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Abstract: This paper develops the bitensorial formulation of the system of singularities associated
with unbounded and bounded Stokes flows. The motivation for this extension is that Stokesian
singularities and hydrodynamic fundamental solutions are multi-point functions, and bitensor calculus
provides either the proper geometrical setting, in order to avoid inconsistencies and misunderstandings
on the role of the different tensorial indices, or a way for compactly deriving hydrodynamic properties.
A first relevant result is to provide a clear definition of the singularities (both bounded and unbounded)
in Stokes flow, specifying the associated differential equations and boundary conditions. Using this
formalism for bounded flows, we show the existence of an integro-differential operator providing the
whole system of hydrodynamic singularities by acting on the unbounded Green function (Stokeslet)
at its pole and we derive its explicit representation in terms of moments. In the case of an immersed
body in a unbounded fluid, we show that, the operator furnishing the disturbance field of a purely n-th
order ambient flow, is a generalized n-th order Faxén operator, i.e., it yields the n-th moment on the
body if applied to a generic ambient flow, and that a generic disturbance field can be expressed by
a summation of the generalized n-th order Faxén operators. Furthermore, we find that the operator
providing the disturbance of an ambient flow coincides with the reflection operator for the Stokes
solutions in the same flow geometry. We apply this result to the paradigmatic case of fundamental
singularities for the Stokes flow bounded by a plane. In this way, we obtain in an alternative and easy
way the image system for the Sourcelet and the Rotlet (already derived in the literature) and for the
Source Doublet and the Strainlet (presented here for the first time).

Keywords: Stokes flows; Bitensor calculus; singularity method; Green functions; generalized
functions; hydrodynamics

1. Introduction

Since the pioneering works of Lorentz [1] and Oseen [2], the use of fundamental solutions
has become a common and widely applied approach (referred to as the method of hydrodynamic
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singularities) for solving incompressible Stokes flows [3-5]. Important theoretical results in low-
Reynolds number hydrodynamics have been obtained in this way, for instance, in quantifying the
resistance of an arbitrarily shaped particle in a confined fluid [6], in constructing exact solutions
for simple flows [7, 8], in expressing the Generalized Faxén theorem [9] for generic immersed
bodies. Furthermore, hydrodynamic singularities represent also one of the principal tools in numerical
methods, such as Stokesian dynamics [10] or the Method of Fundamental Solutions [11].

Depending on the presence of a solid boundary at finite distance from the pole of the singularity, a
distinction can be made between unbounded and bounded singularities [4]. In dealing with bounded
singularities we consider, throughout this article, exclusively no-slip conditions at the boundaries.

In the unbounded case, all the hydrodynamic singularities can be constructed starting from the
Green function for the Stokes flow, representing the lowest-order singularity, referred to as the
Stokeslet [12], the Oseen tensor [3] or the Lorentzlet [13], see also [14] for a gradient-gauge
approach, by applying to it a differential operator at the pole or at the source point. The relative
simplicity in constructing hydrodynamic fields as a linear superposition of a collection of unbounded
singularities has made the use of singular solutions extremely popular in the analytical description of
velocity fields originated by the motion of solid bodies with different geometries in a Stokes fluid,
thus simplifying considerably their representation with respect to those obtained by means of other
approaches involving polar coordinates or multipole expansions [3]. Some well-known examples of
solutions of hydrodynamic problems expressed in the singular representation refer to the motion of
solid spheres [15], ellipsoids [7-9, 16], tori [17] or slender bodies [12, 18-20] in unbounded Stokes
fluids. Moreover, the singular representation of the solutions of the Stokes flow has been used for
characterizing the locomotion of microorganisms [12,21], and the rheological behavior of suspensions
and complex fluids [22,23].

In the overwhelming majority of these works, the singularity functions are represented in a Cartesian
reference system, since either the flow domain is unbounded, or, in the bounded case, the singularities
lie on a flat manifold (mainly points and lines). In point of fact, a general theory of the Stokes
singularities, should take into account any possible system configuration, that can, in principle, be
constituted by curved boundaries (such as cylindrical channels, spheroidal capsules, wavy surfaces
etc.), and immersed curved objects (helical flagellae, biconcave disk shaped cells etc.), for which it is
convenient to associate singularities lying on curved manifolds due to their symmetries. Therefore, it
may happen that the appropriate coordinate system for specific hydrodynamic problems is curvilinear.
As well known, Navier-Stokes fields are invariant under coordinate transformations and, it easy to
show, that hydrodynamic singularities are invariant also at the pole.

Tensor calculus [24] is the natural geometric framework for addressing invariance with respect
to coordinate systems. In dealing with the singularity approach to Stokes flows, the singular fields
depend at least on two points (and in principle, are multi-point functions), the source (at the pole of
the singularity) and the field point (at the fluid element position). Consequently, a generalization of
tensor calculus is required, represented by the bitensorial formalism [25-27], specifically developed for
handling the Green functions in field theoretical developments within the theory of general relativity.
The bitensor calculus, developed originally by Ruse [25], and further extended by Synge [26] and De
Witt [27] for describing multi-point dependent fields in general relativity, is an extension of the tensor
calculus that allows us to distinguish between the components of two-point dependent tensors (such
as the Stokes singularities) and to make operations between them by means of the so called parallel
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propagator. A thorough analysis of bitensor calculus can be found in [28], while Appendix A succintly
reviews the main concepts used in this article.

One goal of the present article is to develop a bitensorial formalism that ensures and preserves in
a simple way invariant relations for the hydrodynamic singularity functions both at the source and
the field points. In a broader perspective, the aim of this work is not only to transfer the bitensor
formalism to the analysis of the hydrodynamic Green functions, which is a useful task in itself, as it
makes the Stokesian formalism clear and unambiguous, but also to derive out of this formalism new
hydrodynamic properties and operators. A significant example involves the generalization of the Faxén
operator associated with an immersed body. In the hydrodynamic literature [3, 4], the Faxén operator
associated with an immersed body is defined as the integro-differential operator that, once applied to
the ambient velocity field, provides the force acting on the body. Specifically, we derive the analytic
expression for the generalized n-th order Faxén operator that, starting from the fundamental Green
function (e.g., a Stokeslet), provides the disturbance field associated with an n-th order ambient flow
(see Section 5 for details).

The article is organized as follows. Section 2 introduce the tensor algebra within the framework of
the Stokes equations. In Section 3, we show how bitensor calculus eliminates the formal ambiguities
(related to the meaning of the tensorial indices, and to the action of linear operators on tensorial
singularities) occurring in the current formulation of Stokesian hydrodynamics [3, 4] and it allows us
to obtain a clear definition of singular solutions of Stokes flow (bounded and unbounded), specifying
the associated homogeneous equations and boundary conditions.

Since the Stokes singularities can be viewed as generalized functions (or distributions), the
generalized function theory [29] and its connections with the theory of moments [30] are applied
to bitensorial quantities of hydrodynamic interest in Section 4. Specifically, we show that the linear
operator providing the singularity system of a bounded flow is uniquely specified by the system of
moments associated with the forces acting on the obstacle. Although the present definition of moments
is altogether different from that proposed in [31], where, assuming no-slip boundary conditions, the
moments are defined by surface integrals of the stress tensor, the two approaches yield the same final
result as regard the expression of the disturbance field, showing that the no-slip boundary condition
assumption is unnecessary. This represents the only intersection point between the present theory and
the one developed by Ichiki [31] in the particular case of no-slip spheres in a Stokes flow. In Section 5,
we introduce the n-th order Faxén operator, and we derive an n-th order Faxén theorem, by expressing
a generic disturbance field as a series expansion involving the n-th order Faxén operators.

In Section 6, the operator yielding the disturbance field associated with a Stokeslet is considered
showing that it is directly related to the reflection operator [32,33] of the geometry considered. This
result is applied in Section 7 to the singularities near a plane wall. The characterization of the
singularities bounded by a no-slip planar wall has been analyzed in the literature either as a reflection
problem [1,34,35] or using a system of image singularities [36,37]. These two approaches are reviewed
in [3]. We show in Section 7 that the present formalism highlights the equivalence between these two
approches. In fact, the same differential operator furnishes directly either the Lorentz’s mirror form
of the solution, if applied at the field point, or the Blakes’ singularity solution form, if applied at
the source point of the Stokeslet. Moreover, since the position of the pole enters as a variable in the
reflection operator, this formalism overcomes the original shortcomings in obtaining the higher order
bounded singularities by differentiating the Green’s function at the pole, due to the fact that, in the
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Blake’s solutions, the distance of the pole from the plane enters as a parameter. In this way, we obtain
unknown (Source Dipole and Stresslet) and known (Rotlet and Sourcelet) bounded singularities, the
latter ones already derived in [37] by means of a more elaborate Fourier-Hankel transform.

