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ON STABLE, COMPLETE, AND SINGULARITY-FREE BOUNDARY
INTEGRAL FORMULATIONS OF EXTERIOR STOKES FLOW*
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Abstract. A new boundary integral formulation of the second kind for exterior Stokes flow is in-
troduced. The formulation is stable, complete, singularity-free, and natural for bodies of complicated
shape and topology. We prove an existence and uniqueness result for the formulation for arbitrary
flows and illustrate its performance via several numerical examples using a Nystrom method with
Gauss—Legendre quadrature rules of different order.
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1. Introduction. In this article we study boundary integral formulations of ex-
terior Stokes flow problems around arbitrary bodies with prescribed velocity data.
For such problems it is well known that a formulation based on either of the classic
single- or double-layer Stokes potentials is inadequate [29, 30]. A formulation based
on the single-layer potential leads to a boundary integral operator which is unstable
in the sense that its condition number is unbounded and incomplete in the sense that
its range is deficient. Consequently, such a formulation is not optimal for numerical
discretization and not capable of representing an arbitrary exterior flow. A formula-
tion based on the double-layer potential leads to a boundary integral operator which
is stable in the sense that its condition number is bounded but which is incomplete—
even more so than the single-layer potential. Thus, in contrast to the single-layer
case, a double-layer formulation is optimal for numerical discretization, but like the
single-layer case, it is not capable of representing an arbitrary exterior flow.

Various authors have shown that a double-layer formulation can be modified so
as to obtain completeness while retaining stability [14, 18, 20, 26, 28]. In Power and
Miranda [28] it was shown that a complete formulation can be obtained by adding two
classic singular flow solutions (a stokeslet and rotlet) to the double-layer potential,
where the poles of the singular solutions are coincident and placed at an arbitrary
location within the body. In Hebeker [14] it was shown that a complete formulation
can be obtained by simply taking a positive linear combination of the classic single-
and double-layer potentials. The approach of Power and Miranda has the desirable
feature of being singularity-free in the sense that it leads to an integral equation
involving only bounded integrands. In contrast, the approach of Hebeker leads to
an integral equation with unbounded integrands. On the other hand, the approach
of Power and Miranda is not natural for flows around bodies of complex shape or
topology for which there is no distinguished point for the stokeslet and rotlet pole.
In contrast, the approach of Hebeker is natural for flows around bodies of arbitrary
shape.
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Here we introduce a new boundary integral formulation for exterior Stokes flow
which combines the strengths of the Power and Miranda and the Hebeker formu-
lations. The new formulation is stable, complete, singularity-free, and natural for
bodies of complicated shape and topology. The formulation is made complete by
virtue of a positive linear combination of single- and double-layer potentials and is
made singularity-free by mapping the single-layer potential onto an appropriate par-
allel surface. We prove an existence and uniqueness result for the formulation for
arbitrary flows and illustrate its performance via several numerical examples using a
standard Nystrom method based on Gauss—Legendre quadrature rules. Our results
show that a standard method applied to the singularity-free formulation provides
a simple and viable alternative to specialized methods required by classic formula-
tions.

Classic boundary integral formulations of the Stokes equations involve weakly sin-
gular kernels that require special treatment. Such formulations can be treated with
variants of the Nystrom method which employ kernel-adapted product integration
rules [3, 19] or coordinate transformations and projections which effectively remove
the singularity [33]. Several types of Galerkin and collocation methods [3, 5, 6, 19]
can also be applied to these formulations, as well as spectral Galerkin [2, 10, 12] and
wavelet-based methods [1, 21, 32]. However, these approaches generally require basis
functions that may be difficult to construct or which may exist only for certain classes
of geometries. Moreover, they require special techniques for computing weakly singu-
lar integrals, which can be expensive. Here we show that such issues associated with
classic formulations can be avoided in a simple and efficient way by a straightforward
discretization of the singularity-free formulation.

The presentation is structured as follows. In section 2 we outline the Stokes equa-
tions for the steady flow of an incompressible viscous fluid in an exterior domain. In
sections 3 and 4 we establish notation and collect several results on singular solutions
and surface potentials for the Stokes equations that will be employed throughout our
developments. In sections 5 and 6 we summarize, for purposes of comparison, the
Hebeker and the Power and Miranda formulations of the exterior Stokes problem and
highlight several of their properties. In section 7 we introduce our new formulation
and establish its solvability properties for arbitrary data. In section 8 we describe a
numerical discretization of our formulation using a standard Nystrém method with
an arbitrary quadrature rule. In section 9 we illustrate our approach with numerical
examples and summarize our conclusions.

2. The exterior Stokes problem. In this section we define the boundary-value
problem that we will study. We briefly outline standard assumptions which guarantee
existence and uniqueness of solutions, and we introduce various flow quantities of
interest that will be used to understand the properties of different boundary integral
formulations.

2.1. Problem formulation. We consider the steady motion of a body of ar-
bitrary shape through an incompressible viscous fluid at a low Reynolds number.
In a body-fixed frame, we denote the body domain by B, the fluid domain exterior
to the body by B., and the body-fluid interface by I'. Given a body velocity field
v : I' — R3, the basic problem is to find a fluid velocity field u : B, — R? and pressure
field p : B, — R which satisfy the classic Stokes equations, which in nondimensional
form are
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Uijj —Pi =0, T€Be,
R B
(21) u’L,Z 07 S €
B T Uq = Vg, T E Fv
/‘—e uiap_>07 |x|—>oo

Equation (2.1); is the local balance law of linear momentum for the fluid and
(2.1)2 is the local incompressibility constraint. Equation (2.1)s is the no-slip boundary
condition which states that the fluid and body velocities coincide at each point of the
boundary. The limits in (2.1)4 are boundary conditions which are consistent with
the fluid being at rest at infinity. Unless mentioned otherwise, all vector quantities
are referred to a single basis and indices take values from one to three. Here and
throughout we will use the usual conventions that a pair of repeated indices implies
summation and that indices appearing after a comma denote partial derivatives.

2.2. Solvability. We assume BU I U B, fills all of three-dimensional space, B is
open and bounded, and B, is open and connected. Moreover, we assume I’ consists
of a finite number of disjoint, closed, bounded, and orientable components, each of
which is a Lyapunov surface [13]. These conditions on I" imply that standard results
from potential theory for the Stokes equations may be applied [20, 26, 29]. Moreover,
together with the continuity of v, they are sufficient to guarantee that (2.1) has a
unique solution (u, p) with the following decay properties [9, 20]:

(2.2) w; = O(|ac|*1)7 Ui = O(|x|72), p= O(|x|*2) as |z| — oc.

The solution (u, p) is smooth in B, but may possess only a finite number of bounded
derivatives in B, U I" depending on the precise smoothness of I" and v.

2.3. Basic flow quantities. The volume flow rate associated with a flow (u, p)
and a given oriented surface S is defined by

(2.3) Qz/suz(x)m(x) dA,,

where n : § — R3 is a given unit normal field and dA, denotes an infinitesimal area
element at € S. When S is closed and bounded, we always choose n to be the
outward unit normal. In this case, ) quantifies the volume expansion rate of the
domain enclosed by S.

The fluid stress field associated with a flow (u,p) is a function o : B, — R3*3
defined by

(2.4) 035 = —DP0ij + Ui j + Ujq,

where d;; is the standard Kronecker delta symbol. For each « € B, the stress tensor
o is symmetric in the sense that o;; = 0;;. The traction field f: S — R3 exerted by
the fluid on a given oriented surface S is defined by

(25) fi = 045Nj.

The resultant force F' and torque 7', about an arbitrary point ¢, associated with f are

(2.6) F— /S f@)dA,, T — /S k(s — ) fulw) dAs,



936 0. GONZALEZ

where €;5; is the standard permutation symbol. As before, when S is closed and
bounded, we always choose n to be the outward unit normal field. In this case, F' and
T are loads exerted on S by the fluid exterior to S.

