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The motion of a sphere in the presence of a fluid-fluid interface is studied. First, a
solution is derived for a point force near a plane interface. Then the solution is extended
to include the higher-order terms which are required to describe the motion of a solid
sphere. Singularities of higher orders at the centre of the sphere are obtained by
using the method of reflexions. For a fluid-fluid interface with an arbitrary viscosity
ratio, the drag force and the hydrodynamic torque are calculated for the special cases
of motion of a sphere perpendicular and parallel to the interface. In addition, the
rotational motion of a sphere is also investigated.

1. Introduction

When a small solid particle moves near an interface, the drag force on the particle
is changed from Stokes law due to the presence of the interface. This type of ‘wall’
effect plays an important role in a wide range of interesting problems including the
Brownian motion of a colloidal particle, motion of micro-organisms, and the collection
of small particles via bubble or drop ‘flotation’ type processes.

In the present paper, we study the simplest problem of this type; namely, the
motion of a solid sphere in an arbitrary direction near a plane fluid-fluid interface.
The Reynolds number based on particle size is assumed to be very small so that the
creeping motion approximation is valid. In addition, we assume that the interface
remains flat. The resulting solutions are therefore valid, as a first approximation, in
any circumstances where the interface deformation remains small. Physically, this
may be the case when the distance between the centre of sphere and the interface is
much bigger than the sphere diameter or when either the surface tension or the
density difference between the two fluids is very large.

Three distinct methods have been commonly employed to study particle motions
in the presence of a flat (or nearly flat) interface; namely, (1) a standard solution via
superposition using the eigensolutions of Laplace’s equation in bipolar co-ordinates,
(2) solution via the reciprocal theorem of Lorentz (1907), and (3) solution via the
fundamental solution of Laplace’s equation expressed in integral form.

The most frequently used technique, via eigensolutions of Laplace’s equation in
bipolar co-ordinates, was initiated by Jeffery (1912, 1915) who derived the general
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solution of Laplace’s equation in bipolar co-ordinates, and used it to solve for the
fluid motion generated by two spheres which are rotating about their line of centres.
Subsequently, Stimson & Jeffery (1926) used the same method to calculate the drag
force for two spheres translating along their line of centres with the same constant
velocity. Much later, Dean & O’Neill (1963) used the general solution of Laplace’s
equation in bipolar co-ordinates to study the motion which is caused by the slow
rotation of a sphere near an infinite rigid plane when the axis of rotation is parallel
to the plane. O’Neill (1964) also investigated the translational motion of a sphere
parallel to a plane solid wall. Finally, Bart (1968) extended the general solution of
Jeffery (1915) for axisymmetric flow to the motion of a spherical drop which is moving
normal to a liquid-liquid interface.

The reciprocal theorem approach was pioneered by Lorentz (1907) who derived a
solution for the motion generated by a point force in the presence of a plane solid wall.
Aderogba (1976) used the Papkovitch-Neuber solution for Stokes’ equation to solve
for the motion induced by a Stokeslet near a fluid-fluid interface. He superposed
linear solutions with arbitrary coefficients to satisfy boundary conditions on the
interface, namely the continuity of velocity and stress. However, the normal velocity
at z = 0 is not zero in his solution, which implies that the interface is not steady.
Because of this, his solution is only valid at the initial instant that the stokeslet is
imposed.

Finally, Faxen (1921) treated the motion of a sphere parallel to two external plane
walls, using the fundamental solution of Laplace’s equation in an integral form. The
extension of his theory to non-spherical bodies, and to shear and parabolic flows has
been carried out by many investigators (cf. Happel & Brenner 1973).

In this paper, we generalize the reciprocal theorem approach of Lorentz (1906), to
derive a general lemma for obtaining solutions of Stokes’ equations that satisfy
continuity of velocity, continuity of shear stress and zero normal velocity on a flat
interface, given only an arbitrary solution of Stokes’ equations for an unbounded
domain with no interface. This lemma is then used to determine the general solution
of Stokes’ equations for a point force near the interface (i.e. the counterpart in this
two-fluid system to the fundamental stokeslet solution in a single, unbounded fluid).
Since this solution does not satisfy the continuity of normal stress, it is only valid, as
indicated earlier, as a first approximation under conditions when the deformation of
the interface at steady state would remain very small.

The lemma is then used to determine the motion generated by a finite size solid
sphere which is translating, without rotation, either perpendicular or parallel to the
interface. Provided the interface is flat, as assumed, these solutions can be superposed
to obtain the solution for translation in an arbitrary direction. These solutions were
obtained in the following manner. First, we put singularities at the centre of the sphere
which satisfy boundary conditions in an infinite fluid (i.e. a point force and a potential
dipole). Next, the lemma was used to obtain solutions for the point force and the
potential dipole which satisfy boundary conditions at the interface. In general,
however, these solutions do not satisfy boundary conditions at the sphere surface,
and additional higher-order singularities must then be included at the centre of the
sphere. The appropriate higher-order terms are determined in the asymptotic limit,
a/d € 1 (where a = sphere radius and d = distance between sphere centre and inter-
face), and the resulting solutions are then valid in the same limit. Similarly, we also
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studied the fluid motion generated by the rotation of a stationary sphere when the
axis of rotation is parallel or perpendicular to the interface. Due to the linearity of the
Stokes equation and boundary conditions, the solutions of these four problems (i.e.
translation without rotation, and rotation without translation) are sufficient to
determine the particle and fluid motions for any arbitrary applied force and/or torque
on the particle.

The method of analysis used in this paper, and particularly the solutions for a
point-force, are easily extended to the motion of slender, rod-like particles near a
fluid—fluid interface. All that is required is the distribution of singularities for motion
of the same particle in an infinite fluid.

