, big = bi\/7/6,
bio = bis/24/15 by = bis/2:/15,

_10(x — 2)(2691x> + 751y — 16), W()/n

bis =

ba = 49(2x + 1)3(19% —3)
, _ 5152w
22 — 2X +1 )
b 15(x = 2)(296¢” — 169x +29) FS/Zn
32 492x + 13(19¢ — 3)
b _ S = 2)(183x — 11),/30/x
3 72x + DX(19x —3)
po 1500 = 2188 + 25 +3)/30/m
3 49(2x + 1)3(19x — 3)
400265 — 1)
27310 + D(17x — 1)
o 20(x + 1)
BT310) + )17 — 1)
0 — 120(5x — 1)
YT (10 + (175 — 1)
01— 160(25% — 2)
2T 310x + )(17x — 1)
On— — 20(55x + 1)
BT 3105 + )(17x — 1)
2 4(30x3 4 21312 — 570x + 41)

Py = Py /15 = Py

2 8(140%3 +417x% — 200y + 27
Py =2Py/ /15 = Py (140x X X )

B B 2 40(2045x2 — 376 + 27)
= 0:/V15 35 21(10x + 1)(17x — 1)(19x —3)/n’
B B 2 40(1915x2 — 424y + 13)
021 = Q31//15 = Q41\/;__7(10X+1)(17X—1)(19X—3)\/E’
B B 2 40(3x — 1)
Q22—2Q32/\/T_ Q42\/;_ 7(2X+1)(19X_3)\/E’

357 702x + D(10x + D(17x — (19 — 3) /0’

357 202x + )(10x + D)(17x — 1)(19x —3)/m’
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(E 36)

(E37)

(E 38)
(E39)

(E40)

(E41)

(E42)

(E43)

(E44)

(E45)

(E 46)

(E47)

(E48)

(E49)

(E 50)

(E51)

(E52)

(E 53)

(E54)
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2 10(25970x3 + 25892 — 1712y + 33
02 =203//15 = Q43 ( X X X )

2 10(7 1
0 = 034//15 = Q44\/>5= x +1)

72x + 1)(19¢ — 3)[

3 g =53 =
d = — =—
41 5111 15\[ 105 q71z 15\/»

where dy; is given by (E 14):

150/T0(x — 2) 10
qs3 =2 = —2
B= Ty + )0 + 1) B\ 7 =~ Vran
28 14,/ 14w
9\f6]14 =7 /ngis = — 5\/>QI6 =24/ 3 s

107
qo = —by» a,

30(x — 2)(23x — 1)/30/%
72y + D219 —3)

15x-2B30/x 3 B 3\/7 Ni

qi0 = —

M=""00x+12 517775 5 5

Appendix F. Stress coefficients
The coefficients in (5.7)—(5.9) are

_x—2)
2x +1°

7/51 35./n 1 /35=®
- T = — \Fnz=f\/7m=r§,

2
, 9(24x —13)
0490(2X + )’
41
— 27
035,
,3(212y + 31)
% 2452 + Hn’
J15/2n
2x +1°
20,/6(x —7)
T2x + 1)’

15/6(2x — 29)
142y + 1) °

Ti4 =

Ti5 =

Tie =

T =

T =

731 = —

35 7 212y + )(10x + D)(17x — )(19 — 3)/x’

——= 917 = —(— 4919 = ——{q13.

(E55)

(E 56)

(E57)

(E 58)

(E 59)

(E 60)

(E61)

(F1)

(F2)

(F3)

(F4)

(F3)

(Fo)

(F7)

(F8)
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15./6(x +3)

_— F9
2T T 0y 1 1P F9)
4(121x +38) ,

S S, S 4 F1

T TR0+ ) (F10)
3./6
- 7{102, (F11)
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