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Boundary effects in Stokes flow
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An integral-equation approach is used to calculate the first-order effect of the
proximity of a boundary on the Stokes resistance of a body. It is shown that
this approach gives both a simple derivation of the modified Stokes resistance
and a method of investigating the accuracy of the final result. The problem of
two settling particles is also considered briefly.

1. Introduction

In two recent papers Brenner (1962, 1964) has obtained general formulae
for the effect of the proximity of a boundary on the Stokes resistance of an
arbitrary body. Brenner’s formulae are valid for small values of a parameter c/!
(¢ = characteristic body dimension, ! = minimum distance between a point
on the body and a point on the boundary) and were derived by the ‘method
of reflexions’ used by Brenner & Happel (1958) in earlier work on similar prob-
lems.

In the first of the two papers cited above, the problem considered is that of a
body moving parallel to one of its principal axes of resistance, and it is deduced
that the force F' on the body is given by

FIF, = (1—-kF,[6npUl)1,

where F,, is the corresponding force in an unbounded medium, # is the viscosity,
U is the body velocity and kis a constant independent of the particular form of the
body. The advantage of the above result is that if k can be determined by direct
calculation of F for one particular body then this value of ¥ may then be used
to give F for any other body, provided that the force in an unbounded fluid is
known. Brenner’s derivation indicates that the error in the above formula is
O(c?/I?) but he suggests that it is in fact O(c3/I%). He offers no proof of this, though
all known solutions exhibit this type of behaviour.

Similar formulae to the above have recently been derived by the author
(Williams 1964) for the effects of a boundary on the capacity of a conductor. In
this type of problem it was found that an integral-equation approach gave a
simple method of calculating the capacity and it was possible to estimate the
error very accurately. It would therefore be of interest to investigate whether
an integral-equation method would be useful for determining the accuracy of
the above (and related) formulae. The general integral formulation of Stokes
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flow problems is rather more complicated than that of electrostatic problems
but can be carried out completely by using formulae derived by Lorentz (cf.
Oseen 1927). The object of the present paper is to present this approach to the
calculation of boundary effects and to the estimation of the errors made in the
final formulae.

The general problem reduces to that of solving a set of integral equations,
and it is shown that the approximate solution of these equations can be carried
out completely provided the solution for the Stokes flow problem in an unbounded
medium is known. The necessary calculations are fairly simple and the results
obtained by Brenner in his two papers are derived in an elementary fashion.
Furthermore, it is shown that, if certain symmetry restrictions are imposed,
Brenner’s formulae are correct to O(c3/I?). The problem of two arbitrary particles
settling in a force field is very briefly examined and the first-order effect of
particle proximity on settling velocity is obtained.

2. Derivation of integral representations

In the Stokes flow of an incompressible fluid the fluid velocity q and the pressure
p satisfy the equations
uV?q = gradp, divg =0, (1)

where u is the viscosity. Integral expressions for the solution of equations (1)
which are analogous to Green’s formulae in potential theory were first derived
by Lorentz (cf. Oseen 1927), and in order to present his formulae itisnecessary to
define certain tensor functions which are the appropriate generalizations of the
Green’s function of potential theory.

The tensor Ty(r, ry), where r and r, are the position vectors of two arbitrary
points P and P, respectively, is defined by

T, = UV¥r—r,| —grad grad |r—r,|, (2)
where U is the unit tensor, and the vector p, is defined by

py = —pgrad V3r—r|.
It is easily established that

#V3T, —gradp, = —87uUd(r—r,), divT, =0, (3)

and it follows from equation (3) that i.T,, where i is an arbitrary unit vector,
is the velocity at P due to a point force acting parallel to 1 at F,. (Note that
i.p, is the pressure p at P.) In the region enclosed by any given closed surface
8, we now define a second tensor T and a corresponding vector p so that they
satisfy equation (3), with the additional condition that T = 0 on S,. If both
P and F, are within S, then i.T may be interpreted as the velocity at P in the
region enclosed by the rigid surface 8, when a point force parallel to i is acting
at P,. Clearly T and p may be written as T, + T, and p, + p,, respectively, where
T,, p, satisfy equations (3) with the right-hand side of the first equation set
equal to zero. It will be assumed for the present that T, may be determined
explicitly for any particular surface S,. The boundary-value problem is a well-
defined one, but the actual determination of T, for any given surface 8, is rather
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complicated and the only case for which T, has been completely determined is
when §, is an infinite plane (Oseen 1927).