The present paper comprises part 1 of a three-part study. In the forthcoming part
2 of this work, we will discuss the exact solution in bipolar co-ordinates for the motion
of a sphere near a fluid-fluid interface. This exact solution is derived in the form of
an infinite series, whose coefficients can be determined numerically. A detailed com-
parison between the approximate results of the present paper and the exact solution
will be presented in part 2. The third part of this study, part 3, is concerned with
interface deformation. We consider two cases: (1) that in which the final steady-state
deformation is small and calculable using the velocity and pressure fields generated
in parts 1 and 2, and (2) where the interface deformation is not small. In the latter case,
a numerical solution of the complete problem is required to determine the velocity
and pressure fields. In part 3, we consider a novel numerical method for determining
the shape of the interface in this situation. In the former case, we can use the known
(i.e. calculated) shape of the interface, and the velocity fields for a flat interface to
determine the first correction to the force acting on a particle due to interface de-
formation. This is accomplished by using the reciprocal theorem in a manner
reminiscent of Ho & Leal (1974).

2. Basic equations

We begin by considering the governing differential equations and boundary
conditions for an arbitrarily shaped rigid particle which moves, with translational
velocity U and angular velocity Q, near an interface which separates two immiscible
fluids that will be denoted as I and IL. Apart from the disturbance flow induced by
the particle, the two fluids are both assumed to be stationary. Furthermore, the
undisturbed interface is assumed to be flat, and the particle to be wholly immersed in
fluid IT.

The theoretical analysis which follows will be valid in the limit of small Reynolds

ber
mben Rey = @(or—%) <1,
¢ Va
where v, represents the kinematic viscosity of fluid IT and d is the separation distance
between the particle ‘ centre’ and the undisturbed interface. This condition guarantees
that the particle moves a very short distance on the time scale characteristic of
vorticity diffusion over the distance d and, in this case, the equations of motion reduce

to the steady Stokes’ equations in both fluids,
0=—Vp,+ V2,
Bt ‘} i=1,2 (1)
0 = V . ui,
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The variables in these equations may be considered to be non-dimensionalized with
respect to the characteristic variables: u, = U (or Qa), [, = a (a particle length scale),
and p, = u; U/a (or p; Q). In view of the linearity of these equations, and in anti-
cipation of the fact that we will eventually restrict our attention to small deformations
of the flat interface, we will consider the translational and rotational components of
the particle motion separately. The boundary conditions for u; and u, in the trans-
lational problem are thus

u,u,~>0 as [|x|->oo, (2a)
u, = e on the particle surface; (2b)
plus the conditions
u; = u,, (2¢)
n.u, =n.u,=«kof/ot (2d)
and — _ o ko Of 9a2(P2 — P1)
[[n.T]]_/\n.T1—~n.T2_[(Iu—v)( 5K éﬁ)rH— 4y U fi, (2¢)

at the interface, S, which is represented by
S:H=z2-I(t)-f(r,¢,t) = 0. (3)

It may be noted that the dimensionless distance from the particle centre to the
undeformed interface, i.e. d(t)/a, has been denoted as {(¢). The unit normal, n, and the

factor « are defined as
n=VH/|VH|, «=1/|VH|.

The parameters appearing in (2e¢) are the viscosity ratio, A = u,/u,, the interfacial
tension ¢ and the density difference, Ap = p, — p,, in addition to the quantities which
were defined earlier. The equations (2¢) and (2¢) are the conditions of continuity of
velocity and stress, respectively, while (2d) is the kinematic condition which relates
the time rate of change of the shape function, f, to the normal velocities at the inter-
face. Although we will not explicitly consider the problem of particle rotation in this
initial discussion of governing equations and boundary conditions, we note here that
the problem is formally identical with U replaced by Q and the condition (2b)
appropriately modified to u, = € A r on the particle surface.

The problem represented by (1)—(3) is, of course, both time-dependent and highly
nonlinear due to the fact that fis unknown. Thus, the solution (for example, the shape
function f), for any instantaneous U and particle position (or £ and position plus
orientation if it is non-spherical) will not be a unique function of the conditions at that
instant, but rather will depend on the conditions and interface shape at earlier times.
The first two papers of the present series are, however, concerned with circumstances
in which the interface deformation is both small and dependent solely upon the
instantaneous conditions.

The assumption that the interface shape depends only on the current conditions
is, of course, precisely equivalent to the statement that the interface shape is the
equilibrium shape for a given U and a specified particle position; in particular, the
interface shape at any instant will be the steady-state shape corresponding to the stress
and pressure fields in the two fluids at that instant. Thus, the obvious physical
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requirement for this condition to be satisfied is that the particle motion be sufficiently
‘slow’ that the (dimensionless) particle displacement, I*, in the time required for the
interface to reach equilibrium for a given ‘applied’ normal stress difference, {n.n. T],
is small compared to the separation distance, I(t). In addition, the time required to
achieve a steady stress distribution at the interface after a change in the particle
velocity (say, after an abrupt start-up of the particle motion) must be short compared
to the time scale for significant displacement of the particle. The latter condition is
exactly the condition Re; < 1, which was already assumed in using the steady Stokes’
equations. The conditions necessary in order that I* < I may be deduced by examining
the equation (2e). Two distinct cases exist, depending upon whether the viscosity ratio
is fixed (though perhaps large) or whether it is asymptotically large. In the latter case,
the interface deformation will be small for finite times, but always unsteady and the
problem is not considered in the present analysis. We consider the case in which A is
fixed. In order to ensure that I* < [ as assumed, we require either

Upsfo < 1 (4a)
or Up,/ga®Ap < 1 (4b)

depending on which quantity is larger, or
afd < 1. (4¢)

When any of the conditions (4) is satisfied, the interface deformation will not only
be in quasi-equilibrium, but the magnitude of the deformation will also be asymptotic-
ally small; i.e. O(6) in the cases (4a) or (4b) or O(d") in case (4¢), where & represents
whichever of the three parameters (4a-c) is asymptotically small and n > 2. The two
conditions (4a) and (4b) yield a small interface deformation by balancing the normal
stress jump on the left-hand side of (2¢) with a large surface tension or a large density
differential. The condition (4¢) yields small deformations because the normal-stress
difference is small, O(a/d)", when the particle is far from the fluid interface.

