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PREFACE

The Boundary Element Method (BEM) has in recent years attained a level
of development that has made it a numerical tool of choice in areas such as
fracture mechanics and acoustics. This book brings together contribution
from leading experts in the field to give a comprehensive descrption of
recently developed techniques. These include boundary element method for
modelling viscous flow, boundary element method for free surface flows,
simulation of cavitating and free surface flows, boundary element method
for geometrically nonlinear analysis of plates and shells, modelling of plates
and shells by meshless local boundary element method, fast hierarchical
boundary element method for large scale 3D elastic problems, time-
domain BEM techniques, Green’s function evaluation for three dimensional
exponentially graded elasticity; boundary element method for the fracture
analysis of the general piezoelectric solids; using BEM and condition
numbers and local errors in the boundary element method.

We are grateful to all contributors who have displayed great enthusiasm
for this book.

M H Aliabadi
Imperical College London

P H Wen
Queen Mary, University of London
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Chapter 1

THE BOUNDARY ELEMENT METHOD
FOR GEOMETRICALLY NON-LINEAR ANALYSES
OF PLATES AND SHELLS

P.H. Wen

Department of Engineering, Queen Mary, University of London
Mile End Road, London E1 4NS, United Kingdom
p.h.wen@qgmul.ac.uk

T. Dirgantara
Faculty of Mechanical and Aerospace Engineering, Institut Teknologi
Bandung, Jl Ganesha 10 Bandung 40132, Indonesia
tdirgantara@ae.ith.ac.id

P.M. Baiz and M.H. Aliabadi
Department of Aeronautics, Imperial College London
South Kensington Campus, London, SW7 2AZ, United Kingdom
p.m.baiz@imperial.ac.uk, m.h.aliabadi@imperial.ac.uk

This chapter describes recent developments on the non-linear analysis of
thin-walled structures by the Boundary Element Method (BEM), with
particular emphasis on geometrically non-linear behaviour (large deflection).
Non-linear boundary integral equations are obtained by coupling two-
dimensional plane stress elasticity with boundary element formulation of shear
deformable (Reissner) plate bending. Several examples of flat and curved plates
with different geometries and boundary conditions are presented. Results are
compared with other numerical solutions and good agreement is obtained.

1.1. Introduction

Only a relatively small number of problems can be solved by means
of the exact field equations of elasticity theory; therefore the structural
engineer is forced to make a number of simplifying assumptions. These
assumptions depend on the relative dimensions of the structural element
and its boundary conditions in the three-dimensional space. Plate and
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shell structures are one of such simplifications widely used in engineering
applications, such as aircrafts, cars, pressure vessels, building slabs, etc.

There are two widely used plate theories. The first plate theory was
developed by Kirchhoff'” and is commonly referred to as the classical
theory. The other was developed by Reissner,3!
shear deformable theory. The classical theory is adequate for analysing
many engineering applications; however, for problems involving stress
concentrations and cracks, the theory has been shown not to be in
agreement with experimental measurements. In the shear deformable plate
theory, the problem is represented in terms of three independent degrees
of freedom, involving generalised displacements (i.e. two rotations and
deflection) and generalised tractions (i.e. moments and transverse shear
force).

The first direct boundary element formulation for analysis of Reissner

and is known as the

type plates was proposed by Van der Weeén.*? Later, Karam and Telles!®
extended the formulation to account for infinite regions and also reported
that Reissners plate model is suitable for both thin and thick plates. Several
years later Barcellos and Silva? presented a formulation based on Mindlin
theory, differing only with Van der Weeén*? in the shear factor constant.
Since these early works, further extensions of the BEM to shear deformable
plate theories have been made.

Boundary element formulations for analysis of shallow shells are very
limited, particularly in the case of shear deformable shallow shells theory.
Applications in this area are relatively difficult because of the high order
differential equations governing the problem. Newton and Tottenham,2®
and Tottenham?*! presented a BEM formulation of shallow shell problems,
by decomposition of the fourth-order governing equations into second-
order equations. The fundamental solutions used in the direct boundary
element formulation of shell problems tend to be complicated,'?:22 which
means that further extensions will be cumbersome.® It is for this reason
that boundary element formulations based on the coupling of boundary
element formulation for plate bending and the two-dimensional plane stress
elasticity have been proposed. The main disadvantage of this technique is
that domain integrals appear in the formulations. Some works based on
these kinds of formulations are those of Forbes and Robinson,!! Zhang
and Atluri®? and Beskos.® In the case of shear deformable shallow shell
theories, the first work was presented by Dirgantara and Aliabadi” in 1999.
Since then, further works and extensions have been presented by Aliabadit
and co-workers.
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Boundary element formulations for geometrically non-linear analysis
of plates were first presented in the early eighties. Kamiya and Sawaki'?
introduced a formulation based on the Berger equation. This formulation
was later extended' to include post-buckling behaviour under thermal
loading. Tanaka3” presented a formulation based on the Von Karman’s
equation, obtaining boundary and domain integrals in terms of stress and
displacement. Other works dealing with large deflection and post-buckling
of Kirchhoff’s plates are those of Ye and Liu,’® O’Donoghue and Atluri,2”
Kawabe,' Qin and Huang,?? Atluri and Pipkins,® Tanaka, Matsumoto and
Zheng, 3839 Elzein and Singellakis'® and Wang, Ji and Tanaka,** among
others.

Boundary element formulations for geometrically non-linear analysis
of Reissner plates were first introduced in the early nineties. Lei, Huang
and Wang!8:19
type non-linear governing equations. Sun, He and Qin®® derived exact
integral equations based on a variational principle. More recent works on
shear deformable plates are those presented by Wen, Aliabadi and Young,
describing large deflection?” and post-buckling.*® Supriyono and Aliabadi®®
presented a formulation for combined geometrical and material non-linear

presented an integral formulation of the Von Karman

behaviour.

Geometrically non-linear formulations for shallow shells by BEM were
first introduced in the early eighties. Kamiya and Sawaki'® presented
an approach for geometrically non-linear shallow shells with arbitrary
contours. Tosaka and Miyake® developed a theoretical foundation for
the large deflection analysis of shells, proposing three types of integral
equations. Zhang and Atluri®® presented a non-linear boundary element
formulation for snap-through phenomena in thin shallow shells using the
arc length method. Other works dealing with large deflection and post-
buckling analysis of classical shallow shells are those of Ye®' and Lin
and Long.2’ Boundary element formulations for shear deformable shallow
shells are scarce. Dirgantara and Aliabadi® introduced the first work on
large deflection while Aliabadi and Baiz? presented a formulation for post-
buckling analysis.

This chapter reviews boundary element formulations for geometrical
non-linear analysis of shear deformable plates and shallow shells as
developed by Wen, Aliabadi and Young?” and Dirgantara and Aliabadi,’
respectively. The formulation is derived for geometrically non-linear shallow
shells? by coupling boundary element formulations of shear deformable
plate bending and two-dimensional plane stress elasticity. This general
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BEM formulation can be reduced to the geometrically non-linear plate*”
integral equations by neglecting the curvature terms, or to the linear plate
and shallow shell expressions by neglecting the non-linear terms. Domain
integrals are transformed into boundary integrals using the dual reciprocity
technique. At the end, several examples are shown to demonstrate the
accuracy and efficiency of the present BEM formulation.

1.2. Basic Definitions of Shear Deformable Plates
and Shallow Shells

Plate and shell structures can be seen as bodies bounded by two surfaces
that are separated by a distance known as the thickness, h, which are
capable of resisting bending and which transfer membrane forces from one of
its edges to another. The present work considers isotropic plates or shallow
shells of uniform thickness h, Young’s modulus FE, Poisson’s ratio v and
a quadratic middle surface defined only by k13 = 1/R; and kaz = 1/Ra,
which are principal curvatures of the shell in the z; and z, directions
respectively, while k12 = ko1 = 0 (see Fig. 1.1).

P,

W,

Membrane Bending

Fig. 1.1. Degrees of freedom and curved plate geometry.
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Classical linear elastic shell theory, based on the hypothesis of
Kirchhoff,!” was presented by Love.?! The basic assumptions are the
following:

(1) The shell thickness h should be at least an order of magnitude smaller
than the least radius of curvature R of the middle surface.

(2) The strains and displacements are small enough for changes in geometry
to be negligible.

(3) The component of stress normal to the middle surface is small compared
to the other components of stress.

(4) Straight lines normal to the undeformed middle surface would remain
inextensible, straight and normal to the middle surface when the shell
is in a deformed state (transverse shear strains are neglected).

This last assumption represents the main difference between the classical
and shear deformable theories. In Kirchhoff’s hypothesis, the rotations
of the cross section are approximated with the first derivatives of the
deflection, while in the shear deformable theories, the straight lines normal
to the undeformed middle surface would still remain inextensible and
straight when the shell is in a deformed state, but would not necessarily
remain normal to the middle surface. In other words, in shear deformable
theories, rotations of the cross section are considered totally independent
degrees of freedom.

Shear deformable plate theories have been proposed by Reissner3® and
Mindlin,?® and the difference between them is in the shear factor (5/6 for
Reissner and 72 /12 for Mindlin). Shear deformable theories for thin elastic
isotropic shells have been derived by Reissner®® and Naghdi.?4 All theories
have been successfully applied to both thick and thin plates and shells.

