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Fundamental solution of unsteady Stokes equations and force on an oscillating sphere near a wall
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We derive the Green’s function of unsteady Stokes equations near a plane boundary with no-slip boundary
conditions. This provides flow due to an oscillating point force acting on fluid bounded by a wall. Our
derivation is different from previous theories and resolves the apparent discrepancies of the reported results.
Two-dimensional Fourier transform of the solution with respect to horizontal coordinates is given via elementary
functions in a more compact form than by the previous theories. The tensorial Green’s function in real space is
reduced to two Hankel transforms of order zero. We derive a simple form for the real-space solution in the two
limiting cases of a distance to the wall much larger and much smaller than the viscous penetration depth. We
demonstrate the applicability of this form by obtaining results for the force exerted on a sphere oscillating near
the wall. Using the integral equation on surface traction whose kernel is the fundamental solution, we derive the
force in the limits of a distant wall and low frequency. The wall correction to the force decays as the inverse
third power of the source to the wall separation distance, much faster than the inverse first power of the classical
Lorentz solution for the time-independent problem. Our results significantly extend the range of parameters
for which the force admits a simple closed-form solution. Small biological swimmers propelled by inherently
unsteady swimming gait generate flows driven by derivatives of the point source and we provide an example of
a wall-bounded solution of this type. We demonstrate that frequency expansion is an efficient way of studying

the Green’s functions in confined geometry that gives the complete series solution for channel geometry.
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I. INTRODUCTION

Fundamental solutions or Green’s functions are the main
tool of study of linear problems. The particularly important
example is viscous hydrodynamics, where the flow equations
become linear in the limit of low Reynolds number. One
may distinguish the (steady) Stokes equations, where the
nonlinear and the unsteady terms of the Navier-Stokes equa-
tions are both negligible, and the time-dependent or unsteady
Stokes equations, where the time-derivative term must be
retained [1]. The unsteady Stokes equations are applied to
study time-dependent hydrodynamics, such as fast oscillatory
or transient flows. In both steady and unsteady problems the
fundamental solution is defined as flow created by a §-function
source, or the point force. The most familiar of these solutions
is due to the Oseen tensor occurring in many applications and
describing quasisteady low-Reynolds-number flow due to a
point force acting on unbounded fluid [1,2]. Green’s functions
can also be constructed in other problems of low-Reynolds-
number hydrodynamics, e.g., the flow due to a point-force in a
fluid bounded by a wall [3] and the problem of time-dependent
Stokes flow due to a point force in an infinite fluid [1].

The history of Green’s function applications in Stokes
flows is long. Fundamental solutions allow one to repre-
sent flows created by the motion of (or past) bodies as the
superposition of flows induced by sources distributed over
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the bodies’ surfaces [1]. Using this representation, one can
readily provide a multipole expansion of an arbitrary solution.
The expansion gives the far-field asymptotic form taken by
flow far from the body as a derivative of the fundamental
solution. This in turn can be used to derive the hydrodynamic
interactions of well-separated particles in the flow. Green’s
functions can also be used to recast the flow partial differential
equations as boundary integral equations on surface traction
and velocity [1,4,5]. Superposition of fundamental solutions
and their generalizations with the source given by a derivative
of a § function can provide much more complex solutions
(an arbitrary flow is the superposition of an infinite number
of these solutions). A familiar example is the superposition
of the fundamental solution and its Laplacian providing the
flow due to a sphere oscillating in infinite space (this includes
steady translational motion of the sphere as a limiting case).
For a further list of applications see [1] and references therein.
Finally, the fundamental solutions are of great help in nu-
merical computations. Here the boundary integral equation
formulation can greatly simplify numerical simulations. In the
method of fundamental solutions one attempts to construct
the solution of unsteady Stokes equations as a superposition
of fundamental solutions with an unknown distribution of
sources [6-9]. These two numerical methods may greatly ben-
efit from having a fundamental solution of the time-dependent
Stokes equations in confined geometries, since boundaries
are inherently present in many relevant applications (e.g.,
microfluidics). The boundaries can bring qualitative changes
in the familiar time-dependent phenomena; see, e.g., the case
of Brownian motion in [10]. Already the simplest case of the
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boundaries provided by the infinite plane introduces consid-
erable theoretical difficulties. For instance, the problem of a
sphere oscillating near a wall is not separable (see, e.g., [11]).

The literature on flow due to a point force oscillating
near a wall (the Green’s function of unsteady Stokes equa-
tions with a plane boundary) requires a short review, since
some results seem to disagree with each other (quantitative
description can be found in Secs. VI and VII). This funda-
mental solution bridges between the fundamental solution of
time-independent Stokes equations near a wall [3] and the
solution of unsteady Stokes equations in infinite space [1].
The solution in terms of three Hankel transforms of order
zero (equivalent to two-dimensional Fourier transform of a
radially symmetric function) was provided without derivation
by Pozrikidis in [12]. It was claimed that the derivation
procedure that had been used by Blake for a similar problem
for steady Stokes equations can be generalized to the unsteady
case. The book by Pozrikidis [8] mentioned this solution,
referring to Ref. [12] and noting that there is “a considerable
amount of algebra” (which is not provided in either reference).
The two-dimensional Fourier transform of the solution was
provided again, in a different form, by Felderhof [10], who
seemingly was not aware of [12]. The paper contained a brief
description of the derivation using a method developed by
Jones for the time-independent problem [13] (below we refer
to it as the Felderhof-Jones method; the details can be found
in Sec. VII). Only diagonal elements of the Green’s function
tensor were provided, also in the form of a two-dimensional
Fourier transform in the plane parallel to the wall. In a later pa-
per [14] Felderhof acknowledged that [ 12] derived the Green’s
function in a form similar to those derived by Sommerfeld
and Renner [15,16] for the electromagnetic analog, however,
no comparison of the solutions was provided. Reference [14]
derived the remaining components of the Green’s-function
tensor using Jones’ method used earlier in [10]. This paper
claims that the final result can be obtained as the incompress-
ible limit of [17]. The study in [17] considers the Green’s
function for the problem of hydrodynamic fluctuations near
a single plane boundary (other boundaries are considered as
well, however a full treatment is only given for the plane).
In the incompressible limit the problem reduces to that con-
sidered here. However, the reduction itself is not provided
in [14] and, as before, no comparison with the solution in [12]
is given. Finally, in the recent effort of Simha et al. [11],
who studied the force on a sphere oscillating near a wall, it
was acknowledged that if the Green’s function were available,
the performed calculations would simplify. This paper refers
to [10], but does not cite [12]. The current situation demands
a comparison of different forms of the solution, establishing
their equivalence and determining the simplest possible form
for prospective theoretical and numerical applications.

In what follows we perform an independent derivation of
the solution in the way proposed in [12]. The main difficulty
of this approach to the problem, which differs from the
Felderhof-Jones method, is that it results in several integrals
that cannot be resolved analytically. We have found, however,
that a combination of these integrals can be evaluated using a
transformation.

The obtained Green’s function agrees with the result in [12]
up to a constant factor. We demonstrate that our answer, in

contrast to that of [12], gives the correct zero-frequency limit
in [3]. We also demonstrate that our solution reproduces the
boundary conditions and correct force on a sphere oscillating
near a wall in the high-frequency limit. We provide a possible
explanation for the discrepancy in [12].

We show that our expression for the Green’s function,
after cumbersome transformations, agrees with that derived
by the Felderhof-Jones method in [10,14] except for one
of the components of the Green’s function tensor. For that
component the expression provided in [14] is lacking a factor
of the wave number and as a result has wrong dimensions. Our
derivation resolves this discrepancy.

The form of Green’s function derived in this paper is more
compact than that in previous studies (cf. the more cumber-
some expression in [10]). We demonstrate that the Green’s
function in real space reduces to numerical integration of two
Hankel transforms of zeroth order (vs three integrals in [12])
and provide reasons why further reduction is impossible. In
the high- and low-frequency limits they can be written in
terms of elementary functions even in real space. We further
demonstrate the applicability of these limiting forms by com-
puting the force acting on the sphere oscillating near a plane
rigid boundary.

The problem of a sphere oscillating in unbounded fluid was
resolved by Stokes [1,18]. However, the problem of sphere
oscillating near a plane boundary is still unresolved. The
most recent effort in [11] uses an approximation introduced
in [10]. The authors mentioned that the solution procedure
is not completely rigorous and that, as mentioned above, it
might simplify if the Green’s function were available. Here
we use the integral equation for the surface traction [1,5],
which resembles the method exploited in [11]. That relates the
traction and the boundary condition on the particle’s surface
via the kernel of the integral operator given by the funda-
mental solution. We provide a shorter version of the integral
representation of solutions of unsteady Stokes equations in
comparison to that in [1] and the corresponding equation on
surface traction. Analytical progress can be made in the limit
of a distant wall (whose zeroth-order approximation is the
analytically tractable problem of a sphere oscillating in an
unbounded liquid [1]) and the limit of low frequencies (whose
zeroth-order approximation is the analytically tractable case
of quasisteady motion of a sphere near a wall [19,20]). Using
the simplified limiting forms of the derived Green’s function,
the corresponding asymptotic form of the force can be found.
There are distinct asymptotic limits corresponding to different
hierarchies of the three characteristic length scales of the
problem: the radius of the sphere a, the distance H from the
sphere center to the wall, and the viscous penetration depth &.
The penetration depth & gives the characteristic length scale
of decay of the flow created by an oscillating plane with given
frequency [18]. We derive the expression for the force in the
limit of a distant wall, H >> a and H >> § with an unspecified
ratio between H and a. An extra requirement § < a repro-
duces the high-frequency result obtained in [11,21]. We revisit
this limit showing that, in fact, it materializes under rather
strict asymptotic conditions. Our general result, however, is
of much wider validity. We also solve the low-frequency limit
of § > H,a and provide a detailed derivation for the case
of H > a. The case of a < H is not simple even at zero
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frequency [19,20] and one could only provide the solution as
an integral of known functions. Another analytically tractable
limit corresponds to the case of a sphere close to the wall,
where progress can be made using the lubrication theory [1].
Reference [11] considered the limit of H ~ § > a. These
cases are beyond the scope of the present paper.

We also introduce a different approach to the solution
based on frequency expansion. This expansion is useless in
infinite space, since corrections of all orders to the solution
at zero frequency diverge at large distances. However, bound-
aries regularize the far-field divergence, making the expansion
more applicable. We show that the leading-order correction is
linear in frequency and that the higher-order corrections are
nonanalytic. Moreover, in the problem where the point force is
confined between fwo parallel walls the frequency expansion
gives regular series whereas all coefficients are finite.

In infinite space translational invariance implies that
derivatives of the fundamental solution with respect to the
position of the source generate other solutions of (steady or
unsteady) Stokes equations. These are solutions with higher-
order singularities of the source where the force acting on the
fluid is given by the corresponding derivative of the § func-
tion. This is not so in general for problems with boundaries.
Derivatives of our solution with respect to lateral coordinates
of the source generate new solutions, while the derivatives
with respect to transverse (to the boundary) coordinates do
not, because they fail to obey the boundary condition on the
wall. The solutions with higher-order singularities are of some
interest, because they can represent, e.g., force- and torque-
free microswimmers, which can exhibit new phenomena in
confinement [22]. As an example, we provide the derivation
of such a solution driven by the Laplacian of the § function.

II. PROBLEM FORMULATION

In this section we introduce the fundamental solution start-
ing from the problem of a finite sphere oscillating near the
plane wall at z = 0. We assume that the Reynolds number is
small so that the flow u(x, t) can be described by the unsteady
Stokes equations [1]

ou=—-Vp+ vWu, u(oo) =0,

u(r =a) =Vexp(—iot), u(z=0)=0, (1)

where p is pressure divided by the density, v is the kine-
matic viscosity, and w and V are the frequency and the
amplitude of the oscillation, respectively. Here r = x — xy,
where xo = (0, 0, H) is the coordinate of the center of the
sphere. The formulation neglects the sphere’s displacements
that are assumed to be much smaller than other lengths in the
problem (cf. Stokes’s formulation in an infinite fluid [1]). The
solution can be written in the form
u(x, r) = Vﬁ<x> exp(—iwr)

a

vV _/x .
px.1) = —p(= ) exp(—ion). @
a a
The dimensionless fields it and p obey
M= -Vp+ Vi, i(oco)=0,
ar=1)=V, az=0)=0, 3)

where V = V/V and A2 = —ia?/8% with 82 = v/w. Here and
below the square root of a complex number is defined so that
the real part is non-negative, e.g., A = (1 — i)a/8~/2.