In any of these cases, the problem can be analysed completely by means of an
asymptotic expansion for small 8, in which

f=8"ulr, @)+ ™ fy(r, @) + ... (5)
and u, =u®+dul®+.., (6)
P =pP+8pP + ..

for fixed A. Substituting (5) and (6) into (2a)~(2e) (for the translational case), we obtain

u®,u®->0 as |x|—>oc0, (Ta)
ud® = e on the particle surface, (7b)
and, at the interface,
up = up, (70
n.uf® =n.ud =0, (7d)

[t.n.TO] =0, (7e)
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plus one of the conditions

0.0.TO] = ,, s=2a0 50, 20 0w, §-oq)
10f, o2 U U a
[o.n. TO] = _(;3]}_'_?{_;1)’ é E'uz_ -0, QIZZAP = 0O(1), 7= 0(1);
(7f)
2
[n.n.TO] = (!%U) (—;%—%—{g) 853—90, "i}’: o(1),
wU ga*Ap .
garnp =~ O T

in the limit as § > 0. The power m which appears in (5) and (6) equals 1 when (4a) or
(4b) is satisfied with a/d = O(1), but is equal to n (> 2) for the case (4c).

The zero-order approximation, which is defined by the conditions (7a)—(7e), plus
the governing equations (1), thus represents the motion of a particle near a flat fluid
interface. When the velocity and pressure fields have been determined from these
equations and boundary conditions, the normal stress condition (7f) can then be
used to determine a first approximation to the deviation of the interface shape from
flat. Higher-order terms which account for the effects of interface deformation on the
velocity and pressure fields can then be obtained via a straightforward continuation
of the expansion procedure, though one must account for the interface deformation
in calculating the unit normal and tangent vectors, n and t, at higher order in é. In
this paper, and the one (part 2) which follows, we shall be concerned only with solutions
for the zero-order problem.

3. Method of solution

Let us then consider the solution of the equations (1), plus boundary conditions
(7a)—(7e), for the specific case of a rigid, spherical particle of radius @ which isimmersed
wholly in fluid II. As indicated in the introduction, we shall approach this problem
using a generalization of the method of Lorentz (1907), which can later be adapted to
solution of the same problem with more complicated particle geometry.

Lorentz (1907) used the reciprocal theorem to determine the general solution of (1)
for fluid motion in the presence of a plane solid wall. We extend his solution to the
general case of a fluid-fluid interface. For creeping motion of a fluid near a flat fluid-
fluid interface, we state the following lemma.

Lemma. Consider two immiscible fluids, fluid I for z > 0 and fluid IT for 2z < O,
which are contiguous to each other at z = 0. If u and p are a solution of equations (1)
in an tnfinite fluid 11, then the functions

1 A
ulzm(u_ﬁ), p1=m(p——ﬁ) for 2> 0, (8)

A
= Y o e * _ )k
u; = (Wt u¥)— o (ut - 0a¥)
N for z2<0, (9)
— L A * __ Ak
Py = (P+pY) — 7 (" —P%)
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satisfy equations (1), plus the conditions (7c—e¢) of continuity of velocity, continuity
of shear stress and zero normal velocity at z = 0. Here, (1, ) is the associated solution
{cf. Lorentz 1907) for (u, p) defined as

0=-J.u-2:Vuw+22Vp (10)
_ op | ow
and ﬁ=p+2z5—— PR (11)

and (u*, p*) is the reflected image solution for (u, p) defined as
u* = J.u(z,y, —2), (12)

p*=py, —2) (13)

Finally, (G*, $*)is the associated solution for (u*, p*). The operator J and the constant

A are defined as

and A= /s,
and w is the z component of u.

This lemma can be easily proved by using the uniqueness of solutions for Stokes’
equation (Lee 1979). (u,, p,) becomes identical to Lorentz’ general solution for fluid
motion near & solid wall when A goes to infinity. Moreover, for the points far away
from the interface, (u,, p,) reduces to the solution in an infinite fluid, (u, p).

With the above lemma, we can easily calculate the solution of (1) for the motion of a
particle in the presence of a plane interface, once the solution for particle motion in an
infinite fluid is known. In the following sections, we will examine the case of a solid
sphere which is translating and rotating in an arbitrary direction near an interface.
Due to the linearity of equations (1), this problem can be solved by superposing
solutions for translation perpendicular and parallel to the interface and for rotation
with the axis of rotation perpendicular and parallel to the interface. Prior to con-
sidering this problem, however, we briefly examine the solution for a point force
located in one of the fluids near a flat fluid—fluid interface.

In order to obtain this solution using our lemma, we first require the corresponding
solution for a point force in a single, unbounded fluid. This is the familiar stokeslet
solution,

u(x, @) = & 4 (20X (14)
and pi(X, ) = 2%5—‘ (15)

where the strength and orientation of the point force are represented by a, and
R = [x|. Let us consider a stokeslet located at x = (0, 0, —1I). Substituting equations
(14) and (15) in equations (8) and (9), we obtain:

1 XX
) = oz ). (F+ 250

-+

2z [—azx+ la  (a.x,). 3(a.x,)!

R R R ]
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—4AJza, a.x, 3(a.x.)!
pl,s(x!a)=1+A[§§-— Ri+ (Ri—_'_) z+]; (17)

uz,s(x,a)=us(x+,a)+( ! J A I).(i+(a'x‘)x_)

1+27 1+2 )\R_T B2
2A 2 ., 3l i
+mEJ.[—-azx_+la+(a.x_)lz-—l—?{(u.x_)x__], (18)
(. x_) A J—a,z (a.Xx) 3la.x_)z_],
where R, = @+y2+ @+ Bo= @ +y?+(—2+1P)}
X, = (@,y,2+1), X_=(r,y, —2+1);
z,=z+1l, z2_=—z+1;
and I = identity matrix, &;;.