For convenience, we assume all quantities have been nondimensionalized using a
characteristic length scale £ > 0, a velocity scale ¥ > 0, and a force scale pi¢ > 0,
where p is the absolute viscosity of the fluid. The dimensional quantities correspond-
ing to {x,u,p, v} are {{x, Yu, Il ~'p,Jv}, and the dimensional quantities correspond-
ing to {Q, 0, f, F,T} are {90?Q, p9l~ o, = f, udl F, pd*>T'}.

3. Singular solutions of the Stokes equations. In this section we outline
various classic singular solutions of the homogeneous, free-space Stokes equations

Uijj — P =0, x#Y,
(31) U5 = 07 x 7& Y,

ui,p— 0, |z — oo.

Here y is a given point called the pole of the solution. Various representations of the
solution of (2.1) can be derived and understood in terms of these solutions and their
properties. Notice that, by linearity, any multiple or linear combination of solutions
of (3.1) is also a solution where defined. In what follows, we let z = x —y and r = |z|,
and we let Siy; and Sey¢ denote the interior and exterior domains associated with
a given closed, bounded surface S. The notation and results outlined here will be
employed throughout our developments.

3.1. Point-source solution. The point-source solution is defined by u; = UF®,
p=1IIS, o, = ESCS, where

Z; —_ 251'19 GZizk
(3.2) Urs = 5 n*s =0, =58 = 3 %
This solution may be derived from (3.1) by making the ansatz u; = ¢; and p = 0
for some radially symmetric function ¢ [30]. The resultant force F', torque T about
an arbitrary point ¢, and volume flow rate Q associated with an arbitrary closed,
bounded surface S can be found by direct computation and depend on the relative
location of the pole y. When y € Sext the divergence theorem and (3.1) can be used
to show that the relevant integrals over S all vanish. When y € Sj¢ the divergence
theorem and (3.1) can be used to transform the relevant integrals over S into integrals
over an arbitrary sphere in Sjy centered at y, which can then be evaluated directly.
The results are

= 47T7 Yy e Sin‘m

Q
(33) ; Q =0, Yy e Sext-

3.2. Point-source dipole solution. The point-source dipole solution is de-

9js Oik = Eﬁ%ng, where g; is an arbitrary vector

independent of x and

vrsp = Dyps - 0 355 - peso._ O pes g
i EIRe 3 5 j D0
(3.4) Yj Yj
' =PSD ._ 0 —PS _ 6(51'ij + 5ij2k + 5kj2i) 3OZiZij
—ikj 33/] —ik o - r7 .

This solution is implied by the solution in (3.2) and the linearity of (3.1). The resultant
force F, torque T about an arbitrary point ¢, and volume flow rate @) associated with
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an arbitrary closed, bounded surface S can be computed as previously described. The
results are

F;
E:

(3.5) 0, T, =0, Q =0, Y € Sint,

Ti:07 Q:07 yesext~

3.3. Point-force solution: Stokeslet. The point-force solution is defined by
u; = UE-ng, p = HJPng, ik = ng;gj, where g; is an arbitrary vector independent
of z and

r

ZiZj

22 —pr _ 0zizpz;
3 b) —a - = -
T

3 —ikj —

(3.6) U ==+

7" = 5
Up to a normalizing constant, this solution corresponds to the classic fundamental
solution of (3.1) and can be derived using the technique of Fourier transforms [20, 30].
It is typically referred to as a stokeslet. The resultant force F, torque 1" about an
arbitrary point ¢, and volume flow rate Q) associated with an arbitrary closed, bounded
surface S can be computed as previously described. The results are

Fy = —8ng;,  Ti= —8meyjr(y; —cj)gp, Q=0,  y€E S,

BT m_o T, =0, Q=0, y€Sum.

3.4. Point-force dipole solution: Stresslet, rotlet. The point-force dipole
solution is defined by u; = Uf;»lFngl, p = HﬁFDgﬂ, Oix = Eﬁ?})gﬂ, where g;; is an
arbitrary tensor independent of x and

PFD . (9 PF _ 5ij2l - 51’le - 5jl2i 3ZiZjZl
ul =gy ta = 3 T
(9 25‘1 62"251
3.8 HPFD = _HPF:__j+ J ,
(3.8) gl oy, Y 3 75
—PFD ._ 0 —PF _ 6(5ileZj + 5klZiZj + 5jlzizk) 30zizkzjzl
Sikgl T Gy, Tk T 5 a 77 .

This solution is implied by the solution in (3.6) and the linearity of (3.1). By

considering the decomposition g;; = ¢;/™ + g5, where g = 1(gj + g915) and
gj-l’““ = %(gjl —gi5), and by using the parameterization gjlk“’ = %f‘fjmlg;—)nec, we find that
the point-force dipole solution can be decomposed as
o BEP g = —UTSa g™+ USTRG 4 U e

Hlengl _ _HPS(Sjngs_lym + HjSlTjos‘lym + HEOTQ;GC-

Here (UFS,II7S) is the point-source solution given in (3.2) and (UiSjFlFR,HjSlTR) and

(UROT, IT3OT) are detailed below. By linearity, and the fact that ¢/ and g, are
independent, we deduce that each of these pairs provides an independent solution of
(3.1).

Stresslet solution. The stresslet solution is u; = US‘TRhﬂ, p = HjslTthl, Oik =

il
E5e i, where hjp is an arbitrary tensor independent of  and

STR _ 3%iZj2 JISTR _ _@ 622
(3.10) gl T s = r3 5
' —sTR _ 20ikdj1 n 3(0ij2k21 + Gz 2k + Ojizizi + Oezizg) 3022221

—ikjl 3 rb 77
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Due to the symmetry of the above functions in the indices j and ! we notice that
only the symmetric part of hj; contributes to the solution in concordance with (3.9).
The resultant force F', torque T about an arbitrary point ¢, and volume flow rate Q
associated with an arbitrary closed, bounded surface S can be computed as previously
described. The results are

EZO, TiZO, Q=47Thjj, yESjnt,
(311) = 0, Q =0, AS Sext~

Rotlet (or couplet) solution. The rotlet solution is u; = U}}OThJ—, p= HJROThj,

Oik = E%?Thj, where h; is an arbitrary vector independent of = and

(3.12) pROT _ Eijl¥l J7ROT _ —roT _ 3(€ij2h2 + ERijziz)
: i 3 J - —ikj T r5

The resultant force F, torque T" about an arbitrary point ¢, and volume flow rate @
associated with an arbitrary closed, bounded surface S can be computed as previously
described. The results are

(313) F; = 0, T, = —87Th1', = 8, Y € Sint,

Q
F; =0, T; =0, Q =0, yESoxt.

Remarks 3.1.
1. Tt can be shown that all higher-order point-source solutions beginning with
the dipole can be expressed in terms of the point-force solution [30]. In
particular, we have

277PF 2 77PF
107U psp _ 1071

UPsb — Y =
“ 2 Oy Oy’ J 2 QyrOyr”

Thus the family of higher-order point-source solutions is contained within the
family of higher-order point-force solutions.

2. One approach to solving the boundary-value problem in (2.1) is to consider
a linear combination (discrete or continuous) of singular solutions with poles
placed arbitrarily within the body domain B. The coefficients in the combina-
tion are then determined by enforcing the boundary condition on I'. However,
because arbitrary boundary conditions can in general not be satisfied exactly
in this approach, it yields only approximate solutions of (2.1) [7, 30]. For
example, slender-body theory is based on this approach [4, 15, 17].

3. A related approach to solving (2.1) is to consider a linear combination of
singular solutions with poles distributed continuously over the surface I'.
The density of the distribution is then determined by enforcing the boundary
condition on I'. This approach leads to the classic theory of surface potentials
for the Stokes equations and yields exact representations of the solutions of
(2.1) [20, 26, 29, 30].