2. The Stokes flow equations

If a Newtonian fluid, possessing viscosity u, is subjected to a volume force field f(x), the
controvariant components of the stress field o7(x), the velocity v(x) and the scalar pressure field p(x)
are solution, for vanishing Reynolds number, and under steady conditions, of the Stokes equations [38]
=V, (x) = pAV(x) = Vp(x) = —f(x) 2.1
Voix)=0  xeV '

a = 1,2,3 where V; is the fluid domain. Throughout this article, the Einstein summation convention
is adopted. The operators V, and V* in Eq (2.1) represent the covariant and controvariant derivatives,
respectively, related by the transformation V, = g,,V?, where g, = g.(X) is the metric tensor [39] and
A, = gV ,V, is the Laplacian operator at the point x. For a rank-2 tensor T¢, in mixed representation,
its covariant derivative reads

a

0
VcTab = Tab;c = ch + FZuT’Z - chTan (22)

where T¢, is an alternative and more compact notation for the covariant derivative of 7¢,, and I}, are
the Christoffel symbols

1 al(aglm + aglc _ agmc) (23)

P = 28 Vox T oxm ~ od
Henceforth, we will use both the notations V.7 and T"b;C for the covariant derivatives.
The component of the associated stress tensor for a Newtonian incompressible fluid are therefore
expressed by [38]

O_ab — pgab _u(vbva + Vavb) — pgab _Iu(va;b + Vb;a) (24)
As well known, the controvariant components of the generic tensorial field f(x) = (f“(x)) change from

the coordinate system {x“} to a new system {X“} via a linear transformation defined by the matrix (gf

ozt

b _ ra
P = 10 5

(2.5)

whereas the inverse matrix at the point x yields the transformation of the covariant components
~ ox¢
%) = fu%) 5 (2.6)
X
3. Bitensorial fundamental solutions of the Stokes flow

In this section we extend the tensorial notation to the case of the fundamental solutions of the
Stokes flow, with the aim of obtaining a clear definition of its singular solutions From the theory of
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distributions, we can write the fields entering Eq (2.1) equipped with homogeneous Dirichlet boundary
condition at 0V, as volume potentials [40], with a kernel G“,(x, ) for the velocity field

v = [ G0 T8 Vadid'e G
and a kernel P, (x, &) for the pressure field
p(x) = f Px &) L8 e (3.2)

where f%(£) are the controvariant components of the force field at a source point &, g(£) = det(g*’(£))
and d*¢ = dé'dé?dé3. Observe that the coordinate representation of the source point & could in
principle be different from that of the field point x. This fact is notationally highlighted throughout
the article, by using greek letters instead of latin ones for any index @ = 1, 2, 3 referred to the entries
of tensorial entities evaluated at the source point. Therefore, the transformations for the controvariant
and covariant components of f(£€) at the source point read

0¥ OE”

B (g = @ _
7 &) =@ e Jo &) = fo(&) 97

(3.3)

where & are the components of &. This notation, with primed indices to indicate the transformed
coordinated, will be used throughout the article.

The kernels G“,(x,€) and P,(x, &) are two-point dependent distributions, with tensorial character
both at x and &, thus corresponding to bitensorial quantities [25-28]. This is a common feature
of any fundamental solutions (or Green functions) in mathematical physics. Further details on the
theory of bitensors are succintly reviewed in Appendix A. Specifically, the kernel entries G“,(x, &)
are the components of a bitensor with vectorial character both at the source and the field point, and
consequently their transformation in new coordinate systems both at the source and the field points
takes the form
ox" 0&
ox¢ @
whereas the transformation rule for the pressure bitensor, with scalar character at the field point x and
vectorial at the source point &, is given by

G’y (x',€) = G, (x,£) (3.4)

PY
Prg

Py (x,£) = Po(x,§) (3.5)

Finally, using the invariance properties of the Dirac delta function [28] and the parallel transport of
tensorial quantities, it is possible to express the force field entering Eq (2.1) as

o(x—-&)
8&)
where g% (x,€) is the parallel propagator bitensor, which propagates in a parallel way a vector along

the unique geodesics connecting x to £. In a distributional meaning, it follows that g&(x,£)0(x,€) =
0“,0(x,€) being x and £ coincident.

0 = f ¢ OO VIDLE  S(x.E) = (3.6)
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By substituting Eqgs (3.1), (3.2) and (3.6) in Eq (2.1), we obtain the bitensorial Green function
equations of the Stokes flow, yielding the velocity and pressure at the field point x due to an impulsive
force acting at the source point &

—V,ZP(x, ) = AG% (X, €) — V'Po(X,£) = —87626(x,£)
VG (x,£) =0 3.7)
G (X, 8)lxeav, =0

From Eq (2.4), the stress field Z%(x, &) associated with the Green function is defined by
ZP(x,€) = Po(x,£)8” (%) — (G (x,€) + G (x,8)) (3.8)

In the case the source point is kept fixed, bitensors become simple tensors depending only on the field
point. Therefore, by choosing the force field £(&) = f,0(& — &), from Eqgs (3.1) and (3.2), we obtain the
velocity/pressure fields due to an impulsive force with intensity f; placed at a singular point &

VI(X) = 8f° G* (x,&,) (3.9)
T
I

p(x) = 8—Pa(x,§o) (3.10)
T

for which the stress tensor *’(x) takes the form

(04

a. f a
T(x) = T &) (3.11)
Vs
The reciprocity relation [3,4] for the Green function in bitensorial notation becomes

G (x,€) = G,'(¢,%) (3.12)

By exchanging x < £, and thus a < «, and enforcing the reciprocity relation (3.12), it follows that
G“,(x,&) 1s also the solution of the system

—VESO (€, %) = AeGY (X, ) — VoPU(E,X) = —87845(x, £)
VG (x,&) = 0 (3.13)
G (X, E)lgeav, = 0

where A; = g*(€)V,,V; is the Laplacian at point €. In this case, the associated stress field becomes
205&,X) = PUE X)8ap&) — (G, 5(x,6) + G4, (X, 8)) (3.14)

Since the Green function vanishes at & € 0V for any x, P,(x,£) must be constant for & € dVy due
to Eq (3.7), and therefore can be set equal to zero. Furthermore, the pressure scalar-vector P, (x,£) is a
potential scalar field at x possessing the following properties

APo(x,8) = 81V,6(X,£)
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VP, (x,€) = 8md(x,£) (3.15)
Pa(x’§)|§€6Vf =0

The first relation stems from Eq (3.7), by taking the divergence with respect to x, while the second
relation follows by taking the divergence with respect to &, enforcing the second relation in Eq (3.13).
In a similar way, P4(¢, x) fulfills the relations

AP, x) = 87V6(x,£)
VP&, x) = 8n6(x,£) (3.16)
P&, X)lxeav, = 0

Observe that Eq (3.15) for P,(x,£), and likewise Eq (3.16) for P“(¢,x) do not constitute a boundary
value problem for the pressure variable, as the boundary condition is assigned for a variable (£ in
Eq (3.15)) different from that involved in the differential equation (x in Eq (3.15)), thus representing a
collection of properties fulfilled by the pressure field.

To obtain the higher order singularities, the Green function should be differentiated at the pole &
maintaining homogeneous Dirichlet conditions at the field point. The first derivative at the pole yields
the Stokesian dipole, the second derivative the Stokesian quadrupole and so on.

The Stokesian dipole G, 45(x,&) can also be expressed as superposition of two other singular
solutions of the Stokes equations: a symmetric and an antisymmetric tensor field at the source points

G p(X,8) = E°5(X, &) + £,4Q27 (X,6) (3.17)
where

B p(0.8) = 3(G(x.8) + Gy, (.) (3.18)
is the field due to a singular strain of the fluid at the source point, and

Yen

2

Q7(x,6) = -G, (x.8) (3.19)

where g,4, i1s the Levi-Civita symbol (in the italian mathematical literature also called the Ricci
tensor [38]), is the field due to a singular rotation of the fluid at the source point.
The symmetric strain component is the solution of the Stokes system of equations

Aana,B(X’ £ - % v (Pa;ﬁ(x’ &)+ Pﬂ;a(x,f)) = —47T(53Vﬁ + éz,va)é(x, &
VL (x8) = 0 (3.20)

E (%, Elxear, = 0

which can be also computed directly from Eqs (3.13), (3.14) by exchanging source and field points in
the pressure and stress fields related to the solution of the Green function

gaﬁ(‘f)
2

1
B, 5(x,€) = PU(6. %)~ SZ06.%) (3.21)
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The antisymmetric part of the Stokes dipole corresponds to the solution of the Stokes system

AQY(x,£) — L87IVP,, (X, £) = 41887V, 5(x, £)
V,Q(x,&) = 0 (3.22)
Q%) 5y, =0

A further differentiation at the pole defines the Stokes quadrupole. Specifically, by applying the
Laplacian operator A;/2 to the Green function, we obtain the so called Source Dipole

ADA (x,€) — %V“AfPa(x,.f) = —4n0%A0(X,€)
V.D%(x,€) =0 (3.23)
D, (%, 8)], gy, =0

Also the solution of this system can be obtained by exchanging source and field points in the gradient

of the pressure field associated with the Green function. In point of fact, from the first relation in
Eq (3.13), we have