This solution will be used in the following sections in analysing the velocity and
pressure fields generated by a finite solid sphere which is centred at 2 = —[. In addition,
it may also be used in the context of a slender-body approximation to determine the
velocity and pressure fields for a slender particle which is near a fluid interface.

To show the fundamental characteristics of the solution, equations (16)—(19), we
will evaluate the stream function for a = i, and the normal stress imbalance at
z = O0for a = ayi, and & = o i,. The latter are qualitatively indicative of the expected
interface shape for translation of a particle normal and parallel to the undisturbed
interface, z = 0.

For the axisymmetric flow with a = «,i, at z = —[, the stream function can be
easily calculated from equations (16) and (18):

20y Iz ( zi)
=—2—|1-=L) for z>0; (20)
¥ (1+A) R, Rz

22 22 20 Iz
¢2=—d0R+(1—-R%)+aOR_(1—§€) (1—mR—2_) for z < 0. (21)

In figure 1, the stream functions for « = £i, and A = 0-01, 1, or 100 are compared with
the stream function for an unbounded single fluid. It is clearly evident that the fluid
motion in both fluids is retarded as the viscosity of the upper fluid increases.

The normal stress imbalance at z = 0 can also be evaluated from the general solution,

equations (16)—(19). For a = o, i,

oyl
=122— 22
AT, = 12 73 (22)
and, for a = o, i,,
2
AT, — 12%% (23)
kj

Here, Ry = (I2+ 22+ y?)%. 1t is noted that, for a point force located in one fluid, the
normal stress imbalance on the interface is independent of viscosity ratio. In figures
2 and 3, the right-hand sides of (22) and (23) are plotted for oy = . It may be seen
that the normal stress imbalance becomes larger as the point force approaches more
closely to the interface.
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Freure 1. The streamlines due to a stokeslet, a = $i,(Ucle), loc&ted at z = —5[l¢]. 4 = ~2-5,

B=-20,0=—15 D=-10, E=—05, F=—025 G=0005 H=01, =02, J=04
and K = 0-6[Us2]. (@) Unbounded, (b) A = 0-01, (c) A = 1-0, (d) A = 100.
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FicUure 2. Normal stress imbalance on the interface,
z=0;a=§,r=(x?+y)i

4. Motion of a sphere normal to a plane fluid-fluid interface

In this section, we consider the motion of a solid sphere normal to an infinite plane
interface. In an infinite fluid with no external boundaries, an exact solution for
translation of a solid sphere can be obtained by superposition of the fundamental
solutions for a point force (i.e. the stokeslet solution) and a potential dipole, both
applied at the centre of the sphere. The stokeslet solution for a point force in an
infinite fluid was presented earlier, as equations (14) and (15), together with the
general solution for a point force near a fluid /fluid interface which was obtained using
the lemma [equations (8) and (9)] of the preceding section.

The velocity and pressure fields for a potential dipole in an infinite fluid are
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-AT,,
05 (
1=3
0-25
=6
N 1=9
-20-0 100 0-0 10-0 20-0
x
—0-25{ b
—os5k

F1cure 3. Normal stress imbalance on the line, y = 2z = 0; a = #i,.

and pp(X,B)=0 (25)
where @ indicates the direction and intensity of the dipole. This solution can be
generalized so that it satisfies continuity of velocity and shear stress, plus zero normal
velocity, at z = 0, by simply substituting (24) and (25) into (8) and (9). The result
for a potential dipole located at z = — [ is

u; p(x,B) = T%(H-J)' (——R%;-I_&’.R%F)&)

. 5
+-1%{ﬂ§§++%(z+p+(p.x+)nz>—§7+(a-x+>Z+X+}: (26)

P1o(8) = T% ;T; [2ﬂzz++9~x+—%(ﬂ-x+) Zi]; (27)

U, p(X, 8) = up(x,,B) + (ri—z’ - u) . (_T‘;_ +38-x) x-)
+1—i/-\ 12—';1.{ﬁ,x_+z_p+(p.x_)iz—_1%(p_x_)z_x_}; (28)
Py, p(X,B) = —%{ 112_? [2ﬂ,z_+ﬂ.x_—Rig_(p.x_) z‘-’_]. (29)

The variables appearing in these solutions were all defined previously in conjunction
with either (16)-(19) or (24) and (25).

Now, let us consider a sphere located with its centre at z = —I which is moving
with a constant velocity toward (or away from) the interface, which is located at

z = 0. In this case, . .
a=oa,=3, and B=B,=-H,
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and the zeroth-order (i.e. infinite fluid) solution can be written as

u® =0 and p{ =0, (30)
uém = us(er’ %iz) + uD(x-i—’ - iiz)} (31)
and P = py(x, §,).

Here, the subscripts 1 and 2 refer to fluid I and fluid II, respectively, while the super-
script (zero, in this case) indicates the level of approximation in the context of a normal
reflexions-type calculation procedure.

The first correction for the presence of the interface can be evaluated simply by
substituting a« = i, and @ = — }i, into equations (16)-(19) and (26)-(29), and sub-
tracting the zeroth-order solution (31). We identify this first ‘wall correction’ by the
superscript (1). For convenience, the correction corresponding to the stokeslet solution
is still denoted by the subscript s, while that from the potential dipole is denoted by the
subscript D, i.e.

uf = uf,(x, 3i,) + ufp(x, m} -
2P = p(u(x, $1,) + p{’p(X, — ,);
uf? = ul)(x, i,) + uf’p(x, — 4, ),} (33)
P = pPu(x, #,) + piPp(x, —1,).