It is now possible to write down, from Lorentz’s work, an expression for q(P),
the solution of equations (1) at any point P in the region between two closed
surfaces 8, and S, with S; completely enclosed in 8,, such that q vanishes on S,.
The appropriate result is

1 oq oT
a?) =~ [ {(#53-pm) . T-a. (43, —np)}as. (@
where P, is now a variable point on §; and n denotes the outward normal to S;.
For the case when S, recedes to infinity T and p in equation (4) will be replaced
by T, and p,, respectively. Furthermore, it follows from Green’s theorems and
equations (3) that, if q is constant on S;, equation (4) reduces to

1
aP) =g | 1T, (5)
where f = u(dq/on) — pn.

The above formulae may be applied immediately to the problem of the fluid
motion generated by the rigid body S; moving with uniform velocity V in
viscous fluid in the region bounded by the rigid surface S,. Clearly the fluid
velocity will be given by equation (5) and it also follows from the definition of the
stress tensor that the force F on the body is given by

F=| fdSs. (6)
81

The force F,, which §; would experience in an unbounded medium may be
expressed in terms of the Stokes resistance tensor ¢, defined by Brenner (1963)
as F, = — 6mucV.¢,, where c is a characteristic dimension of S;. It is also con-
venient at this stage to define a parameter ¢ as the ratio of ¢ to the minimum dis-
tance between a point of S; and a point of S,. If the origin O is taken to be some
point of §; and if P and P, are also both on §,, then it follows that, neglecting

terms of O(e?), .
T, = Ty+r.[grad Tyl o+ T, [gr ad® Tyl—r -0 (7

where T9 = T5,(0,0) and the affix zero implies differentiation with respect to the
components of r.

The boundary-value problem for flow past S; thus reduces to the solution of
the set of integral equations

V-1 £(T,+T)dS, P and B, both on S,. (8)

8mp ) s,
It follows that, if T, in equation (8) is replaced by T3 [i.e. neglecting the con-
tributions of the second and third terms on the right-hand side of equation (7)
which are of O(e2)], then
1 1

— 0 .
VignFT=—5 FTads. (9)
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Equation (9) is the integral equation for Stokes flow when §; is moving in un-

bounded fluid with the constant velocity V+(1/87u)F.T3. It follows from

equation (9) that 1
— — 67w - 0

F = 67T/10<V+ o F.TZ) Do, (10)

and the solution of equation (10) is
F = —6mucV.[@p 1+ 3T (11)

Equation (11) is the basic result derived by Brenner (1964) using a more
elaborate approach. It follows immediately from equation (10) that, if F on the
right-hand side is replaced by ¥,

1 0
F= —67r,u,c(V+§;/—LFoo.T2)-¢m, (12)

the error in equation (12) being O(e?).

The above equations may be simplified further if V is parallel to one of the
principal axes of resistance of §;; these axes being defined so that, in motion
through an unbounded fluid parallel to one of them, the force is in the direction
of motion. In this case equation (10) now becomes

F|F, = 1)(1—AF,), (13)

where A is independent of the form of §,, and equation (13) may be identified
with a result obtained by Brenner (1962). For the case when S, is moving parallel
to a principal axis of resistance it follows that equation (12) becomes

F|F, = 14 AF,,. (14)

AF, is of O(¢) and hence, neglecting terms of O(¢?), equations (13) and (14)
are identical, as are equations (11) and (12). Thus in general there is no merit in
using equations (11) or (13) rather than the simpler equations (12) and (14).
If, however, equation (10) is correct [neglecting terms of O(e?)] then equations
(11) and (13), which are exact solutions of equation (10), will also be accurate to
this order. In fact in his derivation of equation (13) Brenner (1962) states that
‘arguments too lengthy to give here suggest that the error does not exceed
O(e%)’.

We shall now investigate some of the simpler situations in which the error
term in equation (10) is O(e®). This will clearly be the situation if

s feo. [I' . [grad T2]t=l‘0=0 + T [gra,do TZ]r=t0=0] dSl =0, (15)
where f* is the solution for f for the Stokes flow past §; in unbounded fluid.
The simplest situation for which equation (15) holds is when S, is such that there
exists a point O on §; through which may be drawn three perpendicular axes
of symmetry of §,. It then follows from the definition of S, and elementary
symmetry considerations that T9 is a diagonal tensor and that

grad T, = grad®T, = 0
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at the point O. Therefore in this case equations (11) and (13) are the more accu-
rate ones. This type of situation occurs in the motion of a body down the axis
of symmetry of a circular cylinder or mid-way between two parallel plates. In
these cases, the accuracy of the form of the resultant force is independent of the
properties of symmetry of S;.