AG, (%) _ V,PUEX)
2

Daa(xa f) = )

+ 4r650(x, &) (3.24)

3.1. Unbounded singularities

In this paragraph, unbounded singularities are briefly analyzed. Due to translational invariance, the
singularities in R?, depend solely on the vector x — &. Henceforth, the unbounded singular functions
will be indicated by sans-serif capital letters. The Green function S¢,(x — ), usually referred to as the
Stokeslet, is the solution of the Stokes problem

~V,2%(x — &) = A, S, (x — &) — VP, (x — &) = —8715°5(x, &)
V.S, (x—-€é) =0 (3.25)
S (x = ‘f)||x—§|—>oo =0

Since the Laplacian is invariant under translation (and, more generally, under Euclidean

transformations [41]), we have for a generic function f(x —&), A, f(x—&) = A, f(x=&) = A f(x=&).
Therefore, it is possible to express the pressure in Eq (3.15) as the solution of the harmonic problem

AP(x — &) = 81V, (X,
¢Po(x =) = 87V, 0(x,€) (3.26)
Po(x —£) X—fl—o00 0
thus . 2x—8)
X p—
P (x=§&) =2V = a 2
X =) = War = = (3.27)
while that the associated velocity and stress-tensor fields are given by [4, 14]
9 | X&' &)
S (x—&) = (05A: =V, V)x — €| = + (3.28)
&= 0t Ly
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6(x — &)“(x Sf) (x—&)a (3.29)

Sy (x—§) =
r
As P,g(x — &) = Pgo(x — ), the symmetric part of the Stokes dipole corresponds to the solution of the
problem

AE (X —£) = V'Poy(x = €) = ~47n(5,V; + 55V0)5(x.€)

VB px—§) =0 (3.30)
Ep(x—&) x—€loo0 0
and due to Eq (3.21) it takes the expression
a 8ap&) L, 1,
B (X =€) = “2PUE — %) — sZ0,E - %) (3.31)

This field can be viewed as the superposition of two terms: the contribution M*(x — §) = —P*(¢ — x)/2,
which is the solution of a Stokes problem everywhere but at the pole

AMI(x — &) = —4nV5(x, )
V.M(x — &) = —4n6(x,£) (3.32)
Mx~€)| ;0 =0

Strictly speaking, the field M“(x — &), usually called the Sourcelet [4,37], is not a Stokesian singular
solution, since its divergence does not vanish at the pole and, thus, it does not satisfy the overall mass
balance over the fluid. It can be physically interpreted as the velocity field stemming from a pointwise
fluid source (or sink, if the sign is reversed) at the pole. Its bounded counterpart can be defined solely
for external problems, so that it could match the regularity condition and the overall mass balance
at infinity. However, it cannot be generally neither obtained from the Green function (as the Green
function is divergence-free), nor it is related to the Green function pressure field, as in the unbounded
case.
Similarly, also the second term is not a singular Stokesian solution. In fact, the field T¢ (x — §) =

24 ﬁ(‘f —x)/2, called the Stresslet, is the solution of the problem

ATop(x — &) — VOPop(x — &) = —4n(8ap(§)V" + 6,V + 65V)0(X,£)

Vi Top(X — &) = —4ngap(£)o(x, ) (3.33)

Tgﬁ(x _§)||X—§\—>oo = 0

possessing non vanishing divergence. Therefore, the symmetric Strainlet Eq (3.31) can be expressed
as

E* (X —£) = —as@M (X — £) + Tiy(x — ) (3.34)
Next consider the antisymmetric term defined by Eq (3.19). In unbounded flows Q¥ (x — &) is
referred to as the Rotlet. Since 7P, (x — &) = 0, the Rotlet is a constant pressure solution of the
Stokes system
AQY (X — &) = —4n6le’ IV, 6(x, &)
V.Q7(x-§)=0 (3.35)

QY(x - §)||X—§|—)oo =0
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the analytic expression of which is

1
QY(x &) = -0Le’ IV, —— (3.36)
¢ ey
Another low order irrotational singularity of the Stokes problem is the solution of Eq (3.23) in
unbounded domain, namely

AD (X — &) = —4n(62A; — VOV, )8(X, )
V.D4(x—&) =0 (3.37)
D% (x ~ )| s = O

This solution, referred to as the Source Doublet, can be obtained from Eq (3.25) and from the definition
of M¥(x — &)
Afsaa'(x - f)

D, (x —§) = ~——

=V ,MYx - &) + 4n0,0(x, &) (3.38)
4. Singular representation of bounded flows

In the previous section we have discussed how all the singularities of bounded flows can be obtained
by differentiating the Stokeslet at its pole. In this Section, we develop a method to obtain the singular
representation of a Stokes flow in a given domain V/ containing solid boundaries by means of a linear
operator applied to the Stokeslet in the external domain V,,, = R?/V/, and yielding the disturbance field
in V. More precisely, consider a given solution u(x) of the Stokes equation in V/, attaining arbitrary
values at the boundaries 0V (at which, the Stokes problem dictates no-slip boundary conditions). The
velocity field u(x) is referred to as the ambient flow. In order to match the no-slip boundary condition,
a disturbance flow w(x) should be added so that v(x) = w(x) + u(x) is the Stokes solution within V
satisfying the no-slip conditions on dV;. Thus, the disturbance flow is a solution of the equations

AW (X)— Vig(x) =0 xeVy
Vaé(x) =0 4.1)
wi(x) = —u’(x) x€dVy

where ¢(x) is the associated pressure field. It is convenient to extend this problem over the whole

physical space R? in order to obtain its singular representation. To this purpose, we can formulate the

problem defined by Eq (4.1) in the form of the non-homogeneous unbounded Stokes equations in R?
as

A w4 (X) — Vig(x) = —f4x x e R?

{u (%) = Vig(x) = = f*(x) “2)

Vawi(x) =0

with the condition that f“(x) are distributions defined on a compact support in V,,,, and satisfying the
integral equation

| suxol® Ve@re - xeov, @3)
Vew T
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Let us introduce the n-th order tensorial moments of the function f(x), extending the scalar moment
theory [30], as

M, () = f g4 E X E,X)... g EX) [U X)X = )y, (X = E)g, VEX)x,  EE€Vey (44)
Ve.\'t
or, using the scalar-product notation on the external domain

M, @) = (8% 0 (%), g €, X) (X — £)a,) (4.5)

where (-, -) indicates the scalar product in V,,, = R?/ V¢, a, = (ai,...,a,)1s a multi-index, gai'l" é,x) =
Goy (€.%)...8a" (€, %) and (X — &)y, = (X — &)gy-..(x — &),,. It is shown in Appendix B that the moments
M¢, (§) can be reduced to the Ichiki’s surface integrals [31] in the case that the no-slip boundary

conditions are assumed, thus
Mo ® = [ ¢ E N - Du o Xm0 dS () (4.6)
avy

where o (x) is the stress tensor related to the total velocity field v(x), and n,(x) the covariant components
of the outwardly oriented normal unit vector at points x of 8V as shown in Figure 1. Therefore, given
a reference point £, all the moments on the volume V,,, are uniquely determined by the stress field at
the surface, since Eq (4.6) does not depend on the chosen function f(x).

aV;

Figure 1. Schematic representation of the geometry of the problem.

Consider the tensorial Taylor expansion [42] of the components of the vectorial test function ¢(x)
around a given point € € V,,,

¢(x) =

0 a , Var (o1
Z(_l)ng a(X gz/l' ,1¢ (f) (E _ X)an (47)
n=0 ’

where V, =V, ---V, . Owing to the bitensorial notation, there is no ambiguity in the definition of
V., as greek indices refer to the source point.
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Applying the test function to the momentum balance equation entering Eq (4.2) we have

o a , Ve N
(b = Z<f“,<—1>"g“ il ¢(f)(§—x>an>
n=0 ’
Ve,
- 3Ty 438)
n=0

where we have made use of the relations g *(x,€) = g% (£,x) and (x —&)* = (-1)"(¢ - x)* = (x —
&)™ g€, x) see Appendix A.
Since the derivatives of the test functions can be formulated in scalar-product notation as

V@) = (=1)" (V8" (X, £)0(X, £), pu(X)) 4.9)
substituting Eq (4.9) into Eq (4.8), the function f(x) can be finally expressed as

fix) = Z( 1) V"”g (x,6)0(x,8) (4.10)

Although the moments depend on the reference points &, the summation in Eq (4.10) does not depend
on &. Therefore, Eq (4.10) can be generalized by considering £ as a point of an arbitrary k-dimensional
(k < 3) set of points €, averaging Eq (4.10) over €,

e \ a,,(f) .
fox) = eaS(Q) f dQ(f)Z( 1 =229 gt (%, £)5(X, £) @.11)

where d€)(€) is the measure element and

meas(Q) = f dQ(€)
Q

is the Lebesgue measure of ). Depending on the symmetries of the flow geometry, the set 2 can
be chosen in some particular cases as to reduce the infinite summation entering Eq (4.11) to a finite
number of terms.