Simplification of the general equations of shells can be valid in many
situations. A shallow shell (also known as a curved plate) is the one whose
rise with regard to any cord is small; this means that all points on the middle
surface have to be sufficiently close to a plane. According to Vlasov,*? a
shell can be considered shallow if the ratio of the rise to the shorter side
(for a shell of rectangular plan) or to the diameter (for a shell of circular
plan) is less than 1/5. Figure 1.1 shows the generalised displacements w;
and u,, where w, denotes rotations of the middle surface, ws denotes
the out-of-plane displacement and u, denotes in-plane displacements. The
corresponding generalised tractions are denoted as p; and t,, where p,
denotes tractions due to the stress couples, p3 denotes the traction due
to shear stress resultant and ¢, denotes tractions due to membrane stress
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resultants. At this point, it is good to mention that the indicial notation
used throughout this chapter is as follows: the Greek indices («, 3,~) will
vary from 1 to 2 and Roman indices (3, j, k) from 1 to 3.

1.2.1. Forces and moments for stress resultants
and stress couples

Consider an element from a shell (see Fig. 1.2). As in beam theory, in shell
theory it is more convenient to transform the conventional stresses shown in
Fig. 1.2 into a statically equivalent system of forces and bending moments
shown in Fig. 1.3.

The relation between the conventional stress state and the shell stress
resultants system can be obtained from the total force acting on each of

Fig. 1.2. General stress components.

X3

Fig. 1.3. Shell stress resultants.
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the faces. On the face with stresses 011, 012 and o013, the total forces (as a
resultant of the stresses) acting on the entire surface of this face is given by:

+h/2
F = Rgde/ (1 + —) o11dxs (1.1)
h/2
+h)2
Fy = Rgd&/ (1 + —) o12dx3 (12)
h/2
+h)2 25
F3 = Rgd&/ (1 + —) o13dxs (13)
—h/2 Ry

Therefore, the membrane N, and shearing (), stress resultants
(defined as forces per unit length along dzs) on this face are given as:

F1 +h/2 I3
Ny = — = 14+ = d 1.4
11 Rydd [h , + i 0114T3 (1.4)
/
F2 +h/2 X3
Nig= —2_ = 14+ = d 1.5
12 Tpdf /_h/2 + oS 0120473 (1.5)
F3 /+h/2 < xS)
Q1 Radf o R, ) 71373 (1.6)

while the bending stress couples M, (defined as the bending and twisting
moments per unit length along dzs) are:

+h/2 T3

Mll = / (1 + —) x3011d$3 (17)
—h/2 Ry
+h/2 T3

M12 = / (1 + —) $3012d$3 (18)
—h/2 Ry

Similarly, stress resultants and stress couples on the other face of the
shell element (perpendicular to the x5 axis):

+h/2

N22 = / (1 + ) 0'22d$3 (19)
—h/2 Ry
+h/2 3

N21 = / 1 + — ngdajg (110)
—h/2 Ry
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+h/2 T3

QQ = / (1 + —> 0'23d£€3 (111)
—h/2 Ry
+h/2 T3

M22 = / (1 + —) $3022dl‘3 (112)
—h/2 R,
+h/2 T3

Mgl = / (1 + —) CCgO'Qld.Tg (113)
—h/2 Ry

The behaviour of shell stresses through the thickness is assumed as
follows;24:33 those due to membrane forces are uniform, those due to
bending and twisting moments vary linearly and the transverse shear
stresses vary parabolically over the thickness:

x3 1 1225 y=p ifa#p
= « :_Na Ma; . 1.14
(”Rv)” pites + T Mo {wéﬂ fa=p (1

T3 3 2(1’53 2 .
<1 + E) a3 = 57 [1 — <T> ] Quo; vV # (1.15)

Relation between stress resultants and the generalised tractions at the
boundary are written as:

and

Pa = Magng (1.16)
P3 = Qana (117)
to = Nogng (1.18)

where ng are the components of the outward normal vector to the projected
boundary on the z; z, plane.

1.2.2. Linear kinematic equations

Strain tensors in shear deformable linear elastic theories can be derived from
the deformation pattern of a differential element. The membrane strain
resultant tensor can be expressed as follows:

1
Cap = 5 (a5 + up.a) + wskap (1.19)
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where (),3= 0( )/0zs and the superscript ({) refers to the linear part. The
transverse shear strain resultant can be expressed as:

Yoz = Wo + W3 o (120)
and finally, the flexural strain resultant can be written as:

Kag = 2Xaf = Wa,3 + Wg,a (1.21)

1.2.3. Linear constitutive equations

The relationships between stress resultants and strains were derived by
Naghdi,?* using Reissner’s variational theorem of elasticity,>> and are

given by:
1—v 2v
= D— o m— .
Map 5 (QXag + 1= VXWV(SOCB) (1.22)
Qa = CYas3 (1.23)
1—v 2v
Naﬁ = BT (25(16 + :8776(15) (124)

where J,4 is the Kronecker delta function; B(= Eh/ (1 —v?)) is known
as the tension stiffness; D(= Eh3/ [12 (1 —v?)]) is the bending stiffness;
C(=[D (1 —v)A2] /2) is the shear stiffness and \,(=v/10/h) is called the
shear factor.

Stress-displacement relationships can be obtained after Egs. (1.19-1.21)
are substituted into Eqgs. (1.22-1.24):

1—v 2
Maﬁ = D—2 (wa,ﬁ + wg,o + ﬁwvwé(w) (1_25)
Qa == C(wa + wS,a) (126)
and
i 1- 2
N(ig) —p-—_"Y (uaﬂ +UBa + éuwﬁéaﬁ) (1.27)

N = B = v)kap + voaghss) ws
(0 _ ar(® (i4)
Na[i‘ - Nozﬁ + Na,@

To make the representation more convenient, the linear membrane
stress N(ilﬁ) is separated into N(E;B) which is due to in-plane displacements
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and NC%) which is due to curvature and out-of-plane displacement. This
notation facilitates the derivation of the membrane boundary integral
equations.

1.2.4. Linear equilibrium equations

Equilibrium equations for shear deformable plate bending (Reissner-
Mindlin) and 2D elasticity can be written in indicial notation as follows!:

Mag,p = Qa = 0; (1.28)
Qaa + 5 =10; (1.29)
N s+ =0 (1.30)
where f& f™ are body forces that can be expressed as:
f2=a3 — kapNag (1.31)
f'=ga+ N, (1.32)

where ¢; are applied body forces and k,3N,3 and No%)

‘ 5 are terms due to
the curvature of the shallow shell.

1.3. Large Deflection Theory

For geometrical non-linear theory (large deflection) of plates and shells,
the membrane and bending deflections are coupled in the membrane strain
equation (out-of-plane displacement contributions are included in strain-
displacement relationships). The new assumption can be stated as follows:
Deflections (ws) are large (several times greater than the thickness, h); but
strains are still small compared to unity.

Based on this, the strain tensors can be obtained by considering the
geometrical changes as the element is stretched and deformed,

1 1
EaB = 5 (uaﬂ + Uﬁ,a) + U}3kaﬁ + |:§w3,aw3ﬂ:| (133)

from which the following expressions can be written (see Eq. (1.19)):

I 1
6((123 =3 (Ua,8 + Ug,a) + w3kap; 5&5 = 5Ws.aWs,5
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Equilibrium equations are also affected by the membrane and bending
coupling. In a geometrically non-linear analysis, the pseudo body force
Eqgs. (1.31-1.32) are now given as:

f3 = @ = kapNap + |(Napws ) . (1.34)
and
fi = ga+ NGy + N3] (1.35)
where,
Nap = N+ N + N&) (1.36)

No(én) = 312—1/ (w37aw3,5 + %wgﬁwgﬁéaﬁ>

Constitutive Egs. (1.22-1.24) remain the same in a pure geometrically
non-linear analysis. Therefore, Eq. (1.36) is obtained after introducing
Eq. (1.33) into Eq. (1.24). Non-linear terms in the kinematic Eq. (1.33) and
pseudo body force (equilibrium) Egs. (1.34-1.35) are given by the terms in
square brackets.

Equilibrium equations can also be written in term of displacements as
follows:

Lbw, + ff=0 (1.37)
and
Llsug+ ' =0 (1.38)

where Lgk is the Navier differential operator for shear deformable plate
bending problems:

D(1-v) (1+v) 0

Lby = 5 (V? = N?) bap + =) oz, a%@ (1.39)
T I % _2”) Dv% (1.40)

Ly, =L (1.41)

L = A=v)D,2ge (1.42)

2
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while Ly is the Navier differential operator for two-dimensional plane
stress problems:

B(1-v)

. (1+v) 8 9
af T T 5 V?6as +

0 7) 5z, 7z, (1.43)

Shallow shells bear the same relation to plates as curved beams to
straight beams. Therefore, in the literature, including the present work,
shallow shells are also known as curved plates. It follows from this that
flat plate equations can be easily obtained by considering an infinite radius
(kag = 0) in the governing equations presented in this work.

1.4. Integral Representations

Displacement integral equations for geometrically and material non-linear
shear deformable shallow shell/plate bending problems can be derived by
considering the following integral identities representations of the governing
equilibrium Egs. (1.28-1.30)7-8:

/Q [(Mas s — Qo) W2+ (Qua + f) Weld2=0  (1.44)
and
/(Nggﬁ 4 Fm) URdQ = 0 (1.45)
Q

where U and W/ are weighting functions and (2 represents the projected
domain of a shallow shell/plate on the z1—z5 plane. Equation (1.44) is the
integral representation for bending and transverse shear stress resultants
and Eq. (1.45) is the integral representation for in-plane stress resultants.
The terms f and f? are given by Egs. (1.34-1.35).

It can be seen that integral representations (1.44-1.45) have the form of
shear deformable plate bending and two dimensional plane stress, for which
boundary integral formulation procedures and fundamental solutions have

already been developed.!