Though uf® exactly satisfies the no-slip boundary condition on the surface of the
sphere, additional singularities are needed at the centre of the sphere in order to cancel
the velocity field correction u§’ which is non-zero on the sphere surface. Since ug’
is highly complicated, it is not possible to determine singularities at the sphere centre
which precisely satisfy the no-slip and zero normal velocity boundary conditions.
Instead, we consider the asymptotic limit ¢ = 1/l <€ 1, and then choose singularities
to cancel only the first few terms of uf’ at the sphere surface, with ufP expressed in
powers of ¢. Examination of u{ shows that uf’;, = O(¢) at the sphere surface, while
ufl; is only O(e?). Hence, the dominant smgularltles at the next level of approxima-
tion will be those which are required to cancel the interface ‘reflexion’ of the point
force (or stokeslet) solution. The leading terms of uf!) near the sphere, for small ¢, are

€a02+3/\ oc02+3)t

1 _ _ 20 3),
@ - 2%%2+ 3A 3
ug NIRRTy -t 0(e), (35)
@ — 2%¥ 2+ 34 3
vz & 17n 5 T OEY), (36)

with o = |ao| = §
At the first, O(e), level of approximation the velocity components u{ and v§V
parallel to the interface are zero, while the normal velocity component is simply a

constant
¢ %0 2+3A

2 T

Insofar as (34)—(36) are concerned, the presence of the interface is thus equivalent to
an induced steady-streaming motion in the direction opposite to that of the sphere.
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Obviously, to counter w{’ at O(¢), we require a point force and a potential dipole at the
sphere centre, with intensities

3a02+3/\
N =€ TEA (37)
oy 2+ 3A
and pl = _€_§_0 —i--l-_A ia. (38)

It is important to note that the point force velocity field of strength O(e), corres-
ponding to «a,, will itself generate a vertical velocity component of O(e?) at the sphere
surface when it is ‘reflected’ from the interface. Thus, if we are to consider any
correction terms of O(e?) from (34)-(36) we must simultaneously include this additional
O(e?) correction to the velocity field near the sphere. In order to cancel this O(e?)
term at the sphere surface we require an additional point force and potential dipole
at the sphere centre of strength

3243A
oy = (8 1+/\) e, (39)
o, {32432
and ﬂ2=—§0(§ m) €lz. (40)

The terms of O(€2) in the equations (32), (33) and (34) represent an axisymmetric uni-
axial extensional flow with origin at the centre of the sphere, and the z axis as the sym-
metry axis. Chwang & Wu (1975) have shown that an extensional flow of this general
type is generated in an unbounded fluid by a stresslet and a potential quadrupole.

The basic solution of a stresslet is

(X, y,8) = — [%; —3(—7—'3‘-135(—&39] X, (41)
Pss(X, Y5 §)=-2 [YR;;S ('.'Y—x‘zéf_}i)'] ’ (42)
We(X,Y,8) = 5 516Xy +(y - x)8]xx, (43)

where w is the vorticity vector. The potential quadrupole is defined as the derivative
of a potential dipole:
auD(xa p)

upq(x: B.i) = —6:”‘_ g (44)
To cancel the terms of O(¢?) in equations (34), (35) and (36) at the sphere surface,

we thus require the superposition of a stresslet and a potential quadrupole at the
sphere centre. The resulting velocity field is

e = 10; |5 Up (%, 1)+ 0l ) (45)
_ 2% 2437
where C, = e? 8 T+

Substituting equations (41) and (24) into (45), we obtain

(4
0 21— 1
R T[] P
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Although there is no pressure contribution from the potential quadrupole term, the
contribution from the stresslet term is

P = 50, (— g 4332 (47)

Finally, the corrections to ul®,, and p{%,, which are necessary to satisfy boundary
conditions at the interface can be easily calculated from the lemma by substituting

(46) and (47) into (8) and (9), and then subtracting (46) and (47) in fluid II. The results
are:

O 1 z2 5z zz .
ufhe = 175 | —80 ) g (135 ) 2 - g (1- 95 ).

2 21—} 5221
+15z(R5 —R—;L) +—1522( 7 —RZ).X+]+O(64) (48)

A (+10 522 2z
and  p. = (R_i)[ 1+3R2‘( Ri) R;(3 5.1.%_2.)]+0(64) (49)

in fluid I; and

>

u‘z‘”;)ex_ 2R3[ 1+3R2]
+0112j/\ J. (2R3)[3§2_(1 5R;)x‘+(_1+9%%_)iz]
+01-1—}Xz2j.(;e—§_)[ _)- 55 ].x_+0(e4) (50)
and
pg?Lx—Rfl( 1+3;2;)+T%%[?I§—2:( 9+15;:2) (1122—2——15-;;;{—1)]-%0(64)

(51)

in fluid II. Since the stresslet and potential quadrupole terms, (46) and (47), are
O(e?), the ‘reflected’ velocity and pressure fields, (48)—(51), are O(e?) at the sphere
centre.

Hitherto, we have evaluated the singularities at the sphere centre to O(¢?). Higher-
order terms can be calculated in a similar manner, but we will not consider such terms
here. In summary, the singularities required for a sphere moving perpendicularly to
a plane interface are:

32+31 (324302, _ . .
(x+,2lz)[1+8 X € (§ m) 2+ 0(e )] stokeslet;

. 32 A 24+ 3A\2
up(x,, —4,) [1+— +3 (3 +

AT \8T1r /\) €2+0(€3)] potential dipole;
51;.:50 21-:_3,{\ Ug (X, 1,,1,) stresslet;
2% 2+3A0up

and potential quadrupole.

6 16 1+A az (X+alz)
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10!

Drag ratio
T
[

100 l
0 N 10 15

/

F1oure 4. The drag ratio »s. the distance between the sphere centre and the interface;
U=1i,. 0,A=00; A,A=1; +,A = 0; Bart (1968). , equation (52).

As there is no contribution to the drag force from a potential dipole, stresslet or
potential quadrupole, the drag ratio (the drag divided by Stokes’ drag) is simply

given as 2431 (, 2431
Tra T3

When A— o0, equation (52) reduces to the drag ratio for the case of solid wall, and is
identical with Wakiya's results to O(e?) (cf. Happel & Brenner 1973).