In this work we will consider the force applied on the
sphere. We remark that there is no lift force due to linearity
of the equations, as in the steady motion of a sphere near
the wall [2]. Indeed, the reversal of sign of the flow and the
pressure produces another solution of the equations with the
reverse direction of motion of the sphere. The requirement
of invariance of the force under this transformation for the
sphere’s motion parallel to the plane implies that there is no
lift force.

We introduce the integral representation with the help
of the fundamental solution. This fundamental solution is
introduced similarly to that in an unbounded fluid [1],

—Vpk 4+ V2uk — b = —8(x —x)), V.-uF =0,
u'(z=0)=u*(r - 00) =0, )

where X is unit vector in the kth direction. We will occasion-
ally refer to this solution as an unsteady Stokeslet near the
wall or the Green’s function. The inverse Laplace transform
with respect to A% or w produces the Green’s function of
time-dependent Stokes equations with the source proportional
to 8(¢)8(x — x’). The solution can be written as

Gi(x,x") i PR x’)
[ p = —
8 8

uk(x) = , S)
which is useful for considering the solution as a function of
both the spatial coordinate x and the coordinate of the point
x’ at which the force is applied. The solution for infinite
space is obtained by taking the limit 7’ — oo where x’ =
(x’,y', 7"). We can use the reciprocal theorem to demonstrate

the symmetry
Gir(x,x") = Gii(x', x). (6)

The derivation proceeds as for unbounded fluid [8] (see
Appendix A). This relation has the same form as in infinite
space [1], however it has more implications because the
plane breaks translational and rotational symmetries. Thus the
flow G;3(x, x’) has axial symmetry around the line defined
by the perpendicular from x’ to the plane. Correspondingly,
Gu3(x, x") [and G33(x, x")], where here and below a = 1, 2,
can be derived from the stream function. The symmetry
relation then gives us Gz, (x’, x), which is the component of
the flow that is already not axially symmetric. This remarkable
reduction will be used below.

The integral representation of the solution of Egs. (3) is
derived as for unbounded fluid [8],

22V,
ij(x) = —% Gi(x,x)dV’
87 Jix—x<1
1 I\ ~ / /
iy Gii(x, x)ou (x)dS; (7)
87 Jix' /=1

(see Appendix B). This representation is identical to that
in infinite space [1]. It is obtained in the standard way by
integration of a Lorentz-type identity of unsteady Stokes flows
over the volume of the flow. The wall boundary does not
contribute to the result of the integration due to the no-slip
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boundary condition that holds there for both the flow and the
fundamental solution (see details in Appendix B).

We observe that it is not necessary to use in the integral
representation the volume integration besides the surface in-
tegration. We have

/ Gi(x, x)xdS] = / Gie(x, x)dV', (8)
[x'—%o|=1 lx'—%o|<1

where we used V;G;(x,x’) =0 (we designate derivatives
with respect to x” by prime), which holds by incompressibility
and the symmetry relation given by Eq. (6). Thus we can
rewrite Eq. (7) as

~ / 2 9, / ~ / dSI/(
ij(x) = Gi(x, x )Xo (V - x') — o (x’)-—,
X —%o|=1 8

)

which can have some advantages for both theoretical and
numerical studies.

We take in Eq. (9) the limit of x approaching the surface
of the sphere |x — ¥o| = 1, which is a regular limiting pro-
cess [8]. We find, using the boundary conditions, that

% ’ 2 % ’ ~ ’ dSI/c
Vi = Giu(x, x)[A"0u(V - x") — Gue(x )] 5

x—Fgl=1 8

(10)

This (Fredholm-type [8]) integral equation must hold for all x
on the sphere, |x — ¥¢| = 1. It gives the boundary condition
on the sphere as an integral transform of the unknown surface
traction &;,(x") with the kernel G (x, x’). The equation de-
fines the traction uniquely [1,8] and is the main tool of our
study of the force F(A) applied by the fluid on the sphere. We
remark that the first term in brackets on the right-hand side
(RHS) is missing in Eq. (2.7.21) of [8], where apparently finite
divergence of the stress tensor was disregarded. Similarly
to the case of an unbounded fluid [5], the integral becomes
one dimensional in the axially symmetric case. A somewhat
different integral equation was used for this problem in [11].

We observe that besides determining the motion of the
sphere, the force also governs the flow at large distances
fromit, » > a. We can readily derive the multipole expansion
starting from the representation given by Eq. (7). The leading-
order term at large distances r > a is

i
i (x) ~ Gik<x,xo><%vk - Fg(“). (11)
T

This result was obtained for a sphere in [11] by a more
complicated procedure [see Eq. (2.20) therein]. This paper
conjectured that the result possibly holds for a body of an
arbitrary shape. This can be readily shown from our approach.
All formulas of this section [apart from Eq. (11)] hold also for
a rigid particle of an arbitrary shape with velocity V at the
surface (with an obvious change of integration domains; rigid
rotation can also be included). Designating the volume of the
particle by V), we find from Eq. (7) that at large distances
from the particle,

Gix(x, Xo)

ii;(x) ~ A2V, Vi — Fe(M)] =

(12)

This generalizes Eq. (11) to a particle of arbitrary shape and
proves the conjecture (2.20) in [11]. The first term in brackets
is of added mass form. We conclude that the properties of the
fundamental solution can be used for the study of the flow due
to the motion of a finite-size sphere.

III. FREQUENCY EXPANSION

In this section we construct the solution of Egs. (4) as a
series in A2. This series can be used for the asymptotic study
of the limit of low frequency. The coefficients diverge starting
from a certain order, however, resummation of the formally
divergent series gives a regular solution.

It is instructive to consider first the Green’s function
G?k (x, x") of the infinite fluid. The solution at zero frequency
is the Oseen tensor Y, (r),

GO (x.x', ) = 0) = Yiu(r) = (Sr—" + % (13)
where r = x — x’ (see, e.g., [1]). One can look for the solu-
tion at finite frequency as a series in A> which starts with Y;;

as the zeroth-order approximation

[o.¢]
Ghx, x', 1) =Y 2GY (), Goy=Yu, (14)
n=0
where we use the translational invariance. Substituting this
series in Eqgs. (4), we find

VP +V?G) =G0 . GYu(r— 00)=0, (15)

where P¥ =" 2% Pk The solution can be written by
introducing a linear integral operator ¥ whose kernel is minus
the Oseen tensor divided by 8,

4

A dx
G'=7YGY  =- / Yi(x — x")G)_y j(x" —x") r

(16)

This gives

Gy (x.x') = (V'Y )i = (—1)" / Yii, (x — x1)

n
dx
xYiin(x1 —x2)- - Yk (x, — x/)l_[ 8_7:
k=1

a7

The resulting series G° = Y"°° ' A?"L"Y is readily resummed,
giving

G (x,x') = /(1 =20 (e — X" Yp(x” — x"dx”,

(18)

reducing the problem to finding the kernel of the operator
(1 —22Y)~" and integration. One might hope that at low
frequency the truncation of the infinite series would produce
successive approximations to the solution. However, in fact,
all terms of the series (besides n = 0) diverge. We have for
the leading-order correction

"

dx
Gy =~— / Yi(x — x")Yy(x" — x") Py 19)
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which is divergent at large x”. The divergence signals that
the leading-order correction in frequency is of o(1?). In fact,
we can compare the above with the well-known closed-form
solution [1]

411 — (1 4+ Ar)exp(—Ar)] rirg
3273 72

G (x,x)=GY(r) =

+ m[(1 +ar + A2r?)exp(—ar) — 1]

X (5,»k - %) (20)

where the corresponding pressure is frequency independent,
p% = 2r,/r3 (thus in the time domain it is proportional to the
6 function, which corresponds to instantaneous establishment
of pressure by incompressibility [14]). The low-frequency
limit of |A|r < 1 is described by

4)\.5, k r )\.2 rirg

+T( (Sik_r_z)‘ (2D
The leading-order correction is linear in A in accord with
the conclusion from the study of the series. This correction
is coordinate independent, a fact that has further implica-
tions [1,5]. We also observe that Ar is independent of a in
dimensional units as it must be, since GY, is independent of a.
The parameter Ar is the ratio of the coordinate and § times a
numerical constant [18].

Thus the series solution in infinite space indicates that the
correction is of o(A?), the result of the resummation given
by Eq. (18) is a valid form of the solution. The series is
rather useful in the presence of the wall. The A = 0 solution
of Eq. (4) is the steady Stokeslet in the vicinity of a no-slip
boundary Gi(x,x") reported in [3]. The wall produces image
sources at (x')* = (x’, y’, —z’) that compensate for the action
of the point force at x’ so that G;; decays at large x as x>
and not x~! as in infinite space. This faster decay renders the
leading-order correction in the frequency

Gy (r) ~ Yi(r) —

dx//
8

Gratex) == [ Guls" 2)Gue )G (22)
7>

finite due to x”~* decay of the integrand at large x”. This
form of the correction is found from the series solution G;; =
Zz‘;o AZ"G,U-/( as in the infinite fluid [cf. Eq. (19); we can
also write the solution in a form similar to Eq. (18)]. We
used the symmetry given by Eq. (6). Thus, with the wall the
leading-order correction in frequency is quadratic in A and
linear in frequency. However, the next-order term

i 3 . , dx1dx,
Gr= [ Gii(x1,x)Gii, (X2, x)Gip(x2, x )W

already diverges logarithmically at large distances. We con-
clude that (we occasionally write the frequency argument of
the Green’s function to emphasize the dependence)

Gintr. ' 1) = Gutx,x) =47 [ Guta’ o)

7">0

. dx"
x G, x’)gi + 002, (23)
T

where the exponent obeys 0 < A < 2. This asymptotic low-
frequency form of the Green’s function is confirmed below

by the expansion of the full solution in frequency that also
gives the explicit form of the integral in the A> term (direct
calculation of the integral is formidable).

IV. DERIVATION OF THE SOLUTION

In this section we derive the two-dimensional Fourier
transform of the fundamental solution with respect to the
horizontal coordinates. We proceed similarly to the solution
for the steady Stokeslet near the wall [3]. We consider the flow
as a superposition of the flow due to an unsteady Stokeslet in
the unbounded fluid, an image of that flow with respect to
z =0, and a correction. The unsteady Stokeslet flow in the
unbounded fluid is given by ué‘ = G?k(x, x")/8m, where G?k
is given by Eq. (20).

We introduce the correction flow w,

GY(x —x')— Gy (x —x™)

ub(x,x') = + wh(x — x™*, x3),
8
k Tk Ry k
= - 24
p 413 Am R3 +s @4

Here and in the following the asterisk superscript stands
for reflection with respect to the plane z =0, so x™* =
(x}, x5, —x3), and R =x —x"™. In this section the vector
components are designated by numbers. Notice the transla-
tional invariance in the plane: The correction depends on x —
x"* and x} and is independent of x/,. The domain of definition
of w*(R,h) is R3 > h, where h > 0 is the dimensionless
height of the source above the plane and Rj is the positive
vertical component of x plus 4. The symmetry relation given
by Eq. (6) implies

G (x —y) — Gh(x — y*) + 8mwi(x — y*, y3)

=Gy —x) — GY(y — x*) + 8w (y — x*, x3),

which must hold for any x and y. We observe that
X—y' = —yLXx2—y2,x3+y;) and y—x*=(y —
X1, Y2 — X2, X3 + y3). Introducing x = x; —y; and y = x —
V2, we have

wi (X, Y, X3 4 3, y3) — wi(—x, =y, X3 + 3, X3)
_ G?k(-xv Y, X3 + y3) - Ggi(_-xv —Y, X3 + )’3)

8w ’
which must hold for all x and y and all positive x3 and ys.

