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In the present paper we derive the general solution of the unsteady Stokes equations in an un-
bounded fluid in spherical polar coordinates. The solution is an expansion in vector spherical
harmonics and given as a sum of a particular solution, proportional to pressure gradient exhibiting
power-law dependence, and a solution of vector Helmholtz equation decaying exponentially fast at
infinity. The proposed decomposition resembles the classical Lamb’s solution for the steady Stokes
equations: the series coefficients are projections of radial component, divergence and curl of the
boundary flow on scalar spherical harmonics. The proposed solution provides an explicit form of
the potential far from an oscillating body (“generalized Darcy’s law”) and high- and low-frequency
expansions. The leading order of the high-frequency expansion yields the well-known ideal (inviscid)
flow approximation. Continuation of the proposed solution to imaginary frequency provides general

solution of the Brinkman equations describing viscous flow in porous medium.

I. INTRODUCTION

The method of spherical harmonics expansion is a stan-
dard method for solving the Laplace equation widely used
in the various fields. In this work we derive a similar ex-
pansion for the transient Stokes equations describing low-
Reynolds-number (Re < 1) transient or unsteady flows
of incompressible viscous fluid @ﬁ] The smallness of
Re allows to drop the nonlinear (quadratic) term in the
full Navier-Stokes equations yielding the linear unsteady
Stokes equations, possessing a general solution. In the
present paper we describe the methods of construction
of the general solutions of the unsteady Stokes equations
and study their properties.

Low-Reynolds-number (viscous) hydrodynamics dis-
tinguishes between steady Stokes equations, obtained
by dropping all inertia terms (i.e., due to the material
derivative of the velocity) in the Navier-Stokes equations,
and unsteady Stokes equations obtained by keeping the
velocity time-derivative (i.e., the Eulerian acceleration
term). The steady Stokes equations read nVZ?v = Vp,
where v is the incompressible (solenoidal) fluid veloc-
ity, p is the pressure and 7 is the dynamic viscosity of
the fluid; they contain no explicit time dependence and
the quasi-static approximation applies. There are sev-
eral known representations of the general solution of the
steady Stokes equations. The seminal Lamb’s solution
M] is a sum of three series, whose terms are composed
from solid spherical harmonics (see, e.g., [2]). The first
series is a particular solution of the Stokes equations due
to the source Vp, while and the remaining two series pro-
vide a general solenoidal solution of the vector Laplace

*

itzhak8@Qgmail.com
T lisha@technion.ac.il
f [bru@stowers.org

§ [izi@me.technion.ac.il

equation Vv = 0 (see [1]). Another form of the gen-
eral solution is given by the so-called adjoint method
that uses the expansion of an arbitrary vector field into a
complete set of vector functions derived from the spher-
ical harmonics ﬂ, B] This set is rather similar to vector
spherical harmonics (VSH) employed here (see [6]), how-
ever has somewhat more cumbersome orthogonality rela-
tions. Other forms of the general solution of the Stokes
equations are the Papkovich-Neuber ﬂj—@, the Naghdi-
Hsu [10-[19] and the Boussinesq-Galerkin [11, [13] formu-
lations. Finally, ﬂﬂ] provided a general solution derived
from poloidal-toroidal decomposition of incompressible
flow [15, [16] (see also [17]). Lamb’s decomposition is by
far the most useful, see, e.g., | for numerical imple-
mentation for many-particle systems.

In striking contrast to the steady Stokes equations, the
general solutions of the transient Stokes equations, given
in the frequency domain by —ipwv = nVZ?v — Vp, at-
tracted far less attention. Here p is the fluid density, w
is the frequency and ¢ is the imaginary unit. The main
reason for lesser attention is that typically the time and
convective derivative terms are of the same order of mag-
nitude. The transient Stokes equations apply when the
flow is periodic and/or has significant time dependence.
The general solution for axially symmetric case was pro-
vided in @] in terms of the stream-function. For non-
axisymmetric flows the only available representation (to
the best of our knowledge) is the poloidal-toroidal decom-
position @] This solution is, however, less transpar-
ent than the one derived here, as shall be demonstrated
below. Our representation of the solution is similar to
Lamb’s decomposition, i.e., it is constructed as a sum
of the particular solution —iw =1V (p/p) where V2p = 0,
and a general solution of the solenoidal vector Helmholtz
equation with an imaginary coefficient, —iwv = vV>2v;
here v = n/p is the kinematic viscosity. The stan-
dard fundamental set of solutions of the vector Helmholtz
equation with real-valued coefficients, —k%*v = vV?v, is
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provided by the VSH (see, e.g. [21, 22]). The radial
dependence of the set’s functions is given by spherical
Bessel functions. The extension to imaginary coefficient
leads to Bessel functions of imaginary argument or modi-
fied Bessel functions, which can be reduced to polynomi-
als. The resulting solution of the Helmholtz equation de-
cays exponentially fast away from the origin and is given
by the elementary functions. Here we only consider the
solution of the exterior problem, or the flow external to
a sphere, while the corresponding interior problem was
solved in [23].

The proposed representation provides some important
insights. For example, it is well known that at distances
beyond the viscous penetration depth § = (2v//w)/? from
an oscillating body the flow is potential B This property
readily follows from the fact that the vorticity ( = V x v
obeys the vector Helmholtz equation —iw¢ = V3¢, and
thus decays exponentially fast away from the object’s sur-
face where it is generated (alternatively, this property
can be demonstrated by using integral representation of
the flow and properties of the fundamental solution [24]).
In our approach the emergence of the potential flow is
an immediate consequence of the exponential decay of
solutions of the Helmholtz equation and a simple, yet
fundamental connection between the flow and the pres-
sure, v &~ —iw 'V (p/p), at distances larger than §. This
result can also be obtained by rewriting the flow equa-
tion as iwv — p~'Vp = vV x ¢ and considering the ex-
ponential decay of the right-hand-side (RHS) far from
the body. It seems that both representations derived
here, v ~ —iw ™1V (p/p) and the expression for p via the
boundary conditions, are missing in the literature.

The limit of an ideal (or 1nv1sc1d ﬂow is a funda-
mental topic in fluid mechanics B In this limit §
tends to zero and the above cons1derat10ns imply that
v ~ —iw 'V (p/p) hold everywhere, in accord with the
ideal flow approximation. Within this approximation,
the potential —iw~'p/p is obtained as the solution of the
Laplace equation, whose normal derivative at the surface
coincides with the corresponding component of the veloc-
ity at the boundary (see, e.g., ]) We are not aware
of a rigorous proof of this representatlon of the potential.
We show here that the ideal flow approximation is the
leading term of the expansion of the general solution in
the viscosity coefficient. The expansion parameter is /v,
rather than v, indicating that adding viscosity yields a
singular perturbation. The dimensionless expansion pa-
rameter is 1/v/Ro where Ro=a’w/v is the Roshko num-
ber defined with the radius a of the sphere at which the
boundary conditions are prescribed. This asymptotic se-
ries can alternatively be considered as the high-frequency
eTpansion.

The Roshko number, Ro, provides an estimate for the
ratio of the Eulerian time-derivative and viscous terms
in the unsteady Stokes equations and can be written
as product of the Strouhal number, SI = t,/T, and
Reynolds number, Re = voa/v. Here ty = a/vg is the
Stokes time with vy being a characteristic velocity and

T is the characteristic time 1/w. If Ro < 1, then the
quasi-static (low-frequency) approximation provided by
the Stokes equations applies. We demonstrate below that
both the Lamb’s and the adjoint method’s solutions of
the Stokes equation can be obtained in the limit Ro— 0.
However we demonstrate that care needs to be exercised
when applying the approximation. Corrections to the
low-frequency quasi-static approximation are given by
a series expansion in v/Ro. Therefore, similarly to the
high-frequency expansion, low-frequency expansion also
proves to be singular.

We observe that v ~ —iw™1V(p/p) that holds at large
distances is remarkably similar to the Darcy’s law for
porous medium. In fact, it can be called the generalized
Darcy’s law because it constitutes the analytic contin-
uation of that law as we demonstrate in Sec. [XI The
demonstration is done by providing the general solution
of the Brinkman equations [27, [28].

We believe that our work is a significant step toward
general understanding of the unsteady Stokes equations
and several important closely related topics in viscous
hydrodynamics. Potential applications are considered in
the Conclusions section.

II. GENERAL SOLUTION OF UNSTEADY
STOKES EQUATIONS

In this work we derive the general solution of unsteady
Stokes equations

(%’U:—p71Vp+VV2’U, V-v=0, (1)

in spherical coordinates. We use the Fourier transform

v(w,x) = /v(t,w)ei‘“tdt, (2)

where we use the same letter for the Fourier-transformed
variable with no ambiguity. The Fourier-transformed
flow equations in the frequency domain then read

—iwv=—p 'Vp+vV3v, V- -v=0. (3)

The study of the above equation is performed assum-
ing w > 0. Once the solution is obtained we find using
v(—w) = v*(w) that

v(t,x) = / v(w, w)e_“"tz—w + c.c., 4)
0 v

where c.c. stands for complex conjugate. We shall study
the solution in the exterior of a sphere with radius a. The
solution for the interior problem was provided in ﬂﬁ] and
has quite different properties due to the absence of far-
flow regime. We assume that the flow vanishes at infinity
and is prescribed at the sphere surface at r =a where r
is the radial coordinate.

Solutions with given frequency w can be characterized
by the viscous penetration depth, § =+/2v/w. It provides
the characteristic length of penetration of vorticity gen-
erated at the boundaries, into the fluid bulk, see e.g. B]



The strength of the frequency term with respect to the
viscosity term in Egs. (@) is determined by the dimension-
less Roshko number, Ro = a?w/v, estimating the terms’
ratio, see the Introduction. The Stokes equations’ limit
holds at Ro — 0. The condition of negligibility of the
frequency term is v Ro < 1 and not Ro < 1, similarly to
the fundamental solution @], see below. Frequency term
is a singular perturbation of the Stokes equations M]
For Ro 2 1 the unsteady term cannot be neglected.