4. Surface potentials for the Stokes equations. In this section we outline
the classic single- and double-layer surface potentials for the Stokes equations and
summarize their main properties. All the boundary integral formulations that we will
study are based on these potentials. In what follows I" is an arbitrary closed, bounded
surface with interior domain B and exterior domain B,, as described in section 2.
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4.1. Definition. Let ¢ : I’ — R3? be given. Then by the Stokes single-layer
potentials on I" with density 1 we mean

ML) = [ U@t day,
(4.1) r

mmww=ﬂﬂ?wmw@w%

and by the Stokes double-layer potentials on I" with density ¢ we mean

wun¢ﬂw:=/ﬁﬁﬁWaywH@wmmdAw
(4.2) !

zwmmmzﬁmwww%@mwwy

Here (UEF,HJPF) is the point-force or stokeslet solution in (3.6) with pole at y,
(USTR, IT5™) is the stresslet solution in (3.10) with pole at y, and v is the unit
normal field on I" directed outwardly from B. All densities ¥ will be assumed con-
tinuous.

4.2. Analytic properties. For arbitrary density i the single-layer potentials
(V[I',4], Py [I',v]) and double-layer potentials (W I, ¢], Pw [, ¢]) are smooth at each
x ¢ I'. Moreover, by virtue of their definitions as continuous linear combinations of
stokeslets and stresslets, they satisfy the homogeneous Stokes equations (2.1)1 24 at
eachz ¢ I'.

For arbitrary ¢ the functions V[I,¢] and W[I', 9] are well defined for all z €
BUTI'UB.. For z € I the integrands in (4.1); and (4.2); are unbounded functions
of y € I', but the integrals exist as improper integrals in the usual sense [13] provided
that I' is a Lyapunov surface. The restrictions of V[, I'] and W[y, I'] to I' are
denoted by V[, I'] and Wi, I']. These restrictions are continuous functions on
I' [20]. Moreover, for any zo € I" the following limit relations hold [20, 29, 30]:

(4.3) Jim VL] (x) = VL, 9] (o).
(4.4) Ezwnmw=vmw@@
(4.5) y%ﬁﬁwwzawm+wmwmx
(4.6) ngmwwzﬂwm+wmwm»

Here « is a constant that depends on the choice of normalization of the stresslet
solution (3.10). For our choice we have o = 2. Notice that, by continuity of ¥ and
W|I',9)], the one-sided limits in (4.5) and (4.6) are themselves continuous functions
on I

In contrast to the case with V[I' 9] and W|[I ], for arbitrary ¢ the functions
Py [I',v] and Pw [, ¢] do not exist as improper integrals in the usual sense when
x € I'. In particular, the integrands in (4.1)2 and (4.2)2 are excessively singular
functions of y € I'. Nevertheless, for sufficiently smooth I" and ¢, the functions
Py[I,4] and Pw[I', 9] have well-defined limits as x approaches the surface I' [20,
29, 33]. Introducing x. = z¢ + ev(xg), where 2o € I', the continuity properties of
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the functions VI, 9], W[I', 4], Py [, ¢], Pw|[I,¢] around € = 0 can be illustrated as
follows:

Vi [r,%/ W ii\ Py [%\ Py TV
€ Y € Y € €

In general, the limits of the functions VI ¢], W[, 4], Py[[,¢], Pw|l, ] as z
approaches I' from B, or B have more physical significance than any directly defined
values of these functions on I'. In particular, physically meaningful boundary condi-
tions are imposed on limit values and not on directly defined values. We remark that
directly defined values of Py [I', 9] and Py [I',%] on I' may be obtained by appealing
to the theory of singular and hypersingular integrals [22, 24, 25].

4.3. Associated stress fields. For arbitrary v the stress fields associated with
the single- and double-layer potentials are

(4.7) SHI, ¢ (x) = /F EEE (2, ) (y) dA,,
(4.8) ST, 6)(z) = /F SSTR (2, ) (y)r (y) d Ay,

where ZjF and Z51 are the stress functions corresponding to the point-force and

stresslet solutions in (3.6) and (3.10). For arbitrary ¢ the single-layer stress field
Yv|[I,4] is smooth at each z ¢ I' and is the actual stress field associated with the
Stokes flow with velocity field V[I',¢] and pressure field Py [I,4]. A similar remark
applies to the double-layer stress field Xy [, ¢].

For x € I' and arbitrary ¢ the single-layer traction field Xy [I', ¢]v exists as an im-
proper integral in the usual sense—but not the double-layer traction field Xy [, ¢]v.
Moreover, for sufficiently smooth I" and v the following limit relations for Xy [I, ¢]v
[20, 29] and Xw [, ¢]v [29] hold for each zo € I":

(49) 121(1) v [F, ¢](3}E)V(3}0) = 6¢($0) + E\/[F, 1/)] ($0)I/($0),
e>0
(4.10) lim Xy [ ¢ (we)v(w0) = =B (wo) + Xv (I ] (wo)v (o),
e<0
(4.11) ll_r}r(l) Yw L o) (ze)v(zo) = ll_r}r(l) 2w L) (ze)v(xo).
e>0 e<0

Here z. = zo+ev(xo) and [ is a constant that depends on the choice of normalization
of the point-force solution (3.6). For our choice we have 8 = —4x. The result in (4.11)
is commonly referred to as the Lyapunov—Tauber condition.

For arbitrary ¢ and xzg € I" the continuity properties of Xy [I',¢](x.)v(xo) and
Yw L Y)(ze)v(zo) around € = 0 can be illustrated as follows:

ik ik
Ty Mylv, DR T
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We remark that, as with Py [I,¢], a directly defined value of Xy [I',¢]v on I' may
be obtained by appealing to the theory of hypersingular integrals.

4.4. Flow properties. Let S be an arbitrary closed, bounded surface with
I' C Sint, and let n be the outward unit normal field on S. For arbitrary ¢ the
resultant force Fy/[I, 1], torque Ty [I, 7] about an arbitrary point ¢, and volume flow
rate Qv [[, ¢] associated with S and the single-layer flow (V[I,¢], Pv [}, ¢]) are

(4.12) Fy [T, ] = / Sy (1 9)(@)n(s) dA, = 87 / (y) dA,,
S I
(413) Ty[l] = /S (x — ¢) x Sv[I,6)(x)n(x) dA, = —8 /F (v — &) x ¥(y) dA,,
(4.14) Quirvl= [ VIrl@) - nie) da, 0.
S

These results follow from the definitions of the single-layer stress and velocity fields
in (4.7) and (4.1) and the properties of the point-force solution in (3.6) and (3.7) with
gi replaced by ;. Because the above results are independent of S with I" C Siy, we
can pass to the limit and conclude that the resultant force, torque, and volume flow
rate associated with I" and the exterior single-layer flow are also given by the above
results.

Similar calculations can be performed in the double-layer case. For arbitrary
the resultant force Fyy[I, 9], torque Ty [I, 1] about an arbitrary point ¢, and volume
flow rate Qw I, 9] associated with S and the double-layer flow (W|[I, ], Pw I, %])
are

(4.15) Fw (I, y] = /S Swll ) (2)n(x) dA, =0,

(4.16) Ty [T, 0] = /S (@ — ¢) x Swll ¢](x)n(z) dA, =0,

(417)  Qwlll = /S WL, 6)(x) - n(x) dA, = dr /F b(y) - () dA,.

These results follow from the definitions of the double-layer stress and velocity fields
in (4.8) and (4.2) and the properties of the stresslet solution in (3.10) and (3.11) with
hji replaced by ;1. As before, because the above results are independent of S with
I' C Sint, we can pass to the limit and conclude that the resultant force, torque, and
volume flow rate associated with I" and the exterior double-layer flow are also given
by the above results.