Using Eq. (20), this implies that for all X = (x, y, 21 + 22)
with positive z, we have

wh(x, y, 21 + 22, 21) — wh(=x, =y, 21 + 22, 22)
= (8ia0k3 + 813010 ) X (21 + 22) f(X), (25)
where X = |X| and

3 — (3 +3AX +A2X?)exp(—AX)

2w AZX5 '
Below, unless stated otherwise, we consider the fixed position
of the source, x’ = (0, 0, k), and do not write explicitly the

dependence of w on & using w*(R) instead of w*(R, h). We
solve at R3 > h the equation

f(X)= (26)

—Vgs* +Vaw* — 22wk =0, Vz-wb=0, (27
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where Vg is derivative over R; (cf. [3]). The boundary condi-
tion at R3 = h is found using Egs. (20) and (24),

Gh(R) — Gji(r)

wi(Ry, Ry, h) =
87 z=0
= (8kabisz + 8iabk3)
xhRy f(R1, Ry, h). (28)

(Throughout the text the greek letters o and B assume the
values 1 or 2 only.) The small A expansion

1 A2
T 4x X3 16X

reproduces the boundary condition of [3] at A = 0. The ab-
sence of the linear term in A is required to reproduce the result
of preceding section showing that the leading-order correction
in frequency is quadratic. We perform the Fourier transform

f +0(A\?) (29)

Wk = /w,{((Rl’ Ry, R3)exp(—igqi Ry —iqaRy)dRdR,,

where the circumflex stands for the Fourier transformed field.
We further find that (¢> = g7 + ¢3)

2k ok 93 9 AP
AW +1qabuil +3i3a—R3 = 8_R§ - w;,
s

82
=0, = —¢*)s*=0. 30
R (aRg q>s 30)

The pressure is a harmonic function that decays at infinity,

. ~ k
IgaWw, +

§* = —B* exp(—qR3), 31)

where B* is independent of R3. We find

82
— —q° — 7 |0} = q8i3B" exp(—qRs)
OR;
— iqad4i B exp(—qR5).
The solution reads

2 — iqubai B* exp(—q R3) — q8;3B" exp(—q R3)

l )»2
+ Bfexp(—kR3), k=+/q> + 22

The coefficients B and B;‘ are fixed from the incompress-
ibility condition and the Fourier transform of the boundary
condition on w* at R3 = h, which is given by Eq. (28). The
former gives

AWk
IR,

0= +iqeW o< iqyBY — kBj.

Thus we can write

& igaB*exp(—qR3)
ok —

+ BY exp(—kR;),

a )“2
iqo BX —kR Bk —gR
ot =14 aex/f( 3) 4 exig qRs) (32)

The boundary conditions are obtained from Eq. (28),

0f(q) _ ihdisge 8f
a 9

WE(Ry = h) = ihéy3

Ga q 9q
af  hSkaqa O f

DA (Ry = h) = ihsy, 2T _ ot 3T 3
9G4 q g

where f is the Fourier transform
f@)= / S (R, Ry, h)exp(—igi Ry — iq2R2)d R1d Ry

P /0 F(RYJo(gp)pdp, (34)

where p? = R12 + R% and R? = p?+h% We find, from
Egs. (32),

A2 h
Bt = 2O k)
q(q —k)
i hA2 h) (kS af
_ iha’exp(g )< kazq(x B ia“)_f’ 35)
q—k q dq

where in the first line the velocity must be taken at Rz = h.
Similarly,

Bt = exp(kh)(ﬁ;" _ {9. 5" exp(=gh) e"p(_"h))

A2
igokh exp(kh) , af
= ———-(q6 3 —. 36
2k =) (qdis +1 kﬂCIﬁ)aq (36)
We conclude that the flow in Fourier space is
hge f’
~ko_ o . 2
W, = m{exp[q(h — R3)](kdipqp —iq~513)
—kexplk(h — R3)1(8kpqp — iqdi3)},
kS 25 L
Wy = ————{explg(h — R3)1(q" 83 + ikSkaqa)
qk —q)
— explk(h — R3¢ 83 + iqSaqu)}- (37)

Thus, to complete the calculation in Fourier space we must
find f'(¢). The cumbersome and nontrivial calculation (see
Appendix C for details) finally gives

qlexp(—kh) — exp(—gh)]

F'(q) = 38
7@ 5 (38)
Thus the velocity in Fourier space is (z = R3 — h)
of — Kaadp(e™ — et (e — e
“ Aqk —q)
. —kh _ ,—qh ke—9% — —kz
oy = el —e e —ge™)
; Ak —q)
We have, for the rest of the components,
3 ige(e7M — Ty (ke h — ge4%)
w. =
* Ak —q)
2¢,—kh _ ,—qh —qz __ ,—kz
2 = q-(e e ") (e e )' 40)
; Ak —q)
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These closed-form expressions for wff and their real space
form in Eqs. (42) and (43) are one of the main results of
the present paper. It is demonstrated in Appendix A that the
solution obeys the symmetry of the Green’s function.

The last component of the solution, the pressure, is inferred
from Egs. (31), (35), and (38),

q (efqukh _ efq(z+h))

$ = ,
k—gq
; ak —qz—kh __ ,—q(z+h)
o _ 14 (e e )' @1
qlk —q)

This expression seems to be the simplest for the theoretical
study. We demonstrate in Appendix D that even pressure
produced on the wall by the vertically moving source along
the symmetry axis, s°(z = 0, p = 0), can only be written in
quadratures (as an integral). This gives a strong indication
that the solution in real space, except at the position of the
source [10], can only be written in quadratures. Thus, the use
of the solution in real space involves numerical integration.
We provide a compact representation of the solution for this
purpose.

V. SOLUTION IN REAL SPACE

In this section we consider the solution in real space, which
reads
GY(x —x')— Gy (x —x™)
8
dQ1dQQ ~k
w:
Qm)> !

x expliqi(x; —x}) +iga(x2 —x5)],  (42)

ub(x,x') =

(z.q,h =x})

where zi;lk are given by Eqgs. (39) and (40) and we used the
definition in Eq. (24). The corresponding formula for the
pressure is

Tk _ Ry
4mr3 47 R3

+/sk(z,q,h = x})

dqidq;
)2’

The solution contains a number of integrals that are not
tabulated. The integrals can be found at z = 0, where we have
from Egs. (39) and (40) that wf(z = 0) = w3j(z = 0) = O and
wi(z=0)= w3 (z = 0) with (r = x — x/)

p

x expligi(x; — x]) +iqa(xa — x5)] (43)

q dq e—kh _ e—qh
27 A2
Here f(R) is defined in Eq. (26) and we used [23]

h(1 4+ AR)exp(—AR)
R3 ’

with R = (ry, rp, h) taken at the wall. This confirms that the
solution obeys the boundary conditions at the wall given by
Eq. (28).

We further demonstrate that the integrals in Egs. (42)
and (43) can be reduced to two Hankel transforms of order
zero. We start from the axially symmetric component of the

wi(z=0)=V, Jo(gr) = hRo [ (R).

/ gdq e Jy(gr) = (44)

Stokeslet, ti)f’ This is described using the stream function v
defined by

19y 5 19y

p
w§ =7 w,= _;E’ 14 2/0 p’wi’(p/, R3)dp’,
(45)

where w2 = pawz /p. Using Bessel function J, of order n,
these formulas give

o0
W3 =27 / w3Jo(gp)p dp
0
=27T/ Jo(qp)a—dp
0 o

— 2ng / 1@ (p. Ry)dp.
0

where J; = —J and ¥ (0) = 0. Thus ¥ can be obtained from
12)2 as the inverse Hankel transform of first order,

© 5 Jilgp)dg
.
0 T

Using Eq. (40), we can write

D [* gl
v=p— /
ap Jo

This gives a compact representation of the solution for forcing
perpendicular to the plane.

The components w¢ can then be obtained from w_ using
the symmetry given by Egs. (25) and (26). The remaining
components of the solution can be obtained using Eq. (39),

— e ) (e 1" — e Jo(gp)dq
2w A2k — q) '

(40)

-4z —kz\(,—qh —kh
wh = V,V, /°° k(e™4* —e ") (e™ 1" — e )Jo(qp)dq.
0 2002k — q)
47

Thus the full tensorial Green’s function depends on two inte-
grals in Egs. (46) and (47). These two integrals are similar, but
they cannot be reduced to a single integral. The main technical
difficulty is an irreducible integral of the type fooo exp(—qz —
kh)Jo(gp)dq. For instance, writing k in the numerator of
Eq. (47) as (k —gq)+ ¢q and taking one of the derivatives
yields

W = V.Y, / (e — =) (e~ — ) o(gp)dg

277,'}\.2
1%

Given that the integral in the first line can be taken in terms
of special or elementary functions, this formula would reduce
the calculation of the full Green’s-function tensor to one
numerical integral in Eq. (46) or (47). Even though the integral
cannot be taken analytically, its numerical evaluation would
present no difficulty.

An alternative approach to the numerical integration can
start from the observation that Eq. (47) implies that the
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dependence of w’ on the indices obeys

puuoﬂapw

wf = Sppw + —,0 , Vo,wf = —Vzwf,

where the last condition describes incompressibility and

_ 13 [Pk = e (e — e Jo(gp)dg

u) = — —
pdp Jo 2w A% (k —q)

Considering wf to be derived from v, the function w can
be fixed from the resulting ordinary differential equation of
second order.

VI. COMPARISON WITH RESULTS OF POZRIKIDIS

In this section we compare our results obtained in the
preceding section with those of [12]. This reference (using
somewhat confusing notation, whereas the spatial variable
serves as a dummy variable for R) provided, without deriva-
tion, the result which in our notation has the form

1 92
8w’ = — 83V2 — Fi, 48
Tw; 2nk4( 3 8x58z> I (48)

where the function F; is defined by the integral

F = f Jo(pg)(k + q)g dq[(1 — e(k_Q)h)e—k(z+h)
0

+ (1 _ e(qfk)h )€7Q(Z+h)]. (49)

This result corresponds to the stream function
a oo
-8y = p_/ (e—k(z-'rh) _ o keah
dp Jo

J\ d
4o aG@t _ e—qz—kh)z O(ZP)CI q . (50)
w32k — q)

where the RHS coincides with Eq. (46). We see that there is a
difference of a multiplicative factor —8m between our solution
and the solution of [12]. Since we have confirmed in the
preceding section that our solution reproduces correctly the
boundary condition, we believe that our result is the correct
one. We cannot point out the origin of the mistake in [12] as
the detailed derivation was not provided. However, [12] tested
the result in the limit of A — 0, where Blake’s expression
for the Stokeslet near a wall [3] must be reproduced. It can
observed from Eq. (49) that

F h * h
im = _Z/ Jo(pg)e 1 dg = — e
=0 A 2 0 2 /(Z +h)2 +p2

Reference [12] claimed that this formula reproduces correctly
the result of [3]. However, using Eq. (48), this formula gives

1 & [ 9F
lim (—87)w3 = lim ( —1>
r—0 r—0

2map op \" op
hz (3p?
- 7)), 51
47rR3(R2 ) D

where the last line is just wg’ of [3]. Therefore, there is a dis-
crepancy (missing multiplicative factor of —87) between [12]
and [3]. This also confirms that our result reduces to that in [3]
in the limit of A — 0.

We compare our derivations with the remaining compo-
nents of the flow provided in [12]. This reference gives

1 d [ 0G, ) 92
+ 183V — G, |,
0x;0z2

C2mAt ax, | ox;
Gi= [ dapa)k + kg e — e,
0

8w =

where the functions G; are

Gy = / Jo(pg)(k + q)dg e FEHI (1 — %= (52)
0

Since w{ can be obtained from the symmetry of Green’s
function, we then focus on u)g, which obeys

1 02 G,
—\ G —— ). 53
27 2% 9xp0xy < ' ez > (53)

8rwh = —

‘We observe that

0G,

oo
Gi——-= / Jo(pg)(k + @k dgle™" (1 — a70")
0

_I_efk(bH‘l)(l _ e(k*q)h)]. (54)

We see that again the result in Eqs. (53) and (54) deviates from
the expressions in Eq. (47) by a multiplicative factor of —8.
Since we show that our formula agrees with [3] in the low-
frequency limit [see Eq. (120)], we believe that our derivation
is the correct one.