1.4.1. Rotations and out-of-plane integral representations

Integrating by parts, Eq. (1.44) will result in:
/ MagngWidl — / MosWg 5dQ — / QuW7rdQ
r Q Q

+/QanaW3*dI‘f/ Qawg‘,ad9+/ AWsdQ=0  (1.46)
r Q Q
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Let’s now consider the relationships between stresses and tractions
given in Eqgs. (1.16-1.17):

[wrar— [ atpwipa0 - [ Quwg+wi,)a0
T Q Q

+/ FWsdQ =0 (1.47)
Q

Bending and shear stress resultants (M,g and Q,) in Eq. (1.47) can
now be replaced with the stress displacements relationships in Eqgs. (1.25—
1.26), resulting in the following equation:

D(1 - 2
/pjw;‘dr—/ W2, DAV (g + =2 bsw, ., ) b
r Q 2 (1-v)

- / Cwa + ws,0) (W + W5 ,)dQ + / Wz =0 (1.48)
Q Q

Integrating the second integral by parts and rearranging the third
integral in Eq. (1.48):

/pjwj*dr—/wg;ﬁ
r r

D(1-v) 2v
X {T (wang + wgna + méaﬁwvnv) } dr

Doy ( 2

+ B waW;‘,ﬂﬁ + w,@W(jﬁa + waW;szalg) dS)
Q ( v)

— | Q(wa + w3,0)dQ +/ fowzdao =o (1.49)
Q Q

Using integration by parts, stress-displacement relationships, tractions-
stress relationships and some useful properties of the Kronecker delta
function, it can be shown that®:

D(1-v) 2v
. 5 - T
/FW(LB { 5 (’wang + wgng + (1 — l/) (5a5w7n7> } d

- / wa Prdl (1.50)
r

D(1 — 2
/ % <waW2765 + w[(—}W(iBa + Vy) w»YW;ﬁ,Y(;aﬂ) dQ
Q

(1-
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/ Q (wa + ws3,4)dY = / Pywsdl + / (Qawa — Qp qw3)dQ  (1.52)
Q r Q
Now, substituting Eqs. (1.50-1.52) into Eq. (1.49) and grouping:
[ wimr = [ Prusdr+ [ (055 - Qi + Q5 qwsldo
r r Q
+/ FWsd =0 (1.53)
Q

The weighting functions (-)* can be chosen arbitrarily. In the present
boundary element formulation, they are defined from a state of concentrated
generalised loads: two bending moments and one concentrated shear force
at an arbitrary source point X’ €  as shown in Fig. 1.4.

Based on this fundamental state, the loading direction can be
introduced in Eq. (1.53) as follows:

Am%ﬁ—ﬂﬁwﬂﬁ@<mﬁ4mmw@awwa
+/ Wi fd =0 (1.54)
Q

The fundamental state (-)* is chosen such that:

inp,5(XX) = Q1 (X!, X) + (X!, X)dj0 = 0 (1.55)
Qfa,a(Xla X) + §(Xl7 X)513 =0 (156)

= Bending Fundamental Suiu1in|15//----""'_h'
e . K

Fig. 1.4. Fundamental state of displacements and tractions due to concentrated shear
force and bending moments.
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where §(X’,X) is the Dirac Delta function, which has the following
property:

/ 8(X!, X )w; (X)dQ = w; (X)) (1.57)
Q

Now, after making use of the property in Eq. (1.57) with
Egs. (1.55-1.56), Eq. (1.54) can be rewritten for an internal source point
X' as follows:

= [ WK, G0 T (0 + [ P K () ()
- [ WaxX)s8 (%) 42 (%) = 0 (1.58)

Wi (X', x) and P (X', x) are the fundamental solutions for rotations and
out-of-plane displacements, and bending and shear tractions, respectively,
derived by Van der Weeen*? and can be found in Aliabadi.’ They represent
the displacements or the tractions at the point x or X in the direction j
due to unit point load applied at X’ in the direction 3.

After introducing f? (X) from Eq. (1.34) in Eq. (1.58):

wi(X) + / Py (X!, x)w; (x) dT (%)

- /r WX, x)p; (x) d (x)

1—v 2v
—/ kapB—5— (Ua,ﬁ (X) +upa (X) + 71— use (X) 5aﬁ)
Q 14

i3 (X', X) dQ2 (X)

- / g B [(1 = 0)kas + vbaghss] ws (X) Wi (X', X) d22 (X)

— [ W Xk N (004 (%) + [ W5 (X' X)as (X)X
Q Q
n / W (X', X) (Nag (X 5(X)) , d2(X) (1.59)

Equation (1.59) is the geometrically non-linear integral representation
for rotations and out-of-plane displacement of shear deformable shallow
shell theory.
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1.4.2. In-plane integral representations
Membrane integral representations can also be obtained in a similar
way to the bending and out-of-plane integral representations. Integrating
Eq. (1.45) by parts gives:

/N“ npUxdl — / Yo Bdﬂ+/ FrURdQ =0 (1.60)

Using Eq. (1.18) and Eq. (1.27), Eq. (1.60) can be written as follows:

7 * 1-v 2v *
/th‘)UadF — /g;B B (’U,a’ﬁ + Ug,a + :U’yﬁ(saﬁ) Ua’ﬁdQ
+/ fruxdr=0 (1.61)
Q
Integrating the second integral of Eq. (1.61) by parts:
/t“')U*dr—/Bl_—” ang + usne + —X—tndug | U dl
- a Ya r 9 1—v Yy a3
1—-v N " 2v
+ B—2 (uaUa”Bﬁ + uﬁUOé,BOé + —1 — Véaﬁufy @ ﬁ’)’) dQ
Q
+/ frUL =0 (1.62)
Q

Using again the stress-displacement Eq. (1.27) and some useful
properties of the Kronecker delta functions, it can be shown that 8:

1-v 2v N
/ BT (uang + ugng + ﬁu7n75a5> Ui pdl
r

= / ua T*dl (1.63)
r

1-v N N 2v .
/ B B <UQUQ,5/B + “ﬁUa,ﬂa + méaﬁu’yUO‘vﬂ’Y> a2
Q

Q

Now, introducing Eqgs. (1.63-1.64) into Eq. (1.62) and grouping, gives:

/tgf)U;dI‘f/uaTc(f)*dI‘Jr/ N dﬂ+/ faUqad2 =0 (1.65)
r r
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Membrane Fundamental Solutions

Fig. 1.5. Fundamental state of displacements and tractions due to concentrated
membrane forces.

Again, the fundamental state (-)* is defined for concentrated generalised
loads; in this case, two concentrated membrane forces at an arbitrary point

X’ € Q, as shown in Fig. 1.5.
After introducing the direction of the load 6 in Eq. (1.65):

0= /F Uz, (X!, x) t9 (x) dI (x) — /F T (X!, X) g (x) dT (x)

- /Q NS 5 (X, X) g (X) €2 (X) + /Q Upo (X, X) £ (X) dS2 (X)

(1.66)
The fundamental state (-)* is chosen, such that:
Ny 5 (X', X) + 0(X, X)Ggo = 0 (1.67)

Using the property of the Dirac Delta function (1.57) and Eq. (1.67),
Eq. (1.66) can be rewritten for an internal source point X’ as follows:

up (X') + /F T (X!, %) g (x) dT (x)

- / Ug (X', 40 () dT (x) + / Us, (X', X) 7 (X) d2 (X)
T Q
(1.68)

where Uj,(X’,x) and Téz*(X' ,x) are the fundamental solutions for in-
plane displacements and membrane tractions, respectively, and are given in
Aliabadi.! They represent displacements or tractions at the field point x or
X in the direction a due to unit load applied at the source point X’ in the

direction 6.
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As mentioned previously, the upper index (i) on the tractions refers to
the in-plane displacement. After introducing f2* (X) from Eq. (1.35) and
using the following relation:

to =t + 0 4+ = Nng + NDng + NOng (1.69)
Equation (1.68) can be written as follows:
up (X') + /F Tg(g* (X', %) uq (x) dL (x)

[ 3K %) B s (1= ) o] s () ()0 ()

— /Q Uja (X', X)B [kag (1 — v) + vdagkes] ws,5(X)dQUX)

- /Q Upo( X, X)NY 5(X)dX)

+ /F Ugo (X', %) N (x) dT (x)

= /FUg.‘a (X, x) to (x)dl (x)

+/ Ugo, (X', X) g0 (X) dQ2 (X) (1.70)
Q

Equation (1.70) is the geometrically non-linear integral representation
for in-plane displacement of shear deformable shallow shell theory.

1.5. Boundary Integral Equations

In the case where the collocation point is taken to the boundary, X’ — x’ €
I'; and the integration process is performed, there will be a boundary region
where the distance, r, tends to zero. Assuming that the displacements w;
and ug satisfy the Holder continuity,

lw; (x) —w;(x")| < Ar®; A constant, and 0 < a <1 (1.71)

and analysing the limit of a semi-circular domain with boundary I'} and
radius € centred at the source point x’, as shown in Fig. 1.6, rotations and
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Fig. 1.6. Semi-circular region around the source point on the boundary.

out-of-plane displacement integral Eq. (1.58) can be written as follows:

w;(x') + lim P (%', x)w; (x)dTl (x)
=0 Jp_p 4>

= lim Wi (%', x)p; (x) dT (x)
=0 Jr—r.4r>

+ / W (', X) £ (X)d2X) (1.72)
Q

and the in-plane Eq. (1.68):

ug (x') + lim Te(i)* (x', %) g (x) dl (x)
=0 Jr_r.41:

= lim Uz, (%', x) t9 (x) dT (x)
=0 Jr_r. 41>

+/ Uj., (X', X) frdQ (X) (1.73)
Q

Boundary and domain integrals involving the displacement funda-
mental solutions (Uj,, and W) contain weakly singular or regular kernels
that lead to no jump terms and therefore exist in the limit in the normal
sense. Boundary integrals involving the traction fundamental solutions
(Te((i)* and P;;) contain a strong singularity of O(1/r) and therefore will
lead to a jump term and will exist in the limit as a Cauchy principal value
integral. After performing all the limiting processes,® Egs. (1.72-1.73) can
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be written as follows:
cij(x ][ (x',x Jw; (x) dI (x)

/ (', %)p; (x) dT" (x / W, X) R(X)dAX)  (1.74)

and

Coa (%) o (x) + ][ Tya) (', x)uq (x)dT(x)

:/UJQ(X',X)tS)(X)dF(X)Jr/ Uso(x', X) [ (X)dQUX)  (1.75)
r Q

where f denotes a Cauchy principal value integral and x’,x € I" are source
and field points, respectively. ¢;;(x’) represent the jump terms, whose value
is equal to %&j when x’ is located on a smooth boundary.