5. Hebeker formulation. In this section we outline the boundary integral for-
mulation of (2.1) introduced by Hebeker [14] and highlight several of its properties for
comparison. In what follows I is an arbitrary closed, bounded surface with interior
domain B and exterior domain B,, as described in section 2.

5.1. Formulation. Given an arbitrary density ¢ : I" — R3 and number 6 €
[0,1], define u : B, — R® and p: B, — R by

(5.1) u=0V[[Y]+ (1 —0)WI[I, ], p=0Py[I¢]+ (1 —0)Pw[l,v].

By properties of the single- and double-layer potentials, the fields (u,p) are smooth
at each = € B, and satisfy the Stokes equations (2.1)1 2,4 at each x € B.. The stress
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field o : B, — R3*3 associated with (u,p) is given by
(5.2) o= 05v[I9) + (1— 0)Zw L9,

and the resultant force F', torque T about an arbitrary point ¢, and volume flow rate
Q associated with I are

(53) FZGFV[Fadj]v TZHTV[Fvw]a Q:(l_e)QW[Fvw]

Here we have used linearity and the flow properties of the single- and double-layer
potentials outlined in section 4.4.

In order for (u,p) to provide the unique solution of the exterior Stokes boundary-
value problem (2.1), the boundary condition (2.1)3 must be satisfied. In particular,
given v : I' — R3, we require
(5.4) lim u(z) = v(zo) Vg € I

r—=To

r€ B,

Substituting for w from (5.1) and using the limit relations in (4.3) and (4.5), we obtain
a boundary integral equation for the unknown density :

(5.5) OV, Y)(wo) + (1 — )WL, 9](zo) + (1 — O)arp(zo) = v(zo)  Vag € T

From this we can deduce that (u,p) defined in (5.1) will be the unique solution of
(2.1) if and only if ¢ satisfies (5.5). This equation can be written in the standard
form

(5.6) /FKg(x,y)w(y) dAy + cotp(x) = v(x) Vo eI,

where ¢ has been replaced by x for convenience, ¢y = (1 — 0)a, and

(5.7) Ky (x,y) = 0U" (2,y) + (1 = OUZ (2, )1n(y)-
Remarks 5.1.

1. Assuming I" is a Lyapunov surface the kernel function Ky (z,y) can be shown
to be weakly singular. Thus the solvability of the linear integral equation
(5.6) can be assessed via the Fredholm theory [19, 23]. Notice that ¢y = 0
when 0 = 1, and ¢y # 0 when 6 € [0,1). Thus (5.6) is a Fredholm equation
of the first kind when § = 1 and of the second kind when 6 € [0,1).

2. The case # = 0in (5.1) corresponds to a classic double-layer representation of
(u,p). It is well known that this representation is incomplete in the sense that
it can represent only those flows for which the resultant force and torque on
I' vanish, that is, F' = 0 and T = 0 [20, 26, 29, 30]. Equivalently, the range of
the linear operator in (5.6) is deficient, leading to solvability conditions and
nonuniqueness for .

3. The case §# = 1 in (5.1) corresponds to a classic single-layer representation of
(u,p). It is well known that this representation is also incomplete in the sense
that it can represent only those flows for which the volumetric expansion rate
of I' vanishes, that is, @ = 0 [20, 26, 29, 30]. Equivalently, the range of the
linear operator in (5.6) is again deficient, leading to solvability conditions and
nonuniqueness for .
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4. The main idea in Hebeker [14] was to consider a mixed representation cor-
responding to 6 € (0,1). The intuitive motivation is that, by considering
a linear combination, each potential can make up for the deficiencies of the
other. As outlined below, such a representation is complete in the sense that
it can represent arbitrary flows and stable in the sense that the density ¥
depends continuously on the boundary data v.

5.2. Solvability result. The following is a slight generalization of the solvability
result given in Hebeker [14].

THEOREM 5.1 (see [14]). Assume I' is a closed, bounded Lyapunov surface. If
6 € (0,1), then (5.6) possesses a unique continuous solution ¥ for any continuous
boundary data v.

Thus arbitrary solutions of the exterior Stokes boundary-value problem (2.1) can
be represented in the form (5.1) with a unique density 1 for each 6 € (0, 1). The pres-
ence of the double-layer potential in (5.1) ensures that the representation is stable. In
particular, because (5.6) is a uniquely solvable Fredholm equation of the second kind,
the linear operator in (5.6) has a finite condition number and the density 1) depends
continuously on the data v. The presence of the single-layer potential in (5.1) ensures
that the representation is complete. In particular, the single-layer potential com-
pletes the deficient range associated with the double-layer potential. The smoothness
properties of the density ¢ depend on those of the surface I" and the data v.

Remarks 5.2.

1. Aside from the restriction of solvability, the parameter @ is arbitrary and can
be exploited. For example, § € (0,1) might be chosen by some means to
optimize the conditioning of the linear operator in (5.6).

2. Numerical methods for (5.6), Nystrom methods in particular, must deal with
the singularities in the kernels of the single- and double-layer potentials. The
singularity in the kernel of the double-layer potential can be removed in a
simple, standard way by employing a well-known integral identity [11, 28, 30,
31] (see section 8). However, there seems to be no similar removal technique
for the singularity in the kernel of the single-layer potential.

3. In general numerical treatments, the singularity in the kernel of the single-
layer potential can be dealt with by employing a kernel-adapted product
quadrature rule [3, 19], together with a local coordinate transformation such
as a Duffy transformation [3, 8, 30|, or a floating polar transformation [33].
The same techniques can also be applied to the double-layer potential. In view
of the inconvenience associated with the single-layer potential, we investigate
alternative formulations.

6. Power and Miranda formulation. In this section we outline the bound-
ary integral formulation of (2.1) introduced by Power and Miranda [28] and highlight
several of its properties for comparison. In what follows I" is an arbitrary closed,
bounded surface with interior domain B and exterior domain B,, as described in sec-
tion 2. For simplicity, in this section we assume that B consists of only one connected
component. All the results outlined generalize in a straightforward way to the case
when B has a finite number of disjoint components [29].

6.1. Formulation. Given an arbitrary density ¢ : I' — R3, number 6 € [0,1],
and point z, € B, define u : B, — R3 and p: B, — R by

(6.1) u=0Y I+ (A -0OWILyl,  p=0Py[[¢]+ (1—0)Pw[l,¢],
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where Y[I,1¢] and Py [I,¢] are fields defined in terms of the point-force (stokeslet)
and rotlet solutions as

Vil 9)(x) = /F (UFF (@ 0) + UROT (@, ety (yp — 2p) ) 65 (9) dAy,
(6.2)
PrAn () = [ (™) + IO @ )en (y = 0,) )0 ) Ay

By properties of the point-force and rotlet solutions and the double-layer potentials,
the fields (u,p) are smooth at each « € B, and satisfy the Stokes equations (2.1)1,2.4
at each x € B,. The stress field o : B, — R3*3 associated with (u, p) is given by

(6.3) o=0Xy[I Y]+ (1 —0)Xw|[I,v],

where Xy [I',9] is the stress field associated with the flow (Y[I', ], Py [I',4]), namely,

(64)  ZFILvle) = /F (Z55 @ 22) + Z50T (@ 2 )eins (9 — 7)) 5 () A,

The resultant force F', torque T about an arbitrary point ¢, and volume flow rate Q
associated with I are

(65)  F=0F[IY], T=01v[\Y], Q=0Qv[[,¢Y]+(1-0)Qw[lv],

where Fy-[I, 9], Ty [[,¢], and Qy [, 9] are the resultant force, torque, and volume
flow rate associated with the flow (Y[I,v], Py[I,4]). From the properties of the
point-force and rotlet solutions given in (3.7) and (3.13), we deduce that Qy [[, %] =0
and

(66)  Fy[l4] = —8r /F Bly)dA,, Ty[l,v] = —8r /F (v — o) x (y) dA,.