Dimensionless variables—We will use dimension-
less variables by measuring velocity in units of aw, pres-
sure in units of nw and coordinate in units of a. We des-
ignate dimensionless velocity by u and the dimensionless
pressure by p (we use the same letter with no ambiguity
below). We have

ia2w

fu=-Vp+V?u, V-u=0; \N>=—iRo= . (5)
We define below the square root by A = (1—i)y/Ro/2. In
the limit Ro — 0 Eqs. (&) reduce to steady Stokes equa-
tions and for Ro 2 1 the unsteady term in the equations
cannot be neglected (more precisely the neglect is invalid
at vRo > 1, see below). We look below for the general
solution of Eqgs. (B) in spherical coordinates. The solu-
tion involves arbitrary constants that can then be fixed
once the values of u on the sphere r = 1 are considered
as prescribed.

General form of the pressure—We observe by tak-
ing divergence of the first of Egs. (&) that pressure is a
harmonic function. Therefore it can be represented as,

Clm Yim (0, @
plr) = 32 T, wnere 3 = Sy

lm =1 m=—1

where we used the boundary cond1t10ns at infinity and
the spherical harmonics Yy, (0, ¢) are defined by

(20+1) (I —m)! .
Yim —\/ = mpz (cos0) exp (imo), (7)
where P/ are associated Legendre polynomials. We
use the multiplicative factor of [6] in the definition of
Yim (0, @), so the following orthogonality relation among
the spherical harmonics reads

T 2w
/ Vi Yii,, dSY = / sin 0d6 / ) 70 R O N
0 0

The term with [ = 0 is omitted in Eq. (@) assuming that
there is no net mass flux to infinity (see the next subsec-
tion). The constant coefficients ¢;, are to be determined
from the boundary conditions on the velocity. The coef-
ficients depend on A as a parameter in the equation.

A. Qualitative behavior of the solution as
superposition of power-law and exponentially
decaying terms

A particular solution of Eqgs. () for u, where p is con-
sidered as a source, is —Vp/A%. We observe that the

solution diverges at w — 0 and does not reduce to the
similar Lamb’s partial solution of the Stokes equations,
see @] and below. Still the use of this particular solu-
tion in comparison to others is advantageous, because it
provides a straightforward decomposition of w into two
terms that have qualitatively different spatial behavior.
Indeed the general solution of Eqgs. (&) can be constructed
as superposition of —Vp/A? and a solenoidal solution w4
of vector Helmholtz equation

Us — %, Ny
Solutions of the Helmholtz equation are known to de-
cay exponentially away from the source with exponent
given by real part of A (e.g. the asymptotic behavior of
solutions of at large distances r is given by the exponen-
tial decay exp(—Ar)). Thus, considering the boundary
conditions on the sphere as the source, us component
of the solution is negligible at distances » — 1 from the
sphere that are much larger than the dimensionless pen-
etration depth §/a (we observed that the real part of A is
V/Ro/2 = a/§). The flow there is given by u ~ —Vp/\2.
It is potential and decays as a power law, see Eq. (0
and below. It is remarkable that these conclusions can
be arrived at via qualitative study of the solutions. We
remark that inclusion of [ = 0 term in Eq. (@) would lead
to finite flux oc Vr~! behavior of the flow at infinity.

S:VQus, V-us=0. (8)

B. Vector spherical harmonics

To complete the general solution of unsteady Stokes
equations one has to determine the general solution of
the vector Helmholtz equation, see Eqgs. (@) and (&]). This
is often achieved by using the vector spherical harmonics

(VSH) which enerahze the ordinary harmonics to vector

case [21, 22, . Easy to use definition of the VSH was
given in [6],
X 50y Yim
Yim - 'F}/lma \Illm =rVYy, = eaﬁiflm + M
sin ¢
» 00,Yim
B =1 X Vi ==V X (Vi) = g Yin — =2 (9)

where V is the three-dimensional gradient and #, 0, qZ)
are the unit vectors of the spherical coordinate system.
For instance,

Yio = ,/i cos, Wiy = —9\/ 3 sin 6, (10)
4 4

and we have that

-V (Tlﬂ) = P2 : (11)

Thus the particular solution’s component of the general
solution —Vp/ A2 obeys

l + 1 Im — \Illm
Z Cim /\2rl+2 : (12)




Any vector field can be represented as a series in dimen-
sionless VSH ﬂa] We introduce the expansion of wu,

uszz(c;"m(r)yszrcﬁj(r)\Inm+c§jj(r)q>lm), (13)

lm

where ¢, (1), cl(:T)L(r) are certain functions of the radial
variable r only. The [ = 0 term is omitted since Wy

and ®(o vanish identically and ¢, = 0, see below and
Appendix [Al

C. General solution

We solve the Helmholtz equation for us by the plug-
ging into it the expansion of us in the VSH and solving
the resulting system of linear ordinary differential equa-
tions for ¢j (r), cl(;)l( ). The solution is presented in Ap-
pendix [Al The radial coefficient functions can be written

via elementary functions producing the general solution

l
_exp(=Ar) |7 I+ k)
U= \/2/\%:<Zk!l—k!2/\r)k
& Yim KA l+k:
. ( r ““”@“”) (I+1)r (Z K= k) (2Ar)F

(I—1+k)
l R 1 - (2/\r)k—1>> ' (14)

The solution is defined by two sets of constant coeflicients
¢, and €, (one out of three sets for vector solutions is
not showing due to solenoidality) . It can be observed
that the solution is given by exp(—Ar) times a series
which looks quite similar to the solution of the Laplace
equation, apart from the fact that each Im term involves
a polynomial P;(A\~17r~1) in negative integer powers of r
and not just a single power. We defined

l
(I+k) 1k
Z ROk (15)

This polynomial originates from the modified Bessel func-
tions K, (x) encountered in the solution of the Helmholtz
equation with imaginary coefficient,

Kl+1/2(:r)_\/%ez731 <$> . (16)

Thus elementary solutions x;\, of the scalar Helmholtz
equation which vanish at infinity are

K, (Ar)Yim
Xl>\m =- ik ) V2X
\/F

We can rewrite Eq. (I4]) as
u 72 Clom K141/2(AT) Yo N Cim Ki172(Ar) @i,
ST r3/2 \/;

O ¥im 1K 11/2(Ar) 1/2
l(l T 1)7" ( \/F +Ar Klfl/Q(A’f') . (18)

i =NXh- (A7)

lm

The Bessel functions are also showing in the general so-
lution of the unsteady Stokes equations in the axially
symmetric [19] and general [20] cases. The use of Py(x)
emphasizes that the solution is given in terms of the el-
ementary functions and does not involve fractional pow-
ers of . (We found the relation between modified Bessel
functions of half-integer order and Bell polynomials @]
less useful.) The full solution, given by superposition in
Eq. @) reads

o K1g1/2(Ar)
UZZ (( 7372 T
Im
+51mKl+1/2(/\7’)
NG
Clom IKia2(Ar)
l(l T 1)7" ( \/F +)\T Klfl/Q()\’l") . (19)

We shall now proceed to calculation of the coefficients.

(l =+ 1)Clm
22042 Yim

Clm
Pim — Wi, (/\2rl+2

+

D. Coefficients of expansion

The free constants cym, ¢, and ¢, are to be deter-
mined from the boundary conditions. We consider the
case when these are given by prescribed values of veloc-
ity on the unit sphere. We find by projecting the general
solution given by Eq. ([9) onto the VSH and using the
VSH orthogonality relations of ﬂa that the constant co-
efficients obey

N . L+ 1D)em
/uriflmdQ:ClmKH-l/?(A) + %a (20)
/U WA=, (1K (N +AK 1 /2(N)

aml(l+1)
=
where we used w - Y}, = u,Y;; . Multiplying the first
of the above equations by [ and combining it with the
second equation gives
o U u, Y, dY+ [uw-®7, dQ
Crn =—
: AKG_1/2(N)

We thus find that

A (LK A)+AK A
(1K 112N +AK 12 (V) /UrYlfndQ
(l‘f'l Kj_1/5(N)

AN /
TS, 22
(I+1)K;_1/2(A tm (22)

, /u @7, dQ=1(l + 1)C1m K41 /2(N),

(21)

Clm =

It is useful in calculations to observe the simple relation
between the coefficients ¢;,,, and ¢j,,

A2 MK, A,
/urYlmdQ _ M (23)
+1 I+1

Eqs. @0)-([22) provide the coefficients of the expansion
via projections of the surface velocity onto the VSH.