Using Eqs. (1.34-1.35) and (1.69), Eqs. (1.74-1.75) can be rewritten as:

£ (Y (x >+][P”<x x)uw; (x) dT" (x)
/ (x',x)pj (x) dTl (x)

1—v 2u
—/ kapB—5— (Ua,,a (X) +upa (X) + 77,4 (X) 5aﬁ>
Q -V

x W (%', X) 2 (X)

— | RaB I = ks + vy s (X)W (. ) d2 (X)
/ = (x, X)k aﬁN( / = (x, X)q3(X)dQ(X)
+ / Wi (', X) (Nag (X, 5(X)) 492 (X) (1.76)
Q
and
oo (%) e ( >+]£T“>*<x ) tte (x) dT" (x)

+ / Usa(X's%) B [kap (1 = v) + vdagkss] ws(x)ns(x)d (x)
T
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[ Va6 X0 B sy (1= 9) + v 5(X)ADUX)
Q

- / Uso (0, KON L (X)AQ(X) + / Ugo (%', ) N () dT (x)
Q N

/F Ug (%) o (%) dT (x) + /Q Uso (¢, X) go (X) d2(X)  (177)

Equations (1.76-1.77) are the boundary geometrically non-linear
integral representation for rotations and out-of-plane displacement and in-
plane displacements, respectively. It is important to mention that, due to
the curvature terms (containing k.g) or non-linear terms, Eqgs. (1.76-1.77)
have to be solved simultaneously and not only for collocation at boundary
points x but also at domain points X.

By applying the divergence theorem, the last domain integral in
Eq. (1.76) can be transferred to the boundary, in the case of a uniform
domain load (g3 = constant):

/ (x', X)q3(X)dQ(X) = q3/ (x', X)nq (x)dl(x) (1.78)

where V;* are the particular solutions of the Eq. V%, = Wj. For not
uniform g3, the transformation of domain integrals can be carried out by
using the dual reciprocity technique.

1.6. Stresses in Shear Deformable Plates/Shallow Shells

Once the values of displacements and tractions are known, displacements
and stresses at any point in the structure can be obtained as a post
processing procedure. In the case of internal stresses, evaluation can be
directly performed by derivation of the displacement integral equation
and substitution in the displacement-strain (kinematics) and strain-stress
(constitutive)relationships.

In the case of boundary stresses, two different methods can be
used. The indirect approach relies on the use of boundary tractions and
displacements obtained from the BEM solution in a local coordinate system
where tangential strains are calculated by differentiation of the shape
functions. Later, these strains are used to obtain stresses by means of
Hooke’s law. In the direct approach, stresses are obtained directly from the
integral equations for stresses. The direct approach is mathematically very
cumbersome because of the singularities involved in the boundary integrals
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and therefore is only recommended in special cases. The indirect approach,
although economical and therefore more popular, is prone to inaccuracies
when a coarse mesh is used.

1.6.1. Internal stress resultants

Evaluation of stresses at any domain point in the structure can be obtained
when derivatives of Egs. (1.58) and (1.68), with respect to the source point
X' are introduced in Eqgs. (1.25-1.26) and (1.36)%+47:

Mg (X') = / W2 30 (X', x)pi ()T () — / o (X!, )0 (x)dT ()

+ / W25 (X, X) f(X)d2X) (1.79)
Qs (X / Wi (X', 3)p ()T (x / P (X! x)wi (x)dD(x)
+ /Q Wis5(X/, X) F2(X)d(X) (1.80)
and
Nog (X') = / =5 (X7, 3010 (x)dT' () — / T (X', )ty ()T (x)

" / = (X!, X) f7(X)AQX) + B [(1— v)kas + vagkos] ws (X')

1—v
2

14
(ws,a (X w5 (X') + T ws sy (X ws 5 (X) 5aﬁ>

(1.81)

 The body force terms fb and fm are given by Egs. (1.34-1.35) and
@ by Eq. (1.69). The kernels W, Py, Usg,, Tas, and Qjy are

afy
linear combinations of the first derivatives of W, P, Uy 1,5 and V5,

afB’ T«
respectively. The expression for all these kernels was derived by Van der

Weeén*? and are given in Aliabadi.

1.6.2. Boundary stress resultants: indirect approach

Let’s consider a local coordinate system at a boundary source point x’, as
shown in Fig. 1.7. Generalised local displacements (w?, uj) and tractions
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Fig. 1.7. Local and global coordinate system at x’.

(p9, tg) at x’ are related to global displacements (w;, ug) and tractions
(pi, to), as follows:
w;) = e,LOJw] and ’U,z = eg’yuﬂy

p; =egp; and tg=eg t, (1.82)
where ef; is the rotation matrix and can be written in terms of the known
normal components as:

el = —nNng Nq 0 (183)

Stress resultants at the local coordinate system can be obtained from
equilibrium considerations at the boundary as follows:

My, = pe,
QY = ps
Ny, =t2 (1.84)

The remaining stress resultants on the local coordinate system can be
obtained with Eqgs. (1.25-1.26) and (1.36):
M3, =vpl+ D (1 — V2) w§)2

D(1—v)\?

Q3 = T g o+ wg )
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Ng, = vt} + B (1 —1?) u3 o+ B (1 —v?) k3yw$

B(1-1?)

* 2

(w§ 5)* (1.85)

The non-linear term in Eq. (1.85) is given by the term in square
brackets. As can be seen from Eq. (1.85), derivatives of the local
displacements (w$ 5, w3 o and u$ ,) have to be computed in order to obtain
some of the local stress resultants. This can be achieved by first expressing
the local displacements as a product of the shape functions ®™ and the
nodal displacements as follows:

ug™ (1.86)

Now, the displacement derivatives in Eq. (1.85) can be obtained from:

, > > opm oy 06
W = 2 W = 2 S gt
3 3. gpm 9
ug, =y 7% Z 687 e f 5 (1.87)

m=1 =
where B:E(‘?—(Ex’) is given by the inverse of the Jacobian':
2

o 1
org(x)  J(X) (1.88)

The local curvature term k9, can be obtained following a similar
strategy®:

ko = nikin + nika (1.89)

Global stress resultants can now be obtained using the following
transformation:

Maﬂ = egae?y,BMé)’y
Qo = €3,Q5
Nag = €gae55Ng, (1.90)
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1.6.3. Boundary stress resultants: direct approach

The direct approach for boundary stress resultants is based on Egs. (1.79—
1.81) when X’ approaches the boundary point x’. The same procedure used
for the displacement integral equations is adopted. Considering the limit of a
semi-circular domain with boundary I'; and radius € centered at the source
point x’, as shown in Fig. 1.6, Egs. (1.79-1.81) can be rewritten as follows*>:

M,s (x') + lim Pg, (X', x)w, (x)dT(x)
e=0 Jr_r 4T

+iiirtl) . Pg3(x', x)ws(x)dI(x)
—Te4T:

~ lim W (%' ) (%)L ()
=0 /r_r.4r:

+iiir(1) . W;ﬁg(x',x)pg(x)dl"(x)
- 5+ :

Hlim [ Wi, X) FEX)ARAX): (1.91)
Qo) limy [ P, (¢ 3w (<)l ()
—Te+ ;

+ lim P3g5(x’, x)ws (x)dI(x)
=0 Jr_r 412

= lim Wi, (x', %)y (x)dD (x)
=0 Jr_r. 41

T lim W3 (%', X)ps () (x)
=0 Jr_r 412

+ lim / Wi (x, X) £2(X)d0X) (1.92)
e Q
and,

Nus (x') + lim T (%', x)u (x)dD(x)
e=0 Jr_r.4r:

= lim 2, (X, %)) (x)dT (x)
=0 Jr_r 4T

+lim [ Uz, (', X) £ (X)dA(X)
e—~vJja
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+ B[(1 = v)kap + viapkss) ws (X)

1—v

5 (10 0w () 2w () ()
(1.93)

+B

Several integrals in Eqgs. (1.91-1.92) were split due to the different
levels of their singularity. A detailed description of the treatment of these
singularities can be found in Dirgantara,® including the derivation of jump
terms that arise from the limiting process of some integrals. Equations
(1.91-1.92) represent the bending and shear stress resultant boundary
integral equations, respectively, while Eq. (1.93) represents the membrane
stress resultant boundary integral equation.

Due to the singularity level in some of these integrals, the generalised
displacements w; and wu, are required to be C1*(0 < a < 1) and the
generalised tractions p; and t, are required to be C%%(0 < o < 1) for
the principal value integrals to exist. In order to satisfy this requirement,
the point x’ is assumed to be on a smooth boundary, and this is achieved
by using totally discontinuous elements.