VII. GREEN’S FUNCTION AND FELDERHOF’S RESULT

In this section we compare our results with those in
Ref. [10]. The calculation of [10] exploited the Green’s func-
tion rather than the correction flow defined by Eq. (24). The
Fourier transform of Eq. (4) with respect to x and y gives

d2 d
— =k )it — | igebai + —8i3 | P* = —8ud(z — 2,
dz2 ! dz

(55)

where without loss of generality we assumed that x” is at the z
axis using translational invariance in the plane. This represen-
tation via the ordinary differential equation was introduced by
Jones for the steady Stokes problem [13]. The equation can
be readily solved [10]. Since the solution was provided in the
form of a Green’s function, for comparison with our solution
we rewrite our result via the Green’s function.
The Fourier transform of the Green’s function is

G =G%(q.z—h)— Go%(q. 2+ h) + 8xk(q. z, h)

[see Egs. (5) and (24)]. We introduced the two-dimensional
Fourier transform of the Green’s function for the unbounded
fluid given by Eq. (20). This is found by rewriting G° as [10]

2 exp(—Ar)dix 2 1 —exp(—Ar)

GO = Sy ST (56
ik + 22 k P ( )

r

and using [p = (r1, r2)] [23]

/exp(— iq-p—2/P*+15)dp  exp(—kirs))

27/ p2 + 713 k
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We obtain, for the components of G?k(q, r3),

GO _ 4_77 e_k‘m()‘z&xﬂ +CIthﬂ) B QaQBe_qml
)2 k q '

~ 4miqysgn(rs)

G = —— 5 [exp(—kIrs|) — exp(—qlrs])],
~ 47
6% = 2 (kexp(—qlrsl) — gexp(—klrsD)l. (57

2k

The component 023, in contrast to the rest of the components,
is proportional to sgn(r3) and has a discontinuity at r3 = 0.
Combining this with Egs. (39) and (40), we find

. 47780:/3 (e—klz—h\ _ e—k(z+h)) 47“]&61/3
o= k A2
efq(erh) _ efqlth\ e*kIZ*h\ _ e*k(z+h)
X +
< q k )
+87‘[k6]ac]ﬁ(€7kh _ efqh)(efqz _ e*kZ)
A2q(k —q) '
A straightforward, albeit tedious, comparison demonstrates
the agreement of this result for « = 8 with that in [10] [up
to a multiplicative factor of 32773 due to the difference of the
respective definitions: 87 comes from the passage between
the Green’s function and the velocity and (277)? from different

factors in the definition of the Fourier transform]. For o #
we find

A A dmq,.q, —a(eth
G = G = —[k( +k)e q(z+h)
12 21 W2qk(q — k) q
—k(q _ k)e—qlz—h\ 4 q(q _ k)e—k\z—hl _ 2k26—qh—k2
_ 2k2€_kh_qz _ (q2 _ 2k2 o qk)e—k(z-i-h)]7 (58)

which is written in a form that simplifies the comparison
with Eq. (4.7) in [14]. Notice a missing factor of k in the
denominator on the RHS of Eq. (4.7) [14]. This is apparently
a typo, since without this factor the dimensions are wrong
and do not agree with the other components of the Green’s
function.

We find, for 633,

. 47 —k(z+h) __ ,—klz—h|
Cr = q(q(e e )

33 = T 5 k

+ e—‘I|Z—h\
A2

_emateth) 2q(e7h — emah) (gm0 — €kz)> (59)
k—gq ’

which agrees with [10]. For the remaining vertical force com-
ponent of the components of the axially symmetric component
we have (we use the fact that z > 0 in the physical domain)

. 4im .
Gos = )\2‘1« <€q(z+h) _ oK+ 4 p—klz—h|

T e*‘”Z*h‘ +

2(efkh _ efqh)(kesz _ equ)
= 1 ) (60)

which agrees with [14]. In contrast to the components consid-
ered previously, these have a discontinuity: The upper sign
is for z > h and the lower sign for z < h. Finally, since
we proved that the solution obeys the symmetry constraint,

we may useAéga(q, z,h) = (A}a3(—q, h, z) for the remaining
component G3,, which reads

A 4im
Giy = _Tq"‘<e—q(z+h) — o kth) ¥ e klz=hl

—kz —qz —kh —qh
ey 2T = ke — ges ))’ .

k—q

where the upper and lower signs correspond to z > h and z < A,
respectively.

We conclude that our results agree with those of Felderhof
up to a typo in [14]. Below we consider limiting cases where
closed-form solutions in real space can be obtained.

VIII. DISTANT WALL LIMIT

The fundamental solution of the steady Stokes equations
near a wall is characterized by a single intrinsic scale: the
distance from the source to the wall, 4. A time dependence
introduces a scale §, which introduces two different asymp-
totic regimes H > 6 and H <« §. Here we consider the distant
wall limit of H > 6 or |A|h > 1. Note that this limiting case
does not exist at A = 0. The limit of H <« § is considered in
Sec. XII.

We provide the Green’s function in the distant wall limit
through elementary functions. We start from the components
derivable from the stream function in Eq. (46). We can assume
that |A| > g., where g, is the characteristic value of ¢ that
dominates the integral. Then Eq. (46) becomes

v = 9 (% qJo(gp)dg exp(—R3q)

= ap Jo 2 A2 k—

which holds with exponential accuracy. We see that due to
R3 > h the exponential factor imposes g. < 1/h, confirming
the self-consistency of the assumption |A| > g, at |A|h > 1.
Considering the leading-order term in the expansion of the

denominator in |A|/g., we find
i/“’ qJo(gp) exp(—R3q)dq
ap Jo 27 A3
Y 9 /°° Jo(gp) exp(—R3q)dq
8,08R3 0 2 A3
3,02R3

__ 3R 63
2w A3RS ©3)

, (62)

v~ p

where R? = p? + R%. The correction has power-law small-
ness in |A|h. The corresponding velocity components read

Wl = 3R3(3p* — 2Rj3)

23 (o2 + R2)
3 _ 3p(p* —4R3)
w, = N2

2703 (p% + R3)

(64)

(65)

We can consider similarly the high-frequency limit of the rest
of the components of wf.‘. We have, from Eq. (39),

—kh —qh\( ,— —k
Wl — _vaﬂ/ k(e™ — e=")(e™ — ) Jo(qp)dg

2702k — q)
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Assuming |A|h >> 1, we obtain that

iq - p — R3q)d
wg(R)zVaVﬂ/ explig - p 39)dg
(2 A)2q
! V.V !
= o ﬂ
27 A2 (p2+R32)]/2

_ 3R4Rp — R%8up
n 2TA2RS

Finally, we have for w§ (that can also be derived from w
using the symmetry), from Eq. (39),

W =V / exp(—kh) — exp(—hq) €'”dg
o 2k —q) @)
x [k exp(—qz) — q exp(—kz)]. (66)

This gives, at Ah > 1, that
W AV /exp(iq p—Ryq)dg _ 3R3R. .
3 * (2 A)? 27 A2RS

We observe that at Ax} >> 1 (where xj corresponds to & above)
the value of |[x — x| in the definition

Gir(x,x") = G%(x —x') — G% (x — x™) + 8rwk(x — x™)

3

o

(67)

obeys Alx — x*| > 1 in the domain of definition z > 0. Thus
we can use the large Ar asymptotic form of Eq. (20) given by

0 2 3rirg
Gi(r) = 3 Sik — -2 )t O(exp(—Ar))  (68)
to approximate G¥ (x — x'*). We can also use the formulas of
this section to approximate wl’-‘(x —x™, x}). We find that the
leading-order correction to G%,(x — x’) due to the wall at a
large distance is given by

3R R; )

R2

2 (3Ry4Ry
A2R3 R2 _S“ﬂ ’

6RyR3
AR5
Thus the magnitude of the correction to the Green’s function
in the infinite fluid at an indefinitely large distance to the
wall decays as the inverse of the third power of the distance
to the source’s image. It is proportional to the square of the
oscillatory penetration length (which is assumed to be much
smaller than the distance to the wall). The decay law is the
same as for a simple image flow [see Eq. (68)], however, the
correction flow w modifies the decay coefficients.
We compare Eqgs. (69) with the result for the Green’s

function of the steady Stokes equations,

/ / 2
Gia(x, x) = Gi(x —x) ~ ——3 <8i3 -

Gop(x,x") — Ggﬁ(x —x') =~

G (x,x') — Gy, (x —x) ~ (69)

1
Gi(x,x', h=0)— G%(x —x', A =0)= 0(5). (70)

In this case also the order of the correction Gy — GY can be
obtained from the flow of the simple image where R~! is the
law of decay of the Oseen tensor [3]. We see that the decay
is much slower: The limits of zero frequency and infinite
separation to the wall do not commute.

The result in Egs. (69) becomes transparent upon compar-
ison with the analogous result for the perfect slip boundary
condition in the next section.

IX. COMPARISON WITH PERFECT SLIP
BOUNDARY CONDITION

The calculation of the Green’s function G?};p (x, x") for the
case of perfect slip boundary condition is much simpler than
for the no-slip boundary condition. The result is found using
the image point force [14] (the Green’s function of infinite
fluid is defined there without the factor of 2; cf. [24]),

GP(x,x") = GO (r)+ G%(R),
GP(x, x) = G%(r) — G%(R). (71)

Indeed, it can be readily seen from Eq. (20) that the normal
component of the velocity vanishes, G5 (z = 0) = G3(z =
0) = 0, at the wall by r, = R, and r3 = —Rj3. The remaining
stress condition V, G;l,ip + Vngl,i{P = 0 holds by observing

that all components VQG?[;P, Vo G ViGOP, and V3GOF
vanish at the wall separately. We find then readily that the
leading-order correction to G?k (x — x’) because of the wall

at a large distance is given by

; ) ) 2 3R:R
Gl x) = Gly(x —x) ~ (aia e 3),

" 2 3RyR
sli 0 ~ alrp
Gop (x.x') = Goy(x —x') ~ 2R (T B 8“'8)’

GiP(x,x')— GY,(x —x') ~ (72)
where we used Eq. (68). We see that the leading correction
to Gf;;p is the same as that for G;; as given by Eq. (69).
The details of the boundary conditions at the wall become
irrelevant at large distances.

X. FORCE ON AN OSCILLATING SPHERE
FAR FROM A WALL

In this section we demonstrate how the asymptotic proper-
ties of the Green’s function derived in the preceding section
can be used to find the force on the sphere oscillating far from
arigid wall. We recall that the force on the sphere that moves
at constant velocity at a large distance i from the wall is given
by the famous result by Lorentz,

FL(x=0) 9 Fy(x=0) 9

Fs =g Fs, = 7
with corrections of O(h~3) (see [1,2,25]). Here Fs, is the
Stokes force on a sphere translating in an unbounded fluid
and F; and F) are force components for motion perpendicular
and parallel to the wall, respectively (this notation differs
from that in [1]). This result, which can be derived using
images, can also be obtained from the integral equation,
which we use extensively in this work (see Appendix E for
the derivation). In this section we use the integral equation
on the surface traction to derive the counterpart of this result
for the case of H >> § and H > a (the relation between § and
a is unconstrained).
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We consider the integral equation on the surface traction
given by Eq. (10). In the limit of large distances |L|# > 1 and
h > 1 all points in the integrand of Eq. (10) obey |A|x} > 1.
Thus we can use the approximation given by Eq. (69). On
using R; & 2hd;3 we find in the leading order that § G (x, x”),
defined by

8Gi(x,x') = Gip(x,x") — G (x —x'), (74)
obeys

33

Sup
2 7

aGi ) N~ — YR
3%, %) 4203

8Gup(x,x") ~ —
with §G3, of higher order in #~'. Thus, in the leading order
8Gix(x,x’) is a constant diagonal matrix, two of whose
eigenvalues are equal because of the planar symmetry. Using
Egs. (74) and (75) in Eq. (10), we find that the equation on the
surface traction takes the form

A V38i3 Vaaia 61’3F3 (Siot Fa
"UO12K3 0 24h3 16mA2h3 327w AZh3

0 / 2 1Y) / ~ ’ dS,
= Giy(x, x)[A X (V- x7) — 65 (x )]8—- (76)
|x'—%o|=1 T
In the leading order we can use on the left-hand side (LHS)
F = F*, where F is the force on a sphere oscillating in
infinite space [1],

A2\ .
F® = —6n<1 + 1+ g)v. (77)