In figure 4, the drag ratio, equation (52), is plotted versus the distance between the
sphere centre and the interface for A = 0, 1 and co. The drag ratios numerically
calculated by Bart (1968) are also shown in the figure. As previously mentioned, we
presume € < 1 in the derivation of (52). Thus, for ¢ € 1, (52) agrees with Bart’s result
which is the exact solution for a sphere motion near a flat interface. Even for I ~ 2-5,
the approximate solution shows reasonably good agreement with the exact solution.
However, the two solutions deviate from each other as the sphere approaches more
closely to the interface. Since the convergence of (52) is poor for ¢ ~ 1, we need higher-
order terms if our expansion technique is to be used for I < 2-5. Even then, close
agreement would not be expected for ¢ = [! ~ 1 since the exact solution is singular
in that limit.

drag ratio = 1+ ge

)2+ O(e?). (52)

5. Motion of a sphere parallel to a plane fluid—fluid interface

Let us now turn to the problem of a non-rotating sphere which is translating
parallel to a plane fluid-fluid interface. The zeroth-order solution for this problem
can be obtained by substituting & = i, and @ = — }e, i, into equations (30) and (31),
with u, and u,, evaluated from (14), (15), (24) and (25). Similarly, the first correction
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by reflexion from the interface can be obtained from equations (32) and (33), with
(16)~(19) and (26)-(29).

The no-slip boundary condition on the sphere is not satisfied since the ‘reflected’
flow field is non-zero at the sphere surface. We may examine the leading terms of this
reflected field, expressed as a power series in ¢:

@ _ 2592 32 2%2—-3/\ -~
uf = e R e 2T ) 0, (53)
oY = O(e®); (54)
D 2_c:_ci,_oc3/\+:2 s

ws €= TTx + O(€3). (55)

In order to satisfy the no-slip and zero normal velocity conditions at the sphere
surface, we need additional singularities at the sphere centre which produce the
velocity field of opposite sign. For the term of O(e), a stokeslet and a potential dipole
are required, which have the intensity and orientation

_ 3% 2-3,

o, = 16 T +/\ i, (56)
C ooy 2—3A
and B, = 1% T e (57)

By induction, we also know that the interface ‘reflexion’ of the point force and
potential dipole solutions corresponding to (56) and (57) will yield a non-zero con-
tribution of O(e?) to the x component of velocity at the sphere surface. In order to
satisfy boundary conditions on the sphere surface to O(¢?), we thusrequire an additional
point force and potential dipole at the sphere centre with magnitude and orientation

3 2-3A\2
a2=62a0 (—1—6 m) iz (58)
— _ef(3 2234V,
and B =—¢€ 3(16 YA (59)

Further, we require singularities to cancel the O(e?) contributions in (53) and (55).
Examination shows that these terms represent a linear shear flow with origin at the
sphere centre. Chwang & Wu (1975) discovered that a stresslet, a rotlet and a potential
quadrupole were necessary to produce such a flow in an unbounded fluid. Thus, the
velocity field which cancels the terms of O(¢?) in u®™ at the sphere is

10
0l = Oy {§0a(X,s ) + B0 )+ 0 (K o)

+ 03 {%uss(x—w iz’ i:c) - %uR(xM i'u) + %%UD(X+’ iz)}- (60)

e20y 2—3A ety BA+2
Here, G=-F T3 =% 141

and uy is the velocity field due to a rotlet defined as
UR(X,Y) = ¥ X X/R%. (61)
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Substituting (24), (41) and (61) into (60) yields

2 1 1 i 1 1 L 1
ot = 0[5 () v () v v () <

z 1 1 1 1 1 1
+03[§+(Ei Ra)l +§x(R5 R3)1+ xz*(Ri__RZ)er]' (62)
The pressure becomes

Pé?’sa = 5(Cy+ 03)R5 (63)
The corrections (i.e. reflexions) to (U, p{% ;) which are necessary to satisfy boundary

conditions at the interface can be calculated easily from the lemma. The results are

1 1
ul® —
SH*1+/\('+”'2Ri[C(Z* i)+ 50y g X ]
z [ zi 5 Y5
+R—3 —-04+505 2 — bz 05}—2? — Rz X++~+1 +-’,Ul
% (304_H5051”g;)x++100 2 i }+0(€4) (64)
PP = 2 L0 (%2% 1) 4200, 2. + 60,2, — 500, 25 | 4 0(e5);  (65)
1, SH +/\R “\r +20052, +0by2, — 5R2 ’

1 A 1
) -
ug,iSH (1+AJ_1+A|)'|:2R:104(2—11 )+ 05R5 —:I
e Az ). [04 ( it 3xx_) + 5Cz_ (z_ i+ 29Ciz__5:cz_ x_)]

1+ARE R? RZ_ R2
+ 2 ey 0] =S x i, +aiy) |+ Oe) (66)
1+A°775| "R Rf'_—“c z ’
2A — Bx2?
s = 505%25:_1+/\ {5205( chz':“* Rs)+30“ 250512’ +1005R5 ] 0.
(67)
e, 1
Heres 04 = 02"‘03 = —ezg‘)m
3a, A
and C,=0,+0; = 62—4-9 m‘

Thus, for a sphere moving parallel to an interface, the singularities required at the
centre of sphere through O(e?) are:

3 2-3A 3 2—3A\?2
3j —e— B 3 let:
us(x+,41x){1 €76 1_{_/\+(616 1+/\) +0 (€ )} stokeslet;

3 2-3A 3 2-3A\2 .
— 14 [ i ——— —_—— 3 .
up(x,, 4136){1 €16 TTA + (e 16 1+A) +0(e )} potential dipole;

%05 uss(x+’ i;m iz) Stresslet;

1C, uR(x+, i,) rotlet;

% (ng-z-up(x i)+ 03 uD(x i, ) potential quadrupole.
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Fi1GUurE 5. The drag ratio vs. the distance between the sphere centre and the
interface; U = iz. O, A = o0 (O'Neill 1964); , equation (68).