In order for (u,p) to provide the unique solution of the exterior Stokes boundary-
value problem (2.1), the boundary condition (2.1)3 must be satisfied. In particular,
given v : I' — R3, we require

(6.7) Jim u(z) = v(xo) Vo € I
r€ B,

Substituting for u from (6.1) and using the limit relation in (4.5), we obtain a boundary
integral equation for the unknown density :

(6.8) OV )(wo) + (1 — )WL, 9](zo) + (1 = O)ap(zo) = v(zo)  Vag € I

From this we can deduce that (u,p) defined in (6.1) will be the unique solution of
(2.1) if and only if ¢ satisfies (6.8). This equation can be written in the standard
form

(6.9) /F Ko(a, y)y(y) dA, + cov(z) = v(@) Vo el

where ¢ has been replaced by x for convenience, ¢y = (1 — 0)a, and

Ki(z,y) = OUSF(,2.) +0USOT (2, 2. )erp; (yp — 7sp)

(6.10) + (L= 0)UST (2, y)u(y).
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Remarks 6.1.

1. As before, assuming I' is a Lyapunov surface, the kernel function Ky(z,y)
can be shown to be weakly singular. Thus the solvability of the linear integral
equation (6.9) can be assessed via the Fredholm theory [19, 23]. Notice that
cg = 0 when 6 = 1, and ¢y # 0 when 6 € [0,1). Thus (6.9) is a Fredholm
equation of the first kind when 6 = 1 and of the second kind when 6 € [0,1).

2. The main idea in Power and Miranda [28] can be described intuitively as
follows. A double-layer potential is deficient in the sense that it can only
produce flows with zero resultant force and torque on I'. Thus, in view of
the flow properties outlined in (3.7) and (3.13), the enhancement of a double-
layer potential with point-force and rotlet solutions should produce flows with
arbitrary resultant force and torque on I

3. The intuitive arguments above are made rigorous by the results outlined
below. They show that the representation in (6.1) with 6 € (0, 1) is complete
in the sense that it can represent arbitrary flows and stable in the sense that
the density 1) depends continuously on the boundary data v.

6.2. Solvability result. The following is a slight generalization of the solvability
result given in Power and Miranda [28].

THEOREM 6.1 (see [28]). Assume I" is a closed, bounded Lyapunov surface, and
let z. € B be arbitrary. If6 € (0,1), then (6.9) possesses a unique continuous solution
1 for any continuous boundary data v.

Thus arbitrary solutions of the exterior Stokes boundary-value problem (2.1) can
be represented in the form (6.1) with a unique density ¢ for each z, € B and 6 € (0, 1).
The presence of the double-layer potential in (6.1) ensures that the representation is
stable. In particular, because (6.9) is a uniquely solvable Fredholm equation of the
second kind, the linear operator in (6.9) has a finite condition number and the density
1) depends continuously on the data v. The presence of the point-force and rotlet
functions in (6.1) ensures that the representation is complete. In particular, these
two singular solutions complete the deficient range associated with the double-layer
potential. The smoothness properties of the density 1) depend on those of the surface
I' and the data v.

Remarks 6.2.

1. Aside from the restriction of solvability, the parameters 6 and x, are arbitrary
and can be exploited. For example, § € (0,1) and z,. € B might be chosen
by some means to optimize the conditioning of the linear operator in (6.9).

2. The boundary integral equation in (6.9) can be described as being singularity-
free. The singularity in the point-force and rotlet contributions is avoided
because their poles are contained in the body domain B. Moreover, the
singularity in the kernel of the double-layer potential can be removed in a
simple, standard way by employing a well-known integral identity [11, 28, 30,
31] (see section 8).

3. The above results hold for bodies of arbitrary shape. For certain types of
bodies, for example convex or star-shaped bodies, there are various reasonable
choices for the point z, € B. The center of volume is one obvious choice. In
contrast, for other types of bodies, for example, toroidal or knotted tubular
bodies, there seems to be no natural choice for the point x, € B. Motivated
by this latter class of bodies, we investigate an alternative formulation.

7. A new formulation. Here we introduce a new boundary integral formulation
of (2.1) which combines the strengths of the Power and Miranda and the Hebeker
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formulations. The new formulation is stable, complete, singularity-free, and natural
for bodies of complicated shape and topology. In what follows I" is an arbitrary
closed, bounded surface with interior domain B and exterior domain B,, as described
in section 2.

7.1. Formulation. Let 7 be a surface parallel to I" offset toward B by a distance
¢ > 0. In particular, v is the image of the map & = ((y) : I' — R? defined by

V(y)
(7.1) Y/ E=y—ov(y).

r

By virtue of the fact that I" is a Lyapunov surface, it follows that the map ¢ : I' — ~ is
continuous and one-to-one for all ¢ € [0, ¢r), where ¢r is a positive constant. In the
absence of any global obstructions, we have ¢ = 1/kr, where £k is the maximum
of the signed principal curvatures of I' [27]. Here we use the convention that the
curvature is positive when I' curves away from its outward unit normal v. As a
consequence, the principal curvatures are the eigenvalues of the gradient of v (not
—v) restricted to the tangent plane. From the geometry of parallel surfaces we have
the following relations for all y € I', £ = {(y) € ~, and ¢ € [0, ¢r) [27]:

(7.2) n(€) =v(y), dAc=J%@y)dA,, J?(y)=1-205"(y) + ¢*K(y).

Here n is the outward unit normal on v, dA¢ and dA, are area elements on v and I,
and k™ and k9 are the mean and Gaussian curvatures of I'. For ¢ € [0, ¢r) we denote
the inverse of £ = ((y) by y = ¢(§). In view of (7.1) and (7.2); we have y = £+ ¢n(§).

Given an arbitrary density ¢ : I’ — R?® and number 0 € [0, 1], define u : B, — R?
and p: B, — R by

(73)  w=0V[y,¢opl+ (A -0O)WI[¢], p=0Py[y,¢opl+(1—-0)Pw([l ]

Notice that the double-layer potentials are defined on the surface I" with density v,
while the single-layer potentials are defined on the parallel surface v with density
1 o . In particular, the two types of potentials are defined on different surfaces but
involve only one arbitrary density.

By properties of the single- and double-layer potentials, the fields (u, p) are smooth
at each = € B, and satisfy the Stokes equations (2.1)1 2,4 at each x € B.. The stress
field o : B, — R3*3 associated with (u,p) is given by

(7.4) o =02y, pogl+ (1 -0)Zw[l, ],

and the resultant force F', torque T about an arbitrary point ¢, and volume flow rate
Q associated with I" are

(7.5) F=0Fy[y,Yogl, T=0Tvly,¢oyp], Q=(1-0Qwll v

Here we have used linearity and the flow properties of the single- and double-layer
potentials outlined in section 4.4.

In order for (u,p) to provide the unique solution of the exterior Stokes boundary-
value problem (2.1), the boundary condition (2.1)3 must be satisfied. In particular,
given v : I' — R3, we require
(7.6) lim u(z) = v(xg) VYao €l

r—To

r€ B,
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Substituting for u from (7.3) and using the limit relation in (4.5), we obtain a boundary
integral equation for the unknown density :

(7.7)  OV]y, o @l(zo) + (1 — WL, ) (z0) + (1 — )arh(xo) = v(xg) Vo € I

From this we can deduce that (u, p) defined in (7.3) will be the unique solution of (2.1)
if and only if 1 satisfies (7.7). By definition of the single- and double-layer potentials,
this equation can be written in integral form as

6 / UPF (2, €)16; (0(€)) dAe
(7.8)

(-0 / USTR(, )0 (y)(y) dAy + con(z) = vi(z) Vo T,

where zy has been replaced by x for convenience and ¢y = (1 — §)a. By performing a
change of variable in the first integral, this equation can then be put into the standard
form

(7.9) / Ko(z,y)¥(y) dAy + cotp(z) = v(z) Vo eI,

where

(7.10) Kg (x,y) = 07°()UST (2, C(y)) + (1 — UL (2, y)wi(y)-
Remarks 7.1.