We consider now the case when the boundary is completely asymmetric and
we shall assume that 8, possesses three perpendicular planes of symmetry inter-
secting at a point O within itself. The normals to the planes of symmetry will
be taken to be the co-ordinate axes Ox,;, Oz, and Oz, and it will also be assumed
that S, is moving parallel to Oz,. The affix zero will be employed to denote the
co-ordinates of the arbitrary P, on §,. If the Stokes problem for S, in unbounded
fluid is formulated as an integral equation, it follows from the definition of T,
and the symmetry properties of §; that the following relationships are valid:

flw(xtl)’xg’xg) :flw(_xtl)s .'.Ug, .'.Ug -—ffo(x(l)’ "'x(z)a xg)a
f;o(xg’xg’xg) = —f2 xl?xg:xg = —f2 xla x(2)> .’Ug) =f200(x23 x(2)7 —xg); (16)
fgo(x(l):xgaxg) = —f3 xl:xZ:xﬁl =f3 xg; —xzaxg)‘

It follows immediately from equations (16) that
f f*.r,dS=0
8y

and hence that the second terms of equation (15) are identically zero. The first
set of terms in equation (15), however, are non-zero and thus, neglecting terms
of O(e?), f will be a superposition of the solution of equation (9) and the solutions
£* of equations of the form

z, i, = | . T,dS, an

s

where i, is the unit vector parallel to Ox,. It is sufficient to examine the case
s = land 7 = 1 or 2; the other cases may be treated similarly. Considering first
r = 1, it follows from equation (17) and the symmetry conditions that

fi(a, 23, 23) = — fi'(—aY,23,23) = fif (2}, — 2}, 29),
fz xl’xwx:& =f2 _xg’xg’xg) = _f;(xtl)> —xg,xg), (18)
f;(wg,xg;xg) =f:;k(x(1)’ —xg,xg) = '—f!;k(x(l)’xg’ _'xg)

For » = 2 it can be shown that

[, 23, 23) = f(—al, a3, 29) = — fif (a1, — 3, 23),
f;(x(l)’xg!xii = fz( x17x2!x3 f2 x1> '—x21x3), (19)
f;(xg, xg’xa = 3 xl:x27x3 = _f:;k(x:(l)s —xgi xg)

1t follows from equations (18) and (19) that all solutions of equation (17) satisfy

the condition | f*dS = 0 and hence that the error in equation (10) is O(e?).
Sl

Hence for the two particular cases considered here equations (11) and (13)
are correct to O(e?). The integral-equation approach thus gives both a simple
method for deriving equation (10) and a method for verifying its accuracy.
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3. The motion of two bodies

The integral-equation approach lends itself very readily to the formulation
of Stokes flow problems in the region exterior to two (or more) bodies. This
type of problem has been examined by several authors (Smoluchowski 1911,
Burgers 1942, Kynch 1959, Brenner 1964). The bodies will be denoted by S,
and S, and the appropriate generalization of equation (5) is

1 o1 .
q= ﬁfsafa.TldAS“WfS‘frTldsa (20)

where f; and £, are the values of f on §; and S,. It will be assumed that both S,
and S, have the same characteristic dimension ¢, and that ! denotes the distance
between some point O of §, and some point O’ of §,. The velocities of 8; and 5,
will be denoted by q, and ¢, and the unit vector parallel to OO’ will be denoted
byi.

On neglecting terms of O(c?/I?) it follows that the problem reduces to that of
obtaining the solution of the equations

1 1 o\ s )
qszgﬁ . 3'T1_W[F4+(F‘l'l)l]’ on 8, o
1 1 . )
q4=§;rﬁ S‘ 4.T1—§;T—‘M[F3+(F3.l)l], on S4,

where F, and F, are the forces on S; and §,, respectively. Thus, if q; and q, are
given and the Stokes resistance dyadics ¥, and @, of S, and S, respectively, are
known, two equations may be obtained for F,; and F,. These latter equations
may be solved and a result obtained by Brenner (1964) will then be re-derived.
In problems involving settling particles, however, the forces F; and F, are known
and the problem is to determine q, and q,. If u, denotes the settling velocity in
a given force field of S, in an unbounded medium, then F; in equation (21) will
be defined by F, = — 6mucu,.®,, and a similar relation holds between F,, ®,
and u,. Hence from equation (21)

3¢ . 1
qg—zz[u4.¢4+(u4~¢4)'n] = _%J‘Saf?"Tl’ (22)

f, is, however, the solution of equation (22) with the left-hand side equal to the
settling velocity appropriate to the force F; (i.e. uz). Thus

3¢ ‘s
q; = u3+zz[u4.<1>4+ (uy.d,).1ii]. (23)

Equation (23) is a generalization of a result obtained by Kynch and Brenner by
somewhat more elaborate calculation.
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