From the structure of Eq (4.10) we can introduce a differential operator

Z( 1y —==2 "”(f) (4.12)

n=0

that in Eq (4.10) acts on the Dirac delta function. In a similar way, if Eq (4.10) is generalized by
Eq (4.11), the operator D** attains an integro-differential representation

v . an(«f)
D meas(Q) fdQ(f) Z( )'—=— (4.13)
so that f* = D*g¢ (x,€)0(x,€). Its adjoint D, (D™ f, g) = (f, Dg), is expressed by
a,,(f)
meas( Pz f dQ(e) Z — @3y (4.14)
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Therefore, the problem defined by Eq (4.2) can be reformulated as

a _ vwa — _q)yta,a 3
{,1 Aw'(x) — Vig(x) = -D g% (x,£)5(x,£)  XER3, £V, (4.15)

Voi(x) =0

and the singular representation of the velocity field w(x) follows from Eqs (3.1) and (3.2), namely

Sa _ Dasa _
and b ) P
p(0 = <D*“6(§’,§), B¢ )> - DAl (4.17)

where the scalar products in Eqgs (4.16), (4.17) correspond to an integration over £. Thus the operator
P defined by the (4.14) provides the singular expansion, of the flow at the source point &.

The existence of an integro-differential operator yielding the disturbance field once applied to the
Stokeslet is hypothesized in Stokesian hydrodynamics for solid bodies [9,43] and, more generally,
in developing the singularity method [4]. The procedure outlined above, based on the generalized
function theory, provides an explicit expression for this operator in the form of a series expansion the
coeflicients of which are the moments. The main advantages of this explicit representation are: (i) for
a specific flow problem the terms in the series expansion of the operator can be obtained numerically
with arbitrary precision, (ii) it is possible to manipulate its formal structure in order to obtain new
relations as will be shown in the next Sections.

5. Representation of the n-th order Faxén operators

In this section we focus on the Stokes flow around an object with no-slip boundary condition, thus
considering the external volume V,,, = Vj, where V3 is the domain occupied by the object, bounded
by the closed surface V. In this case V; = R3/Vg. For this class of hydrodynamic problems, the
Faxén operator, and its generalizations, play an important role. In fact, as shown by Kim [9], the linear
operator that, applied at the pole of the Stokeslet gives the velocity field due to a particle translating into
the fluid, coincides with the operator that, applied to an ambient flow, returns the force onto the particle
immersed in the flow. This operator takes its name from Faxén (see [23]), who derived its expression
for the first time providing the force on a sphere from the values of the field and its Laplacian at the
center of a spherical object. A corresponding theorem holds also for rotations and strains of the body.

Faxén operators for objects with geometry different from the sphere can be expressed in infinite
series involving the derivatives of any order of the field evaluated at points within the domain
corresponding to the object [44]. Exploiting the symmetry of particular objects, such as spheroids [7,8],
ellipsoids [3], tori [17], etc., it is possible to express the same operator by means of a finite system of
derivatives of the field evaluated on a manifold 2 C Vp, such as the focal axis, the focal ellipse, the
symmetry circle, etc..

Making use of the concepts and the formalism developed in Sections 3 and 4, and considering the
Stokes flow around an object, below we derive the properties and the analytical representation of a
generalization of the Faxén operator, referred to as the n-th order Faxén operator. To this aim, let us
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consider the disturbance field w,)(x;£”) of a purely n-th order unbounded ambient flow centered at the
point &,
Uy (X&) = A% (x = &)™, A% Vo [(x=E)]=0 (5.1)

with pressure
Pu(X:&") = pAY, pa'(x:€), P (xE) =n(x— &)X - £)ug" " (x) (5.2)
and stress field
be 1o . & _ a sbcay o, gt
ﬂ'(n)(X,f ) - IUA a,,n-a (X’f )’
(5.3)
Armg) = (=0 x = £)a8 (087 () — (88 () + 58" () (x — £))

1.e., the solution (W,)(X), T(,)(x)) of the following Stokes problem
UAW(XE) = V(X E) = =V - 14)(x;€) = 0

V- W(n)(X;f’) =0 (54)
Wi, (€)= —A% (x = &)™ x €0Vy

where the subscript “(n)” is not a tensorial index, but simply indicates that an n-order ambient flow is
considered. As in Section 4, let us introduce the m-th order moments, associated with the stress tensor

Ow(X;E) = 1) (X E) + 70y (X3 €)

MY, &:€) = - f &€, X082 (€, X)(X = £)a, 0 () (X: €) ny(X) dS (x) (5.5)

avy

From the definition and the linearity of the problem, the moments in Eq (5.5) can be rewritten as,
WM, &€ = 8nu Al m’, Py &€ (5.6)

where the latter equation can be viewed as the definition of the geometric moments m°, i P & €&). In

fact, enforcing linearity, i.e., c*“(x;&’) = Abb”é'gib(x;f’), one obtains for the geometric moments the
following expression

1 .
m’, Ly €)= —— f (&0 (€, X)g (€, X)gg" € X)X — £)a, 043 (€ n(x) dS (%) (5.7)
n 871' avj n

Geometric moments possess the following symmetry

m', o &) =nlp", €6 (5.8)
that can be proved by applying the Lorentz reciprocal theorem
f Wiy (X, &) - 07 (X,€) - n(x)dS = f Wi (X,€) - 0y (X,€7) - m(x)dS (5.9)
vy 4%
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Componentwise Eq (5.9) reads
AZmA Y — )0, 0L (X E ) np(x) dS (X) = A A —E ), ) n () dS () (5.10)
avf av,

from which Eq (5.8) follows.
Let us define the following integro-differential operator

ol 'f f)
= dQ . 5.11
7 = meaS(Q) f (f)Z (5.11)
the adjoint of which is given by
&:&)
xaff @ ﬁn a,
dQ 1 —V 5.12
FD = meas(g) f (f)Z( yr— (5.12)
and introduce also its contracted form
Fo = 8nﬂA[f’"¢“§n (5.13)

From the analysis developed in Section 4, the Stokes problem (5.2) can be extended in R? in the
singular form as

pAWE (GE) = Vgl (€)= ~F g, (%, H5(x, ) 514
V-w(x:€) =0
and from Egs. (4.13)—(4.16), the velocity field solution of Eq (5.14) is given by
a ’ ﬁ(’:)saa(x B f)
Wy (&) = —— (5.15)

8mu

Since it is possible to express the ambient velocity field u,)(£), € € Vi, within the domain of the body
in the surface integral form [4,40]

u(€) = - f wvab(X)nb(X)dS (x) (5.16)
Vs 0y

by applying the operator F to the above ambient flow we obtain

Fiu () = (X = £)a, 0" (%) (%) dS (x) (5.17)
avy
which, due to Eq (4.6), implies
MS, (&) = 8ruF ", up(@) (5.18)
Therefore, the integro-differential operator defined by Eq (5.11) returns either the n-th order
disturbance flow, once applied to the Stokeslet according to Eq (5.15), or the n-th order moment (4.6)

once applied to the ambient flow according to Eq (5.18). In virtue of these properties, we can refer to
FP “, as the generalized n-th order Faxén operator.
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We can now express the disturbance velocity field entering Eq (4.16), in the presence of generic
Dirichlet boundary condition on the surface of the body, as

o1 S FP 58 o
W = s fg 102 ) =TS -0 (5.19)

Expliciting the Faxén operator, and making use of the symmetries of the geometric moments entering
Eq (5.8), we obtain

a _ 1 B a,l(f f)vﬂmuﬁ(f ) an P
wix) = meas(Q)?2 fdQ(.f) f dQE’) HZ; mZO min S,,x—-§)
0o Q B B
(&:&)VPrug(E')
a,,ﬁ @, Qa _
meas(g)z f dQ() f dQ(f)nZ; mzo - VS (x—£) (5.20)
and since s
o _ 1 f - an B, (f f )Va”
T8 = s ), 49©) Z (521)

the disturbance velocity field can be expressed as a series expansion involving the generalized Faxén
operators

a Ug@E') op ca

W) = — (Q)fdg(f)z S 2k e (x— £) (5.22)

Equation (5.22) can be rewritten in a more compact form as
W(x) = Z o 8 (x (5.23)
where 7/ = 8muA, Pnegab p - aS in the definition Eq (5.13), and the expansion coefficients A ﬁﬁ "™ are given

by
1 VBrug(€)

AP = dQ 5.24
B meas(Q) fg m! © (5.24)

Equation (5.23) provides a compact and elegant way to decompose the disturbance field due to a body
immersed in an ambient flow in elementary motions associated with the different n-order velocity fields
defined at the boundary of the object.