1. In all three formulations the kernel function Ky(z,y) can be described as the
positive linear combination of a double-layer kernel and a range completion
term. In the Hebeker formulation (5.7), the completion term is an unbounded
single-layer kernel. In the Power and Miranda formulation (6.10), the com-
pletion term is the sum of a point-force and a rotlet kernel, both of which are
bounded and dependent on a point z, € B. In the new formulation (7.10),
the completion term can be interpreted as a regularized single-layer kernel,
where ¢ > 0 is the regularization parameter. The regularized single-layer
kernel is bounded when ¢ > 0 and unbounded exactly as in the Hebeker
formulation when ¢ = 0.

2. Assuming I' is a Lyapunov surface, the kernel function Ky(z,y) in (7.10) can
be shown to be weakly singular. Thus the solvability of the linear integral
equation (7.9) can be assessed via the Fredholm theory [19, 23]. Notice that
g = 0 when 0 = 1 and ¢y # 0 when 6 € [0,1). Thus (7.9) is a Fredholm
equation of the first kind when 6 = 1 and of the second kind when 6 € [0,1).

3. As outlined below, the representation in (7.3) with # € (0,1) is complete in
the sense that it can represent arbitrary flows and stable in the sense that
the density ¢ depends continuously on the boundary data v.

7.2. Solvability result. The following result establishes the solvability of the
integral equation (7.9), or, equivalently, (7.7). Its proof is given in section 7.3 below.

THEOREM 7.1. Assume I is a closed, bounded Lyapunov surface, and let v be
a surface parallel to I' offset toward B by a distance ¢ € [0,¢r). If 0 € (0,1), then
(7.9) possesses a unique continuous solution ¢ for any continuous boundary data v.

Thus arbitrary solutions of the exterior Stokes boundary-value problem (2.1) can
be represented in the form (7.3) with a unique density ¢ for each 6§ € (0,1) and
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¢ € [0,¢r). The presence of the double-layer potential in (7.3) ensures that the
representation is stable. In particular, because (7.9) is a uniquely solvable Fredholm
equation of the second kind, the linear operator in (7.9) has a finite condition number,
and the density ¥ depends continuously on the data v. The presence of the single-
layer potential in (7.3) ensures that the representation is complete. In particular, the
single-layer potential on the parallel surface v completes the deficient range associated
with the double-layer potential on the surface I'. The smoothness properties of the
density ¢ depend on those of the surface I" and the data v.
Remarks 7.2.

1. Aside from the restriction of solvability, the parameters 6 and ¢ are arbitrary
and can be exploited. For example, 6 € (0,1) and ¢ € [0, ¢r) might be chosen
by some means to optimize the conditioning of the linear operator in (7.9).

2. Just like the Power and Miranda formulation, the current boundary integral
equation in (7.9) is singularity-free in the case when ¢ > 0. The singularity
in the single-layer potential is removed by virtue of the parallel surface. The
singularity in the kernel of the double-layer potential can be removed in a
simple, standard way by employing a well-known integral identity [11, 28, 30,
31] (see section 8).

3. Just like the Hebeker formulation, the current boundary integral formulation
is natural for bodies of arbitrary shape. It seems particularly well suited for
long, uniform, tubular bodies with complicated topology. In this case, the
maximum offset distance ¢ can be explicitly identified as the tube radius,
and I" and v would be parallel tubular surfaces of different radii centered on
the same axial curve. In general, however, an explicit characterization of ¢
is not necessary, and the formulation is valid for any type of body.

4. All three formulations can be viewed as extensions to Stokes flow of ideas
developed in classic potential theory. The idea of taking a linear combi-
nation of single- and double-layer potentials was considered in the work of
Ginter [13], and the idea of moving the single-layer potential to an inner
surface, or limit thereof, was suggested in the work of Mikhlin [23]. (Mikhlin
explicitly considered an inner point-source, which can be interpreted as the
limit of a single-layer potential as the inner surface is squeezed to a point.)
Other generalized formulations could also be considered. For example, the
Power and Miranda formulation can be generalized by using a continuous
distribution of stokeslet and rotlet singularities over an inner surface.

7.3. Proof of Theorem 7.1. Assume 6 € (0,1) and consider the homogeneous
version of (7.7). Replacing 1 by 1" for notational convenience, we have

(7.11) OV [y, 9" o @] (xo) + (1 — OW L, ") (w0) + (1 — O)ap"(x0) =0 Vao € I.

According to the Fredholm theory [19, 23], if (7.11) possesses only the trivial solution
Y" =0, then (7.7) possesses a unique continuous solution 1 for any continuous data
v. To show that ¥ = 0 is the only solution of (7.11), we proceed in four steps.

(1) Let ¥" be an arbitrary solution of (7.11), and introduce fields (u("), p(")) and
(u®,p®?)) by
(7 12) u(l) = (1 - G)W[Fﬂ/)h], p(l) = (1 - H)PW [Fa wh]a
u® = —0Vly, oyl p® = —0Pyy,¢" oyl

Then (u™,p™)) and (u?,p(?)) satisfy the homogeneous Stokes equations (2.1);.9.4
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in B.. Moreover, from (7.11) and the limit relation for W[I',%"] in (4.5), we have

(7.13) Am uV(z) —uP(x) =0 Vaoel.

r€ B,

Thus u® = u® on I', and by uniqueness of solutions of the boundary-value problem
(2.1), we have (u™,pM)) = (u® p()) in B.. Furthermore, by properties of the single-
and double-layer potentials defined in (4.1) and (4.2), we have u(!) = O(|z|~2) and
u® = O(Jz|™') as |z] — oo, and p™) = O(|z|~3) and p® = O(|z|~2). Thus we
deduce

(7.14) u =4 =0 and pM =p? =0 vzeB..

(2) Since u(") =0 in B, and 1 — 6 # 0, we deduce from (7.12) that W[, "] = 0
in B, which implies

(7.15) Jim WL (z) =0  Vao eI

rEB,e

Using the limit relation in (4.5), we get

(7.16) WL, ") (z0) + b (20) =0 Vag € I
By well-known properties of the double-layer potential [20, 26], the above equation
possesses exactly six independent eigenfunctions () ... ") defined for z € I"
by

h,(a)

. z) = i, a=1,2,3,
(7.17) oL

Y, (x) = Eija—3)Tj, a=4,5,6.

Thus every solution 1" of (7.11) satisfies (7.16) and must necessarily be of the form

6
(7.18) @) = cat)™ (@),
a=1

where ¢y, ..., cg are arbitrary constants.

(3) Since u® = 0 and p® = 0 in B. and 6 # 0, we deduce from (7.12)
that V[y,¥" o ¢] = 0 and Py[y,9" o ] = 0 in B.. Thus the resultant force and
torque, about an arbitrary point ¢, exerted on I' by the exterior single-layer flow
(Vy, " o @], Pyly,1" o ¢]) must vanish. By properties of the single-layer potentials
outlined in section 4.4, and considering that v C [iy when ¢ > 0 and v = I" when
¢ =0, we find in both cases that

Fy [y, o g = 8 / W ((€)) dAe = 0,

(7.19) 7

Tyly, 6" o] = —8r / (€ — ) x W"((€)) dAe = 0.