We can evaluate the drag ratio easily from the stokeslet strength,

‘6 1+A " \16 T+A
It can be seen that there exists a critical viscosity ratio equal to §, above which the
drag force on the sphere in the presence of an interface is larger than that in an infinite
fluid. For A < §, the drag is less than it would be in an infinite fluid. Further, equation
(68) becomes identical to Faxen’s (1921) results to O(e2) when A goes to infinity.
From the rotlet strength, the hydrodynamic torque on the particle can be obtained
and is equal to

- — 32\ 2
drag ratio = 1 — 3 2 3A+62(3 2 3/\) + O(€3). (68)

T = —8mi, 3(Cy— Cy) + O(c%) = %’ezl—hiy +0(). (69)
This is the negative of the torque which is required to keep the particle from rotating.
It will be noted that, when A->co, there is no term of O(¢2) in T. Indeed, Faxen’s
(1921) solution for sphere motion near a solid wall yields T ~ O(e%). It is also note-
worthy that for any finite A the sense of the applied torque for a sphere which is far
from the interface is opposite in direction to that which might be expected intuitively,
and opposite to that which is required for a sphere near a solid wall (see part 2 of this
work).

In figure 5, the drag ratio, equation (68), is plotted versus /, the distance between
the sphere centre and the interface, for A = 0, 1, and co. O’Neill (1964) calculated the
drag ratio for the motion of a sphere parallel to a plane solid wall by using bipolar
co-ordinates. His results are also shown in figure 5. There is a good agreement between
the two solutions in the region of ¢ € 1. When a sphere approaches the interface, we
need more higher-order terms in equation (68) due to the poor convergence of equation
(68) in € power series. As expected, the difference between equation (68) and O’Neill’s
solution becomes larger as e~ 1.
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6. Rotation of a sphere in the presence of an interface

Finally, we turn to the case of a stationary sphere rotating with a constant angular
velocity y in the presence of a plane interface. y is non-dimensionalized with respect
to u,/l,. The solution in an infinite fluid can be simply represented by a rotlet at the
centre of sphere, and the velocity field generated by a rotlet is given by equation (61).
Thus the zeroth-order solution for a rotating sphere in the presence of a plane interface
is

uf” = 0; (70)
uf? = ug(x,, ). (71)
The first correction by reflexion from the interface can be easily obtained from the
lemma; A+ 2 (i i) ( )
1 YXX, 2 Valy —VYyle _ Ya¥ —Vyo)|.

b 1+/\'( R ) 1+A[ R e RS ] (72)

1 A ) rxx) 23 (i, —v, i) Y2y~ Yy )

) — zy y izl x y

ug <1+/\J 1+/\I). B +1+/\z 7 3).x_ 5 . (73)

Here, y,, 7, and y, are the components of y in i,, i, and i, directions, respectively.

Since the problem is linear, the solution for rotation with an arbitrary axis of
rotation can be obtained by superposition of the solutions for rotation when this axis
is parallel and normal, respectively, to the interface. Therefore, without loss of
generality, we will solve only these two problems for rotation of a sphere.

First, let us consider a rotating sphere when the axis of rotation is perpendicular
to the interface (i.e. v, % 0, y, = v, = 0). As discussed in the previous sections, the
first correction (73) to the solution due to the presence of the interface does not
satisfy no-slip boundary conditions at the sphere surface. Hence, we analyse the
leading terms of (73) at the sphere surface as a power series in ¢,

1-2y,
0 . _ 2z 3 4
o = 1227 €Sz + O(e) (75)
2 1+A 8
and w® = 0. (76)

To cancel this additional velocity field at the sphere surface, a rotlet is needed at the
centre of sphere. The velocity field generated by this rotlet is given by

11-2A
uéz) = 8 1+A€3uR(x+"}/Z Z) (77)

Consequently, for the rotation of a sphere whose axis is normal to the interface, only
a rotlet is required at the centre of sphere through terms of O(e?) and its strength is as
follows:

. 1—2
uR(x+,yzlz)(1 me3+0(e4)) rotlet.

The torque required to maintain angular velocity, y = 7, 1,, can be easily calculated
from the strength of rotlet,

1-A
T = 87ryz( 5 +/\)€3+O(e4)) (78)
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For A > 1, the required torque on the sphere in the presence of an interface is larger
than that in an infinite fluid while, for A < 1, it is smaller. It may be noted in this case
that there is no contribution to the drag force up to O(e?). As expected, rotation about
the z axis induces no translational motion of the particle.

Now, let us consider a rotating sphere whose rotation axis is parallel to a plane
interface. Substituting y, + 0 and y, = 7, = 0 into equation (73) and expanding each
term in the power series of ¢, we can evaluate the leading terms of equation (73) at
the sphere surface:

ud = O(et); (79)
1 2—A
() - _ = Ve 2 _ 3 4
vk 1TE 8(1+/\)yx(l+z)e +0(e?); (80)
1+4A
@ . T 3 4

In order to counter the term of O(e2) in v{V, we need a stokeslet and a potential dipole
at the centre of sphere with strength and orientation

3 Vi .
— 22 _Vz 2
o 6161_*_/\11, (82)
i z g
a,nd [51=——€ 1—6' l’i’}-A v (83)

In addition, for the shear flows of O(¢®) in equations (80) and (81), a stresslet, a rotlet
and a potential quadrupole are required at the centre of sphere. They yield the
following velocity field:

10 . 1 —1+5A .
u(z)SH = FYx [%uss(x+’ s z) 6 ay (X 1 )] +Té —I_-F_;\— 7z€3uR(x+:lx)' (84)

Hence, the rotational motion of a sphere whose rotation axis is parallel to an inter-
face requires the following singularities at the centre of sphere:

—1+4+5A ¢
Ug(x,,v.1,) [1 +_1—++T— %—}— 0(64)] rotlet;

u(x,,i,) [13— Yz /\€2+ 0(63)] stokeslet;

1
up(x,,i,) [ 16 11A€2+0(63)] potential dipole;