6. Reflection operator

In hydrodynamics problems involving bounded flows and confined geometries, the Green function
G“,(x,4), solution of the equations

-VipZ%(x,8) = AG,(x,0) — V'Py(X,{) = —871g", (X, )6(x, )
V.G, (x,{) = 0; X, €V, 6.1
G, (x,{) = 0; X €0Vy
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(referred for short to as the bounded Green function) plays a central role as it provides the volume
potential in the fluid domain V/, starting from which any flow with no-slip boundary conditions at 0V,
can be constructed.

Bounded Green function are available in the literature for a handful of simple geometries, as
reviewed in [4]. In special cases, such as for the Green function of a fluid bounded by a plane [36]
or outside a sphere [45,46] (see also [3]), a representation of the bounded Green function in terms of
unbounded singularities placed outside the fluid domain is available. This representation is referred to
as the image system [3], which is particularly handy for analytical and numerical calculations whenever
the set of singularities is either finite or localized on simple manifolds. The latter property characterizes
flows with suitable and simple symmetries while, for generic bounded flows, an image system of
singularities is not available.

Based on the theory developed in Section 4, this Section addresses the properties of the operator
providing the image system for a generic bounded Green function. To this aim, let us to consider as
the ambient field the unbounded flow due to a Stokeslet centered at the point { € V; and let us use the

primed indices, say ', 5, ..., for referring to this point
’ i aa
u'(x) = 8—8 L (x=20) (6.2)
T
As a consequence, the boundary condition for the disturbance field is given by
a a foa, a
wi(x) = —u'(x) = ——S°, (x-{), X €0Vy (6.3)
8mu

Owing to linearity, let us define the field W ,(x,{), depending on £, but regular at this point, such that

wi(X) = %W“a,(x, ) (6.4)

The theory developed in Section 4 can be applied, and enforcing Eq (4.16) the field W¢ , is given by
W, (x,0) = D%, 8% (x — &) 6.5)

where

0o

1 MG, €. S (x,
o, = f Q@) Y| —TIN MY, (€)= - f (X~ 80,8, €02 S0 (66)
meas(Q) Jq — n! v, 81

Therefore, the Green function solution of Eq (6.1) can be expressed as the sum of two contributions:
a singular part, due to the Stokeslet centered in the point £, and a regular part due to the integro-
differential operator 9, acting on the poles of the Stokeslet outside the domain of the fluid

G (%) =S4 (x — ) + D, S, (x — €) 6.7)

Owing to the properties of the Green functions, the same result can be obtained by applying the operator
O, at the field point. In point of fact, making use of the reciprocal identities for the Green functions,
G, (x,{) =G, x) and S° (x,{) = S ({,x), it follows that

G, x0) =G ¢, x) =S, —-x)+DSS/)-&=S",x-+D,)S" (-0 (6.8)
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where, due to the reciprocity, the point € (corresponding in Eq (6.5) to a source point) has been
transformed into a field point outside the domain. By changing the dummy variable (¢ — y) € Vp
and the index a,B,... = a’,b’, ... in order to keep the convention that field points are associated with
latin lettering, the Green function can be expressed as

G (x%,0) = 8 (x =) + DSS%(y - {) (6.9)
where now
a (y X) aaj, a’ 2 ZZ%N(Z, X)
Dy = Vs M,"(y,x) = = f gy (Y, 2)(z—y)™ ny (2)dS (z)  (6.10)
meas(Q) o, 8

Although Eqgs (6.7) and (6.10) are equivalent, their physical meaning in slightly different. In Eq (6.7),
the Green function is expressed as a combination of singular solutions of the unbounded Stokes
equation, with poles in Q, weighted by the moments that, in turn, depend on the pole { entering the
original problem Eq (6.1). Conversely, in Eq (6.10) the field variable enters in the expression of the
operator D ¢ through the moments, and the regular part, solution of the Stokes equations as a whole, is
a combination of terms each of which individually is not a solution of the Stokes equation.

The operators D¢, defined by Eq (6.6), depend on the pole { via the moments, and consequently,
for each £, a new system of moments is defined, determining a different operator O ,. For this reason,
it is convenient to introduce a new operator, independent of the position of the pole, and such that, its
action on the Stokeslet outside the domain of the fluid furnishes the Green function. To this purpose, let
us assume that the geometry of the problem is such that there exists a bijective correspondence between
points inside £ and outside & the domain of the fluid, defined by a smooth and invertible function r,

E=r'Q, (=r® (6.11)

As addressed in Appendix A, and following the Ruse approach to bitensor calculus [25], Eq (6.11)
enables us to view & and { as conjugate points in two different metric spaces, such that tensorial
quantities defined at a point in one of the two spaces can be transported to the conjugate point of the
other space via the parallel propagator

gup&) = 87 &0y &0)gwp) (6.12)
where the parallel propagator is given by
0&”
agw’

It follows from Eq (6.12) and from the above bitensorial interpretation of the bijective correspondence
Eq (6.11) between point in the flow domain and image points outside it, that the stress tensor Z*(x, )
can be parallel transported from the point { to the point &

aa’(f’ {) =

(6.13)

2 (x, 1)) = g7 (LT (X, L) (6.14)
Substituting Eq (6.14) into Eq (6.6) one obtains
MS, (€.0) = gLE MY, (& 1(6)) (6.15)
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where

. (@)
Mg €. r@) == | (X —&)q,8% & x)———

vy 871'

np(X)dS (X) (6.16)

Enforcing Eq (6.15), it is possible to express the operator 9, in terms of a reflection operator
independent of the pole £, and such that the functional dependence on £ is encompassed in the parallel
propagator. For highlighting this delicate issue, let us consider the simplest case where € reduces to a
point r({). In this case, it follows from Eq (6.15) that the operator ° , attains the form

(6.17)

o =

=\ Mg, €.r€)
D =gl HRS  Ry= ) v
n=0 ’

The operator R,g furnishes the regular part of the Green function starting from the Stokeslet,
independently on the source point  and, for the reasons discussed below, it can be referred to as
the reflection operator of the bounded flow problem.

By Eqgs (6.7) and (6.9), the operator ﬂg can be applied on equal footing either at the source or at the
field point. In the first case, the Green function reads

G (x,0) = 8% (x =) + g L. ORS  (x - &) (6.18)

In the second case, i.e., by applying the operator at the field point, an alternative representation of the
Green function follows

G, (x,4) =S (x— &) + g% (X, RLSY, (y - £) (6.19)

where y = r~!(x) and x = r(y). The latter expression permits to interpret the regular part of the Green
function as a “reflected field” of the ambient flow, that in the present case is given by a Stokeslet
centered at the point £. In fact, the operator R ? furnishes a continuation of the Stokes solution with
homogeneous Dirichlet boundary conditions in the external domain, usually referred as a reflection
principle [32, 33]. To show this, consider the integral form of a generic solution vanishing at the
boundary 6V, [40]

a'p ,
Vi(x) = f wsy(x _0dSQ)  xeV, (6.20)
ovy U
and its continuation in R*/V/,
o
vi(y) = f %Sa&(y ~HdSE)  yeR/V, (6.21)
vy U

Since, by the definition of the disturbed field

g ORIS  (x—£) = =S, (x =), x€dV, (6.22)

by using the reciprocal identity S ,(x — {) = S /(£ — x) and exchanging latin and greek letters, it easy
to verify that
g4 xRS, (y - &) = -8, (x = 0), eV, (6.23)
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Therefore, by applying the operator R”, at the field in (6.21) we obtain at the r.h.s of Eq (6.21) the field
defined by Eq (6.20) and the reflection formula can be derived

VI(x) = g% (X, Y)ROV (r(x)) (6.24)

The reflection formula in Eq (6.24) requires in principle the estimate of infinite terms as the operator
722: admits in general a series expansion in terms of the countable system of moments. It is known from
harmonic function theory, that if the reflection operator (e.g., associated with an electrostatic problem)
possesses a finite number of non-vanishing terms, then the boundary is either a plane or a sphere [47]
and the relation equivalent to Eq (6.24) is referred as a point-to-point reflection principle. In the case
of the solutions of the Stokes problem, that involves biharmonic functions, it is known that a point-
to-point reflection principle does not hold even for spherical boundaries, and a weaker point-to-set
principle [34,47, 48] should be considered, where a bijective relation occurs between a point X in the
fluid domain and a set parameterized by its conjugate point y = r(x) in the complementary domain.

Equation (6.17) and the analysis developed in the previous Section indicate the close relation
(duality) between the image system of singularities of a bounded flow problem and the formulation
of a reflection principle, as the two problems are governed by essentially the same operators D¢,
and ﬂg, parallel transported between a source point and its conjugate image. The duality between
image system and reflection principle has been practically neglected in Stokesian hydrodynamics.
Several works have investigated the image system of singularities near a plane [36, 37] or near
spherical boundaries [46], and, almost independently, parallel works on reflected fields near a
planar [35] and spherical boundaries [34] has been published. In our opinion, the main difficulty in
recognizing a common formal structure underlying image systems and reflection principle in Stokesian
hydrodynamics stems from the tensorial nature of the operators involved, and by the need of a parallel
transport between conjugate points. The introduction of the bitensorial formalism for hydrodynamic
Green functions has made possible to highlight this issue.