~y

Dividing by —87 and substituting for " using (7.18) and (7.17), we find that the
above equations yield a linear system for ¢ = (¢q,...,cs) of the form

(7.20) [ é [B) ]c:(),
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where A, B,C, D € R3*3 are defined by

Ajj :/5ij dA¢, Bk =/5ijk@j(f) dAg,

(7.21) K K

Cij = /ﬁipj(ﬁp —qp)dAe, Dy = /éipzé‘zjk(ﬁp — qp)p;(§) dAg.
Y Y

(4) For convenience, let the torque reference point g be the centroid of ~, and
assume without loss of generality that ¢ = 0. Then C;; = 0 and (7.20) will possess
only the trivial solution provided that the matrix D;; is invertible. Notice that the
matrix A;; is always invertible since v has positive measure. With ¢ = 0 we have

(7.22) Dy, Z/Eipzfljkfp%(f) dAg.
gl

Substituting ¢(§) = & + ¢n(€), where n is the outward unit normal field on ~
(see section 7.1), and using the standard permutation symbol identity e;pieijn =
6ij5pk — 6ik6pj7 we obtain

(7.23) Dio = / C6 — by dAc + 6 / €ens dA¢ — $0u / ¢;m; dAe.
Y Yy Y

Applying the divergence theorem to the last two integrals in the above equation, we
get, after straightforward simplification,

(724) D = —[le + 2¢V01(7int)5ik]-

Here vol(7int) > 0 is the volume of the interior domain enclosed by v and G, =
fv Sik|€|? — &k dA¢ is the symmetric, positive-definite, second moment tensor associ-
ated with ~. Since Dy is invertible for any ¢ > 0, we deduce that (7.20) admits only
the trivial solution ¢ = 0. Combining this with (7.18), we deduce that (7.11) admits
only the trivial solution 1" = 0. This completes the proof of Theorem 7.1.

8. Nystrom approximation. In this section we describe a numerical method
for the formulation presented in section 7. We outline a singularity-free formula-
tion of the boundary integral equation for the unknown density, discretize it using
a straightforward Nystrom method with an arbitrary quadrature rule, and introduce
corresponding discretizations for various flow quantities of interest.

8.1. Singularity-free formulation. Given arbitrary parameters 6 € (0, 1) and
¢ € (0,¢r), the integral equation (7.9) can be written in the convenient form

6 / Gz, y)(y) dAy + (1 - 0) / H(z,y)(y) dA,
I I
+(1-0)a(z) =v(z) Vxel,

(8.1)

where Gjj;(x,y) = J¢(y)U£F(x, ¢(y)) is the regularized, bounded, single-layer kernel
and Hij(x,y) = U ®(x, y)vi(y) is the standard, weakly-singular, double-layer kernel.
The singularity in H(x,y) can be avoided in a simple way by exploiting the double-
layer identity [11, 28, 30, 31]

(82) / Hij ({E,y) dAy = —adij Ve el.
r
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In particular, substitution of (8.2) into (8.1) gives

6 /F G, y)o(y) dA,

(8.3)
+(1-0) [ Aaplvl) - v@]ds, = o) Veer

Assuming v and 1 are Lipschitz continuous and I is a Lyapunov surface, it can be
shown that the functions G(z, y)¥(y) and H (z, y)[¢(y) —1(x)] are uniformly bounded
for all x and y on I'. Thus (8.3) is singularity-free and can be discretized by Nystrém
methods.

Remarks 8.1.

1. Following standard practice [28, 30, 31|, we define H(x,y)[¢(y) — ¥ (x)] to be
zero when y = x. This modification does not alter the value of the integral and
is necessary to obtain a well-defined Nystrom discretization, which requires
a value for this function for arbitrary xz and y. The results in [31] show
that Nystréom methods defined using this practice are, in general, convergent.
However, there is generally an upper bound on the order of convergence of
these methods because of the above modification.

2. There is some freedom in the treatment of the first term in (8.3). When
written as an integral over I" as above, the kernel function G(z,y) contains
the factor J¢(y), which depends on the curvature of I" (see section 7.1). By
a change of variable, this term could also be written as an integral over the
parallel surface . In this case, the curvature factor disappears, but an explicit
parameterization of v becomes necessary.

8.2. Approximation of integral equation. We suppose " can be decomposed

into a union of nonoverlapping patches I},, p = 1,..., M, where each patch is the
image of a smooth map y = x,(s,t) : D, — R3, and each D, is a domain in R%.
By subdividing each domain D), into nonoverlapping subdomains D, e =1,..., M,
we decompose each patch I, into curved, nonoverlapping patch elements I'7. In each
patch element we introduce quadrature points yp .o and weights Wy, . 4, ¢ =1,..., My,
such that

®4) | S@dAy = | fOs0)Tp(s.1) ds di Zf (Yp.c.0)

P P

Here J, is the Jacobian associated with the patch parameterization x,, which is
assumed to be included in the weights W), . 4.

Let tp,,q be an approximation to ¥(yp e ), and for convenience let @ and b denote
values of the multi-index (p, e, ¢). Then a Nystrom discretization of (8.3) is

(8.5) oz GaphsWo + (1= 0) > Hap[ty, — ¥a]Wy = va  Va,
b#a

where Gap = G(Ta,Yp), Hap = H(Za,yp), and vg = v(x,). Here the product Hyp[thy —
1q) has been set equal to zero when b = a. The above equation can be written in the
standard form

(8.6) ZAab¢b =v, Va,
b
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where Ay, € R3*3 are defined by

A { 0G Wy + (1 — G)HabWb, a 75 b,
ab —

8.7
®.7) 0GaaWa — (1= 8) Yo sy HacWe, a=b.

Equation (8.6) is a linear system of algebraic equations for the approximate density
values ¥, at the quadrature points y,. This system is dense and nonsymmetric and
can be solved using any suitable numerical technique.

8.3. Approximation of flow quantities. Various flow quantities of interest
take the form of an integral of ¢ over I'. For example, from (7.5), the resultant force
and torque on I" about an arbitrary point ¢ are given by

(88)  F=-8nf / B(p(6) dAe, T =870 / (€ — o) x ¥((€)) dA¢.

After a change of variable (see section 7.1), these integrals can be transformed from
the parallel surface v to the body surface I" to obtain

(89) F=—8n0 /F Jo()b(y) dAy, T = —8xb /F TP W)(C) — ¢) X ¥(y) dA,.

By discretizing these integrals using the same quadrature points and weights as before,
we get the approximations

(8.10)  FoPPro = 870> " JPp Wy, TP = —8a0 Y I (G — ) x W
b b

An approximation to the volume flow rate @) associated with I" can be obtained in a
similar manner.

9. Numerical experiments. Here we present results from numerical experi-
ments on three different bodies: a sphere, torus, and helical tube with hemispherical
endcaps. For one or more prescribed motions of each body, we computed the resul-
tant force and torque about the origin of a body-fixed frame and examined various
measures of convergence.

9.1. Methods. Following the general procedure outlined above, we decomposed
the surface of each body into nonoverlapping patches I,, each parameterized over a
rectangular domain D,,. We subdivided each patch into curved, quadrilateral elements
I'7, and in each element we used an m xm tensor product Gauss-Legendre quadrature
rule, with order of accuracy r,ps = 2m on absolute errors. For the sphere we employed
six patches based on stereographic projection from the faces of a bounding cube. For
the torus we employed a single patch based on an explicit parameterization of the
axial curve. For the helical tube we employed multiple patches based on explicit
parameterizations of the axial curve and endcaps.

The resultant force F' and torque 7" on each body were computed by solving the
linear algebraic system (8.6) of size (3M, M. M,)x (3MpM.M,). Because this system is
nonsymmetric and was observed to be well conditioned, we used the GMRES iterative
solver implemented in MATLAB with no preconditioning and a residual tolerance of
10~'2. Using the solution of (8.6), we computed approximations to F' and T according
to (8.10). The total number of quadrature points, M,M.M,, was varied up to a
maximum value of 4000 to 8000 depending on the example. All computations were
performed with the parameter values § = 1/2 and ¢/¢r = 1/2, where ¢r is the
maximum offset distance for the parallel surface associated with I
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Fic. 9.1. Convergence results for resultant force F' and torque T on a sphere. Computations
were performed with a sequence of meshes with element sizes hy. (a) Sample mesh. (b),(c) Plots of
|Fr, | and |Th, | versus 1/hy for the translational and rotational motion, respectively. The dotted
horizontal lines indicate exact values. (d),(e) Plots of logyg |Fn, — Fp,_,| and logyo|Th, — Th,_,|
versus logyo(1/hk) for the translational and rotational motion, respectively. In all plots, triangles
denote results for the 1 X 1 quadrature rule, and circles denote results for the 2 x 2 rule.