Clm = l



These projections involve vectors and their direct deriva-
tion is cumbersome. The calculations are simplified by
using the following identities

/Ylfnvs cud§) = 2/Ylfnurdﬂ - /u -y dQ,

Y (V xuw),dQ = — / w- B 0, (24)

r=1

derived in Appendix [Bl Above V- is known as surface
divergence [1] at r =1

ou, 0wt Op (sin 9?19) +0guq '
or sin

The first form in the above equation involves 0, u,(r = 1)
that is not provided by the boundary conditions. This
value can be obtained by using any continuation of the
boundary condition to 7 # 1 since the end result is in-
dependent of that continuation, as seen from the second
form. The utility of the first form is due to the fact that
in actual calculations a simple continuation of the bound-
ary conditions is often evident, see examples below. We
notice that the radial component of the curl of the flow
is determined uniquely by u(r = 1) so the integrals in
Eqgs. [24)) are uniquely determined by the flow at the sur-
face. The above formulae allow to find the coefficients
of the solution by projecting the scalar functions onto
the usual spherical harmonics. We have for the pressure
coefficients ¢, defined in Eq. (@), that

Vsu=V-u— (25)

A+ 2P AP (ATY) .
Clm = (I+1D)P—1 (A1) /7":1 Yimtr Y
/\'Pl(/\il) %
~TDPaOT / Y5 Vs - ud). (26)

Similarly we find

1
I+ 1)Ki11/2(A)

Clm=—

/ Yy (Vxu),d,  (27)
r=1

and
L YRV uwdQ — (1+2) [u Y, d0
im MK 1 /2(N) '

(28)

The above formulas show that the complexity in finding
the coefficients of the expansion of the unsteady Stokes
equation is the same as of the usual Stokes equations -
the expansion of Lamb’s solution is determined by the
same projections of the boundary flow @]

III. LAMB-TYPE FORM OF THE SOLUTION

In this section, we show that Lamb’s solution of the
steady Stokes equations Vp = V2u, that was originally
provided without derivation M], could be obtained in a
way similar to our approach above. Again pressure is
a harmonic function that for solutions vanishing at in-
finity can be written as p = > 2, p_;—1. Here p_;_1 is

a solid spherical harmonics given by linear combination
of 7~=1Y;,,, with m ranging from —I to I, see Eq. (@)
and @] A partial, solenoidal solution of the Stokes equa-
tions V2u,, = Vpy, is oy, (r?Vp, — 2nrp,/(n + 3)ﬁ| where
2a,(2n + 3)(n + 1) = n + 3, see exercise 4.1 in |1]. The
general solution for the steady Stokes flow vanishing at
r = oo is then written as

s | — 2)7‘2Vp_1_1
uLamb _ Z (_(

(I+Drp_i1 )
201021 — 1)

— 12— 1)

+ (VO_;_1+V x (rx—i-1))- (29)

NE

~

1

Here the first line is a partial solution of V2u = Vp and
the last line provides a form of the general solenoidal
solution of the vector Laplace equation V2u = 0 with
®_;_1, x—;—1 solid spherical harmonics similar to p_;_1,
see [1].

Generalization of Lamb’s solution to finite
frequency—A main result of our work is that our gen-
eral solution can be written in the form similar to Lamb’s

u = —% + Ay L ¥ < (rerT X)), (30)
where uf and X are certain vector and scalar fields,
respectively. Similarly to Lamb’s solution the first term
is a partial solution and the last two terms are solutions of
homogeneous equation where one of the terms is toroidal.

Toroidal component—We observe that using the
definition ®,,,=—V x (rY};,) we can write

Cim K1 /2(Ar) _
Z%/@lm:chmVX(rxf‘m), (31)

where we used 7, defined in Eq. (7). The last term
provides simple generalization of the last term in Lamb’s
solution to unsteady Stokes equations. We remark that
elementary solutions X7\ of the scalar Helmholtz equa-
tion generate elementary solenoidal solutions V x (rx7,,)
of the vector Helmholtz equation so the showing of the
toroidal component in the solution seems inevitable.
Using the above identity we can introduce the decom-

position of us in Egs. (), (I8) as

us =V x (re* X)) 4 AUy (32)

Ilm m

where the toroidal component of the solution X and uf
are defined by

e
— A(r—1 S X H_ Ar—1 !
X=eMrh E CimXi:  ufl=e D E TB—/’”Q
Im Im

(ZKH_l/Q()\T)-l-)\TK[_l/Q(/\T’)) AU
<Kl+1/2wmm_ 10+1) '

The superscript H refers to exp(A(1 — r))ufl being a
solenoidal solution of the vector Helmholtz equation,



V2 (exp(A(1 —r))u?) = A2exp(A(1 — r))uf’. We ob-
serve from Eqgs. 27) and ([I8) that X can be written as

a 1\ Y (0,9

r
where the toroidal field’s coefficients ¢}, are independent
of the frequency

1
= T Y dS2. 4
Cim l(l+1) \/;:1 lm(vxu) (3 )

We observe from Eq. ([I3) that at A — 0 we have
Pr((Ar)~1)/Py(A71) = r=t . Thus X has regular behav-
ior in the limit of small A which reproduces the Lamb’s
toroidal term,

XA=0)=>" i Yim(0:,9) (35)

ES

lm

Thus the toroidal field in Eq. (82) can be considered
as analytic continuation of the corresponding term in
Lamb’s solution to finite frequency. This term is asso-
ciated with oscillatory rotations in the boundary condi-
tion, see the solution for oscillatory rotation of a rigid
sphere below.

Recovering Lamb’s solution from finite fre-
quency solution—In contrast with the toroidal term,
the first two terms in the RHS of Eq. (80) are not ana-
lytic continuation to finite frequency of the correspond-
ing terms in Lamb’s solution, see below. For instance
the partial solution, given by the first term in the RHS
of Eq. (30), diverges at A\ — 0 instead of converging to
Lamb’s partial solution. We demonstrate however that
the sum of the first two terms in Eq. (80) converges to
the sum of the first two terms in Eq. (29]). We have using
the definition of u above and Egs. (@) and 23) for p
that

&) [ Y},
l —|— 1)ritl

A=) H @__VZ im (0

(197@5)"2 VYim (0, $)
+qu (/\Kz 1/2 -

(A)rtt2 Kj_q1/9(N)
A(r)
8 <)\(l F )

r1/2K11/2()\7°)>> 7 (36)
I(1+1)

where V is the three dimensional gradient operator. We
introduced A(r) = r'*V2K; 0(Ar) — Kiq/2(A) that
vanishes at the surface »r = 1 and rescaled coefficients
Clrn = AKi_1/2(A) that by Eq. (28) obey

o - /Ylfnvs-udQ—(l—H) /u c a0, (37)

We consider the zero frequency limit of Eq. ([40). We
use the first terms of the Taylor expansion

AKpy1)2(Ar)  Xexp (A(1— r))P 1\ 21
K1) VP () U\ ) LR
\? 20— 1 1

3 ((21 —3)ie rl3/2) +o(N), (38)

where the derivatives of the function on the LHS at A = 0
are obtained by observing that the identity

(t);

AK 41 2(Ar) Ky —3/2(A)

Ky 5N B

that can be proved by using the formulas for derivatives
of the modified Bessel functions. We find that

_ Vp Yim (0, ¢) [u, Y}, dQ
Al=r), H VP _ _ lm
© TR Z( NSy

lm

ATKI,1/2 (A’f‘)
Kj_1/2(N)

—im (2 py - 39
Ty < A (s PR (RS VR J el

We observe that the pressure representation p =
Yooip—i—1 (valid at any frequency) where p_;_; =

roi=t Zm_ L Cim Yim, see Eq. (@), gives at A =0

—( (=2)rVp 1 (4 Drp-
lz;(_ 20(20 — 1) -+ 120 — 1) 1)

(1 —2)VY% Vi
_ZC“” (21 I+ )=t 2l ) (40)

—-2-1)C},/(1+

where we used that Eq. 23)) gives ¢, =
1) at A = 0. We conclude that

. — H Vp
A(1—r) A o T E _
}1\11% (6 u )\2 ) = (

=1

=2)r*Vpia
22— 1)

4+ Drp_i—

121 = 1) + V(I)ll) (41)

where we introduced

m=l

_ Yim (0, ¢) " Clm
Q_j1=— Z W /UrYlmdQ"'T ,(42)
m=—I1

which by Eq. B0) reproduces Lamb’s solution given by
Eq. 29). In fact, the presented formulas provide useful
explicit form of the Lamb’s solution.

Difficulties in analytic continuation of Lamb’s
solution—We saw that despite that Eq. (30) generalizes
Lamb’s solution to a finite frequency, it does so not in
the term-by-term way. The reason for this is that finite-
frequency is a singular perturbation because at distances
larger than the viscous penetration depth, the finite-
frequency and zero-frequency solutions are very different
however small A\ is. Other aspect of this difference is
that the first term in Eq. (3Q) has a power-law behavior
whereas the remaining terms decay exponentially with r:
both X and u® have power-law type dependence on 7,
see Eq. (33) and equivalent form of u” given by

H _ T ’FYQW i
h _;qm (m_lu-l)r? n (Ar) 9)

(7 (%) on (5) )




as can be seen from Eqs. (IH)-(I6), () and 28). The

difference in behavior holds because pressure at finite fre-
quency still solves the Laplace equation however the ho-
mogeneous solution solves the vector Helmholtz equation.
Finally it must be observed that gradients of elementary
solutions, Vxl)‘m, see Eq. (M) solve the vector Helmholtz
equation however have finite divergence at non-zero fre-
quency. This is the reason why «” term cannot be con-
structed as superposition of Vxl)‘m terms.

IV. SMALL FREQUENCY CORRECTIONS TO
THE STEADY STOKES LIMIT

In this section we consider the flow at small but fi-
nite frequency and describe the corrections to the Stokes
limit.

A. Solution via frequency-independent coefficients

If we consider the solution’s dependence on the fre-
quency at fixed flow on the boundary, then the frequency
dependence comes both from the expansion coefficients
and the functional form of the solution. In many situ-
ations, including the low and high frequency limits, it
is advantageous to have a representation of the solu-
tion written via frequency-independent coefficients Ij,,
defined by

(W) = [ e W0 (44)
r=1

where W is any of the vector spherical harmonics. We
rewrite u in Eq. (I9) as

u= Z WUim, UWim= A?:nyvlm""A;I;n\I’lm'i_Aﬁn@lma (45>
lm
where we defined functions of radial coordinate

(L (®) + 1L (Y) (A (1) = Ay (1)) 4+ L ()
Tl+2 !

r —rlA(r
A= (0) (1) (220 - )
Ilm (Y)

Bi(r)
_Am) gl )
gy ) Aim = D) Ty

Y _
Alm_

(46)

and we introduced

VK a(Mr) VK a(Ar)

Alr) = Bi(r) = Kii1/2(A)

MK _12(N) 7 -4

B. Small frequency expansion

We study the solution in the limit of low frequency
assuming that the velocity field prescribed on the sphere
surface has a fixed functional form independent of the
frequency. The expansion is singular and its parameter

is v/w and not w as would be the case if Eq. @) could
be solved by a series in w (thus summation of infinite
number of terms in such a series is done by our solution
implicitly). We study the solution up to quadratic order
in v/w by deriving the asymptotic expansion of wug, in

Eq. @5)
Uy = uY, + Aug,, + Nul, (48)

where dots stand for higher order terms. This expansion,
by definition, is a quadratic polynomial in A\. We observe
that the force acting on a sphere moving at a given time-
dependent velocity in the fluid is also quadratic in A.
Hence interpretation of the terms can be transferred from
that in the study of the force [1].