Thus Eq. (76) becomes

v Vidis  Vadia . (3853V5 +38m% s +A2
YU12K3 0 243 8A2h3  16A2h3 9

4

= / GO (x, XWXV - x) — 51r(x/)]dS (78)
[x'—%o|=1

87’
The solution of this equation at 1 = oo is [1]
. 3 A2 .
61 (x)(h = 00) = 5 (T+2)éi + ERA Vi, (79
where we used |x| = 1. Integration of ;,(x )(h = oco) over the

particle surface reproduces Eq. (77). Insertion of this solution
in Eq. (78) with A = oo gives a useful identity

0 / 2.1 3dS/
G (x — x4+ A8 + A7x;x;] = Sik.
X/ —%o|=1 167
(30)
We look for the solution of Eq. (78) in the form
~ ~ 5(71,
61, (x) = 61, (x)(h = 00) + — (81)

4h3"

where §0;, obeys

V38is N ViSia N 38i3V3 +36mf/a s +A2
3 6 202 42 9

1
- GY(x — x")soy,(x')dS'. (82)

87 Jixr—zp=1

Thus we study the equation
1

8T Jix—zo|=1

g = G (x —x')80;,(x")dS',  (83)

where g; is given by the first line of Eq. (82). Isotropy dictates
that the solution has a form similar to Eq. (79),
801, (x) = [a(M)dix + bOIN xxx118x, (84)

with certain functions a(A) and b(A). Substituting (84)
into (83), we find that these functions obey

A
o — _a(8 )8k / G (x —x)dS’
T |x'—=%o|=1
b(M)A?
_ b gk / GO (x — x)x/x[dS’. (85)
8 [x'—%o|=1

We find, rewriting the last integral with the help of Eq. (80),
that

2b b(1+ 1) —
(1 + _)gi — M[ G?k(x —x)ds'.
3 87[ |/ —%o|=1

Due to isotropy, the last integral has the form

1
— Gl (x —x)dS' = c(M\)8ix + d(M)xixi, (86)
87 Jix—gol=1

with certain functions ¢ and d. This gives

2b
<1 + ?)gi =[b(1 +A) —alcg; + [b(1 + A) — aldgrx;xy.

We find, assuming that d is nonzero, that a = —3(1 4+ 1)/2
and b = —3/2. We conclude that

801, (x) = —3[(1 + )8 + 2°x,x,1 Vi (87)
We find, combining the above, that the force is given by
3n A2
F=F*——14+A+—)g. 88
(1S )e @

Finally, using the definition of g, we find

F

A2\ A
—671(1 —I—A—l—;)Vs

—3—”<1+A+'\—2>[1+i(1+x+k—2)}\%
23 3 )13 22 9 ’
F = —6n<1+x+’\—2>\7” —3—”<1+x+’\—2>

9 2h3 3

L3 (14 » v 89
X|:6+4)\.2<+ +9>:| I ( )
Derivation of the closed-form results for the force in Eqgs. (89)
is one of the main results of our work. Comparing this result
with Eq. (73), we see that the time dependence diminishes
the effect of a distant wall. Correction to the force is smaller
by orders of magnitude, decaying as the inverse of the third
power of the distance, rather than the inverse of the distance.
The forces agree asymptotically if Eq. (89), which holds at
L] > 1/h, is continued to |A|~1/h.
The derivation of Eqs. (89) requires the large-distance
asymptotic form of the Green’s function only. The preceding
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section then implies that the force for the perfect slip boundary
is also given by Eqgs. (89) (cf. [11]).

XI. HIGH-FREQUENCY LIMIT AND POTENTIAL FLOW

The derivation of Egs. (89) involved no constraint on the
ratio of a and §. Restriction to the case H > a > § gives
the high-frequency limit where § is the smallest scale of the
problem. The force in the case can be obtained by taking in
Eqgs. (89) the limit of |A| > 1. We find

F 20200 3y (90a)
N 3 v, .
+ 3 8n3 )

27 A2 3\~
Fr=-—=\1+ 13 "

This result can be interpreted as a distant wall correction
to the added mass and it was derived from the potential
flow approximation in [11,21]. It differs from what can be
inferred from (4.5) of [10] with the reasons for the discrepancy
discussed in detail in [11] (see also [21]). Below we rederive
Eq. (90) from the potential flow approximation. This gives
us the opportunity to present a detailed form of the flow and
make refinements.

The authors of [11] observed that in the limit of large fre-
quency the flow is potential everywhere apart from a narrow
viscous layer around the sphere with typical thickness 8. The
identical situation holds in the infinite fluid [18]. This obser-
vation can be proved using the integral representation. For
simplicity of the derivation we consider the flow &* around
a sphere oscillating near a wall with perfect slip boundary
conditions. It can be verified by repeating the considerations
for the no-slip boundary conditions that the integral represen-
tation holds,

(90b)

ds’
87
D

3 (x) = / Gy (e, x)W2x](V - x') — &, (x")]
|x'—%o|=1

In this case the contribution of the wall boundary in the
volume integration of Eq. (B1) of Appendix B vanishes by
the vanishing of tangential stresses [cf. Eq. (9)]. We observe
that Eq. (68) can be written as

0 2 193
G, (r)= _ﬁvir_3 + O(exp(—Ar)), (92)
so the flow described by G is potential beyond the distance
~§ from the source with exponential accuracy. We find, using

the form of G‘;}lp given by Eq. (71), that beyond the viscous
layer of width ~§ around the sphere #° is a continuous sum
of potential flows [see Eq. (91)]. We conclude that #* = V¢
holds beyond the narrow layer whose width is of order §. The
potential ¢ obeys the Laplace equation by incompressibility
(see the similar proof in [26]). The potential flow obeys the
usual boundary conditions on the vanishing normal compo-
nent of the velocity on the sphere and the wall [18].

We consider the case of velocity perpendicular to the wall,
V = V.. The solution can be written as the sum of poten-
tials of the sphere, the image sphere moving in the opposite

direction, and a correction,
— + 8¢, 93)

where we defined ro = x — xo and Ry = x — x. This cor-
responds to searching for @#° outside the viscous layer in the
form

R 7 3rozro —1’32 ~ 3Ry, Ry — R%z
= VY255 Y2555
2r; 2R;

~5

+ Vg, (94)

where Z is a unit vector in the z direction (cf. [18,27]). The first
two terms on the RHS produce the zero normal component of
velocity on the wall. Thus the correction ¢ obeys the Laplace
equation with boundary conditions

~ 3R, Ry — R3?
(Ve -V, ———— 9 =0 95
ro ( ¢-V; R 95)

V[)=1

and 9,6¢(z = 0) = 0. The boundary conditions can be sim-
plified by neglecting terms of order higher than 42 ~3 as

‘7;\
r0-<V8¢>—8—;;)

We can neglect the boundary condition at the wall to order
h=3. We find the problem of a sphere that moves at constant
velocity V.2/8h3. The solution is the first term on the RHS
of Eq. (93) with the appropriate change of the velocity. We
conclude that up to terms of order 23 the flow has a simple
structure

=0, 0,0¢9(z=0)=0. (96)

ro=

¢_VZ1+131 1.0 1

T2 8h3 ) dzry 2 ‘9z Ry’

A 1 \3rg,ro — 122 . 3Ro, Ry — R?%
2r0 2RO

o7

The force is given by the sum of components ¥ and F, due
to the first and second terms on the RHS of the preceding
equation, respectively. We have [18]

Foo (0 L)Y, (98)
=773 813 ) dr

We consider the component of the force F, that derives from
the last term on the RHS of Eq. (97) that we designate by ¢'.
We have

1.9 1 ~ 3Ro.Ry — R}?
==V, ——, V¢'=-—V— 0 99
¢ 2 "9z Ry ¢ ) 2R} ©9)
This gives, for the pressure,
_ (V<z>’)2+‘7V & VV¢,+1dVZ a1 (100)
P== oY@ T T 92 Ry

(cf. [18]). The force is determined by the integral of the last
term over the sphere

1dV, 91
' dSroi——. (101)

Fy=—-""2
(F2) 2 dt ro=1 9z Ry
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We use the expansion of the last term near x = x,

1dV, 3 1
z / dSV()i}’()lVl——
r0=1

%

(F2);

C2.dt 0z Ro | =y,
2rdV._ 9 1 m dv.
=iV, —— =——s—2 (102
3 dt 9z Ro|py, 6h3 dt

where we dropped the terms of order higher than 4=, We find
the total force F = F| 4+ F, given by

5 .
F:__n(1+ 3 )dV22

3 8h3 ) dt = (103)
This agrees with the result for the ideal flow [27-29] and
confirms Eq. (90a). A similar derivation can be readily per-
formed for the particle motion parallel to the wall, confirming
Eq. (90b) (cf. [11]).

The derivation of the force in Eq. (103) assumes that the
force exerted by the potential flow outside the boundary vis-
cous layer is equal to the full force obtained by the integration
of the stress tensor over the particle surface where the flow is
nonideal. This equality is simpler for steady Stokes flows [26]
and demands care in the unsteady case. We have, using the
separation scale A obeying § < A « 1, that

Fi 2/ UirdS Z/ O','rdS
[x—x0|=1 lx—xo|=14+A

- / VioidV,
I<|x—xp|<14+A

where the integral of the stress tensor over the particle surface
is written as an integral over a sphere outside the viscous layer
and the volume integral of the stress tensor divergence. The
viscous part of the stress tensor —pd;; + 2V; V¢ holding
outside the viscous layer does not contribute the surface
integral on the RHS (this is readily verified by transforming
the surface integral in the integral over the volume of the
sphere). We find, using A%ii; = Vo, that

E:gm_ﬁf fdV,
I<|x—xo|<14+A

where Ffd is the ideal flow force given by the RHS of
Eq. (103). (This force has a correction of order of § due to
the difference of the particle surface and the sphere outside
the boundary layer. This correction is always present due to
the neglect of this difference in the boundary conditions for
the potential flow.) The last term in Eq. (105) is of order
A2V;8. The O(h~?) correction in Eq. (103) materializes given
that § <« h=3, which is a more restrictive requirement than the
original condition § < 1 < h. Thus, our asymptotic result for
the force in Eq. (89) holds for a considerably less restrictive
range of parameters.

(104)

(105)

XII. LOW-FREQUENCY LIMIT

In this section we derive the leading-order correction in
the frequency using a Taylor expansion of the integrands for
the inverse Fourier transform of the fundamental solution in
A. This completes the study started in Sec. III. We confirm
the observation of that section that the higher-order terms
of the expansion produce divergent integrals signifying the

singularity of the asymptotic expansion. The results hold
under the condition H <« §, thus completing the study of
asymptotic forms of the Green’s function started in Sec. VIII.

A. Stream function at low frequency

We start the study of the low-frequency limit from the
components w? given by Eq. (45) via the stream function .
To find the low-frequency limit of ¢ we observe that factors
in Eq. (46) obey (up to quadratic order in A)

expl—h(g + A)] —exp(=hq) _ h(A*h — 4q) exp(=hq)

A 4q
e 2@+A) _ p—2q _ Z()»2 + )»26]Z _ 4q2)efzq
22 N 843 '

(106)

where we introduced A =k —q ~ 1%/2q — A*/8¢> (here-
after, smallness of the complex number A implies that both
real and imaginary parts are small). We find

w=phz/ Ji(gp) exp(—R3q)dq
0

[A*(1 4+ Rsq) — 4¢°1.

16mq
(107)
The zeroth-order term produces
9 [ Jolgp)exp(=Rsq)dq _  p*hz
A=0)=phz— =— .
v )=p Zap/o 4 47 R3

This stream function reproduces the stationary Stokeslet flow
of [3]

3p*hz  2hz hz (3p?
3
A )\, fd O fd — = _— s
WA =0= R T R T Ik ( R?
19y ph 3zR
w;(,\=0)=_;¥= e (1— R23). (108)
The A2 term in Eq. (107) is found using [23]
/°° Jilgp)exp(—Rsq)dq . p
0 q R3 + R7
© o
J exp(—Ryq)dg = ————. (109
/0 1(gp) exp(—Rag)dq R+ R) (109)
‘We obtain
*hz | Ap°h *h A2R?
g =L Pz _ PRy . (110)
47 R3 167 R 47 R3 4

We conclude that the flow up to quadratic order in A is

3 2hz AR*\  3p%hz A2R?
wy = — 11— + 1 - ,
; 47 R3 4 47 R3 12
h 22 R? 3phzR 22 R?
w =" (1= 2P C(111)
£ 4 R3 4

47 R3 12
We observe that the correction is purely imaginary, corre-
sponding to the flow correction out of phase with the main
term. It can be seen readily that higher-order expansion in AR
is singular (discussed below), implying that the correction to
this formula can be of order lower than A* R* (cf. Sec. III). We
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conclude that

"y — —
Ga(x,x') = 3 g 1 "

R)? 3 R? 4x;z1 A2R?
4 R? R? 4

rz—i—r32 R2+R§+rkz( r32>

G ( /) _ ral'3 RaR3 Azrar3 i )»zRaR3
3K X )= r3 R3 4r 4R
+2Rax§ . AZR?
R3 4
6Ry x5z R3 A2R?
— R35 (- o) (112)

where we used Egs. (21), (24), and (111). We observed that
[A2(x — x")?| « 1 implies that [A%(x — x')?| < latz > 0.