Taking into account all the limits and the jump terms as e — 0 for a
source point on a smooth boundary, stress resultant integral equations are
obtained as follows:

FMes () Pl (04w () + f Pl x) s ()T ()
][ ozﬁ'y X xp’Y( )dF /Waﬁ?) X X)p3( )dr( )

+ / W2 5 (< X) F(X)dQU(X) (1.94)

N | =

Qo) + f Pipy (30 (0T () + . P x)us (T (x)

/ Wi (30, (AT 0) + Wi x)pa )T (x)

+ /Q Wi3ss(x', X) f5(X)dU(X) (1.95)
FNos) + £ T8 (¢ ), (T )

_ ][F U7 5 (', x)E) (x)dT ()
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+ [ U, (¢ ) £ (KXY 5B (1 = )iy + o] ()

1—v v

(w ) w35 ) + 2y (<) s () B
(1.96)

+B

where 3‘5 denotes a Hadamard principal value integral. Equations (1.94—
1.96) represent eight stress resultant integral equations for boundary point
x’ on a smooth boundary T'.

1.7. Non-linear Terms
1.7.1. Boundary non-linear terms

After a closer look at the non-linear system of Eqs. (1.76-1.77), a limitation
can be found due to the presence of the following non-linear term at the
boundary:

[ Vi (X' 30NG () mofor (x)

The limitation arises because the non-linear membrane stress N (%)
depends on derivatives of the out-of-plane deflection as shown by Eq. (1.36).
The boundary integral equation for w,, (x’) will lead to an equations similar

0 (1.94-1.96). As mentioned before, Egs. (1.94-1.96) are mathematically
very cumbersome because of the singularities involved in the boundary
integrals and therefore are only recommended for use in special cases. In
the large deflection analysis proposed by Dirgantara and Aliabadi,® this
limitation was overcome by just considering linear in-plane tractions in the
integral representations. Let’s first recall the following relationship for the
membrane tractions:

ta (%) = Ny (%) g () + N5 () g () + NG () m ()
Therefore, non-linear and total membrane tractions can be written as,
£ (x) = 1) (%) + 157 (%) = ta (x) =15 (1.97)

It is possible to write Eq. (1.77) as follows:
Coa (X') o (x') + ][ T (X', %)t (x)dI (x)
r

+ / U (X' X)B [k (1 — 1) + bashig] ws (x)n(x)d0 (x)
T
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- /Q Upa (o XN L (X)dQ(X)
- /Q Upo (s X)B [k (1 — ) + viaghas] ws 5(X)d2AX)

— [ U3ulo D000 0) + [ Ui X (X)) (199
T Q

The use of linear membrane tractions t((ll) in the integral Eq. (1.98),
does not reduce the general performance of the formulation, but it limits
the type of boundary conditions that can be analysed. In other words, as
long as total membrane tractions t, are not required to be known (input
or output data), the formulation can be used.

1.7.2. Domain non-linear terms

Non-linear terms in Egs. (1.76) and (1.98) include primarily derivatives of
the out-of-plane displacement ws g and total membrane stress resultants
Nqp. These non-linear terms are needed in order to solve the non-linear
system of equations. Dirgantara and Aliabadi® derived these terms from
the displacement integral Eqgs. (1.59) and (1.70) as follows:

ws,o(X') + /F P?fj,g(X’,X)wj (x)dI (x)

= [ W30(X ) () (9

1—v

- / Wiy o (X', X) ko B
Q

2o (X) 000 ) 42 (X)

¢ (1 (X0 + 30 (%) 4 5

- / Wity (X X) kag B (1~ 0)hug + voapkss) ws (X) d2 (X)
Q

- / Wiyo (X', X) kag N (X) €2 (X)

+ / Wi o (X', X) (Nag (X) w35 (X)) 462 (X)

+ [ Wi (. X) (X)a02X) (1.99)
Q
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And for linear membrane stress resultants, Eq. (1.81) can be
rewritten as,

NG (x) + / T (X' ), ()T ()
= [ Ut (K301 ()0 )

- [ (X'

[

/ i (KON, (K02 + [ 02,0 X} (00 d2(X)

[(]. — V)k 8 + vé ﬂk¢¢] w3 (X ) (1100)

Blkyo (1= v) + vdy0kes] ws(x)ne(x)dl(x)
)

B [k,Yg (1 — I/) + V579k¢¢] wgg(X)dQ(X)

Recalling Eq. (1.36), the total in-plane membrane stress resultant is
given by:

l n
Nap(X') = NO(X') + N (X))
where:

1—v
2

n 14
NG = B (w0 (K oK) + 2 (K (X030 )

1.7.3. Derivatives of non-linear terms*”

Non-linear terms can be approximated by

S(x1,x2) = Z f(r)a™ (1.101)

where S can be either NSE(X) or (Nog (X)ws g (X)). a™ are coefficients
which can be determined by the values at selected domain points, and the
approximating function is given as

fr)y=+vc?+r? (1.102)

where c is a constant and r = \/(z1 — 27")2 + (v2 — 27")2.
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By substituting Eq. (1.102) into Eq. (1.101), the derivatives of non-
linear terms can be obtained as follows:

M

(xa _ajm)am
Sari,ze) =Y o _Ta)o 1.103
) ( 1 2) 771221 \/CZ—F—T2 ( )

Using Eq. (1.103), the derivatives of non-linear terms in the domain §2
can be determined, namely NO(ZZ,) (X),a and (Nag (X) w35 (X)) -
1.8. Transformation of Domain Integrals (The Dual

Reciprocity Method)

There are several techniques for the treatment of domain integrals in
BEM. Some of the most important are the analytical integration of the
domain integrals, the multiple reciprocity method and the dual reciprocity
method.?® Out of all of these methods, the Dual Reciprocity Method
(DRM) constitutes the most general technique other than domain cell
integration.

The DRM is based on the use of a series of particular solutions, %,
instead of a single function, u, of the differential equation. The number of
Um used is equal to the total number of selected nodes in the problem. If
there are N boundary nodes and L domain points, there could be N + L
values of U,,.

It is assumed that the domain terms in the non-linear system of integral
equations presented in the previous sections can be approximated by,

M
b= f"(r)a™ (1.104)

where f™(r) are approximating functions, @™ are a set of initially unknown
coefficients, r denotes the distance between the calculating point and the
selected point in the domain €2, and M is the total number of selected
points. To obtain o™, Eq. (1.104) may be inverted to give

a=F'b (1.105)

where F consists of a vector f™ determined from Eq. (1.104). A complete
description of the DRM can be found in the book by Partridge et al.2®
The domain integrals in Eqgs. (1.76) and (1.98) are:

Ilz / WE'LU3dQ ‘[21 / %3 ZU1
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L ou "
131 /Q ’38 z Lﬁ :/ Wi3q3dS2
* 811}3 * 811)3
EA :/ e Q, I8 :/Q ‘ﬂa—xzdg

where,
Q§ =dq3 — kaﬁN(SZg) + (NaﬁwS,ﬁ)’a
and

a5 = ap+ N,

Ba,a

The above domain integrals are transferred to the boundary by
employing the dual reciprocity technique as described by Wen et al.%5:46

Using the particular solution w3

~ k» which satisfies the differential equation,

ngde nk =0 and Lbadj fnk_fm(r)

where Li’gdj and Lg’kadj are adjoint operators of the original differential
operator LY, for the plate bending problem in Eq. (1.37), the boundary
integral equations for plate bending problem becomes

i (XY (¢ / Wi (¢, %)% (x) dT (x ][ By (x, %)%, (x) dT (x)

+ / W (x', X) ™ (r)dQ(X) (1.107)
Q

which implies that

I, = % [Czk( / 5o (X %) (x) dT (%)

m=1
+£Pi1(x’,x)w;k (x) dT’ (x)] Flw; (1.108)

Similar to the previous procedure, the following plate bending
differential equations are considered for the case of I2) and IZ:

0F,,
Lbadj sz:O and Lbadj Zﬂg— 5 (T):‘T_’Y
Ly T
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This leads to the following expressions:

Mt

Iy = Z [cik(x/)w}nk /W;;c X', %) Py (x) dT (%)

+][F (%!, X))k, (x) dI (x )] Flu, (1.109)

and

Mt

=3 [cmx’)w?nk — [ Wi X0 0 T (9

m=1
+][F (%, )2, (x) dT (x )] F~lug (1.110)

In the particular case of the pseudo transversal body force, the
domain integral IZ can be obtained with the same particular solutions
of Eq. (1.108):

LEDY 3 [ / Wi (X 305 (<) (x)

/ P (X!, X)5,, (x)dT <x>] Flg (1.111)

IP can be evaluated from the particular solution 4l , for two-
dimensional plane stress elasticity problems, that satisfy the differential
equation

Lm adju}na _ 8Fm (7”) _ ﬂ and Lm ,adj ~ }na -0
0x1 r
to give
Mt
1= Y feanl)ibs) [ Uy 308y () (0

m=1 r

—|—][ Ths(x', x)ﬂ,lnﬁ (x)dl’ (x)} Flws (1.112)

r

The domain integral I2, can be obtained from the particular solution
@2,,, for two-dimensional plane stress elasticity problems, that satisfy the
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differential equation

; OF, (T’) T2
m,adj ~ m,ad, m
L7992 =0 and L55*Ya2, = prounialen
to give
Mr
P = Z [caﬁ(x’)ﬁ%w(x’) — / Ugﬁ(x’,x)f,%w (x) dIl (x)
m=1 r
—1—][ Ths(x' %)t mﬁ( x) dl’ (x)} Flws (1.113)
r

The domain integral IZ) can be evaluated from the particular solution
g, for two-dimensional plane stress elasticity problems, that satisfy the
differential equation