The solution’s form given by Eqs. {5)-([@6) reduces
the study to two functions A; and B; defined after the
equations. We have the low-frequency expansions

-1 (r2-1)2,
rAr) = A1) = — =+ e
+%(r— 12(1 4+ 20)A(1 + ), (49)
and
1 5 (1—12)
Bi(r) = = + A >0, (50)

rl 2rt(20 — 1)’
A2(1—72)

1
Bl_l(’]")— H—_1+)\(1+A)6l1(1 - r)+_2’]"l_1(2—l—3) .

We consider different order terms in \.

C. Leading order: yet another form of general
solution of steady Stokes flow

We derived in the previous section Lamb’s solution for
the steady Stokes flow by taking the limit A — 0 in our so-
lution. In this subsection we study the same limit for de-
riving a different representation. We have from Eq. ({@5)
at A =0

u?m = al}:nY}m + aﬁn\lllm + aﬁn@lm, (51)
where
Yy _ (Lo () + lIlm(Y))(TQ = 1) +20,(Y)
A, = opl+2 ) (52)
LY :Ilm(\Il)+lIlm(Y)_% S I (®@)
tm r(1+1) I+17 T (1)

Given a boundary condition on the steady Stokes flow
the coefficients Ij,,, defined in Eq. (@4]), can be readily
obtained from Egs. (24)-([25). This gives a general solu-
tion of steady Stokes flow which is seemingly missing in
the literature. We believe that it is simpler than several
representations provided in @] For instance the adjoint
method ﬂ] represents the solution as expansion in the



surface vector fields Ay, Bim, Cl.n, defined as follows

Ay = Vi + O Vil + 8”; 5 (53)
sin
QB}/lm
Blm — (l + 1)}/lm7" + 89}/lm9 + ¢a
Ym : .
Cin= 8¢ mg_ (’“)9Y1m¢, Yim=(=1)"P"(cos H)e””“b.

The above fields are linear combinations of the VSH. We
demonstrate how the transition between the expansions
can be made. It is easy to obtain

i N Alm - Blm
Vi = 4
tm " A+ 1 (54)
- 4 Vi » (1+1)A, + 1By
Y;,,0 Os Y1 ( .
0oYim0 + 1n6‘ ¢ 20+ 1

We find using the definition in Eq. (@)

20+ 1) (I —m)!
4 (L+m)!

}/lm - nlm}}lm; Mm = (_1)m\/

This gives by comparing Eqs. (54]) and (@) that

Nim
Ym: Am_Bmu¢m: mCmu
f 21+1( 1 im)s ®im = MmCi

MNim
v, = 1+ 1)Apn + 1Bim).
= (U4 1) Au + 1B (59)

The inverse transformation is

Wi + 1Y, Wi, — 4+ 1Y,
Alm = m l 5 Blm = ! ( + ) : 7(56>
hm Thm

and Cj, = ®p/mim. The advantage of the representa-
tion provided here is that the VSH, which are orthogonal
at each point, seem to be simpler than the surface vector
fields, which are not. Most significantly the coefficients of
the expansion are given by simple Eqgs. (24). Similar ad-
Varﬁages hold in comparison with other respresentations
in [1].

D. Leading order correction in frequency

Using Eqgs. (Z9)-(E1) in Eqgs. (@3)-@g) it is easy to find
that the linear term in A appears only for [ = 1 so that
uj, = d;1ui,,. We have

uly = S0 (0, (9) 4 1(v)

(147 +4r) Wy, —2(1 4+ 7 —2r)Y3,,).  (57)

This correction is proportional to square root of the fre-
quency similarly to correction for the fundamental solu-
tion of the unsteady Stokes equations @] In time domain
the correction is non-local and has the structure of the
Basset memory integral ﬂ]

E. Next order, linear correction in frequency

We have using Eqgs. (@9)-(E1) in Eqs. (@5)-(E6)
ul, = an, Yim+tap, Cm+ar, ®m (58)

lm —

where we defined functions of radial coordinate a(r)
(whose domain of definition for a¥ and a® is I > 0 due
to ‘I’QO = @00 = O) by

B (r?2—1)2  6n(r—1)%2(1 +2r)
i = <8(2l —3) " : 6 ) (59)

Lim () + Ui (Y)) &
X Tl+2 5 a’lm fnd

(1 —1r2) I} (®)
o (I + 1)(20 — 1)’
din(l—r) (1—r?)
rl(l+1) 274 (1+1)(20-3)
Sn(r—1)%2(1+ 2T))
6rit2(14+1)

0, = (I (9) + 111 (V) (

(> 1

8@ =it )

In time domain this correction is local.

V. FLOW AROUND AN OSCILLATING
SPHERE

General oscillatory motion of a rigid sphere can be de-
composed into the sum of oscillatory translations and ro-
tations. Both problems were solved previously. Here we
demonstrate that these problems give insight into which
properties of the boundary flow give rise to various terms
in the solution given by Eq. (30).

A. Periodic translations

The most well-known solution of unsteady Stokes equa-
tions (there are not so many) is the flow due to rigid
sphere’s oscillations in infinite fluid which was solved by
Stokes @] Here the flow on the sphere is given in fre-
quency domain by a constant complex vector U. In this
case both the surface divergence and radial component
of vorticity at » = 1 vanish. We find from Eq. (24) that

/u~ g0 — /Ur A9, /u LB 40 =0,
/u W0 = z/UT Q. (60)
Thus the coefficients reduce to the calculation of
/UTYlfndQ = UI/SiDHCOS ¢Y,r, dSY
—I—Uy/siDGSingb l:‘ndQ—I—UZ/COSG a2, (61)
The straightforward, yet cumbersome, calculations are
provided in Appendix [Cl It is found that the flow is de-

termined by [ = 1 term of the series solution, i. e., u;,, in
Eq. @3 is proportional to §;; (similar fact holds for the



counterpart problem for the steady Stokes flow). The
solution has the general structure provided in Eq. (30)
with

A2\ 3U-r
p= (14‘)\4’3) W, X = 0, (62)
o BN (U-3U-#)F) | 3 (U~ (U-#)7)

22293 2r
Thus periodic translations of the sphere generate the flow
with zero toroidal component. The agreement with the
known solution is confirmed in Appendix [Cl We provide
for the reference below the surface traction which is asso-
ciated with the oscillations. This is given by the value of
oikTr on the particle surface where oy the stress tensor

[, ;3]
ov;  Oug

ik =—D0; : 63
ik =—D k+3xk+8xi (63)
It is found by direct calculation that
3(1L+ MU + \2(U - #)
o = _SUFNU+ (U - 7). (64)

2

In the limit of A — 0 this reproduces the constant trac-
tion of the Stokes flow —3U /2 whose surface integral
gives the Stokes force —67U. Surface integral of the
above equation gives the force F' on oscillating sphere

F=—6n(1+\+A\*/9)U, (65)

cf. [1].

B. Small frequency expansion

It is of interest to consider the small frequency expan-
sion of the above solution. We have after tedious yet
straightforward calculation

" 32+ 20+ 2%) (U+(U-#)F)

. - M1+ MU
24+ N2U-3(U-#)7)  3rA2(3U— (U -#)7)
1673 + 16 » (66)

where we discarded terms of order (Ar)? and higher. The
expansion is in A\r < 1. It is singular with the expan-
sion parameter proportional to the square root of the fre-
quency and not the frequency itself, cf. above. The flow
obeys u(r = 1) = U in the considered order. The above
equation reduces at A = 0 to the usual steady Stokes flow
caused by particle moving at the speed U.

The leading order correction in frequency in Eq. (66)
contains the constant term AU that does not decay with
the distance. Similar fact holds for the Green’s function
of the unsteady Stokes equations @] Remarkably a sim-
ilar constant correction to the Stokes flow is induced by
small but finite stratification ﬂﬂ] The constant correc-
tion demands some care since in the presence of many
particles it could produce coherent phenomena. For in-
stance, consider a dilute solution of N particles in a fluid

volume whose linear size is much smaller than 1/\ (this
situation demands that 1/\ = 100 to allow for large dis-
tance between the particles). Since the particles are at
distance r > 1 from each other than in the leading order
i—th particle induces uniform flow —A\U; at the position
of other particles. Therefore if the particles oscillate in
the same direction, of which the simplest case is that
their oscillatory velocities coincide, U; = U, then there
is constructive interference of the flows induced by differ-
ent particles. The total flow induced by other particles
at a position of one of the particles may be no longer a
small correction to the Stokes flow and there is a possibil-
ity for transition to coherent motion of all the particles.
The corresponding consistent study is beyond our scope
here.

C. Oscillatory rotation of a sphere

We consider another well-known solution of unsteady
Stokes equations, the oscillatory rotation of a sphere ﬂ]
This problem gives an example of a purely toroidal flow.

In the frequency domain the flow on the surface of the
unit sphere is w X 7, where w is a constant vector of
angular velocity. We find readily from Eq. (25]), by using
w X r as the boundary flow continuation to the whole
space, that V, - u = V- u = 0. The radial component
of vorticity obeys at the surface (V x u), = 2w,. We
conclude from Eqgs. (24]) that the only non-zero projection
is

/u~<I>Z‘mdQ:—2/ Ylj‘andQ:—Z/ Yy dS)
r=1 r=1

X (wy sin 0 cos ¢ + wy, sin Osin ¢ + w, cos ) . (67)

Calculations brought in Appendix [D] demonstrate that
the solution has the general form given by Eq. (80)). Both
p and wf vanish and the flow is toroidal

C(I+Mw xr CA(r—1)

(143 c

(I4+Ar)w - T
(1473

=V x (re*=1X),

e A=), (68)

This agrees with the solution provided in B] The surface

traction is
)\2
69
= A) , (69)

ar“_—wxr“<3+

see e. g. [32]. The torque is readily found to be [1]

STwA?
T =-8 - —. 70
LT Y (70)

The torque’s dependence on A in this case is more com-
plex than the parabolic dependence of the force in the
problem considered in the previous section.