B. Nonsymmetric components

We consider the components of the Green’s function that
cannot be derived using the stream function. We introduce the
representation of the solution as a series in A%. Coefficients
of the terms of order A* and higher contain nonintegrable
singularities at ¢ = 0 in accord with the predictions of Sec. III.
We start with w?, for which we have

wﬂ _ kqaqﬂ(e—kh _ e—qh)(e—qz _ e—kZ)

113
" I8k +q) ()
[cf. Eq. (39)]. We use that
o (—hAY'edh
ek _ pmah _ Z %’ (114)

n=1
and similarly for exp(—kz) — exp(—kz). We further find

—1 )n+khnqun+k—2

nlk!

o0
. quqp eXp(—R3q) (
o= >
q n,k=1

\/l—i-e (V1+e2—
Vi+e2+1 '

where €2 = A%?/g%. We introduce the Taylor series

l)n+k—2

(115)

ViteWlte -1y (20Hk=2) icl 2
ViteZ+1 et
(116)
with certain coefficients cﬁl e Then
quXP(Rq) e D
B o ;‘3 3 n+k 2
Wy = Z Z nlk!
n,k=1 =0
% )LZ(n+k+Z—2)q2—k—n—2l. (117)

Regrouping the terms gives the solution as a Taylor series
inA,

exp(—R3q) —
wg _ _929pXP 3q Z)\zp
q o
(S ) k n k
(=D Crsk—2P"2
X Z Z(S”“‘”—zl’ nlklgrtl
n,k=1 1=0

22 (20(1) - c(l)q R3)

wqshzexp(—R
_ _ 9uqphzexp( 3q)[cg+ 2
q 2q

2 'Ry A% +3hz +27%)
Mo G 2 0(1%)|.
+ <q4 2q3+ 1242 +0O(A”)

(118)

We see that terms of order A* and higher contain noninte-
grable singularities at ¢ = 0. We will limit the analysis to the
leading-order correction that is determined by

0

— 1 0__1
¢ = C

0=3 =1 (119)

=

where the numerical values are readily confirmed using the
definition in Eq. (116). Therefore,

1S

. 49a9phzexp(—qR3) - 221 —gRy)
“ 2q 4q°

where the correction is small provided all the parameters
Ah, Az, and A/q are small. This reproduces the solution
of [3] at A = 0 upon the division by 27 due to differences
in the definition of the Fourier transform. Then in real space,
correspondingly,

wﬁ%/ Guqphzexpliq - p —qRydq (AR —1)
* 872q 442 '

), (120)

(121)
where p = (R, R;). For A = 0 the integral is found from

f quqpexp(iq - p — qR3)dq
2mq

0]
==V, [ ao)dg exp(—qR)
0
1 R%3,3 —3R,R
=V, Vy— = TP
R R’
To find the finite-A correction to w? we evaluate (using

isotropy)

/ quqpexp(iq - p —qR3)dq
2 q?

(122)

F2 ()RR
R2 ’
(123)

= f1(p)dap +

where f; are some functions of p. Taking the trace and
multiplying with p, pg we find

g -0 —gR3)d
/exp(zq ;’ IR _ 5 o)+ B,
nq
L n)2 iqg-p—qR3)d
(q - p) expgq PR _ 2 o)+ falo)).
nq
(124)
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Thus we have

o 1
2+ fr= / exp(~q Ry ofap)dg = .
0

/ cos? O exp(igp cos® — qR3)dq
271qn72

hH+ 1

l o0
5/0 dq exp(—q R3)[Jo(gp) — J2(gp)]

1 : 0>
" 2R (R3 +R)? )’

where we used the identity

(125)

2 2
do d=J J —J
f cosZQexp(ix cosf)— = — 0 _ o) Z(X).
0 27 dx? 2
(126)
We find from Eqgs. (125),
R} + RsR+ p? P’
=— - = 127
h=RE+rr " T RmrRE 17
Finally,
/ gaqp expliq - p — qR3)dq
21 g2
_ g f exp(iq - p — qR3)dgq
= R; 27‘[6]3 qaqp
S R; +2R)R,R
O (R 2RRR o)
R(R; + R) R3(R3 + R)?

where we evaluated derivatives of f; given by Eq. (127). By
combining the above results we find that wg in Eq. (121) is
given by

Ahz
167 R(R3 + R)?

hz(3RyRs — R*8up)
47 R

wf =

2 2R 0’
X | p78apg + RaRﬂT +o(Ah, Az, Ap).
(129)

The correction term is of order lower than A* because of the
singularity of the A* term at ¢ = 0. We find, for the Green’s
function,
Gop(x, x")x}
Sap  Talg rk2( Tal'g RoRg
~— — (388 — )—
, + }"3 + 4 73} R3

R}2 RyRp\  22x,(3RyRg — R%5up)
— 1 3 — 3 5
4 R R

72

Saﬁ )LZX:,;Z

2RR; —r?
R 2R(R;+ R)? '

(rz&w +rotg R

(130)

We consider the last remaining component w$ directly, rather
than deriving it from wi by symmetry. We have, up to
quadratic order in A2, that

ket —q  4q7(1 —qz) — A*(1 + gz + ¢°2?)
A2 - 843 '

(131)

Using this formula and Eq. (106), we find from Egs. (39) that,
up to quadratic order in X,

" igghe 1% A2(1+ Rsg +q*zR3)
Wy = ———(14qz - 5 )
2q 4q
(132)
We have, by differentiation,
AW iqquzh —R A2(1—gR
W3 _ i99a2 exp(—Rzq) ! (1 —¢qR3) (133)
0R; 2 442

confirming, together with Eq. (120), that the incompressibility
constraint in Eqgs. (30) is obeyed to order A%. The inverse
Fourier transform of Eq. (133) yields [the direct inverse
Fourier transform of Eq. (132) produces a logarithmic diver-
gence at zero that needs special attention]

A /(kz(l_qR3)+4q2)eXP(iq~p—qR3)dq

OR; 327T2q
= (0 4 2R+ 4022 (134)
16w R
This can be rewritten as
dws hzRy [ 5. ( R , 1
3 = 020 = ) + 407 — | 135
IR; 167 [ 3(R3 RS (135)

Integration of this equation over R3 up to infinity gives

hRy [® - N
WS = Tom [, (RS = MRS (IR, +407) 2o
We find
. IR 2R\ | 3hR.Rsz( APR
wd = 1 - + - :
47 R3 4 47 R? 12
(136)

This reproduces formula (15) of [3] at A = 0. The correspond-

ing formula for the Green’s function is
r3ry R3Ra A2r3ra + )»2R3Ra

3R 4r 4R

L 2x,Ry (1 B Asz>
R3 4

6x5 Ry R32 (1 3 AZRZ)

RS 12 )

Gio(x,x') =

(137)

which is readily seen to agree with Gu3(x’, x) given by
Eq. (112).

The results of this section are equivalent to performing the
integration of the coefficient of the A% term in Eq. (23). We
designate the integral by G/, (x, x’), so

Gir(x,x") = Gy (x,x') + A*G i (x, x') + O(F). (138)

Using the results of this section gives (x; = h)

r r2 R R? hz  p*hz
Go(x,x)=-[3-2)-=(3-= ==
3, X) 4( r2) 4< R)TR

RaR3 ral'3 Rah RahZR3

4R 4r 2R 2R3

Gls(x,x") =

)
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, noo Tol'g R Ry Rg
Gup(x, %)~ 5 (30 = =57) = 5 (3 —
hZ 2 2RR’; — }"2
T A 80{ o —_— E)
2R(Ry+R)? (r PR T
R3Ra r3ry hRa hRaRg,Z

4R 4r 2R 2R3

Gy (x,x") =

The derived expressions can be used to study the force.

XIII. FORCE IN THE LOW-FREQUENCY LIMIT

In this section we study the force on a sphere oscillating
with a small frequency near a wall. We assume that the viscous
penetration depth is the largest scale of the problem, H < §
and a < § (in the dimensionless form [A |7 < 1 and |A] < 1).
The zeroth-order approximation for the flow u is the steady
Stokes problem of a sphere moving at constant velocity v near
the wall,

uy(z=0)=0
(140)

Vpo = Viug, uo(lx —xo|=1)=V,

[cf. Eq. (3)]. This problem was solved in [19,20], however
the solution takes a rather complex form of an infinite series.
Thus we first explore the simpler limit of a distant wall,
ie., a < H « §. We consider the integral equation on the
surface traction a,?r (x) of Eq. (140) in Appendix E. It can be
shown that in the leading order in the distance to the wall, the
traction, which is constant for the Stokes problem of a sphere
in an unbounded fluid, also remains constant (this could also
be obtained using the method of reflections [2]),

3 9 . 3 9 N
O—I?r = __<1 + _>8kzvz - _(1 + _)Skavﬂl'

(141)
2 8h 2 16h

This reproduces the Lorentz result for the force given by
Eq. (73) multiplied with the surface area 4. We derive the
leading-order correction in A% similarly to the analysis in
Sec. X. We use the approximation

Gir(x, x') ~ Gir(x, x') + 12Gj(x, '), (142)
where G, obeys the integral representation given by Eq. (23)
and has the explicit form determined in the preceding section.
In the limit of low frequencies, Eq. (10), up to the quadratic
order in frequency, takes the form

N A2g0
Vi Ir f G (x,x)dS'
87 Jix—zl=1
A2V, ~ , ,
- Gi(x,x)HdV
8 |x'—%o|<1
1 ~
=—— Gi(x,x")a,(x"dS',  (143)
87 Jix—zp=1

where we wuse the volume integral form of the
flx’—fcolzl Gii(x, x")x/x;dS" term. We consider the coefficients
on the LHS in the leading order in 4. From Eq. (139), using

R3; = 2h,z~ h,and R, = r, < h, it follows that

38,0
2 9

/ / h /! /
Ga(x, x)~ =5, Guplx, x) ~ (144)
while other components are O (1) at most. Thus the correction
is a constant diagonal matrix. The term in the second line
and the 1/h correction to o, in Eq. (143) can be neglected
altogether, giving

. 3hA%Y,
Vi + 3 (83613 + 38:i081a)
1

=—— Gi(x, x)a,(x")dS'.
87 Jixr—g/=1

(145)
The expression on the LHS gives the surface traction &;, of
the sphere that moves near the wall at constant velocity. The
force is given by Eq. (73), which, in the leading order, reads

F 9
— =14+

3h02 F _. 0 9hA2
Fs,  8h

8 ' Fg Ton T8

(146)

The A? correction is smaller than 1/ 4 Lorentz correction by a
factor Ah? = (H /8)?. If this parameter is larger than (a/H ),
that is, H*> > a8, then the former correction dominates over
the steady Stokes flow (a/H )3 correction to Eq. (73).

