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SOMMARIO

Viene proposta una formulazione simmetrica del metodo degli elementi di contorno per
problemi bidimensionali e stazionari riguardanti fluidi viscosi incomprimibili. La
formulazione richiede la deduzione di rappresentazioni integrali al contorno per pressione ¢
gradiente di velocita, in se rilevanti. Tali rappresentazioni risultano essere accoppiate in
corrispondenza dei punti angolosi del contorno.

ABSTRACT

A symmetric Galerkin boundary element formulation is given for two-dimensional, steady
and incompressible flow. The formulation requires the derivation of certain — per se
meaningful — integral representations at the boundary for velocity gradient and pressure; these
turn out to be coupled at angular points of the contour profile.

1. INTRODUCTION

Integral equations and related numerical techniques are classical in linear fluid mechanics.
Among these numerical techniques, the boundary element method permits a successful
treatment of flow incompressibility constraint and has been therefore thoroughly employed.
However, direct boundary element methods involve an unsymmetrical coefficient matrix of
the final solving algebraic system. This is certainly a drawback of the method, becoming
particularly evident when boundary elements are coupled to finite elements. Following an
approach known in solid mechanics, symmetry is recovered in the so-called symmetric
Galerkin boundary element method (see BONNET et al. (1998) and references quoted therein),
a technique apparently not developed in hydrodynamics.

In the present paper, integral representations of pressure and stress tensor at the boundary
are derived, representing generalizations of formulations valid in interior points given by
LADYZHENSKAYA (1963). In particular, integral representations at corner points of the
boundary are obtained, providing explicit expression for the so-called “free term matrices”.
Interestingly, the integral representations for pressure and velocity gradient turn out to be
coupled at corner points and —in the hypersingular form— also involve terms depending on the
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boundary curvatures at the corner. Analysis of corner points is believed to be relevant in
relation to a number of problems in Stokes flow: for instance, flow past non-smooth rigid
particles or cusp formation at fluid interfaces. In the special case of smooth boundary (the so-
called “Lyapunov surfaces”), the equations de-couple and the integral formulations obtained
by POzRIKIDIS (2001) and by LIRON & BARTA (1992) are recovered when the boundary
conditions model a gas bubble in a viscous liquid and when the boundary conditions pertain
to flow past a rigid particle of arbitrary shape. The obtained integral equations are finally
employed to establish a symmetric Galerkin formulation for Stokes flow.

2. BASIC EQUATIONS

Two-dimensional viscous flow at small Reynold number is considered, so that unsteady and
inertial forces are negligible. For simplicity, body forces are also not included and reference
is made to a two-dimensional domain Q of closed boundary 0. This boundary may
correspond to a particle or a bubble of arbitrary shape in an infinite flow or to a domain, such
as for instance a rectangular cavity, confining the flow. The boundary 0Q is divided into two
non-overlapping portions 0€2, and 0, where velocities and tractions are prescribed.

Denoting with u and p the velocity and the pressure in the fluid, the linear equations for
Stokes flow are

divu=0, -Vp+uAu=0, (1)
and the stress tensor is given by (the symbol (-)sym stands for the symmetric part of a tensor)
c=-pl+2u(Vi)sym. (2)

With reference to two orthogonal coordinate axes singled out by the unit vectors ef, the
two-dimensional free-space Green’s function set, collecting the Stokeslet and the associated
pressure {u®, p®}, is

r
ut = —ﬁu(eglnr—%r} Pr=—, (3)

where r = x —y and » = |r |. The Green’s function set satisfies the equations
divu®*=0, pAu¥x,y)-Vp(x,y) +3(x-y)e* =0, 4)

where d(x —y) is the Dirac delta function and all differentiations are carried out with respect
to the variable x, with the point y (where the point force is applied) playing the role of a
parameter. Note that —unless otherwise stated— differentiations are to be understood always in
this sense throughout this paper. According to eqn (2), the stress tensor o® associated to the
fundamental solution is given by:

.
GgZ—l—gr®r (5)



where (a®b);; = a; b;, for every vector a and b.
The boundary integral equations for velocity and pressure are (LADYZHENSKAYA, 1963)

u(y) = au (y) - [u(x,y)-ondl, + [u.c* (x,ymdl,, (6)

oQ

P =ap” )+ [(om), p*(x.y)dl, - 2u [u,Vp*(x,y)-ndl,, (7)

oQ

where a dot denotes scalar product between vectors, (on), = Guk, in which n is the unit
inward normal to 6Q (pointing into the fluid). The fields u,” and p” are the velocity and
pressure of the incident flow, so that . = 0 for a flow in a bounded domain or o = 1 for flow
past a bubble or a rigid particle.