VI. FAR FIELD BEHAVIOR OF THE GENERAL
SOLUTION

The decomposition u = u, — A"2Vp introduced in
Eq. @) is very useful for understanding the long distance
behavior of the solutions. We observe that us decays
exponentially far from the sphere, cf. Eq. (I6) so that

Vp
u=-—g + O(exp(=Ar)), r>>4. (71)
The formula for p is then provided by Eq. (6) with co-
efficients in Eq. (26). In non-degenerate case, where at
least one of ¢y, is non-zero, we have

p= 3 ndmld) (1) o

2
= r r
where the coefficients ¢y, are given by Eq. [28). We
observe by using the definitions of Y7, that in the lead-
ing order the pressure can be written as the solution for
sphere oscillating with effective velocity Uey¢

AN\ 3U.sp-1
pP= (14‘)\4’3) ng, (73)

where we introduced

[1 A2\ 7!
Ueff = @ <1—|—/\+?) \Y% ((617,1—011)117

=i (er—1+enn) y+v2e07) | (74)

cf. Eq. (IIY). Thus at large distances any source of
boundary flow looks as an oscillating rigid sphere. This
is true if the above solution does not become trivial for
a given boundary flow, in which case higher order terms
must be considered leading to rotating sphere and similar
terms.

VII. AXIALLY SYMMETRIC CASE AND THE
SOLUTION OF RAO

We consider the reduction of our solution in the case
of axially symmetric flows with

~

u=u(r,0)7+v(r,0)0, (75)

where u and v are the radial and polar components of
the flow respectively. This solution applies if the bound-
ary conditions at » = 1 have the form in the equation
above. The coefficients ¢;,, vanish in this case, see the
last of Eqgs. (24)) and Eq. (34). Thus X component in the
solution given by Eq. (B0) is zero. The coefficients ¢y,
and ¢;,, vanish if m # 0. We find projecting the solution
given by Eq. (30) onto the radial direction that

= (Di(\)  Fi(N)EKp12(Ar)
u_—z<rl+2 + 372

=1

> Pi(cosh). (76)
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where we used Y9 = Pi(cosf)/(2l+1)/(4m), see

Eq. ([@). We defined the coefficients

b [ (4 Dao
= 47 A2

The explicit form of the coefficients is found by using
the formulas for ¢;p and ¢},. Calculations brought in Ap-
pendix [[] give

A\ (21—1—1))\%
2 -

(77)

1=—

204+1) (1P A"+ AP (AT 1
Dz:—( ) 2;(731_1)()\_1; 107) [1B(x)u(x)dx
20+ 1)P (A7)

't
—W/lpl (z)v(z)dz. (78)

The corresponding formula for Fj is readily inferred from
the relation between ¢, and &, given by Eq. (23]). The
obtained solution reproduces the known solution of HE],
see details in the Appendix.

VIII. IDEAL FLOW AND HIGH FREQUENCY

EXPANSION

In this section we demonstrate that the ideal flow ap-
proximation, that is often postulated rather than derived,
can be obtained from our solution, including the correc-
tions in small but finite viscosity. The limit of small vis-
cosity corresponds to the large |\| limit, see the definition
in Sec. [ In this limit § becomes vanishingly small. The
flow outside a narrow boundary layer of width § around
the sphere the flow is potential up to exponentially small
corrections in |A|, see Eq. (B0). In contrast, the asymp-
totic expansion of the potential, which is given by —p/\2,
is a power series in |A\| 7!, Hence, neglecting exponentially
small corrections, the expansion with respect to small
viscosity or large |A| is obtained by expansion of the po-
tential which is determined by the pressure coefficients
Clm, see Eq. [@). We have (cf. Eq. (7))

u = Vi, wzwo—l—%—i-%—i—.... (79)
In order to derive the asymptotic expansion of ¢, we
rewrite Eq. (20) as

A2y,

Clm =

AP(ATY) (L4 2)bym — dim)
I+1 (I+1)P—1 (A1) 7

(80)
where we introduced the coefficients
bim, = / Y uedQ, dip, = /Yl:lvs~ud(2. (81)
r=1

We will assume in the asymptotic expansions below that
bim and dy,, are fixed i.e. the flow on the boundary sphere
is prescribed and we study how the flow that it generates
depends on the viscosity. We have from Eq. (IG]) that

P2 B l 1
m—l—i—x—i—(}(ﬁ). (82)



A. Ideal flow approximation

We find from the above that

Vb
m= T

+O(|A]). (83)

We conclude that in the leading order in small viscosity
we have

bleim (97 ¢)

u = Vi, woz—ZW-

ilm

(84)

Thus, in this limit the solution is fully determined by the
normal component of the flow w,.. In fact, we have

0.0l =1) = Y Yinl0.0) [ Viud2 ()
Im r=1

which demonstrates that the normal component of the
solution provided by Eq. ([[9) coincides with u, on the
sphere surface. We have recovered the prescription of the
ideal flow [3].

B. Corrections to ideal flow approximation

We consider small viscosity corrections to the ideal flow
approximation, which seemingly were not provided pre-
viously. We have from the above that

(A+1) ((z+2)bzm—dlm)+0< ! ) (86)

I+1 I+1 1Al

A2,

Clm =

We find that the corrections to the ideal flow 17 and 9
in Eq. (@) are given by

R R R
e
im

Several things are to be observed about the correction.
It is proportional to square root of the viscosity and not
the viscosity itself. It involves tangential components of
the surface flow via the dj,, coefficients. Finally, in con-
trast to the ideal flow approximation, the leading order
correction is not local in time. As can be seen by inverse
Fourier transform the flow in this order has memory and
cannot be written in terms of the instantaneous flow on
the surface (here we refer to arbitrary, not necessarily
periodic, time-dependent flow on the surface).

C. Force

The ideal flow approximation gives that the force on
the sphere is determined by pressure component of the
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stress tensor only and is given by

Fu== [ pid0=-Y an [ Yin(0.0)rd0
r=1 Im r=1

/2 N
- - chm ?Tr (:i((sm,fl - 5m,1)_iy(5m,71 + 5m,1)

where we used Eq. ([I46) from Appendix [El The same
Appendix shows that generally the force at any A\ obeys
the parabolic dependence that can be written as

™ (. N ~
F = —)\2\/% ("B(bl,*l —bll) —Zy(bl,fl +b11)+2\/§b10)

3T .
+(1+N)4/ > (&(dy,—1—3b1,—1—d11+3b11)
_ig(dl,—l_3b1,—1+d11_3b11)+2\/§(d10_3b10))' (89)

Comparison of the last two equations, using Eq. (83),
demonstrates that in the leading, quadratic, order, F and
F}; coincide, confirming the ideal flow prescription. In
higher orders F' has also the viscous stress contributions,
see Appendix [E]

IX. GENERAL SOLUTION OF BRINKMAN
EQUATIONS

The analysis proposed in this paper can be applied
directly to the study of the Brinkman equations

% +p7'Vp = vV2o. (90)
These equations describe the flow in the porous medium
at low volume fraction of solids ﬂﬂ, @] and can serve as
the starting point for the derivation of Darcy’s law. Here
k is the damping coefficient and v/k is the permeability
[27], see [33] for recent discussion of the coefficients and
more references.

We observe that Eq. (Id) provides the solution of
Eqgs. (@) also when \ is a complex number whose square
is not purely imaginary. In the case of w = iv/k,
where \? = a?/k, Eq. () becomes the Brinkman equa-
tions. Thus Eq. @) with A\ = a/Vk is the general
solution of these equations and all the rest of our con-
siderations can be transferred by analytic continuation.
At large distances we find the well-known Darcy’s law
v = —(k/a®)Vp.

In fact, the general solution presented here can be used
to study the more general equations

(—iw + %) v+ p 'Vp=vV3v, (91)

that interpolate between the unsteady Stokes and
Brinkman equations. The above equations, which are
called the unsteady Brinkman equations, can be consid-
ered as a model of unsteady flow in the porous medium



M] It is plausible that they can actually be derived from
unsteady Stokes equations in the porous medium simi-
larly to the derivation of the usual Brinkman equations
from time-independent Stokes equations, see references in
ﬂﬁ] However, this derivation is beyond our scope here.
Eqgs. (@) can also be studied by analytic continuation of
our solution to a complex frequency which is neither real
nor imaginary.

We remark that a complete solution of the time-
independent Brinkman equations was proposed previ-
ously in @] and its generalization for the unsteady case
in ﬂﬁ] The properties of the solutions are not readily
available from the proposed representations. Thus the
reduction from the Brinkman equations to the Darcy’s
law is not as immediate as in solutions proposed here.

X. CONCLUSIONS AND FUTURE WORK

We presented the general solution of unsteady Stokes
equations as a series in vector spherical harmonics (VSH).
The solution allows to fix the flow in the whole space
given the values of the flow at a spherical boundary. The
solution has a Lamb-type form and is given by Eq. (30)
which is a main result of this paper.

The solution’s form as a superposition of a partial so-
lution and a solenoidal solution of a vector Helmoholtz
equation provides unique insights into the general be-
havior of the solutions. Thus it is immediate that at dis-
tances from the sphere that are much larger than the vis-
cous penetration depth a generalized Darcy’s law holds,
u = —iVp/(pw). The pressure is a series of spherical
harmonics whose coefficients are determined by projec-
tions of the surface radial velocity and divergence on the
spherical harmonics. In the leading order in the distance
the far flow is that due to an oscillating rigid sphere with
an effective amplitude of the oscillations.