The duality between the image system of singularities and the existence of a reflection principle
make it possible to transfer and apply methods and techniques developed for solving one of these two
problems to the other one. The next Section provides an application of this principle in connection
with the problem of singularities bounded by planar boundaries.

7. Singular fields bounded by a single plane

Below, the results found in Section 6 are applied to the problem of the singularities of a flow
bounded by a rigid plane. In this case, the function r transforming points x € V; into conjugate
points y € R?/V, is given by the mirror operator J = I — 2n ® n, I being the identity matrix, and n the
unit normal to the plane, so thaty = J-xand x = J -y, since J=1L

Consider a Cartesian coordinate system (X;, X,, X3) with the origin on the plane and such that
the flow domain corresponds to X3 > 0. Let x € V; with coordinates (x;,x,,x3), and its mirror point
y € R?/V, with coordinates y, = JyaXq.

The parallel propagator (see Appendix A) between these conjugate points is given by

a

Ay
x4

gua’(X, Y) = = Juw (71)
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The reflection operator acting at the point y, corresponding to Eq (6.24) is the so called Lorentz mirror
operator [1,34]
Ry = =Jar = 20y - M)V S + (¥ - 0)*ASriy (7.2)

The Green function of the Stokes flow centered at the source point € V; can be obtained either
by applying the reflection operator at the field point, according to Eq (6.19), or at the source point,
according to Eq (6.18). In the first case we have

Gaa'(x’ {) = Saa’(X - {) + Jab’[_-]b’a’ - 2y3vb’53a’ + y%Axdb’a’]Sa’a'(y - {) =
Sur (X =8) = Sur (@ - X =) + 2630 [V Ss0r( - X = D) + ZASpe (- x =] (73)

while the application at the source point provides

Gua'(x’ {) = Sua’ (X - {) + Ja'ﬁ[_-]ﬂa - 2(f : n)Vﬁ63a + (f : n)zAféﬁw]Saa(X - f) =

Sur (=)~ S (x — £) 26 Wyl VSustx &)~ VNS x -] (7.4
with the expression for the pressure
Py(%,0) = Pu (X~ ) — Pu(x— &) — 26 - W)sVsP5(x — &) 7.5)
and for the stress tensor
Bus 6,0 = S (5= 0) = T (= £) = 2 - Wyl VaZas(x ~ &) ~ C AT ux—B1 (7.6

Since the pole is fixed até = J - £ = (0,0, —h), we obtain the singular form

Gaa’(x7£) = Saa’(x - {) - Sao/(x _f) + ZhJa’B[Sa3;,B(X - ‘f) - hDaﬂ(X _f)] (77)

and
Py (X,{) = Py (X =) = Py (X = &) + 2hJ s VpP3(x — ) (7.8)

h
Zaba’(x’ {) = zabaf’(x - {) - zaba’(x - f) + ZhJa’a Vazab3(X - f) + EAfzaba(X - f) (79)

The singular representation of the Green function Eq (7.7), here obtained simply by applying the
Lorentz reflection operator at the source point, coincides with the result obtained by Blake using a
much more elaborate approach involving the Fourier-Hankel transforms [36,37].

Blake and Chwang in [36, 37] have obtained the singular reflection systems related to bounded
Stokeslet, Sourcelet and Rotlet by applying the Fourier-Hankel transforms to separate and distict
problems specified by the boundary conditions adopted. In point of fact, the operator formalism
developed in Section 6 permits to obtain any higher-order singularity in a unitary way, by simply
differentiating the Green’s function at the pole, Eqs (7.4)—(7.6).

To begin with, consider the bounded Source Dipole D, (x,{) defined by (3.24), applying the
Laplacian operator —A,/2 to the expression (7.4). Being the Laplacian operator invariant with respect
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to any Euclidean transformation, and thus under the reflection transformationJ = J-£, we have A = A,
and therefore

Do (%,4) = Do (X = £) = Do (X = &) + JurpAel (€ - 1) VS 3(X = E)] + JorAel (€ - m)°Dyp(x — €)] (7.10)
where, enforcing the identity,
AeSizp(x — &) = VpAS3(x — §) = —2Dg3p(x — §) (7.11)
the third term at the r.h.s of Eq (7.10) reads
JopBel€ - m)VSi3(x = )] = JopV,(6y3Sa3p(X — &) + E3Susipy (X =€) = Jup(2Sa3p3(x — &) — 263Dazp(x - §))  (7.12)
The fourth term in Eq (7.10) can be simplified as
JapDel(€ -0 Dap(X = )] = JorpV(203,£3Dup(X = &) + & Dy (X = £)) = Jurp(2Dyp(x — £) + 463D p3(x = £))  (7.13)

so that the singular representation of the Source Dipole reads

Due(%,£) = Do (x — &) — Do (X — &) + 21(,fﬁ(Daﬁ<x —§) + Sz — &) + EDap(x — f)) (7.14)

and since & = —h, Eq (7.14) becomes
Daa’(Xa {) = Daa’(x - g) - Daa’(x - ‘f) + ZJQ'B(Da,B(X - ‘f) + Sa?a;,BS(X - f) - hDa3;B(X - 6)) (715)

The associated pressure field can obtained by applying the same operator —A;/2 = —A,/2 to the
pressure Green function Eq (7.5). Since the unbounded pressure field is a potential vector field with
respect to the source point coordinates, the only non vanishing contribution is given by the third term
at the r.h.s of Eq (7.5), and therefore

- w = 471’(wa6(X - {) - 6<x’wv<16(x - f)) - -](y’,BAf (§3VBP3(X - f)) =

An(Vyo(X = &) = 04a Vo0 (X = &)) — 2J4503, V5V, P3(x = &) (7.16)

Figure 2 provides the schematic representation of the unbounded singularities at the image pole
necessary to cancel the velocity field at the plane due to the unbounded Source Doubled at the pole
in the fluid domain. Panel (a) refers to D,; = D,,, panel (b) to D,3;. The vector plot of the bounded

Source Dipole defined by Eq (7.15) is depicted in Figure 3.
In the far field, |x| >> &, we have

Daa’(x7 {) = 2J(x’a(Daa(X) + SSa;3a(X)) + 0(1/|X|3)’ |X| > |{| (717)
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Source Dipole Source Dipole

@
® X X
. o x Tl x x e it
x ® i1 ° o x T
2(Stokes —2h(Stokes 2(Stokes —(Stokes 2h(Stokes —2(Stokes
Dipole) Quadrupole) Quadrupole) Dipole) Quadrupole) Quadrupole)

Figure 2. Schematic representation of the system of singularities associated with the
Source Dipole D, (X, &) confined by a planar wall, represented by the thick horizontal lines.
Singularities are centered in two points, the pole above the plane £ and its imagine below the
plane & = J - £. Panel (a) refers to the image system of a Source Dipole parallel to the plane
(thus, with @’ = 1,2), whereas panel (b) to a Source Dipole perpendicular to the plane (thus,
a’ = 3). The symbols have the following meaning: e represents an unbounded Sourcelet, X
an unbounded sink (a Sourcelet with reversed sign), the arrow — a concentrated force. The
arrow’s direction corresponds to the direction of the force.

0.35

max

0.25

0.05

0
-03 -02 -01 0 0.1 02 03

Figure 3. Vector plot of the components (D, (x,{), D3 (X,{)) of the Source Dipole with
pole in £ = (0,0, 0.25), evaluated on the plane x, = 0.1. The color map refers to the intensity

|(D1o(%,4), D3or (X, D).

To obtain the Stokes Doublet Eq (3.16), we can apply the covariant derivative at the pole of the
Green function. The bounded solution of the Rotlet (3.22) giving the antisymmetric part of the Stokes
doublet can be found, according to Eq (3.19), by applying the curl at the pole of the Green function to
obtain

Qay’(x’ {) = Qay’(X - {) - Qay’(x _f) + zeﬁ’y’S(Ea3ﬁ’(X _§) + §3Daﬁ/(x - f)) (718)
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and the associated pressure reads

87’5'77’ Vr]’Pe’ (X’ {)
2

= &yey Vy&sJepgVpP3(X — &) = £)03005V3VsP3(x = &) (7.19)
In the far field we have the asymptotic scaling

Quw(%,8) = 26503 Tazp (X)(1 = 643) + o(1/Ix]%), x| > |£] (7.20)
The vector plot of the Rotlet is depicted in Figure 4.

5

0.35 0.35 max

0

-0.3 -0.2 -01 0 0.1 02 03

Figure 4. Vector plot of the components (Q;,(X,{), Q3. (X,{)) of the Rotlet with pole in
{ = (0,0,0.25) evaluated on the plane x, = 0.1. The color map refers to the intensity

Q10 (X, ), Q30 (X, D).