U (x,,i,1,) %y, 6 stresslet;

;y up(x,,i,)#v.6® potential quadruple.
The torque on the sphere required to achieve angular velocity, y = y,i,, can be
readily evaluated from the strength of rotlet:

_ —1+5A 6 ol s
T = 87T’yz [1 +—1—+T 1—6+0(€ )] ly. (85)
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It can be seen that, for A > 1, the required torque on the sphere increases due to the
presence of an interface. For A < £, the torque is less than it would be in an infinite
fluid. In addition, there will be a drag force on the sphere which can be obtained from
the strength of the stokeslet as
3T Ve 3

F =~ 1256, + 0). (86)
In this case, rotation will lead to translation of the sphere parallel to the interface
unless a body force of equal magnitude and opposite sign is applied to the sphere.
For a solid wall, A— o0, there is no contribution to the drag force up to O(e?) from the
rotational motion of a sphere.

7. Discussion

In the previous sections, we have studied the translational and rotational motions
of a sphere in the presence of a fluid—fluid interface. Due to the linearity of Stokes’
equation, we can analyse the arbitrary motion of a sphere in the presence of an inter-
face by superposing the translation of a sphere parallel and perpendicular to the
interface and the rotation of a sphere with the axis of rotation parallel or perpendicular
to the interface. Hence, an arbitrary motion of a sphere can be expressed in more
general terms; namely, in terms of a translation tensor, a rotation tensor and a
coupling tensor.

At sufficiently small Reynolds numbers, the motion of a rigid particle can be
generally described by [cf. Happel & Brenner 1973]:

F=K;, U+K{.Q; (87)

T=K,. U+K,.Q. (88)
Here, F and T are the force and the torque exerted on the particle, K,, Kz and K,
are the translation tensor, the rotation tensor, and the coupling tensor, respectively.
U is the translational velocity of a particle and £ is the angular velocity.

Using the results in §§4-6, the elements of the tensors, K,, Ky and K, can be
determined for motion of a sphere near a plane fluid—fluid interface, viz.

KT 0 KR 0 0 Ky 0
Ky = 6r KT , Kp=8n Kt , Kg=6m}—-K, 0 0f,
0 KT 0 KR 0 0 0
. 2-3A 2-3A\2
where KT =1—Fe¢ T (T‘%e 1+A) + O0(€3),
., 2432 24 3A\?
T _ 3, 3 3
K| =1+3¢ 1+/\+(§61+/\) + O(e?),
3 —1452
(R & oA 1
Kif =1+ 16 112 +0(eY),
31-A
r_ 1 &S24 4
KE=1 3 1+A+0(6)

e2

and szm

+ O(€3).
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Since we have completed the evaluation of the resistance tensors in equations (87)
and (88), we can easily solve other interesting problems. As one example, the motion
of a freely suspended sphere under the action of an applied F can be obtained by
substituting T' = 0 in equation (88). The translational and angular velocities for this

case are U=[K;— K Kzt . KoL F (89)
and Q = —Ki K,.U. (99)

8. Conclusions

We have derived the creeping flow solution for a point force in the presence of an
interface with an arbitrary viscosity ratio. In addition, we have generalized this
solution to the case of a finite-size sphere moving near a fluid—fluid interface. In the
limit of an infinite viscosity ratio, these results are in accord with known solutions for
motion of a sphere near a plane solid wall.

When a sphere moves normal to a plane interface, we have shown that it is necessary
to modify the strength of the stokeslet and potential dipole singularities at the sphere
centre, as well as add a stresslet and a potential quadrupole through terms of O(e?).

The dragratio s PRI 3 24 31\ 2
AT )

For the case of a sphere moving parallel to the interface, on the other hand, it is
necessary to include a rotlet, as well as the stokeslet, potential dipole, potential
quadrupole and stresslet. In this case, the drag ratio is

s 23X (. 2-3A\2
it ) )

In addition, we have shown that a torque

by L

2 1+A

is required to keep the particle from rotating. It can be seen that the drag on a sphere
moving normal to the interface is increased relative to Stokes’ drag for all values of €
and A. This is a reflection of the presence of a flat interface. Even when the upper
fluid becomes essentially inviscid relative to the lower fluid (i.e. A— 0), the drag on
the particle is increased. The additional dissipation in fluid II which is associated
with the interface is obviously greater than the decrease in dissipation in fluid I as
A—>0. For parallel motion and ¢ <€ 1, on the other hand, there is a critical viscosity
ratio A = £ which separates the regions of increased and decreased drag.

We have also studied the rotation of a sphere with a constant angular velocity near
an interface. When the rotation axis is normal to the interface, only a rotlet is needed
at the centre of sphere through terms of O(¢?) and the hydrodynamic torque on the

sphere surface is proportional to
1—-A
1——— " ¢3).
( 8T+N)° )

There is no drag force for this case.
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When a sphere is rotating with axis of rotation parallel to the interface, a rotlet
as well as a stokeslet, a potential dipole, a potential quadrupole and a stresslet is
required at the centre of sphere. The required hydrodynamic torque is proportional

to ; 1—5A ¢
TT1+ 2 16)°

3T Ve
2 14+A

Further, a force,
€2,

is required to keep the sphere from translating from its original position. The critical
viscosity ratio which separates the regions of increased and decreased torque due to
the presence of an interface is 1 for the rotation with a normal axis and  for the
rotation with a parallel axis.

In conclusion, we can solve for arbitrary motions of a sphere in the presence of a
plane interface by linearly superposing the approximate solutions for translational
and rotational motions of a sphere.

The solution scheme which we have developed can be applied, in principle, for the
motion of an arbitrary body near a flat interface, provided only that we know the
singularity distribution in an infinite fluid. However, it should be mentioned that the
higher-order terms are valid only when ¢ < 1.

This work was supported by a grant, ENG78-10317, from the National Science
Foundation. The authors also wish to thank Professor Howard Brenner for many
helpful discussions during the initial stages of this work.
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