Both limits of large and small frequency are singular.
The solutions in these limits is given by an asymptotic se-
ries in 1/v/Ro and v/Ro, respectively. Here Ro = a*w/v
so the limits can also be interpreted as those of small and
large viscosity, respectively.

The leading order term in the small frequency expan-
sion is Lamb’s solution of the steady Stokes equations.
We also provide a different form of the solution of the
steady Stokes equations, similar to that in the adjoint
method ﬂ] The next order correction, proportional to
V/Ro is peculiar - it consists of the VSH with [ = 1 only.
It is not local in the time domain so the leading order
correction to the steady Stokes equations limit is non-
local. The next order, proportional to Ro and linear in
the frequency, is local in time.

The limit of Ro — oo can be considered as that of
viscosity going to zero. We prove that in the leading
order the flow is potential and can be derived from the
usual ideal flow prescription (this prescription is usually
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unproved) [3, 25]. The next order corrections in 1/v/Ro
are also potential. We provide explicit formulas for the
potentials of orders 1/v/Ro and 1/ Ro.

The power of the general solution, besides giving qual-
itative insights above, is that it can be used for solving
uniformly for unsteady Stokes flow caused by any bound-
ary condition. We provide some cases where the solution
can be applied.

A wide-spread situation is the case of a rigid particle,
considered as a sphere, in an external unsteady Stokes
flow e.g. a shear flow. Representing the solution as the
sum of the external flow and the perturbation flow due to
the particle, we find that perturbation flow obeys equa-
tions to which the solution presented here can be applied.
Thus the boundary flow is a sum of the external flow and
superposition of rigid translation and rotation. Further
conditions are implied by the mechanics. For instance if
the inertia of the particle is negligible then the conditions
of zero force and torque on the particle must be imposed.
Using the formulas for the force and the torque presented
in Appendix [E]l the general solution can be derived read-
ily.

Similar calculational scheme arises for the problem of
spherical squirmers, which is one of the most popular
model for swimming at low Reynolds number ﬂﬁ] The
particle self propels by periodically changing its shape
that remains all the time close to a sphere. The flow
is then determined by the boundary conditions on the
moving envelope which in the leading order reduces to
periodic flow on the spherical boundary. The flow then
can be obtained similarly to the above case of rigid par-
ticle in external flow.

We can consider similarly the problem of unsteady mo-
tion of a slightly deformed sphere. Perturbation theory
in small deviations from sphericity leads to the problem
of unsteady Stokes equations with given boundary condi-
tions on the sphere, similarly to the steady Stokes coun-
terpart problem @, @] Our solution can then be used
for deriving the terms of the perturbation series.

Other type of problems where our general solution can
be useful is many body problems. An example is a so-
lution of rigid spheres driven by external periodic flow.
Assuming that the solution is dilute, the total flow per-
turbation due to the particles is given by superposition
of perturbations of each particle. We demonstrated that
constructive interference between the single-particle per-
turbations is possible. Thus, collective phenomena can
be envisaged whose future study is intriguing. Our solu-
tion is also a good starting point for the corresponding
numerical algorithm design. The solution can be used
similarly to how in the case of steady Stokes equations
Lamb’s solution is used as a starting point for simulating
clusters of particles [18].

The above directions demonstrate that there a lot of
possibilities for future applications of the solution pre-
sented here. Thus we believe that our work provides a
significant contribution to the fluid mechanics.
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Appendix A SOLUTION OF VECTOR
HELMHOLTZ EQUATION

In this Appendix we provide details of derivation of
solution of vector Helmholtz equation for the subsection
[Tl The curl of Eq. [@3) reads [6],

@)
Z Z < l—i—lclelm 02)

=1 m=—1

2) 2) 1) r
dcl(m + l(m \I’lm + dcllm + Cl(m _ Clm le .
dr T dr r r

Taking curl of the curl and using that incompressibility
implies VZu; = —V x (V x ug) we find,

(l+1)Y; dcl(rln) 01(7171) Chm
Sy o
dr r r
=1 m=—1

d de M
U, (— + - m 4 Zlm _ Zlm 93
™ (dr * r) ( dr S r r (93)

+1)cd? (4 def2) o
L R + - 4 m :
r dr dr r

V X us, =

_¢lm )

The coefficients obey by A\2u, = V2u, that

W) (oD O o
)\QC;“m _ ( + ) < Cim 4 dm clm _ Cim — O, (94)
T dr T T

d dc(l) c(l) o
)\2 (1) + lm Zm _ Zm | 0
€im dr + dr T r r ’
)\20(2)

o oy (ad )
Im r2 dr r dr r o

The last equation can be written,

d? [+1
) (Tcl(fg) </\2 i )) TCl(fTZ =0. (95)

The solution that decays at infinity (ReX > 0) is,

Cim K AT
cl(72n) _ G 1+1/2( )7 (96)
NG
where ¢, is a constant and we the modified Bessel func-
tion Ky /9 is defined in Egs. (I5])-(6). The incompress-

ibility condition does not impose any restrictions on 51(7271) .

We have,

L 11+1)cV
VuZZ(l l— Tl Yim. (97)

=1 m=—1

The rest of Eqs. [@4)) give,

direl,))
dr Clm =

A2r2 Chon
(1+1)’

d? dcj,
) (rcl(}n)) - % = )\2rcl(71n). (98)
r r
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Consistency of these equations demands that,
d (Tzc}"m)
dr

which is equivalent to incompressibility condition, see
Eq. @1). Using this condition we find coupled equations,

— 11+ D)rcfl). (99)

d(rcl(iz) ’I" )\QT Clm
=c
dr m 0+ 1)
d(r’cf,) 1
—ms = 1(+ Drefl). (100)
Taking derivative of the last equation and using the first,
d*y I(1+1)
— — N =0 101
dr? { * r2 4 ’ (101)
2 ’I"

where y = r . The solution that vanishes at infinity

is,

v Kipap(Ar)

Cm = =372 (102)
where ¢} is a constant. We find using Eq. ([@9),
o =l A0 K200) (103)
e+ 1) dr '

We conclude that general solution of Eqs. (Bl) has the
form,

0 l ~
B o Kiy1/2(Ar)
=30 30 (TR
=1 m=

(l + 1)Clm
22042 Yim
Gy A(rPEp(0)  am o

I+ 1)r dr A2pit2 | Thm

Crm K A

+Cl l+1/2( T)‘I’Zm 7

\/,]7

where we used Eqgs. [8), (I2). We can rewrite the above
by using

+

(104)

dK,(z) vK,(2)
=- - K, _ ,
dZ z 1(2)
which gives
4 K, AP)+AT K /0(A
(r1/2Kz+1/2()\T)) =— rr1/2(Ar) \/FT 1—1/2( T)_

The usage of this identity in Eq. (I04]) gives Eq. (I9).

Appendix B TRANSFORMATION OF THE
COEFFICIENTS

In this Appendix details for the identities that underly
the transformation of the coefficients of expansion in sub-
section [TD} ¢f. Appendix of [38]. We introduce the field
u as the field which has zero radial component and has
r—independent azimuthal and polar components. It is



set that u coincides with w on the sphere r = 1. We
have then

/u-qlrmdgz/a-\p;mdgz/ @V
r=1

:/ V-(ﬁYlfn)dQ—/ Y V- ad. (105)
r=1 r=1
We use that by divergence theorem
0= V. ) dV = / rdr (V- (aY}),)),_, d
<1
1
- 5/ V- (@Y),) dS. (106)
r=1

We conclude from the above that

(ugsinf)  Ouyg
/u y dO=— / ( 50 +6—¢) dfde,(107)

where we used V- in spherical coordinates. We develop
a similar formula for

/u-q>7md9:—/ @ Vx(rY;,)dQ
r=1

:/ V- (@x(r ;;n))dn_/ Y 1V x @d€,(108)
r=1 r=1

where we observed that radial component of the vector
field @x (rYy,,) is zero and other components depend on
r linearly. We have similarly to the above

0:/ V- (ax(rYy))dvV = / r2drds (109)
<l

x (V- (ax(rY,) / V- (ax(rY},)) dQ.

We conclude that
. B « [Oupg O(ugsind)

where we used curl in spherical coordinates. The above
gives Eq. (24).

Appendix C OSCILLATING SPHERE PROBLEM

Here we provide the calculations that reproduce the
known solution for the flow around an oscillating sphere
used in Sec. [Vl We observe that the first two terms in
the VSH expansion of the solution are non-zero only if
m=1orm=—1. We use

[ @l+1)
Yn = T 1)Pl (cosB) exp (ig) = _1,(111)
and that definition of P/™ implies
/\/ 1 —22P!(z)dr = — /(1 —2%)P/(2)dx
= —Q/xPl(x)dx = —45%. (112)
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This gives

/sin@cos GYimd =4/ 2%511(6%_1 —Om1)s
. . . 2w
/sm951n PY 1 dQY = —iy/ ?511(6,,%_1 + 01m,1)(113)

We also have f cos 0Y} dQ2=20;10m0+/7/3 that is readily
confirmed by using the first of Eqs. (I0). We conclude
that

wy dQ 2
/U Q0= /“ ,/% (Uy+iU,) 81161
|27 . T
- ?(Uz - ZUy)(Sll(Sm,l + 2\/;Uz5l15m0-

We find the coefficients ¢;,,. We have from Eq. (26)

AZ 3)\K3/2(A) 2 .
m=|—+ —/—"— —0 U, U,) 6m.—
a (2 + 2K, 200 V3 1 (Ug +1iUy) 6,1

—(Uy — iU, + \/iUzamo) . (115)

(114)

We observe from Eq. (I6) that

Kl/Q(A): \/geA, )\K3/2(A): \/g(l‘FA)G)\(llG)

We obtain
A2 3 .
1+A+— 3 7511 ((Um +2Uy) 5m,—1

(U — iUy + \@Uzémo) . (117)

We find from Eq. (@) that the pressure is

3

A2 . R )
P=13 <1—|—/\+ 3 ) ((Uz+iU,) sin fe ¢+ (Up—ily)
3U-r

2
x sin 0 exp (i¢)+2U, cos ) = <1+)\+)\ >

where we used Pj(cosfl) = —sinf. For finding the ve-
locity field it remains to obtain ¢}, since ¢, = 0 by
Ju-®5, dQ2=0, see the last of Eqs. ([20). We have from

Eq. (IEI) that

L 3fuYpd2 |

Clm, = —W = ( \/g(Uz + ’LUy) 5l16m.’71
2exp())

V3(Uy — iU,)6010m1 — VBU.011 mo) T.(119)

We find using Egs. ) and ([[I8) that the flow is given
by

2
w=u,—V (1+/\+)\ ) SUr (120)

2027 912,.3°



where u, is a solution of the vector Helmholtz equation
which according to Eqs. (I8) and (1) is given by

7 (121)

1 ~ N
K 0(Ar)TY,,
w,— Z <Clm 3/2( 7)Y

m=—1

S A2 K o (Ar) 1 1
_ I+ —+—— | V¥, |-
2 +)\r+()\7°)2 vh

The dependence on the coefficients reduces to
Z:n:_l ClmY1m as seen by rewriting the above as

1
T [m (1 o
U2\ o <v+1)8 D AnYim

m=—1

/\1/2
i 2 oA <1+/\ +— )V Z & Yim.