To obtain the bounded Strainlet Eq (3.20), i.e., the symmetric part of the Stokes Doublet, we could
evaluate (Vg Gy + VorGgp)/2. Alternatively, it is more convenient to use Eq (3.21), substituting in it
Eq (7.5) for the pressure, and Eq (7.6) for the stress tensor of the bounded Green function

Surgy |
Euwp(X,8) = > P.({,x) - Eza’ﬁ’a({’ X) (7.21)
where
Pa({’ X) = Pa({ - X) - Pa({ - Y) - 2()’ : n)Jaa’Va’ P3({ - Y) (722)
and
3 (y-n)
Za’ﬁ'a({a X) - Za’ﬁ’a({ - X) - Za’ﬁ’a({ - y) - 2(y : n)Jaa’ [Va’zo/ﬁ’?)({ - Y) - TAyza'ﬁ’a’({ - y)]

(7.23)

Since A; = A; = A, = A,, in this particular case, where the boundary of the fluid is a plane, it is
possible to define the bounded Source M,(x,{) = —P,({, x)/2 and the bounded Stresslet T,z (X,{) =
—Xypa({,X)/2, that are the bounded counterparts of the Sourcelet defined in Eq (3.32) and the Stresslet
in Eq (3.33). Therefore, the Strainlet can be expressed as

Eaa’ﬁ’ (x, {) = _50’/3’Ma(x7 {) + Tucx’ﬁ/ (x, {) (7.24)

By making the following transformation
y n=y;=(y-&s+& (7.25)

Mathematics in Engineering Volume 5, Issue 2, 1-34.



25

we obtain for M,(x, ) and T,z (X, {) the following expressions

Ma(%,0) = Ma(x = &) = My(x — €) + 2(Ta33<x —£) + £Dy(x f)) (7.26)

Tao/ﬁ' (x, {) = Tao/ﬁ' (x - {) + 2601’,6’ Ta33 (x - f) - Ja’ajﬁ’ﬂTaa,B(X - §)+

+ 2oyt~ EDurgX ~ &) = Susap(x — €) = 03;Du(X ~ £) = 53,D,s(X ~ £) + 8,5Dsu(x = £))
(7.27)
which possess the following far-field asymptotics
M,(x,8) = 2T 33(x) + o(1/Ix), x| > |£] (7.28)
Taap (%,4) = 2Taap(X)(1 = Gap = Ga18p2 — 6026p1) + 2Tu33(X)bap + 0(1/Ix[%), x| > 1] (7.29)

Gathering Eqs (7.26) and (7.27) and substituting them into Eq (7.24), the analytic expression for the
bounded Strainlet follows

Euwp(X,4) = Euwp (X = &) = o dppBaap(x — )+
+ 2Ja'afﬁ',8§3( — &3Duep(X — &) — Si3.0p(X — &) — 038D a0 (X — &) — 030D p(x — f)) (7.30)
and putting &3 = —h, one obtains
EBuwp(X,8) = Bawp (X = &) = JuradppBaap(x — &)+
- 2h]af’aJ,B'ﬁ(hDaa;ﬁ(X — &) — Suzap(X — &) = 03pDa(X — &) — 030 Dyp(x — f)) (7.31)

The vector plot of the bounded Strainlet is depicted in Figure 5.

a'=3, §'=3

max

0.1 02 03

Figure 5. Vector plot of the components (E;p(X,{), Esop(X,{)) of the Strainlet with pole
in { = (0,0,0.25) evaluated on the plane x, = 0.1. The color map refers to the intensity
|(E1a',8’ (x,4), ESo/ﬁ’ x,D)l.
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8. Conclusions

In this article we have applied the bitensor calculus to the singularity method in Stokes flow. The
nature of the bitensorial formalism, that distinguishes between source and field points of singular fields,
allows us to manipulate mathematically singularities without ambiguity, resulting useful even if the
fluid domain is regarded as a flat space.

We have provided a clear definition of the singularities in Stokes flow, specifying the associated non-
homogeneous equations and boundary conditions, obtaining the most common unbounded singularities
as a particular case of the more general bounded counterparts. Although this topic can be found in any
monograph on Stokesian hydrodynamics [3,4], the detailed description of some of the most common
Stokesian singularities has never been, to the best of our knowledge, addressed in the hydrodynamic
literature.

Moreover, an explicit formulation of the singular method, providing a way for expressing bounded
flows in terms of unbounded singularities, has been derived. To this aim, we have defined the moments
as volume integrals in the domain of the obstacle, and we have used a tensorial moment theory to obtain
the integro-differential operator yielding the disturbance flow once applied at the pole of the Stokeslet
in term of a countable set of moments. As shown in Appendix B, this definition is coincident whit the
surface moments defined by Ichiki [31] for no-slip spheres immersed in a Stokes flow. To evaluate the
moments of a specific flow problem, we developed a method based on geometrical moments related
to the obstacle immersed in purely n-th order ambient flow. This method is useful either in numerical
applications or in theoretical analysis. We have shown that starting from the geometrical moments it is
possible to define a n-th order Faxén operator, i.e., an operator satisfying a generalized Faxén theorem.
In addition, we found that a generic disturbance flow can be developed in a series of Faxén operators
applied at the Stokeslet’s pole, thus expressing a generic field as a series of simpler disturbance flows
associated with purely n-th order ambient flows.

Enforcing the reciprocal symmetry of the Green function, we have shown that it is possible to
apply the operator both to the source and and to the field point of the Stokeslet, in order to obtain the
disturbance contribution to the flow field. The main consequence of the latter result is that, whenever
it is possible to define a reflection operator, this operator coincides with the operator derived from
moment theory furnishing the image system of singularity. This result, applied to the Green function
bounded by a plane provides an alternative way for expressing the hydrodynamic singularities which
is simpler than the method used by Blake [36] involving Fourier-Hankel transforms, and it has been
used to derive other singularities, such as the Source Dipole and the Strainlet.

The practical application of the theory to specific bounded Stokes problem will be addressed in
forthcoming works.
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Appendix
A. Bitensor calculus

The development of bitensor calculus has followed two parallel pathways: an algebraic [25] and
purely geometric approach [26,27]. As the algebraic approach is particularly relevant in the present
hydrodynamic theory of bounded Green functions, and moreover it is scarsely mentioned in the
literature, this brief review on bitensor calculus is mainly focused on this formulation, addressing
its connection with the geometric theory at the end of this Appendix.

In [25], Ruse defines bitensors as follows: Let x = (x!,...,x") and & = (£, ...,&™) be two set of
independent variables and let f“/(x), a = 1,...,n be n functions dependent on x and ¢“/(§), a =
1,...,m, m functions dependent on &, such that we can define the new variables

=X, B=1,....n, &=¢®, B =1....m
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Let 79*(x, &) denote the array of n X m functions depending on both x* and &*

T'(x,¢) ... T'"(x,é)

(A.1)
T"'(x,&) ... T"(x,&)

Moreover, let T”’“(x’,f) be a set of functions depending on the variables x” and &, T4 (x, &) a set of

functions depending on the variables x and &, T*“ (x’,£’) a set of functions depending on the variables
x’ and &'. If these functions are related by the equations

Tx',£) = T"(x, (A.2)
7o (x,£) = 3l (A3)
AP
s ox® 9¢”
aa (ot g\ _ TbB -
T (x,&) =T"(x,) o 6P (A4)

then they are the components of the bivector T expressed in the systems of coordinates (x, &), (x',€),
(x,&), (x',&), respectively. More generally a set of n'** x m’*¢ functions are the components of a
bitensor T, if they are related by the equations

day.. ox% gxh Oxs
1 . 1---Qg cray..aq
Tb -bipr..B ( ‘f) ds‘ﬂIWﬁp( ‘f) 5 cy '“5xc, ot " Oxbs (A.5)
Tal...a,a aq( f ) = ay. yq( 2 é:a', afa; agél 056,, A6)
b...bsB).-5) b6 0EN ™ B¢Ys 9EP T 0Py '
a . q( £ = Cl Y1 'yq( x.£) Ox4  Ox% Oxh Hxs 6‘;:“'1 (95‘1; aé'_‘isl (')é‘-‘rsp (A7)
b bvﬁl Cds. B B 90 O BET T T 9P 3 .
If & is kept fixed, then T ...T*" are the components (a = 1,...,n) of m ordinary vectors at X, whereas
if x is kept fixed 7'®...T" are the components (¢ = 1,...,m) of n Vectors at § The bitensor 79 i

then, named vector-vector bitensor and, more generally, the bitensor Tb “1is named (r + s)tensor—
(p + g)tensor.