We now return to the case of the unconstrained ratio a/H
with § > a, H. In this case the force can be obtained as an
integral over known functions. By linearity we can write the
surface traction o,?r(x) for Eq. (140) at the point x of the
sphere surface as

o (x, A = 0) = Fy (x)V;, (147)
with a tensor Fj;(x) whose form at large 4 is readily obtained
from Eq. (141). At h ~ 1 this tensor has a complex form. Con-
sidering Fj(x) at h < 1, we can express the force F;({v(x)})
on the sphere on which a given surface velocity distribution
v(x) holds. From the reciprocal theorem we have

(o)) = f Fa(oyu(x)dS.  (148)

[x—Xo|=1

The leading-order correction in frequency to the force F(V)
can be determined by Eq. (140). This can be written as a series
with the help of the solution of [19,20]. In the limit of low
frequencies, Eq. (10), up to quadratic order in frequency, takes
the form

(7 )"ZVk / / / /
Vit — i, X F(x")dS
81 Jix—zyl=1
A2V, N
B Gi(x, x)dV’
8 |x'—%o|<1
1 -
=—— Gi(x,x")a,(x"dS'.  (149)
8 [x'—%o|=1

We found the equation on the surface traction of a sphere that
moves in the vicinity of the wall with a velocity distribution
given by the LHS of the equation. We conclude from Eq. (148)
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and linearity that the force is

A2V,
Fi= F(V)+ Sﬂ"/ Fip(x)dS

x| =1

X </ ds’ G’,(x xFu(x)
|x'—Xo|=1

- / G i (x, x/)dV/).
|x'—%o|<1

This reduces the computation of the force to the numerical in-
tegration of known functions. Besides the already considered
limit of H > a, this formula can be simplified in the limit
where the sphere is close to the wall using the lubrication
theory [1]. A detailed consideration of this limiting case is
beyond the scope of the present paper.

(150)

XIV. FLOW IN THE LOW-FREQUENCY LIMIT

The leading-order correction to the flow in frequency can
be readily obtained via the regular perturbation theory as in
Sec. III. Looking for the solution of Eq. (3) in the form & =
u® + 22u’, where u° is given in Eq. (140), we find

/7

/ dx
u(x) = —f G, ¥ ) 5
/>0 v

(151)

The series solution of [19,20] for #° can be used to represent
u’' as a series of integrals. The flow can also be used as an
alternative way for the study of the force considered in the
preceding section.

XV. HIGHER-ORDER SOLUTION

In this section we describe the procedure for determin-
ing Green’s functions with higher-order singularities, whose
source is a derivative of the é function. We will demonstrate
that the solution for the source given by the Laplacian of the §
function can be obtained from the fundamental solution with
the help of a rather simple correction.

The fundamental solution of unsteady Stokes equations
in infinite space can serve to produce higher-order singular
solutions. Taking the derivative of the solution gives another
solution of the Stokes equations with the source given by
the corresponding derivative of the § function. The set of
solutions obtained by taking all possible derivatives of the
fundamental solution is complete: We can write an arbitrary
solution as a superposition of the singular solutions. In our
case derivatives over the lateral coordinates x or y would
also produce a higher-order singular solutions; however, z
derivatives do not satisfy the boundary condition at the plane.
Therefore, these derivatives require a separate analysis. In this
section we derive one such solution involving z derivatives.
This is the solution of the time-dependent Stokes equations in
the presence of the wall, whose source is the Laplacian of the
d function:

AVt = -3V (x —x), V-ak=0,

(152)

—Vit+ Vit —

i“(z=0) = a*(r > 00) = 0.

‘We write the solution in the form

it = VZ(G?"(x’x,) _ G?"(x’xl*)) ok
8

1
~k 2 Tk Ry ~k
—v - ,
P (4nr3 47rR3) s

where the correction fields zbl" and 5% obey Eq. (27) with a
different boundary condition

Gi(R) — G?k(r)>

(153)

(154)

WX (Ry, Ry, h) = vz(
8

z=0
We observe that for any function i (r) that depends only on
the distance r = |r| we have

riry d dh
V2 (hrir) = 2h8ip + — —(r— ). 155
(hrir) et dr( dr) (155)
We find, using this identity and Eq. (20), that
V260 (r) = 203 (1 + Ar + kjﬂ)exp(—kr)
r
_ 2rir(3 + 3Ar + )Lzrz)exp(—)nr). (156)

5
It is readily confirmed that at A =0 this reproduces the
Laplacian of the Oseen tensor [1]. We find, using this equation
and from Eq. (154), that

WE(Ry, Ry, ) = —(5ka5i3 + 8iabi3)

X o RS “_ (34 3AR + A’R*)exp(—AR),

157
whereas as before @ and 8 can only take the value of 1 or 2.

Thus @ and w obey identical equations with similar boundary
conditions. We can write the solution as

w* = 2wk — ok, 5 =F - SE (158)
where v* and S* satisfy
—VeSF 4+ VRvk — 2% =0, Vg-vF=0, (159
with the boundary condition
3(8ka i3 + 8iadr3)h Ry
VE(Ry, Ro, iy = 2 k03 + D) (160)

27 RS

We find, comparing this problem with the problem on w and
using Egs. (37), (34), and (C3), that

N G q(h—R3)
U, = [e (kSpqp — iq°k3)
gk —q) P
— kek(h_R3)(5kﬂ61ﬁ —iqdk3)],
05 = i q —— ("GP 85 + ikSrag)

— R (G813 + 1G8kaqa )] (161)

Further study proceeds similarly to the study of the fundamen-
tal solution.
XVI. CONCLUSION AND FUTURE WORK

In this paper we provided an alternative derivation of the
fundamental solution for unsteady Stokes equations near a
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plane wall. The derived solution has a more compact form
than the previously reported solutions [10,12,14]. We verified
our derivation by demonstrating that it reproduces known
results in various asymptotic limits. Based on our derivation,
we were able to resolve the apparent discrepancies between
the existing theories correcting various typos in [10,12,14].

As opposed to the solution for steady Stokes equations [3],
the number of images required to construct the solution of
unsteady Stokes equations is infinite [12]. The solution in-
cludes two spatial scales: the viscous penetration depth § and
the distance to wall H. This results in two asymptotic limits
H > 6 and H < §, in which the Green’s function in real
space can be written via elementary functions (in a general
case only the Fourier-space solution is given via elementary
functions, while the real-space solution demands finding two
Hankel transforms). These limits are also provided.

We exploited simplifications of the Green’s function at
H > 6§ and H < § to study the force exerted on a sphere
oscillating near the wall by the viscous liquid. The limit of
the distant wall is of universal applicability since there is in
practice always a boundary. This limit for steady Stokes flow
is a classical problem that was considered by Lorentz [2].
The force is given by the (Stokes) force in unbounded fluid
plus a correction due to the boundary that decays as the
inverse of the distance to the wall. This law of decay co-
incides with the law of decay of Stokes flow far from the
sphere. Translations parallel and perpendicular to the wall
represent two independent problems with different friction
coefficients [2]. We provided an analogous derivation for
an unsteady Stokes flow. Here the limit of the distant wall
pertains to the case, whereas the distance to the wall H is
much larger than both § and the sphere radius a. The ratio
a/$§ could be arbitrary. The rigorous asymptotic results for
the force are provided in Eqgs. (89). The force is given by
the corresponding expression for the unbounded fluid plus a
correction due to the boundary that decays as the third power
of the distance to the wall. This decay law is intuitive since
the flow due to a sphere oscillating in infinite fluid decays as
the third power of the distance to the sphere (cf. with the case
of steady Stokes flow). Oscillations parallel and perpendicular
to the wall are decoupled independent motions with different
friction coefficients as for the steady flow. The inverse Fourier
transform of the derived expression can be used to study
arbitrary time-dependent motion of a sphere far from the wall
at relatively short times (the assumption § < H implies a
lower bound on the frequency or an upper bound on time).
The H~3 decay law is quite fast, so in practice unsteadiness
can provide a cutoff for particle-wall interactions.

Taking the limit a > § (so that H > a > §) repro-
duces the known result for the high-frequency limit derived
in [11,21]. This is the limit where the vorticity is concentrated
in the narrow boundary layer at the sphere surface. The width
of this layer is O(8), while the flow outside the layer is
potential. These arguments are typically semiheuristic (see,
e.g., [18]), however they can be rigorously derived using an
integral representation of the solution and by noting that the
Stokeslet flow becomes potential at distances from the source
larger than § (cf. [26]). The force in the high-frequency limit
can be interpreted as a distant wall correction to the added
mass. The derivation of the correction from the potential flow

approximation in [11,21] used previous results of [27,28] (see
also [29]). Our result for H > § and unconstrained a/§ is
simpler that the corresponding derivation in [11,21].

The authors of [11,21] criticized [10], where an assumption
on the form of far-field flow was made. That assumption
would lead to an incorrect result for the force in the high-
frequency limit. We provided an independent derivation of far-
field flow which for a sphere agrees with the form in [11,21].
Our approach allowed us to prove the conjecture of [11,21]
that a similar result holds for particles of arbitrary shape. The
complete multipole expansion can be derived from the integral
equation and the Green’s function. It would be interesting to
reexamine the approach of [11] using the rigorous Green’s
function derived here.

Simplification of the Green’s function at § > H made it
possible to analyze the limit § 3> H > a, where the force is
given by Eq. (146). The contribution of unsteadiness to the
force is significant in comparison to the steady Stokes flow
correction provided that H> > a8. The force at § > H, a and
arbitrary H /a is given in quadratures by Eq. (150).

We also derived the solution with the source given by the
Laplacian of the § function to illustrate the general scheme to
derive the solution with an arbitrary source singularity. The
derivation can also be used for the study of the flow caused
by a sphere oscillating near a wall. We recall that in infinite
space the flow due to the oscillating sphere can be obtained by
superposition of solutions with §(x) and V25(x) sources [1].
Similarly, we can consider the flow near a wall generated
by superposition of solutions with §(x), V2 8(x), and V?§(x)
sources. Here the flow with the source Vi(S(x) can be obtained
by applying Vf_ =V2+ V}Z, on the fundamental solution. The
superposition obeys the boundary conditions on the wall and
is a good starting point for the perturbative approach. The
study of the flow derived in this way is left for future work.

We demonstrated that at large distances between the wall
and the source (much larger than the viscous penetration
depth) the Green’s functions for the no-slip and full-slip (i.e.,
free surface) boundary conditions coincide. This implies that
solutions to the problems of oscillating sphere with no-slip
and full-slip boundary at distant wall agree. This is quite
useful, since for the full-slip boundary the method of re-
flections can be used [11]. Similar facts are well known for
steady Stokes flows, where the reflected flow satisfies the
full-slip rather than no-slip boundary conditions, while it is
used to construct the solution to the problem with the no-slip
boundary [2].

It is remarkable that the Green’s function for a free plane
boundary is much simpler than for the no-slip wall. The
solution is provided by just one rather than an infinite number
of images (see [14] and Sec. IX). This implies that problems
of particle motion near a full-slip boundary are much simpler
(cf. [11]). This type of problem can occur in practice for un-
steady motion of biological swimmers near the water surface.
The solution of this problem could be useful for the study of
hydrodynamic interactions of organisms swimming under the
water surface.

It was demonstrated in [14] that an inverse Fourier trans-
form of the Green’s function with respect to the frequency can
be found in a closed form. It would be of interest to study the
corresponding transform of the solution derived here, which is
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advantageous towards the numerical calculation of the inverse
Fourier transform with respect to the wave number.

The derivation of the fundamental solution of the unsteady
Stokes equations as a series in frequency can become regular
for other geometries. It is remarkable that the expansion in
powers of A? holds as a regular convergent series for the
fundamental solution Gl?,l(‘(x, x’, 1) of unsteady Stokes equa-
tions in a slit geometry, i.e., for the fluid confined between
two parallel walls. The Green’s function of the steady Stokes
equations in the channel Gf}(‘(x, x’) was derived in [30] and
in a different form in [13]. This function decays quadratically
with the distance |x — x’|, which in this case is unbounded
only in horizontal directions. We find that, in this case,

[o¢]
G (x,x') = ZAZ”/ G (x1, x)G (x2, x1)

O<zir<H

h h
X G;,Z(x?an) G,C”ln ,(xna xn—l)
dxk
G (e, x )]_[

where H is the distance between the walls. The terms of this
series are finite, so the above provides a valid asymptotic ex-
pansion for the study of the limit of low frequency. It is likely
that the full solution can also be derived; some properties were
provided in [31]. Another confined geometry where the series
solution would apply is a circular pipe. Steady Stokes flow
due to point force in a pipe was obtained in [32,33]; some
properties of similar unsteady flow were derived in [34].

Due to innumerable uses of the fundamental solutions in
various problems of viscous hydrodynamics, we believe that
the form of unsteady Stokeslet near a wall derived here will
find many applications involving time-dependent confined
flows.
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APPENDIX A: SYMMETRY OF THE GREEN’S FUNCTION

Here we derive the symmetry of the Green’s function as
given by Eq. (6). We consider the flows

Gik(x,x1) fi Gir(x, x2)8k
8 ’ 8 ’

with pressures p and p’, respectively, and stress tensors

ui(x) = ui(x) = (AL)

’ / / ’
o= oy =—p'dy+ Vi, +Viu;.