©

Fig. 1: Geometry of the problem and integration contours

3. INTEGRAL REPRESENTATIONS AT THE BOUNDARY

The velocity field at the boundary can be obtained from eqn (6) moving the source point y on
the boundary 0Q), considering the integration contours sketched in Fig. 1 and taking the limit
for e—0 (and for p—wo in the case of flow past a particle). Correspondingly,

PV
Cuy) = au(y) - [u*(x,y)-ondl, + [u.c*(x,yndl,, (8)
oQ oQ
where PV denotes the Cauchy principal value and the C-matrix is defined as
PV
C# =—lim [(o*n), dl, = a3y + [(c*m),dI,, (9)
r, o0

in which I, is the intersection of the circle of radius € centered at y with the region occupied
by the fluid and the inward unit normal n points towards the fluid. Using eqn. (5) we get



C-= i [(81 = 80) I = (m(61) ® t(61))sym + (M(B0) ® t(B0))sym], (10)

where (t, n) are the unit vectors of a right-handed Cartesian reference system (Fig. 1) and 0,
and 0, are the angular coordinates of the half-tangents to the boundary at point y. Note that at
a smooth point of the boundary, where 0,=0¢+ n, C="L

In order to obtain a boundary integral representation for the pressure p, we note that, for a
closed contour not enclosing the singularity point y, the following condition holds

$vri(xy) «n(x) dl; = 0. (11)

The derivation here and in the following will be restricted to the case of a domain in an
infinite flow (Fig. 1), whereas the easier situation of the flow confined to a closed domain will
be simply stated. An infinite flow u and its corresponding pressure p are decomposed into
unperturbed components u” and p”, that would prevail in the absence of any disturbance, and
perturbed components u” and p®, so that u = u” + u® and p = p” + p®. As for the perturbed
field, applying eqn. (7) together with condition (11) to the contour shown in Fig. 1 yields

[llo®n)x), p* (x¥) 20 Vp* (x.y) e m@) (el 0 -l )|, =0, (12)

0Q-0Q,+I,+0,

where 0Q); is the boundary length intercepted by I'; and ®, is a circle of radius p centered at y
(Fig. 1). Taking the limit for p tending to infinity, considering the relation r = » n on I'; and
assuming that 6° decays and that u” does not grow faster than p”, with n<1, the integral along
O, turns out to vanish. In order to evaluate the integral along I'; in the limit € — 0, we
introduce the first-order and zeroth-order series expansions for the velocity u”(x) and the
stress 6°(x)

u’(x) - u’(y) = Vu’(y) (x -y) + o(x = yf),  c"(x) =5 (y) + o([x — y)). (13)

Using eqns (13) and taking the limit € — 0, eqn (12) can be re-written as

e _e PV PV
") -2 €V = [(0%n), p* dl, 20 [Vp enlu) () -l () dl, . (14)
oQ oQ

The unperturbed field p” is now analyzed, considering a contour enclosing the inclusion
and excluding the point y through a circle of radius €. Writing the analogous of the (12) for
the unperturbed fields and for the considered contour, gives in the limit € — 0

e _e 0 0 e © " ) ©
[ e —ljp () - 20 Covu(y) = [(6™n), p* dl, 20 [Vp* emu () —uf (v)al, (15)
oQ oQ

so that summing to (14) yields



e —6 . PV ’ PV i
o PY) 20 CeVu(y) = o p () + [(om), p* a1, -2y [Vp* enlu, (x)-u,(v))dl, (16)
oQ oQ

a formula that has been obtained for oo = 1 and that, for o = 0, reduces to the case of flow
confined to a finite domain.

Eqn (16) is the integral equation representing the pressure p at points of the boundary. In
this equation, the boundary values of p are coupled with those of the velocity gradient but, at
smooth points of the contour, where 6; — 6y = © and C = % I, the integral equation simplifies
to

PV

% p(y)=op“(y)+ [(on), p* dl, - 2u [Vp* enfu, (x)—u, (y))d, (17)

o0

Note that when 0Q represents the boundary of a bubble, the traction is given by

on=(-ps+tyk)n, (18)

where pg is the pressure, y the surface tension and « is the curvature of the bubble, so that
condition (17) becomes equivalent to the integral equation obtained by POZRIKIDIS (2001).
Moreover, when 0 represents the boundary of a rigid inclusion, the term due to the gradient
of the Stokeslet pressure vanishes and a boundary equation implicitly derived by LIRON &
BARTA (1992) is recovered.