Next consider two symmetric scalar-(2)tensor g.,(x, &) and y,5(x,£), and suppose that x and & are
two systems of coordinates of two distinct Riemannian spaces defined respectively by the two metric

forms

bﬂﬁ

ds* = gup(x, &) dx*dx’ (A.8)
do? = Yop(x, &) dE"d& (A.9)

Equations (A.8)—(A.9) define a multiple-infinite set of Riemannian spaces. In fact, fixed the set of
variables &, Eq (A.8) determines a Riemannian space, while fixing X, a Riemannian space is determined
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by Eq (A.9). In the case that n = m, it is possible to define a vector-vector bitensor k% (x, &), belonging
to both spaces, so that

8an(%,8) = k2 (X,E) kL (X, €) Yop(X,£) (A.10)

which represents a system of n(n + 1)/2 equations for the n> unknown components of k%, (due to the
symmetry of g,, and y,p).
Note that, keeping either x or £ fixed, the n ordinary vectors k',...k", and k“,...k¢, are orthogonal to
each other
kk? =6 (A.11)

and similarly
Kkl = (A.12)

Y

A particular case occurs when g.,(X,€) = g (X) does not depend on € and moreover 7y, z(X,€) =
8aop(€). In this case, the two metric spaces defined by Eqs (A.8)—(A.9) represent the same metric space
at two different points, and Eq (A.10) becomes

8an(X) = k (%, E) kL (X,£) gap(€) (A.13)

In Euclidean spaces, it is always possible to express the component of the metric tensors g,,(X),

8aop(€) in the same Cartesian coordinate system X; = (X(1), X2), X3)), (i) = 1,2, 3 being the indices for
the Cartesian components. Thus, from Eq (A.13) one has

AXD oxX) aXD oxX
i = kX Ok (X, &) —— I A.14
@j) Ixd Oxb “(Xf)b(xf)aga 66‘8 ((3)] ( )
where 1;;, = diag(1, 1, 1) from which it follows that
AXD pga
! = — Al
that reduces to k,"(x, &) = 6% if we choose the same coordinate system at both points.
If the coordinates of the two points are related by a bijective transformation
&= x=g%) (A.16)

we can consider £* and x“ as two set of coordinates of the same point and, by classical tensor calculus,
we have

og" g
= — A17
gab(X) Ixd (9xb gaﬂ(f) ( )
Comparing Eq (A.17) with Eq (A.13), we find
a (01
K0, = & (A18)
0x®

therefore, an ordinary transformation in the classical tensor calculus, can be viewed as a transformation
between two metric spaces

ds® = gu(g"(&)) dx* dx” (A.19)
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do? = gup(f*(x)) dE” d&® (A.20)

If the two points belong to a generic Riemannian space, it is not always possible to express the
components in the same Cartesian coordinate system. However, we can define, at one point, say X,
a triad of vector ef‘i)(x), forming locally an orthonormal basis, so that [38,39]

gan(X)el,(X)ely(X) = Iip; el (X)el (x) = (A21)

Parallel transporting the vectors e{; (X) from the point X to the point &, i.e., integrating the differential

equation
Del (z)  0€’.(z) 4+ d7*
(@) (@) < Z
- 4T et (2)— = A.22
Du oF au Tl ®@ g, =0 (A.22)

along the geodetics connecting the point X to £, z(u) being a generic point on the geodetics identified
by the parameter u and such that z(0) = x, we obtain the triad of vectors at the point £, that is still
orthonormal. Thus,

8up@) ey ©) & &) = 1uj, €& e &) =5 (A.23)

Using Eq (A.21) and (A.23), it is possible to express both the metric tensors g,,(X) and g.s(£) in a
common orthonormal basis. Equation (A.14) thus, becomes

Iip €P(x) € (%) = k" (%,£) k) (x,£)eV(€) e &) I (A.24)
obtaining the more general expression for the parallel propagator

ki (x,€) = e (x)ef; (&) = k%€, %) (A.25)

In the case the two points x and € become coincident, we have
ym k(x,§) = éim[ka”(x,f)] = éim[eff)(X) en@1=1[51=1 (A.20)
where [-] indicate the whole tensorial entity. Consequently,

?_{2 kao(x*, &%) = il_{g 8ar(X) K, (X, ) = gun(X) , ilffl kaa(X,€) = 8ap(&) (A.27)

Therefore, it is customary to use the same symbol for indicating either the parallel propagator or the
metric tensor

8, (X, =k, (x,6)
To make an example, consider a unit vector p“(X) at X,

ga(X)pX)p’(x) = 1 (A.28)

Using the definition of the parallel propagator Eq (A.13)
2ap©) k(%) p' () k) (%, €) p*(X) = gup(@) p*(€) P'(€) = 1 (A.29)

we have
pié = p" Xk, (x,6) (A.30)
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that represents the unit vector parallel-transported from the point x to the point €. In fact, since

P& = p'®eE)ed (x) (A.31)

we have in the triad basis
P& = p(E) &) = p‘x) e (x) = pP(x) (A.32)

and thus the components of the vector p®(£) in the common triad basis coincide with those of p“(x).
From this result, and from the property

VIX) pa(x) = V(%) 8, (X, &) pa(§) = V(&) pa(é) (A.33)

it follows that any vector v*(x) can be the parallel transported from x to £° via the relation

Vi) = vI(x) g, (%, €) (A.34)

To conclude, an important bitensor is the so called Synge’s world function [26], that is a measure
of the geodetic distance between the points x and &, defined as

1 X
WX, &) = = f ds* (A.35)
2 Je
In Euclidean spaces, it can be explicited as as
1 . . . .
Wx.€) = Slip(x? =0 - £V (A.36)
x'D and ¢ being the Cartesian coordinates of the two points. Its derivative at X is

) ) AxXW
Wa(x,§) = (& = &) Iy ——

=(x-8) (A.37)

while the corresponding derivative at € reads

oxW ’
g~ €= 0 x =8 (A.38)

Let (x — &), = g, X)(x — &), and (€ — X), = g,/ (X,&)(€ — X),. From Eq (A.38) we have

(X=&)a; - (X=8)o, = (=1)"(E—X)q, .6 —X)a, 3 & —X)g - (§=X)a, = (=1)'(X=)g,-..(x=§), (A.39)

Wo(x,€) = (f(i) - X(i)) Lij

that is a useful relation in moment analysis.
B. Moment surface integrals

In this Appendix we show that, owing to the property of the Stokes flow, the moments defined in
Section 4 can be reduced to surface integrals of the stress tensor, in the case no-slip boundary conditions

are assumed.
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To this purpose, consider the following Stokes problems: I) a flow with no-slip conditions at the
boundaries of the fluid, v(x) = w(x) + u(x), where u(x) is the ambient and w(x) the disturbance flow.
Thus, v(x) is solution of the system

=V-0o(x) = uAv(x) - Vp(x) = —f(x)
V-vx)=0 x eR?

(B.1)
v(x) = 0; X €9Vy
V(X) = u®(x); X — 00
II) a purely n-th order velocity field u,)(x) defined as in Section 5
ul(x) = AMX —£)a, = A8 E X E X)X — £)a,
(B.2)

Vo [x=€)"]=0, xeR,EeVy

where A, are the components of a constant (n+1)-rank matrix, and the associated pressure p,(x) and
stress tensor i, (X) are given by the Eqs (5.2) and (5.3).
Appling to the fields v(x) an u, (x) the Lorentz reciprocal theorem [4]

U (X)V,0 " (X) = V() V() (X) = V(P ()0 (%) = v (X)) (%)) (B.3)

Since these fields are defined in the whole space R?, we can integrate Eq (B.3) over the domain of the
obstacle V,,,

f [V9(%) Vo (%) = vu(x) Vot (%) V() x = f V(1 (x) 7 (%) = va(x) o (%)) | V(X x
Vext Ve.xr

(B.4)
Since Vhaffl’)(x) = 0, using Eqgs (B.1), (B.2) and the definition of moments M¢, (£) in (4.4), the term at
Lh.s in Eq (B.4) provides

f VP () Ve x = A f JUOOX = E)a, Ve x = A M, (£) (B.5)
Vext Vext

whereas, using Gauss divergence theorem the r.h.s, further considering that v(x) = 0 and uP(x) =
A"(x — £),, on the boundaries dV,,,, one obtains

f (7,010 (%) - va(x) 02 0)] Vg = A fa (X~ &)y, PP @M (XAS(x)  (B.)
Vext Vext
Gathering Eqs (B.5) and (B.6), we have
M, €)= - fa . %€, )8, (€, X)(X — £)a, 0 (X)n,(X)dS (B.7)
f

which provides the expression of the moments in terms of surface integrals of the stress tensor.

©2023 the Author(s), licensee AIMS Press. This
is an open access article distributed under the
terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0)

@ AIMS Press

Mathematics in Engineering Volume 5, Issue 2, 1-34.


http://creativecommons.org/licenses/by/4.0

	Introduction
	The Stokes flow equations
	Bitensorial fundamental solutions of the Stokes flow
	Unbounded singularities

	Singular representation of bounded flows
	Representation of the n-th order Faxén operators
	Reflection operator
	Singular fields bounded by a single plane
	Conclusions
	Bitensor calculus
	Moment surface integrals