—péu + Viui + Viu;,
We observe that integration of the identity
Vi(uio}) — V(o) =u' - f6(x —x1) —u-g8(x — x7)
over x gives, on using the boundary conditions,

Gin(x1, x2)gk fi = Gir(x2, x1) fi &i- (A2)

This implies Eq. (6) since this holds for arbitrary f and g. We
confirm that the solution given by Egs. (39) and (40) obeys
the symmetry constraint

.3 N
Wy (q, 21 + 22, 21) — W5 (—q, 21 + 22, 22)

_iqe{expl—k(zy + z2)] — exp[—(z1 + 22)q1}

= 2
obtained by the Fourier transform of Eq. (25). We used
Eq. (38) and restored the dependence of w* on the vertical
distance z; between the source and the plane. Indeed, the
solution given by Egs. (39) and (40) gives

Wa (g, 21 + 22, 21) = [exp(—kz1) — exp(—z19)]
lqa[keXp( kz2) — q exp(—qz2)]
A2k —q) ’
W3 (—q, 21 + 22, 22) = [exp(—kz2) — exp(—22q)]
”]a[q exp(—kz1) — kexp(—qz1)]
Ak —q)

El

(A3)
which obeys Eq. (A3).

APPENDIX B: INTEGRAL REPRESENTATION

To derive the integral representation for the oscillating
sphere flow given by Eq. (7) we use the identity

V,(u o,,) Vl(u o,l) — i d(x — x), (B1)
where we introduced the stress tensor of the Stokeslet al.’},
ol = —p*8y + Viul + Vb (B2)
Integration over the volume of the flow gives (dS; = #dS
where 7 =r/r)
Gir(x,x)He;(x)dS;  _
/ x( )51 (x)dS; i
[x—Xo|=1

8

x')

=/ ii;(x)ok(x, x')dS;, (B3)
e —%ol=1

where x’ is assumed to be outside the sphere and %o =
(0,0, H/a). Using the constancy of i on the sphere and

/ oh(x,x)dS; = /\2/ ub(x,x)dv, (B4)
[x—%o|=1 lx—%o|<1

we find Eq. (7) upon using Eq. (6) and renaming the variables.

APPENDIX C: CALCULATION OF
THE FOURIER TRANSFORM

We consider calculation of integrals appearing in f(q)
defined by Eqs. (26) and (34). Taking derivative of the inte-
gral [23,35-37]

/°° Jolgp)pdp _ exp(—gh) )
o (p2+h2)32 h
over h, we find
/°° Jolgplpdp _ (gh + 1)exp(—qh) (C2)
0 (pz + h2)5/2 343 :
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Thus we can write
N (gh + 1)exp(—qh)
2 fg) =2 =

3
where we introduced
I / exp(—iqi Ry —iga Ry — AR)dRdR,
" 2w R" '
The integrals I, are not tabulated for n of interest. Our
attempts at the calculation failed. However, the combination

315 + 3.l + A2 15 that enters f(g) can be found. We consider
I, as a function of /& and introduce the representation

— 315 — 301y — A2L;, (C3)

(C4)

I, = hm/exp(lq3h)l’ q%

7 f ( is-R—AR 6) R (C5)
= [exp(—is-R—AR— —)——.
" P R) 27 R

Here we introduced s = (g1, 92, g3) and the convergence fac-
tor €. We use that [23]

. e\ dR
/exp(—zs-R—kR——)
4w R"

& sin(sR)dR
= exp(—AR— —)———
/0 (20 = 7)™

Im[(A — is)"*'K,_»(2y/e(A — is))], (C6)

where K,_,(x) = K,,—»(x), Im stands for the imaginary part,
and s* = g% + q32. We find

I, = lim / Im[(A — is)"> ' Ku_2(2y/e(h — is))]

sen/2—1 i1

2 cos(q3h)dq;

g €7
We are interested in 4 # 0 when we can write
2 h)dgs -
I, = lim Im / 2coslgsh)dgs 7. (C8)
e—0 s

where 1, is defined by

i 1
I, = WQA —is)"? Ky (2/e(h — is))

n/2—1,: —A n—2 1 -1
€ (n(li 2)!) [ln(ﬁ)— Y ( )+21/f(n ):|
153 (n— k= 3)!(3is — 1)

2 kX_; klen/2-1-k > )

Indeed, the introduced terms are a linear combination of §(%)
and its derivatives (after applying Im). The introduced terms
make the integrand of I, have a finite limit € — O,

( 1)n+1

lim 7, = =55~

lim 20 =21 is)'" 2 1In(x — is).

(C10)

We cannot however interchange the order of the limit and the
integration in Eq. (C8) because the resulting integral diverges.
Thus we introduce further regularization

/2005(613h)e><p(—8|q3|)d%
s

I, = lim lim Im I,. (Cl11)

5—0e—0

We find
(—1)yr! . | -
I, = (n— 2)!Imggrg)/cos(q3h)(k _ lm)

—81g3)d
% In (3. — iy [q? + 3) SRV
7 e +a}

This representation agrees at & # 0 with the relation I,_; =
—0, I, implied by the definition in Eq. (C4). We consider the
combination 375 4+ 311, + A*I; entering f(g)in Eq. (C3). We
find, combining the terms,

35430y + A1 = Regin})'/ln (r»—iya*+43)

exp(—4lqs|)dqs 2 2
— - (%
20T ( + QS)

(C12)

X cos(gszh)

—tim [ 29 cos(gsh) exp(~3lgs))
=m b cos(g3n) exp q3
x (k* 4+ g3) In (k* + ¢3). (C13)
We start the calculation with the integral [23]
/ dgsé "= In ( + ¢2)
0
= —[Ink — ci(x)cosx — si(x)sin x],
§—ih
x = k(8 —ih), (C14)

where ci(x) and si(x) are the integral cosine and sine, re-
spectively. We have, at § — 0, from series formulas for the
functions,

. 2ci(x)cosx . 2cosh(kh)ci(x)
Relim —— = —Imlim ——
5s—~0  S—1ih §—0 h
L cosh(kh)
= P ,
Re lim ZSi(x).sinx __T sinh(kh)' Cl15)
>0 S —ih h
We conclude that

lim | cos(gsh) exp(=8lgs|) In (K + g5)dqs
—YJo

* ia3h=81a31 1 (12 4 2 me
1qzh— 3 —
_glinRe-/(‘) dgsze ln(k +q3)— A
(C106)
We find that
315 + 3114 + )\.2]3
. 92 exp(—kh) 2exp(—kh)
T on? 2h 2h

_ (1 + kh)exp(—kh) C17)

h3
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We conclude from Eq. (C3) that

N (1 +qh)e=?" (1 4+ kh)e "
Bl =—p— 5

Taking the derivative over g, we find Eq. (38) from the main
text.

(C18)

APPENDIX D: PRESSURE AND INTEGRABILITY

Here we consider in more detail the pressure field, which
is the simplest component of the solution. In real space it can
only be found in quadratures. We demonstrate that already
the simplest quantity, which is the value of the pressure at
the particular point on the wall beneath the source, introduces
integrals that are not writable via tabulated special functions.
The value can however be written in terms of the derivative of
a special function with respect to the order.

We observe that as a harmonic function s(x) must be
writable in terms of its values at z = 0,

d
s(x) = /eXp(iqxx +igyy —q2)s(qx. gy, 2 = 0)#’
s(gx,qy,z2=0) = /eXP(—iqxx —iqyy)
x s(x,y,z=0)dxdy. (D1)

It can be readily seen that the solution given by Eqs. (41)
fits this general form. We first consider the pressure on the
wall pX(z = 0) = —héi3/2m (p* + h*)3/? + s*(z = 0), where
0> = x% +y? [see Eq. (37)]. The pressure for the vertical
forcing is obtained from Eq. (41) as

A8z =0)=qk+q)e™ — e 1),

We find, using that for a radially symmetric function /(p)
in two dimensions, we have [(p) = fooo I(q)Jo(gp)g dq/2m,
where [(g) is the two-dimensional Fourier transform of /(p)
that [V? = p718,(00,)]

9 [ Jo(gp)d
s}z =0)= V2 — f ekt — oy 090G
0

(D2)

Lon 27
o J\ d
+v2 / (ke — e~k 204PG 3
0 27[
We have, for three of the integrals [23],
/°° Py h(1 4 2y/h? 4 pe Ve
e = ,
o qJolgp q (l’l2+p2)3/2
Jo(gp)e "1dq = ——,
A /h2+p2
o a [*dq
J ~khg, — _ % 4, —kh
/0 o(gple”""dq on )y & o(gp)e
_ 9[lo(z-)Ko(z4)]
- ah
oz OK (z) + 2 11z )Ki(z4)
(D4)

where 274 = A(y/h? + p% & h). We used that the modified
Bessel functions of order v, I,,(z) and K, (z), obey I = I; and

K{ = —K,. We did not find in tables the integral remaining
for the complete finding of s(z = 0),

o0
| khiarrespi—ngdg. (DS)
We conclude that seemingly (unless the integral above can be
found by a certain transformation) we can only write down
the real-space pressure at z = 0 in quadratures. We reinforce
the conclusion by considering p(p = 0, z = 0), which can be
written via special functions using

AMLi+L, 1

> w9

o0
f kexp(—hq)dq =
0
where the integrals L; are defined below. We have, from the
integral in [23] using I’Hospital’s rule,

L = / XPChAG _ O 1y k) — T Tlo
0 k av

_ w[Ho(kh) — Yo(Ah)] (D7)
- > ,

where Y, J,, and H, are Weber’s (Bessel function of the
second kind), Anger’s, and Struve’s functions, respectively.
The other integral in [23] gives

o0 2
L, = / (Zk +2q — %) exp(—hq)dq
0
0
= AZE[LU(M) — J )] |y=o. (DB)

We can write the first derivative with respect to the order via
the special functions

0J,(x) _ _aJv(x) + 7Ys(x)
oAV PR |,
_ n¥(x) Z[JO(X)‘FXJI(X)]' (DY)
2 x2

However, the derivative of J, with respect to the order can
only be written in quadratures [38]. Thus, with the possi-
ble exception of special points, such as the position of the
source [10], pressure can only be written in quadratures.

APPENDIX E: LORENTZ PROBLEM
VIA THE INTEGRAL EQUATION

Here we derive the stress tensor for the problem of steady
motion of a sphere near the wall in the leading order in H. We
have, from [3] or Sec. XII, at A = O that the Green’s function
of the steady Stokes problem obeys

Gix(x,x") = Yu(r) + 8Gip(x, x'), (ED)
where
. / 2hR,  6hRyRsz
3G (x,x") = —Y3,(R) + g + O
N 2zh(3R,Rg — R*8,
5G s, %) = ~Yup(R) + 8 5 a2
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~ 4hz  6p°hz
8Gx(x,x") = —Y3(R) — =T B

) / 2Ryh 6RyhzR;
8Gu3x, x) = —Yo3(R) + —= = —p—  (E2)

The integral equation on the surface traction is obtained by
setting . = 0 in Eq. (10),

N 1 ~

Vi=—— Gi(x,x)e,(x")dS’.  (E3)

87 Jix—zp=1

When the sphere is far from the wall the points entering
the surface integral obey r, = R, < h, z = h, and R3 = 2h,
which gives

38, 3 3
b §Gyu(x,x)=——, (E4)

8~0{ 3 ,%_ 5
Gaplx, XY~ =0 2

where the omitted components are much smaller. The integral
equation becomes, in the leading order

.3V s
v, - 2L 8Giu(x, x)dS'
167 Jip_g01=1
1
=—— Yi(x — x")a;,(x")d S, (ES)
8w |x'—%o|=1

where we used that, in the leading order, the surface traction
is that of the Stokes problem &;, = —317,-/2 (it is uniform
and gives the Stokes force —677 V; on multiplication with the
surface area 4m). Using, in Eq. (ES), § G, from Eq. (E4), we
find the equation on surface traction of a sphere moving at
constant velocity in infinite space. The solution is the constant
surface traction of the corresponding Stokes problem given by
Eq. (141).
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