An alternative form of (16) involving hypersingular integrals will be useful later and is
simply obtained as follows. Considering the contour reported in Fig. 1, we obtain when
p—>®

’ 1 0, (¢)
[Vpt(y)enydl, = [Vp*(xy)-n(x)dl, - . [n,0)d0=0, (19
80-00,+T,+6 , o0-5Q, 0 (€)

where 0y(¢) and 0;(¢) are the angles singling out the initial and final edges of the arc I'; (see
the detail in Fig. 1). A Taylor series expansion of the integral yields

01 ()
In(@) d0 =n(0;) + n(6y) — & [0](0) t(0,) + 0, (0)t(Bo)] + o(e?), (20)

0, (¢)

where 6y = 0¢(0) and 6, = 0,(0) are the angular coordinates of the half-tangents to the
boundary at point y (Fig. 1) and a prime denotes differentiation with respect to the argument.
In the limit € — 0, we obtain

FP
[Vp® emdl, =-

0Q

L 107(0) 401) + 0)(0)1(00)], @1)
271



where FP denotes the Hadamard finite part of the integral. Employing (21) in (16) we arrive at
the expression

0,-0
12—n°p(y) —2p CeVu(y) + %[91(0) t(61) + 05(0) t(B9)] su(y),
=a p”(y) + j (on), p* dl, —2u j Vp#enu, dl, . (22)

Note that in the case of piecewise linear boundary 6;(0) = 0;(0) = 0 and for smooth
boundary, where 0, — 6o =n, 0;(0) =—6;(0) and t(6;) = t(6,), we get

1 . PV FP i
> PW)=0p )+ [(om), p*dl ~2u | Vpnu,d,, (23)
oQ

oQ

which is an alternative to (17), involving hypersingular kernel.

An integral equation for the velocity gradient at boundary points can be obtained starting
from eqn (6). In particular, we begin noting that for a closed contour not enclosing the
singularity point y, the following condition holds

§ o (x.y)n(x)dl, =0. (24)

Restricting the derivation to the case of infinite flow past a particle, we get for the
perturbed and unperturbed fields

[lo"n-ut —otn. (@) -y, = o, (25)

0Q-0Q,+I';+0,

[lomn-ut —otn. () -u ), = o, (26)

0Q—-0Q, +T',

where u,® and o,® are singular as 1/r and 1/#* respectively, when r tends to zero. Following a
procedure analogous to that illustrated for the derivation of pressure representation and taking
the limits for p—oo0 and e—0, the combination of eqns. (25)-(26) gives

(AVu(y) + BD(Y) + p(y)F ) = otul, (v) - [ om. (u(x) —u(y))dl, + [on.usdl, (27)

where
Agiin = lim [ % 1, (x, = ,)dl, , Bgan=—=1lim2u[n,u dl,, Fg=—lim [n.us dl, (28)
r, r, r,

6



and D is the rate-of-strain tensor
1 T
ZE(VuvLVu ). (29)

Substituting the expressions for the velocity and stress gradients of the Green state and
taking the relation r = » n on I'; into account, eqns (28) yield

AVu+BD= % [ VuC + Vu'C — CVu -5 CVu' — 6(C «Vu)l + 16 EVu], (30)
FZ—MI +LC, (31)
4 2p
where
1%
E=—jn®n®n®nde. (32)
T

99

In the special case of a smooth (Lyapunov) boundary

anin, AVu+BD=%Vu, F=0, (33)
so that eqn. (27) reduces to
1 PV PV
S Ua(y) = o, (y) - [oin.(ux)—u(y))dl, + [on.usd, . (34)
oQ oQ

By means of eqns. (17) and (34), the constitutive eqn. (2) provides the boundary integral
representation for the stress

PV

S ou() = o5+ | (o*on), a,
oQ

— [l —u))- (0% + 0%, n+25,, (W) - uy), vp' on Jar, (35)

In the special case of flow past a particle, the second integral vanishes and eqn (35)
reduces to a two-dimensional version of that obtained by LIRON & BARTA (1992) for three-
dimensional flow.