(122)

We find from Eqgs. (28)-(28) that

e
Clm 6

Clm A2 (3K3/2(A)+AK1/2(N))
_ 2 2o
N TAL+A+)A2/3°

We conclude that

- 2exp
Z CimYim = =\ 75 A1+A+/\2/3 Z ctmYim

m=—1
2 2exp(\)r?p .
N Bl hicid A CAVLE S N : 124
Vaxi+aexz3 -~V m?’eXP(A)U 7o (124)

where we used Eqs. (B) and (II8]). We obtain using the
above in Eq. (I22) that

(123)

. (%4—1) 3eXp(/\(1T—2/<’))(U~7A')7’” (125)
3exp(A(1 —1)) 1 1 U-(U-#)7
+ 2 (1+v+(/\7’)2) r ’
which can be rewritten as
_ 3exp(=A(r—1))
U, = % (126)
1+ ) (U-3(U -7)7 X (U—(U-#)f
X((+ )(7’3( )7) A : )))

We conclude that the flow induced by an oscillating
sphere is given by [ = 1 term of the series solution, sim-
ilarly to the counterpart problem for the steady Stokes
flow.
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A Comparison with known solution

We compare the above with the solution brought in @]
which can be written as (7 = 7/r)

2 1 2
we <1+/\+)\ +— (&—14—%) v2>(127)

2)2 A2
( 1— (14 Ar)exp(=Ar)) LUJ)T
”
+ (1 A+ (Ar)?) exp(—Ar)— 1) U_(g'm)
r

We remark that @] has a typo of multiplicative factor A.
We observe that Laplacian of terms that do not contain
the exponential factors is proportional to

V2 37T, — ik

1
= VQVZ-V;C; =0 (128)

r3
The Laplacian of the exponential terms is proportional
to

U-3(U-7)7 U

(U-#)f
A VA ((14—)\7‘) 3 +()\7°)27(r3 T)T)

(/\2 - ?> ((HM)U—3(U-ﬁ)f+w)2U—(U-f)f>

3 3
U—(U-#)7
2
+(\r) 3 )
U—(U-#)
3

—3(U-#)7
T3

=20y ((1+/\7°) v

+Vv2 <(1+/\T)W+(/\r)2

We find taking the derivatives

. U—3(U-#)7
A ((1—1—)\1")753 )

(00 2) (0 2R U=

+2) ((3+2AT)7U_3(?'T)T +(Ar)27U_(U'T)T)
r r
AN(U -3(U-#)7) Z2U-3(U-#)¢

o 4 —2A 3

r r

2 _— . P ] 4 _— . P P

_ A (1+Ar) (% 3(U-#)7) n (U ;U r)r)' (130)
We find collecting the terms that

w— 2‘;’2 <1+)\+/\32) <(1_ (14 Ar) exp(=Ar)

U—(U~ﬁ)ﬁ)

r3

> . (129)

eNV2e~

2U - 7)7
7'3

+ (L2 (Ar)?) exp(=Ar) —1)

r3 r

y <(1+)\r) (U-3U 7))

NN\ 3(U-#)f —U
=52 (1+/\+ 3) w-7)
y ((1+Ar) (U-3(U-#)7)
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It is seen that the final formula is rather simple and u(r =
1) = U is readily checked. We can write the solution

given by Eq. (I31)) in the form given by Eq. (8]
Vp 3 A2 1
—ug— L p= 2 (1422 ) U V)=, (132
U=Us— 5 P 2<+/\+3)(UV)T(3)

where ug is a solution of the Helmholtz equation which
can be readily seen to agree with Eq. (I26). We conclude
that the solution by the series and the ordinary solutions
agree.

We remark that the solution can also be written in
concise form which can be inferred from @, ]

u=(U-V)Vy —UV?,

= 2%% <1+)\+% ~exp(A(1 — 7“))> (133)

that can be readily confirmed to agree with other forms.
This form expresses the solution via a single scalar func-
tion 9 of the radial variable similarly to é] We have

3exp(A(1 —1)) .

o2y (134)

u, = (UV? = (U-V)V)

Appendix D OSCILLATORY ROTATIONS OF
THE SPHERE

In this Appendix the details of the calculations for the
oscillatory rotations of the sphere, considered in subsec-
tion (] are provided. It is readily seen that

(20 +1)
Arl(l+1)

></Pll(c059) sin® df), /0059 lfndQ:2\/§5115mo,

where we have used

(21+1)
Arl(l+1)

We observe that the definition of /™ implies

/MP}(:E)CZ:E = - /(1 — 2%)P/(z)dx

= —Q/xPl(x)dx = —45%,

which gives

/sin960s¢YlfndQ =4/ 2%511 (Om,—1 = Om,1),

2
/sin@sinqSYlfndQ = i\ 250 (G2 + ). (137)
We conclude from the above and Eq. [20) that

/2
—Kg/g()\)élm = /}/l:andQ: ?ﬂ- (wz + iwy) 5l15m,71

/2
_ ?ﬂ(wx — Z'wy)(sll(st + 2\/§wz5115m0.

/sin@cos @Y dQY = 1(0m,1 — Om,—1)

Yir = P (cos 0) exp (id) = ~Y;"_, (135)

(136)

(138)
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This gives on using Eq. (I8) and the definition of ® in
Eq. @) that

Ks/z(/\r)

21
—_—— - . . Y B 1
“ Ks/o(A) \/;’I"XV((M +iwy) Y11 (139)

—(wz — iwy)Yu + \/§sz10) .

We find by using the definitions of Y1, and Y7, _; = =Y
that the expression in brackets equals w - 7. Finally using
the definition of K3/5(\) in Eq. (IT6) we obtain Eq. (GS).

Appendix E FORCE AND TORQUE VIA THE
EXPANSION COEFFICIENTS

In this Appendix, we provide the formulae for the force
and the torque on the sphere similar to those for the
general solution of steady Stokes equations ﬂ]

A Difference from steady Stokes equations

For steady Stokes equations, that express the condition
of zero total force on any volume of inertialess fluid, the
force on the sphere of any radius is the same. This is
because the total force on the volume enclosed by any
two spheres vanishes. This leads to the possibility of
finding the force from asymptotic behavior of the flow
on an infinitely remote sphere. Thus the general series
solutions of the Stokes equations provide the force as a
single coefficient of the series that provides the leading
order term at large distances. Similar fact holds for the
torque [1.

In the case of the unsteady flow the situation is some-
what different and we have for the force F' that the fluid
exerts on interior of the unit sphere

FiZ/ Uirds:/ UirdS_/ VioipdV
r=1 =R 1<r<R

= / 0irdS — N\ / u;dV. (140)
r=R 1I<r<R

where the stress tensor o, defined in Eq. (G3]), obeys
Vioie = A2u;. The last, volume term, is proportional to
the frequency and absent for steady Stokes flows.

B Force and torque from reciprocal theorem

We can circumvent the direct calculation by using re-
ciprocal theorem [1] similarly to [32]. We observe that
for any dual flow obeying A\?9; = V16, and incompress-
ibility condition we have the Lorentz identity

Do 06y O(Vioig)  O(uibik)

1 — Uq 9 - . 141
b afk 6:% afk ( )

afk

Here ;. is the stress tensor of the dual flow defined sim-
ilarly to Eq. (63). We use as the dual flow the oscillating



sphere solution considered in Sec. [Vl We find by integra-
tion of the above identity over the sphere exterior that

27T . AV
U/ ade:—/ u-3(1+/\)U—i2_/\ U 7“)rdS7
r=1 r=1

where we used Eq. (64)). This equation must hold for any
U providing us with a simple formula for the force

3(1+)) A2
F_—T/T:IudS—?

(u - #)7dS. (142)

r=1

We conclude that the most general dependence of the
force on A is parabolic. The parabola has only two
free coefficients, F = A>F; + (1+ \)F, where F; are
frequency-independent and given by low moments of ve-
locity field. This is the same dependence on A\ as for
oscillating sphere, see Eq. (63). The only difference is
that there are six free coefficients in the force and not
three. The interpretation of the terms and their form in
time domain are the same as for the oscillating sphere
problem, see e.g. [1, 3.

We can similarly obtain the torque. We use as the dual
flow the oscillatory rotation of the sphere considered in
the previous section. We have

2
/Tzlof-(wxf) dsS=— /T:Iu-(wxf) (3—}—1/_\'_—/\) ds,

where we used Eq. ([€9). We find the torque T by de-
manding that this equation holds for any w

87Tweff)\2

m, (143)

T:—87rweff -

where we introduced the effective angular velocity weyy¢
as

3
Weff =g /ﬂfxudS, (144)

so that the torque formula looks as that for oscillating
rotations of a rigid sphere, see Eq. ([{0]). Thus the torque
on the sphere generated by a general surface flow can be
described as resulting from rigid sphere rotations.