Lm ,adj ~ 'y 7,]””( )

af m
to give

M

=y [azmm) - [ UzX 0, a0 )

m=1
+/ iﬁ(XQX)ﬁZw(X)dF(X)} Flg (1.114)
r
The domain integrals in Eq. (1.99) are:

ou
—780 /V[/:)):),Nﬂi’»dQ 199—/W339 1dQ,

au? *
1109 /W339 dsl, 1119—/W33 pq3dS2 (1.115)

and the domain integrals in Eqgs. (1.79-1.81) and (1.100) are:
ou
D * D * 1
Imﬁ = /QWzﬂsIUSdQ IlSiﬁ = / i3 8—1:1dQ’
D * au2 *
—7141'5 = 1538 s, 11515 = ggqsdQv
" 611}3 « Ows
Ilﬁaﬂ / Uaﬁl dQ I17o¢ﬂ - / UaﬁZ

IgaB:/QU;Bvq;dQ (1.116)

dQ
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The same procedure and also the same particular solutions from the
displacement integral equations can be used to transfer these integrals to the
boundary.?*4” The domain integrals in Eqs. (1.115-1.116) are transferred
to the boundary as follows,

+ /F Pg; o(X! %), (x) dT (x)} Flws (1.117)

m=1
+/FP§j,9(X',x)w}nj (x) dl (x)} Fluy (1.118)
M
By = 37 00X~ [ W00, (0 (x)
+/FP§J»,9(X’,X)1D§”. (x) dT (x)} Flu, (1.119)
and,
M
By = 3 [i850X) — [ WX ), () (x)
+/FP§j?9(X’,x)wfnj (x) dl’ (x)} F ¢ (1.120)

M ~
Iap = Z {Mv?;mﬁ(x/) +/F sy (X' )y, (x)dT (%)

/ aﬁ] pm]( )dF(X)} F71w3 (1.121)
Tiass = Z{ (X) [ Py (X )i (x)ar (9

m=1

- /F Wi (X!, x)p3,; (x)dr(x)} Flws (1.122)
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The particular solutions @, and p ,, can be used for the domain
integrals I and 11,

M
s =3 [M,MX') " / (X7 )i ()T (x)

m=1

- /F W;ﬁj(X’,x)[)}nj(x)dF(x)} Fluy (1.123)
M

o= > [Aing(X) [ Py (X it (0T

/ W5, (X!, X)py,; (x )dr(x)} Fluy (1.124)

and

M
IlDélaﬁ Z |: m(yﬂ / aﬁ’y w?n’y (x)df(x)

m=1

—/FW;ﬁj(X',x)ﬁZ@j(x)dF(x)} Flu, (1.125)
M ~
By =3 [@fng(xv + [ iy )2 (a9

—/ngﬁj(x X)Pr; (X )dI‘(x)} Flu, (1.126)

Domain integral I can be obtained from Egs. (1.121-1.122) by
replacing ws with g3 to give

M

By=Y [Miag(X’) + [ P2, (X X008, (0T (3

m=1
[ W X0 9| s (1.127)

and
M

o = 3 [@iw(X) Py 0 x93, (0T

- [ W (X 0 x >dr<x>] Flg: (1.128)
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IR can be evaluated from the particular solutions 4}, and t. , for

two-dimensional plane stress elasticity problems, to give

M
Hoo = 2 [ s () = [ U3, (X508, (00 )

/F T (X %)l (x) dD (x)] F~lws (1.129)

The domain integral I can be obtained from the particular solutions
@2,,, and ¢2

mo mao)

to give

M ~
s =3 [Niag<x’> - [ Ut (X 002, () ()

m=1
/ T (X x)i2,, (x) dD (x)] F~lws (1.130)

And finally,

D
118()/6

M:

/F U(zﬁv(X', x)ffn,y (x) dI’ (x)

+ / T X' )il ()T ()| P (1131)

All the particular solutions for shear deformable plate bending (ﬁ)jnk
and p! ) and plane stress (a2, and #2,,) were derived for a radial basis
function F, (r) = 1+ r by Wen et al.*¢

It is important to notice at this stage that the selected points Mrp
used in Egs. (1.108-1.110) and (1.112-1.113) include domain and boundary
points My = N + L, while the selected points for the application of the
dual reciprocity approximation in all the other cases involve only the DRM
domain points M = L.

The best approximation for the application of the DRM is typically
based on the use of a series of particular solutions at selected boundary
N and domain L nodes. In some applications, boundary nodes (N) are
sufficient for a good approximation, but in most cases a series of selected
boundary N and domain L nodes are necessary.

The main reason for the present implementation is the level of the
singularities obtained when the collocation point (X') approaches the
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boundary (x’). As will be shown by the numerical examples, there is
no great loss in accuracy. Additionally, the use of DRM domain points
means that less computational time is required for the evaluation of such
expressions.

1.9. Numerical Implementation

In order to solve the integral equations presented in the previous sections,
the boundary I" and the domain  must be discretised. In the present
work, quadratic isoparametric boundary elements are used to describe the
boundary; for the domain, several uniformly distributed domain points
are used for the implementation of the DRM. On the boundary, semi-
discontinuous elements are used for corners to avoid difficulties with
discontinuity of the tractions at corners.

From the implementation point of view, the use of semi-discontinuous
elements requires the consideration of two different meshes: the geometrical
mesh, defined by the geometrical nodes which always lie on the boundary
of the element; and the functional mesh, defined by the functional nodes
which can exist anywhere within the element boundaries.

1.9.1. Dsiscretization

Equation (1.76) can be rewritten in a discretised form as follows:

N, 3 E=+1
e uy) + 323 / P2 x(€) @ (€) T (€)dé

n=11=1
M Mt
— Y Bk + vkoo)I3™ = Y B(vkin + kao) I3
m=1 m=1
Mt
— N kapB[(1 = v)kap + V0aghk] IE™ Z (1.132)

1

3
Il

where N, is the number of boundary elements; ® are the boundary shape
functions; £ is the local coordinate and J,, is the Jacobian of transformation.
All other integral equations also have to be discretised in the same way as
equation (1.132).
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1.9.2. Treatment of the integrals

All the singular integrals appearing in the integral equations are dealt with
by using well-established techniques and are treated separately, based on
their order of singularity. A detailed explanation is given by Aliabadi.

1.10. Solution of the Non-linear Integral Equations
for Shallow Shells and Plates

1.10.1. System of equations

After discretization and point collocation of nodes on the boundary I' and
in the domain (2, the system matrix can be written as

[H] {u} = [G]{p} +{Q} + [C] {ni} (1.133)

where [H] and [G] are the well-known boundary element influence
L [C] is the influence matrix for non-linear terms, {u} is the
boundary and domain displacement vector, {p} is the boundary traction
vector, {nl} is the non-linear term and {Q} is the domain load vector. After
imposing boundary conditions, equation (1.133) can be written as:

matrices,

[A] {z} = {b} + [C] {nl} (1.134)

where [A] is the system matrix, {2} is the unknown vector and {b} is the
vector of prescribed boundary values.

1.10.2. Load increment technique

Equations (1.76), (1.98) and (1.99-1.100) were first introduced by
Dirgantara and Aliabadi.? A simple and efficient load incremental technique
was developed in Wen et al.#7>*8 and it can be summarised as follows:

e Step 1: Let n = 1, load ¢} = Ag; and non-linear terms in equations
(1.76) and (1.98) be set to zero.

e Step 2: Solve linear system of equations (1.76) and (1.98).

e Step 3: Obtain values at domain points (derivatives of the out-of-plane
displacement ws g and linear membrane stress resultants N, (il[)i) from
equations (1.99-1.100).

e Step 4: Calculate non-linear terms NO(Z) (X’) and Nug (X) ws g (X),

and derivatives of non-linear terms N»(YZ,)e(XI) and (Nog (X) ws g (X)) ,
(derivatives of non-linear terms are obtained using the procedure
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described in section 1.7.3). All these values are used in the next load
increment.

e Step 5: If the final load is reached (¢ = ¢;), go to Step 7, otherwise let
n=n++1.

e Step 6: Set q' = Ag; + q?il, go back to Step 2.

e Step 7: Finish.

More complex and expensive (iterative) solution procedures could be
used, as shown by Zhang and Atluri®® and more recently by Aliabadi
and Baiz? for post-buckling analysis, but the present pure incremental
procedure has proven to be an attractive alternative for a good range of
large deflection problems.

1.11. Numerical Examples

Several examples were chosen to demonstrate the application of the
boundary element method to the large deflection problem of plates
and shallow shells. Comparisons are made with available numerical
solutions.

1.11.1. Clamped circular plate subjected to uniform
load Qg

A clamped circular plate of radii a as shown in Fig. 1.8 was analysed by Wen
et al.*” The plate is subjected to a uniform load ¢z = qg, and the applied
membrane body forces are g, = 0. The ratio of thickness and radius is

—o— Boundary nodes
. Domain points

Fig. 1.8. Clamped circular plate and boundary element mesh with selected domain
points.
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h/a = 0.02. Material constants are chosen as £ = 107, = 0.3. Assuming
that the edge of the plate is totally restrained from moving, the boundary
conditions can be written as:

uq(a) =0, w;(a) =0.

A BEM mesh with 16 quadratic boundary elements and 25 DRM
domain points are used (as shown in Fig. 1.8). The load is applied in small
increments of dg = 0.05gy. The maximum values of deflection (at the centre
of the plate) are plotted in Fig. 1.9, along with the results obtained with the
finite element method by Weil et al.*® and the domain-boundary element
method formulation by Lei et al.'8

1.80

1.60 1 —— This method

Lei et al
1.40 A
FEM

1.20 1 —— Linear

1.00 A

Whmax / h

0.80 1
0.60 1 . ,
29 domain points

0.40

0.20 A

000 0—7F—T—""—FT——F——T————
0 2 4 6 8 10 12

qa YER

Fig. 1.9. Centre deflections for clamped circular plate.
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a —o— Boundary nodes

* Domain points

Fig. 1.10. Simply supported square plate and boundary element mesh with selected
domain points.