An alternative form of (27) involving hypersingular integrals can be obtained considering
the contour of Fig. 1 and taking the limit for p —o0, so that

7



0, (¢)
[ofxymaL, + S [(n, €* +5,n—3n,n,n)do =0. (36)

80-00, 0, (€)

Expanding the second integral in Taylor series, taking the limit for ¢ —0, and substituting
into eqn. (27), lead to

FP PV
(Hu(y) + AVu(y) + BDy) +py)F )y = auy, (¥) - [oin.udl + [on.usdl, , (37)

oQ oQ

where

H= 1 [6/(0)(t(6) @I+ T®t(0;) —3 t(6,)®t(0)) ®t(0)))
T

+ 0,,(0) (t(00) ®T +I@t(6y) + 3 t(01) ® £(0p) ® t(0))]. (38)

The tensors H, A, B and F collect the free-terms of the integral equation representing the
velocity gradient at points on the boundary. Note that H depends on the curvatures of the
boundary and vanishes both for smooth and piecewise rectilinear boundary. This dependence
on the curvature has a correspondence in elasticity (GUIGGIANI, 1995). At smooth points of
the contour, where F turns out to be zero, eqn (37) simplifies as follows:

1 . FP . PV .
~UskY) = 0t () - [oin.udl + [on.utdl, . (39)
oQ oQ

Once the velocity gradient and the pressure are given, the integral representation of the
stress tensor on smooth points of the boundary follows from eqn. (2):

PV

%ng(y) = ac,(+ [(o¥on), d, - ppf[u (0% +0! 25, uVp ondl, . (40)
oQ oQ

In closure of this Section, we note that eqns. (39) and (40) permit the complete
determination of velocity gradient and stress at the boundary when tractions and velocities are
here known.

4. SIMMETRIC FORMULATION OF THE BOUNDARY ELEMENT METHOD

Let du, and 8f, be virtual velocity and traction fields satisfying the boundary conditions

dug=0, on 0Q,, &f;=0, on 0 (41)



where 0€), and 0C) are the portions of the boundary where velocities and tractions f = on are
assigned, respectively.

Taking the scalar product of velocity u and traction f = on, as given by eqns (8) and (40)
on a Lyapunov boundary, by the virtual fields and integrating over the contour, the following
equations are obtained:

% [ ue) 86 dl, o [ uZ (v) ily) dl, =

a0,

PV

- | ng(y)('[ug.fdlx— ju.fgdlxjdzy, (42)

oQ oQ

% [ Su) ey diy - a | Sufy) 7w dh = | 6u4y)h«y)ticgfdhﬁ]db

a0, a0, ol

FP
—p [ Suey){ my) [[u- (o + 0" n+28, 0, Vp onfar, bar,. 43
oQ

o

Eqns (42) and (43) are the starting point to derive a symmetric formulation of the boundary
element method. To this purpose, the boundary 0Q is divided into n. elements 6Q° (e = 1,...,
ne), with subsets 7" and n.' belonging to 6Q, and 0Q;, respectively (i.e. n. = n." + n.'). Within
each boundary element 0Q°, the following representations for velocities and tractions are
chosen:

0, ()= @ut. )= 0" () [ (44)
a=1 B=1

where u," and f,;* are the nodal values of velocities and tractions, respectively and ¢® are the
relevant shape functions. Assuming for du, and &f, the same shape functions as in (44), and
taking into account that eqns. (42), (43) hold true for every du, and 98f,, the following linear

algebraic system can be obtained:
A B
=P (45)
D C|f| |q

representing the governing equations of the discrete model.
In eqn (45), vectors u, f collect the unknown nodal values of velocity and tractions, the
system matrix is obtained by assembling the element sub-matrices

FP
AF = —n I 0“ (y) { n(y) H(G;’,k +0y, )”j +28, Pfj”_/](Pﬁ(X)dlx }dl,

o o0



BY = [ ¢“y [ny) [ofe’ (0dlL ] dl, (46)

ey o

cy = [ o )| [uf p"0dl, |dl,, DI = [ ¢“(y)( j oing’ (x)dl, ) dl,

oY a8 ey o0

and vectors on the right-hand side are given, for node a of each element, by

= f o OAW d-a [ 6" Wb~ | o O In) [oifd]d

OQe aQ‘ GQ,

[ ot {my Hu (0% +0k yn,+28 up'n |dl Ydi,

ey

gi =5 | w0 Wl —a [ ul ) e" ), ")

a0° a0°

+ [ o )| Jussidl~ [ufFal |dl

o8 20, o0

u

Simple algebra, omitted for brevity, shows that D = B so that system matrix appearing in
(45) turns out to be symmetric, a feature characteristic of the Galerkin boundary element
formulation.
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