C Integrals’ calculation

The above integral formulas for the force and the
torque can be written in terms of the coefficients of the
expansion in the VSH. This is done by inserting into the
integrals the series expansion for u. The calculation de-
mands integrals of the VSH over the sphere. We consider

/YlmdQ:i/sin9cos¢YlmdQ+Q/sir19sin¢YlmdQ

+2/cos 0}, dQ). (145)
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where we projected Yj,, = 7Y}, on the Cartesian unit
vectors. We find using Eqs. (I38) that

2 R a
/ ¥iondQ= | 2 (&0, 1~ O1) i, 1-+6m,)

+2\/§5m0) , (146)

This formula allows to find the first term in Eq. (I40).
It is readily seen from the general soluton that at large
distances, considered in detail later,

m=1

p= Y 8Oy o)),

r2

(147)

m=—1
and velocity is of order 1/r3. Thus the integral of the
surface traction over the surface of the sphere at infinity is
fully determined by the pressure. The viscous component

of the stress does not contribute in contrast with the
steady Stokes equations. We have

m=1
> cim / Y1 (0, $)dS)

m=—1

lim oirdS = —
R—oo [, p

m=1
2
- ?ﬂ m;1 (&(c1,-1 — en)—ig(er,—1 + cn)
+2\/§CIO) ) (148)

where we used Eq. (I46]) with #Y1,, = Yi,,,. We consider
the remaining integrals

/\IllmdQ:a‘:/a“: : qllmdﬂ+g/g W, dQ

+2/2 W de, (149)

and similar integrals for ®;,,. Performing calculations
similar to those that led to Eq. (I46]) we obtain

2
/ 1 d0=250[ (#(0, 1~ ) =961+ G)

+2\/§5m0) = 2/YlmdQ, /@lmdQ: 0. (150)

For finding the torque, given by Eq. (I43]), we must cal-
culate

/ FX W, dS==T /(sin Osin ¢z — cos0g) - ¥y, dQ
r=1
+7 /(cos 0% — sin 6 cos ¢p2) - ¥, dQQ

+2 / (sin 0 cos ¢ — sin O sin ¢&) - ¥y, dSQ, (151)



and similar integral for ®;,,. We find calculating the

integrals

/’I‘AX‘I’lmdS:—Q(SlH/ 2% (f((smyfl — 5m,1)
r=1

RYTCNIREE SR Vo1 :—2/Ylmds

/r‘xY}mdS: /r‘x\IllmdS:O. (152)

=1 =1

Finally for finding the force and the torque via the expan-
sion coefficients we introduce the series representation for
u into Egs. (I42) and ([I43]) and perform term-by-term
integration using the formulas above.

D Force via expansion coefficients

We obtain by setting » = 1 in Eq. (I9) and using
Eq. (II6) that inserting w into Eqs. (I42) gives

2T
F:—q/? ( (c1,1—c11)—iG(cq, _1+011)+z\/_010)

A N (o
+7T(1+)\)\/;6 )‘(w(cl _1—C) -
+2\/§e§0).

It is seen from Eq. ([46]) that the first line of the above
equation equals to the force due to the pressure compo-
nent’s of the stress, — [ _ pdS, cf. subsection [VIIICl
Thus the last two lines describe the viscous component’s
contribution to the force.

The correspondence to the results holding in the limit
of the steady Stokes flow, A — 0, is seen by observing

that Eq. [23) gives

N I4+1
& m
! )\2Kz+1/2()\)

ig(¢y 1 +¢11)

(153)

Cim +0(AN). (154)

We find from Eq. (I53]) and ([II6) that
FZ—\/GTF (:%(617,1—Cll)—ig(011,1+011>—|—£’\/§Clo) .

This equation agrees with the formula implied by Lamb’s
solution of the steady Stokes equations, see e.g. @, ],
which is

m=1
F = —47V (r Z clelm(Q,(b)) = —6m

m=—1
X (fif(cl,—l —ci1)—ig(ci,—1 +ci1) + 2\/5010) . (155)

where we used the identity.

Z c1m Yim (0 \/—cloc059—\/—s1n6‘

m=—1

X ((c11 —c1,—1) cosp +i(c11 + ¢1,-1)sin ) . (156)
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Returning to the general case, Eq. (I53) does not make
it obvious that the force dependence on A (see Eq (I42]))
is parabolic since it involves A—dependent coefficients.
We rewrite the force via the frequency-independent coef-
ficients by,,, and dy,, defined in Eq. (§T)). We observe by
using the definition of K /5(\) in Eq. 28) that

[ 2
~r A
Cim =€ 7TA(1 1 )

Similarly using Eq. (80) and the definition of P (x) in
Eq.([[E) we have

(157)

)\2blm +

(14X) (Bb1m — dim) '

5 (158)

Cim =

We find Eq. 89) by using the above equations in
Eq. (I53).

E Torque via expansion coefficients

The torque is found by inserting the expansion of w in
the VSH into Eq. (I43) and making term-by-term inte-
gration. This gives

)\2 7T N A~ -
T=6 (14’)\4‘?) ﬁe (:13(017_1 — 011)

(e, -1 + 1) + 2V2en0 ) (159)
It is readily seen that in the zero-frequency limit the
above reproduces the result for the steady Stokes flow
ﬂ] We remark that it is useful to employ in the demon-

stration that

. ~ _ ™
/u @7, dA=2¢1, K5/5(N) ~ 2C1m e

The general A—dependence of the torque is obtained
by observing that the usage of Kjzjp(z) = (1 +

1/z) exp(—z)\/7/(2z) in Eq. (27) gives

- exp( 273
Gim=— 1+A‘/ / Yy, (Vxu),d.  (160)

The usage of this equation in Eq. (I59) reproduces

Eq. (I43) with

w 173
fI= 34\ ox

em = / Y1, (V xuw),dS.
r=1

(.’f}(efl — 61)— z"g(e,l + 61) + 2\/560) y

(161)

which provides explicit form of wery in Eq. (I44) via
projections on Y.



Appendix F AXIALLY SYMMETRIC CASE

In this Appendix we provide the details for the con-
sideration of the axially symmetric case in Sec. VIIl We
observe using Eq. (23] and integration over ¢ that in the
axially symmetric case

/YZBV ‘udQ) = 2/Pl(cost9)us1n9d9

NG (21+1

—l—/Pl(cos 0)0g (sin Ov)do. (162)

Performing integration by parts in the last term and us-
ing 9y [Pi(cos 8)] = P} (cos @) we find

/YZBV ‘udQ) = 2/Pl(cost9)us1n9d9

NG (21+1

- / P} (cos §)v sin §d6. (163)

The use of this formula in Eq. (26]) gives

AARIF )P

) [
o= 1@,1) / P (@)o(x)da

/\(Z'Pz(/\ B4 AP ( \/ 2l+1/

(I+1)P,_ 1()\

(164)

where u(z), v(z) are defined as u(¢ = arccosz) and v(0 =
arccos x), respectively. We obtain Eq. (8) for D; from
the definition. For finding F; we use

Go= @;T(i(ﬁ)) (/qung - (HA%) . (165)

see Eqs. (Z3) and ([I6]). We find

o exp (\) 2(21+1) v
= 2D ([ P apote)is

1
+l /_1Pl (x)u(x)dx

We find using the above relations in Eq. ([28) that

) . (166)

Y Ve-ud) —1 ' Py(x)u(x)dz
Ao R fjll M)y
P ()
thus

‘o _A(le+1/2()\)+/\Kl 1/2 /

" (l+1 K _ 1/2

)\Kl+1/2 B X

)\ Kl+1 Q(A)Cm

_$' (168)

We compare the general, not assuming any symmetry,
solution given by Eq. (I04)) with solution of Rao [19] for
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axially symmetric flow. For solutions vanishing at infinity
it is given via the streamfunction 1 is

o= (e rv K aon) [

cos 0

Py(a)d,

-1

where the coefficients D; and F; are determined by the
boundary conditions. The flow is given by,

1 oy 1oy

Ur= 2ene o0’ "  rsinbor’
which gives,

The radial component of Eq. (I04) is,

K /\
zztmm”>

=1 m=—1

[+1
; WH) i Vi (169)

where we used Eq. [@). In the axially symmetric case
only the terms with m = 0 are non-vanishing giving

w0 = (170)

[+1 [2041
+ )\2rl+2) c0\/ —- Pi(cos ).

— [ CoKitr1/2(Ar)
P 7
=1

This agrees with the solution given by Eq. (@) in the
axially symmetric case if we identify

I+ 1o /20+1
Dy = = /\2) 4

I CTES
Fi(X) = —Cocio\| ——-

We check the remaining component of the velocity,

1Dy( ) d(r 2K (A
_Z<Tll+2 () ( Cl;/( )))

1 cos 0
/ P(x)dx
—1

sin 6
We use the identity [36],

cos 6 1 1
dx dx dx
P(z)— = P(z)— — P(x)—
/_1 () sin 0 /_1 () sin 0 /Cosg /() sin 0
~ 0gPy(cos0)
I+

where we used f_ll P/(z)dr = 0 for [ > 0. Thus we can
write,

vy i (zpl(x) R\ (r1/2Kl+1/2(Ar))>

(171)

(172)

(173)

rlt+2 r dr
=1

9 Py (cos0)
(1+1)
The polar component of Eq. (I04) in the axially symmet-
ric case is,

(174)

0
=1

uozi &;ﬂo d(Tl/QKl+1/2()\T)) -~ 1 .
10+ Dr dr A2 | 710

20+1
4dm

Oy Py(cosb), (175)



where we used Eq. ([@). This agrees with Rao’s solution

using Eq. (I71)) completing the proof.
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