1.11.2. Simply supported square plate subjected
to uniform load Qg

In this second example, Wen et al.*” consider a simply supported square

plate (a x a) subjected to uniform distribution load g3 = go (see Fig. 1.10).
Two cases were considered in this example: thin plate (a) and moderately
thick (b).

e case (a): h/a=0.01,E=10",v = 0.316
e case (b): h/a=0.05,F =0.3x 10",v = 0.3

In the case of simply supported edges, it is assumed that the
displacement and deflection of the edge are zero but that it is free to
rotate, i.e.

Ug =0, we=w3=0 for z ==xa/2

Uo =0, wy =ws =0 for zg==a/2

The boundary element mesh and distribution of DRM domain points
are shown in Fig. 1.10. The load is applied in increments of Ag = 0.05¢q.
The maximum values of deflection at the centre point of the plate are
plotted in Figs. 1.11 and 1.12 for the different cases considered. Comparisons
were made with the finite element method and good agreement is achieved.

1.11.3. Clamped shallow cylindrical shells: uniformly loaded

In this example, Dirgantara and Aliabadi® considered a clamped shallow
cylindrical shell as shown in Fig. 1.13. The properties of the cap are as
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1.80
1.50 — This method
— Linear
1.20 - O Leietal
A FEM
<
N 0.90 A
3
g
=
0.60 1
9 domain points
0.30 1
0.00 \ T T
0.0 10.0 20.0 30.0 40.0
4 4
qa /Eh

Fig. 1.11. Centre deflection for simply supported square plate (case a).

follows: shell thickness A = 0.125 in; in-plane projection dimensions of the
shell @ = b = 20 in; the curvature of the shell in the z] direction ki1 = 0,
while ko2 = 1/R = 0.01 in~!; modulus of elasticity E = 450,0001bs/in?
and Poisson’s ratio v = 0.3. The cap is loaded with external uniform
pressure of gg. The BEM mesh has 40 boundary elements and 81 domain
points.

All sides of the cylinder are clamped,

U =0, w; =0

To study the convergence of the proposed method, several incremental
load steps were chosen: dgg = 0.005; 0.0025; 0.00125 and 0.000625 1b.

The results are compared with non-linear finite element result reported
by Sabir and Lock?* and Brebbia and Connor,® and presented in Fig. 1.14.
As can be seen from the result, the BEM model is able to simulate the
progressive softening of the shell under a load well below the one given
by linearised buckling. It can also be seen from the figure that for any
further increase of the pressure, the stiffness of the shell starts to rise
again.



BEM for Geometrically Non-linear Analyses of Plates and Shells
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Fig. 1.12. Centre deflection for simply supported square plate (case b).

t=0.125"

R

E =450 000 lbs/in2
v=03

Fig. 1.13. Geometry of a clamped shallow cylindrical shell.
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1.00 / //
0.90 / 52
0.80 A 2
/ ejf ’
0.70 / P ¥
0.60 / ——*
x10%/E 05 e
q —— Non-Linear BEM, incr g = 0.005
0.40 1 —H— Non-Linear BEM, incrjq = 0.0025
0.30 1 — Non-Linear BEM, —incd = 0.00125
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Fig. 1.14. Non-linear central displacement of a clamped shallow cylindrical shell,
uniformly loaded.

Fig. 1.15. A shallow spherical shell, uniformly loaded.

1.11.4. Simply supported shallow spherical shells:
uniformly loaded

In this final example, a simply supported shallow spherical shell, as shown
in Fig. 1.15, was analysed by Dirgantara and Aliabadi.” The properties
of the cap are as follows: h = 0.3m; k3 = keo = 1/R = 1/15m™1;
E =70,000MPa and v = 0.33. The diameter of the plane projection of
the cap is D = 10m. The cap is loaded with an internal uniform pressure

of go. In this example, an incremental load step dgp = 0.125 was used.
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Fig. 1.16. Out-of-plane deflection at the centre of the cap.

All sides of the cap are simply supported, so that the translations ws = 0
and u,, = 0, while the rotations are free. The BEM mesh has 24 quadratic
boundary elements and 37 domain points.

The results are compared with non-linear finite element results obtained
using commercial software, and are presented in Fig. 1.16. Contrary to the
first example, because the load direction is opposite to the previous one,
the shell becomes stiffer as the load is increased. As can be seen from the
result, the BEM model is in agreement with the Finite Element Method
(FEM) solution.

It was observed from this example that the difference between the
BEM and FEM solutions, regarding the computational time, was negligible.
However, it is important to keep in mind that the developed boundary
element code has not been optimised, while the commercial FEM software
can be regarded as optimised.

1.12. Conclusions

In this chapter, a boundary element formulation for the solution of
large deflection problems of shear deformable thin-walled structures was
reviewed. Domain integrals were transformed to equivalent boundary
integrals by using the DRM. The BEM for shear deformable linear shallow
shells analysis was reviewed. The derivation of the integral equations
was given in such a way that closely follows the plate derivation by
considering curvature and non-linear terms as pseudo body forces. This
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derivation allows an easy extension to boundary element formulations
for large deflection of plates and shallow shells. The formulation was
developed by coupling boundary element formulations of shear deformable
plate bending with two-dimensional plane stress, thereby obtaining five
independent integral equations.

Integral equations were discretised using quadratic isoparametric
elements to describe the geometry along the boundary. For the domain,
several uniformly distributed domain points are necessary for application
of the DRM. Boundary and domain stress calculation procedures for non-
linear shallow shell and plate structures were presented. Integral equations
for stresses were obtained from the derivative of the displacement integral
equations. An economic indirect approach was also presented for boundary
stress resultants.

Non-linearity was dealt with by increasing the load incrementally. In
every increment, non-linear terms from the previous increment were added
to the right hand side of the equation. LU-decomposition was used in the
first increment and, in the subsequent increments, only back substitution
was performed. By applying this procedure, computational time can be
reduced significantly.

To demonstrate the capability of the method, non-linear analyses of flat
plates and cylindrical and spherical shells were presented and compared
with FEM results. BEM models were able to simulate the progressive
softening and stiffening of the shells, which could also be observed in FEM
simulation results.

It is clear that the present boundary element formulation is highly
accurate when analysing geometrically non-linear problems of plates and
shallow shells. One of its main advantages is that no iterative procedure is
required in order to achieve a good level of accuracy.
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This chapter discusses time-domain BEM (TD-BEM) techniques. Among the
various formulations developed so far, special attention is given to the standard
TD-BEM formulation, for which a modified scheme for time marching is
presented, and to the so-called D-BEM formulation (D meaning domain),
for which the time marching is carried out by employing not only the
Houbolt scheme but also the Newmark scheme. Special attention is devoted
to the development of a procedure that allows the computation of initial
conditions contributions. Examples are included and discussed in order to
verify the potentialities of the proposed developments; results are compared
with analytical solutions.

2.1. Introduction

This chapter presents a discussion concerning different BEM formulations
for time-dependent problems. The development of BEM formulations for

51
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solving time-dependent problems is a very attractive and challenging
area of research. Many works concerned with this matter have been
presented so far, increasing the range of applications of the BEM and
the literature concerning numerical methods in engineering. For general
purposes, when time appears explicitly in numerical analysis (in other
words, when the response of a given problem is a time function), the
BEM approaches can be classified in two main kinds: the first employs
time-dependent fundamental solutions, and the second employs static
fundamental solutions. Before proceeding, it is important to mention that
although the use of static fundamental solutions may seem strange to
some researchers, it demonstrates the versatility of the BEM in numerical
analyses and, as expected when dealing with research work, also brings new
challenges to researchers. After this comment, a discussion concerning the
different BEM approaches shall be carried out.

The formulations that employ time-dependent fundamental solutions,
designated by TD-BEM (TD meaning time-domain), are very elegant
from the mathematical point of view, e.g. Mansur," Dominguez,? Carrer
and Mansur,® and Yu et al.* The fulfillment of the radiation condition
makes the TD-BEM formulations suitable for infinite domain analyses. In
addition, good representation of causality gives very accurate time response
results. These advantageous characteristics, however, are counterbalanced
by the high computational effort required to compute the time convolution
integrals that appear in the TD-BEM integral equations. In order to
overcome this difficulty, some compression algorithms concerning the
reduction of computational cost in time integration were developed
(Demirel and Wang,® Mansur and de Lima-Silva,® Soares and Mansur,”
and Carrer and Mansur®). Focusing the attention on TD-BEM formulation,
a modified approach for a 2-D scalar wave problem is presented in this
chapter. The approach is quite simple: in the computation of the potential
and its normal derivative at time t,, the results related to the potential
and its time derivative at time t¢,_; play the role of ‘initial conditions’,
thus generating a step-by-step procedure. As a consequence, due to the
time translation property of the kernels,! the convolution integrals, which
appear in the standard TD-BEM formulation to represent the whole time
history, are no longer evaluated (as a matter of fact, time integration is
restricted only to the first discrete interval [0, At]). As the potential time
derivative plays a very important role in this formulation, it is computed
through an appropriate integral equation, easily obtained by taking the
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time derivative of the potential integral equation. As the potential and
its time derivative at time t¢,_; play the role of ‘initial conditions’ for
the potential and its normal and time derivatives at time ¢,,, the domain
integrals (which in the standard TD-BEM formulation are restricted only
to the part of the domain with non-homogeneous initial conditions) are
now extended to the entire domain. One question can be formulated at this
time: can this approach be used for infinite domain analysis? If results at
late times are required, the answer is no: in this case the interruption of
the cell mesh generates a fictitious boundary and, consequently, reflected
waves whose influence tends to invalidate the results. An alternative in
this case is to use the standard TD-BEM as a transmitting boundary,
employing coupling algorithms similar to those presently employed in Finite
Element Method-BEM coupling, e.g. Soares Jr. et al.® Two examples
are presented at the end of the corresponding section, illustrating the
potentialities of the proposed formulation and encouraging future research
in this area.