9.2. Results. Figure 9.1 shows convergence results for the resultant force and
torque about the origin on a sphere obtained with the 1 x 1 and 2 x 2 quadrature
rules. The sphere had a radius r = 1 and was centered at the origin. For this surface,
the maximum signed curvature is kp = 1/r, which gives a maximum offset distance
of ¢ = r. Results are given for two independent boundary conditions—translation
along the z-axis with unit velocity, and rotation about the same axis with unit angular
velocity. In these cases, exact values are known: F' = (—6m,0,0) and 7' = (0,0,0)
for the translational motion, and F' = (0,0,0) and T = (—8,0,0) for the rotational
motion.

Plot (a) of Figure 9.1 illustrates the geometry and a sample mesh. In our com-
putations, a sequence of five increasingly refined meshes were considered for each
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quadrature rule, with each mesh being relatively uniform. The meshes were chosen
such that, at each stage in the sequence, the linear algebraic systems for the 1 x 1 and
2 x 2 quadrature rules were approximately the same size. The mesh shown in (a) is
the coarsest used with the 1 x 1 rule. Plot (b) shows convergence results for the mag-
nitude of F' in the translational motion as a function of the element size parameter
h, defined by MpM@h2 = 1, where M, M, is the total number of elements in a mesh.
In particular, h is proportional to the average element size. Plot (c¢) shows similar
convergence results for the magnitude of T" in the rotational motion. In all computa-
tions, the appropriate entries in both F' and T were found to be zero within machine
precision for each type of motion. Thus the errors illustrated can be attributed to the
appropriate nonzero components.

Plot (d) of Figure 9.1 shows the difference in the computed values of F' between
successive meshes as a function of h for the translational motion. Although an exact
solution is available, we consider solution differences rather than absolute errors for
purposes of later comparison. Plot (e) shows similar results for the difference in the
computed values of T' for the rotational motion. For an m x m Gauss-Legendre
quadrature rule, the convergence rate rqig for solution differences is expected to be
2m+ 1, which is one order higher than the standard convergence rate r,ps for absolute
errors. The plots show that the observed convergence rate for solution differences was
significantly higher than expected. Considering both F' and T', we have 5 < rq;g < 6
for m = 1 and 19 < rqig < 20 for m = 2. On the finest two meshes used with the
2 x 2 rule, the relative change in F for the translational motion was of order 10713,
and the relative change in T for the rotational motion was of order 1012

Figure 9.2 shows convergence results for the resultant force and torque about
the origin on a torus. The axial curve of the torus was a circle of radius p = 1
centered at the origin in the zy-plane, and the tube section was a circle of radius
r=p(1—n)/(1+n), where = tanh?(1). This value of the tube radius was chosen to
compare results against an exact solution from [34]. For this surface, the maximum
signed curvature is kp = 1/r, which gives a maximum offset distance of ¢y = r.
Results are given for two independent boundary conditions—translation along the
z-axis with unit velocity, and rotation about the same axis with unit angular velocity.
Symmetry implies that the force and torque have the form F = (0,0, F,) and T =
(0,0,0) for the translational motion and F = (0,0,0) and T = (0,0,7,) for the
rotational motion. For the translational motion, the force F, has been characterized,
and its approximate numerical value is F, = —20.7379 [34]. For the rotational motion,
the torque T, has also been characterized [16], but its approximate numerical value
does not appear to be well known.

Plots (a) through (e) of Figure 9.2 are analogous to the previous example. In our
computations, we again found that the appropriate entries in both F' and T' were zero
within machine precision for each type of motion. Moreover, the observed convergence
rate for solution differences was again higher than expected. Considering both F' and
T, we have 9 < rqig < 16 for m = 1 and 6 < rqi < 8 for m = 2. Interestingly, for
the range of meshes considered here, the 1 x 1 rule performed better than the 2 x 2
rule. On the finest two meshes used with the 1 x 1 rule, the relative change in F
for the translational motion was of order 10~?, and the relative change in T for the
rotational motion was of order 1076,

Figure 9.3 shows convergence results for the resultant force and torque about
the origin on a helical tube. The axial curve of the tube was a helical curve about
the z-axis with radius p = 2, pitch A = 3, and arclength | = 27. The tube had
uniform, circular cross-sections of radius » = 0.2 and hemispherical endcaps of the
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Fic. 9.2. Convergence results for resultant force F and torque T on a torus. Computations were
performed with a sequence of meshes with element sizes hy. (a) Sample mesh. (b),(c) Plots of |Fy,, |
and |Ty,, | versus 1/hy, for the translational and rotational motion, respectively. The dotted horizon-
tal line in (b) indicates an exact value. (d),(e) Plots of logig|Fh, — Fn,_,| and logyq |Th, —Th,_, |
versus log o(1/hk) for the translational and rotational motion, respectively. In all plots, triangles
denote results for the 1 X 1 quadrature rule, and circles denote results for the 2 x 2 rule.

same radius. These geometrical parameters were chosen so as to produce a tubular
body of moderately high curvature. As with the torus, the maximum signed curvature
is kp = 1/r, which gives a maximum offset distance of ¢ = r. In contrast to the
previous two examples, results are given for a single boundary condition—rotation
about the z-axis with unit angular velocity. In this case, the resultant force and
torque are not known exactly and are not known to have any special form.

Plots (a) through (e) of Figure 9.3 are analogous to the previous two examples,
with the exception that only one type of motion is considered. For this single motion
the force and torque were each found to possess three nonzero components, in contrast
to the previous examples. The observed convergence rate for solution differences was
again higher than expected. Considering both F' and T, we have 3 < rq;g < 6 for
m =1 and 8 < rgig < 10 for m = 2. For T we notice that the results from the 2 x 2
rule converge to a limiting value monotonically from below, whereas the results from
the 1 x 1 rule converge nonmonotonically from above. On the finest two meshes used
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Fic. 9.3. Convergence results for resultant force F' and torque T on a helical tube. Computations
were performed with a sequence of meshes with element sizes hy. (a) Sample mesh. (b),(c) Plots of
|Fn, | and |Tp, | versus 1/hy. (d),(e) Plots of logyg|Fh, — Fn,_,| and logyq|Th, — Th,_,| versus
logio(1/hk). In all plots, triangles denote results for the 1 X 1 quadrature rule, and circles denote
results for the 2 X 2 rule.

with the 2 x 2 rule, the relative change in F was of order 10~°, and the relative change
in T was of order 1077,

9.3. Discussion. The examples outlined above suggest that the singularity-free
boundary integral formulation introduced here leads to a viable numerical scheme for
exterior Stokes flow problems. Issues associated with weakly singular integrals are
avoided in a simple and efficient way without the need for product integration rules
or specialized coordinate transformations and projections. In all three examples, the
schemes exhibited convergence rates that were higher than expected and produced
reasonably accurate results with reasonable meshes. For meshes of comparable size,
the results for the torus and helical tube examples were less accurate than those for
the sphere example. This is likely due to the relatively high curvature and more
complicated shapes of the torus and helical tube. As can be expected, finer meshes
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are needed in these cases to achieve a level of accuracy similar to that for the sphere.
The role of the parameters 8 and ¢ in the conditioning and performance of these
schemes for different classes of bodies will be investigated in a separate work.
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