The use of static fundamental solutions generates two lines of research:
one that keeps the domain integrals in the equations of the method,
designated D-BEM, e.g. Carrer and Mansur,'® and Hatzigeorgiou and
Beskos;!'! and one that transforms the domain integrals into boundary
integrals by employing suitable interpolation functions, designated DR-
BEM (DR meaning dual reciprocity), e.g. Kontoni and Beskos,'? and
Partridge et al.'® As time does not appear explicitly in the integral
equations, an approximation to the second order time derivative is required
for the time marching. The Houbolt method!* has become the most widely
employed approximation. In spite of alternative time marching schemes
recently proposed by Carrer and Mansur,'® and Souza et al.,'® the search
for other approximations is a task that still deserves attention: among
the various schemes presented in the finite element method literature, e.g.
Bathe,'® and Cook et al.,!” the Newmark family is one of the methods
that can be cited. As it is well known, the Newmark method!® has
been widely used in FEM formulations (more than the Houbolt method),
and presents a better control of accuracy, according to the values of the
parameters 3 and v (see Bathe,'® and Cook et al.l”). For this reason,
the Newmark scheme was implemented in the D-BEM formulation, the
range of variation of the parameters § and v being determined empirically.
Note that for infinite domain analyses, if results at late times are required,
the D-BEM formulation bears the same limitation as the FEM and
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any other domain discretization method; in spite of this disadvantage,
it can provide reliable results, as demonstrated by the two examples
included at the end of the corresponding section. For the solution of
problems with non-homogeneous initial conditions, a general approach is
presented.

Transformed-domain BEM formulations have also been the subject
of intense research work and are mainly related either to the frequency-
domain approach (e.g. Gaul and Wenzel,'¥ and Mansur et al.?°), or to
the Laplace-domain approach (e.g. Gaul and Schanz?'). When employing
these formulations, the problem is initially solved in the transformed-
domain for a suitable number of discrete values of the transform parameter.
If required, the solution in the time-domain can be obtained by means
of an inverse transformation procedure, e.g. Dubner and Abate,?? and
Durbin?? for Laplace transform, and by means of the well known DFT (or
FFT) algorithms for Fourier transforms. Another TD-BEM formulation,
which has become popular in recent years, is the so-called operational
quadrature method or convolution quadrature method, based on the works
by Lubich,?*:?® e.g. Schanz and Antes,?® Schanz,?” Abreu et al.,?®?°
and Antes et al?® The main characteristics of this formulation, which
can be applied to problems where time-domain fundamental solutions
are not available, are: i) the use of fundamental solutions in the
Laplace transformed domain and ii) the numerical approximation of the
time convolution process, presented in the TD-BEM equations, by a
quadrature formula based on a linear multistep method, which provides
direct solution in the time-domain. For a complete discussion concerning
dynamic analysis by the BEM until 1996, the reader may refer to
Beskos.?!

2.2. Standard TD-BEM Integral Equations

The TD-BEM equations can be written by employing either the kernel
regularization procedure! or the concept of finite part of integrals (FPI),
formulated by Hadamard.?? If time integration is performed analytically,
as is usual in TD-BEM formulations, the resulting time integrated kernels
from both representations are the same,?? that is, both representations are
entirely equivalent. The use of Hadamard’s concept, however, leads to more
compact expressions and provides an elegant representation of the equations
involved in the analysis. A brief summary of the TD-BEM equations is
given below.
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2.2.1. Potential integral equation

Time-domain integral representation of the 2-D scalar wave propagation:
problem is written as*:

dre(€ / / ,T)p(X, 7)drdD(X)

/ 7[ (X1, €, 7)u(X, 7)drdl(X)

~ ¢ [ Gt ual)dr (x)

+C_12 /Q (X, 1, €)vo(X)dAX)

+%AU8(X,t,£)aug( o)
+%/Q{u°()i 8) —by(X,1,6) | uo(X)dQ(X)  (2.1)

In Eq. (2.1), u(X, 7) is the potential function and p(X, 7) is the flux, T’
is the boundary and €2 the domain (or the part of the domain that presents
non-homogeneous initial conditions). The coefficient ¢(£) adopts the same
values used in the static case: ¢(§) =1 for £ € Q and ¢(§) = a/2n for £ € T
(o is the internal angle in Fig. 2.1); and the subscript 0 means 7 = 0.

The fundamental solution, u*(X,¢,&,7), that corresponds to the effect
at a field point X at time ¢ of a source represented by a unit impulse applied
at a source point £ at time 7, reads:

u (X, t,&7)=U"(X,t,&,7)H[c(t — ) — 7] (2.2)

where:
2c

Un(X,t,6,7) = T (2.3)

Fig. 2.1. Internal angle for the computation of the coefficient c¢(£).
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In Eq. (2.2), ¢ is the wave propagation velocity, H[c(t — 7) — 7] stands
for the Heaviside function and r = r(X, ) is the distance between the field
and source points.

The functions b*(X,¢,&,7) and u(X,t,£,7), in Eq. (2.1), are given by:

(X, t,&, 1) =B*(X,t,&,7)H[c(t — 1) — 7] (2.4)
where:
B (X,t,6,7) = [cf(ct[«ftﬂ;z ngﬂ (2.5)
and
WE (Xt €,7) = UF(X 6, €, ) He(t — ) — 1] (2.6)
by considering:
U (X,1,6,7) = 2 2.7)

[2(t — )2 — r2]3/2

The FPI?*? on the second term on the right-hand side of Eq. (2.1) is
given by:
T

7[ ur(X,t, & M u(X, 7)dr
0

— i { [ nucnr - 1 e nuen |
(2.8)

2.2.2. Numerical solution

Referring to the solution of the described problem, linear and constant
time variations can be assumed, respectively, for the potential and its
normal derivative. Hence, time integrals are usually computed in analytic
form' 3% and linear elements and linear triangular cells are employed for
the boundary and the domain discretizations! '? respectively.

In the standard TD-BEM formulation, Eq. (2.1) is applied to all
boundary nodes and, after solving the resulting system of equations, it
can be applied to internal points. In the modified version of the standard
TD-BEM formulation (previously mentioned at the Introduction to this
chapter and to be discussed in Section 2.3), denoted here as SSTD-BEM (SS
meaning step-by-step), Eq. (2.1) is applied simultaneously to all boundary
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nodes and internal points, generating the enlarged system of equations
written below:

u’, . Z H!, 0] [ul,
uw [ A= |HP o] |ud,

n be Ubb Ubd ub Vbb Vbd vb
_ nm {pb }+ n n 0 + n n 0
& e, v o L) v v v

(2.9)

Cco

In Eq. (2.9), the superscripts b and d correspond to the boundary and
to the domain (internal points), respectively. In the sub-matrices, the first
and second superscripts correspond, respectively, to the positions of the
source and of the field points. In the first matrix on the left-hand side of
Eq. (2.9), the C matrix is related to the coefficients ¢(§) of the boundary
nodes whereas the identity matrix, I = H, is related to the coefficients
¢(§) = 1 of the internal points. Equation (2.9) can be written in a more
compact way as:

Cu, + Z H,,u, = Z Gnmpm +U,uo + V,vo (210)

m=0 m=0

2.2.3. Velocity integral equation

The integral equation associated with the time derivative of the potential,
to be used in the step-by-step procedure, is obtained by taking the time

derivative of Eq. (2.1) and can be written as34:

4770(5)% = /F 7€ uw (X, t, & 7)p(X, 7)drdl(X)

-5 7[ (Xt 6 (X, r)dr | e (x)

r ot \ Jo Ul b 6o T ' T)eT on
1 [ Oroul(X,t,¢)

o fam e X0dr(X)

+ 2 (o + Tow,) (2.11)
ot Qug Qug .

where the time derivative of the domain integrals related to the non-
homogeneous initial conditions is only indicated by the last term on the
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right-hand side of Eq. (2.11), because of the fact that the domain integrals
do not require any special treatment.

The FPI in the first term on the right-hand side of Eq. (2.11) is given
by the following expression:

tT

75 (X, 1,6, 7)p(X, T)dr
0

= lim {/TUt*(X,t,f,T)p(X,T)dT—|—U*(X,t,§,T)p(X,T)}

T—t—r/c (Jo
(2.12)
The function u} (X, t,£,7) in Eq. (2.12) is given by:
uy (X, t,&,7)=U (X, t,&, 7)H[c(t — 1) — 7] (2.13)
with:
U (Xt 7) = — 2= T) (2.14)

[CZ(t _ 7—)2 _ 7’2]3/2

The time derivative of the FPI on the second term on the right-hand
side of Eq. (2.11) is defined as:

il

~ lm { / TOUIXET) o yar + UF(X 1€, T)u(X, 7)
0

T

up (X, 8,6, m)u(X, T)dT>

T—t—r/c ot
1 ou(X, 1)

—-U"(X —_— .
SUT X8 6 m) - } (2.15)

The system of equation that corresponds to the application of Eq. (2.11)
to all boundary nodes and internal points can be represented, in a compact
form, as:

CV” = Z é7"“11:)77; - Z ﬁnmum, + ﬁnuo + vnvo (216)

m=0 m=0

After the solution of Eq. (2.10), Eq. (2.16) can easily be solved for v,,,
since matrix C is a diagonal matrix.
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2.3. Step-by-Step Procedure: SSTD-BEM Formulation

The step-by-step procedure was developed as an alternative approach to
the standard TD-BEM. The procedure is based on the time translation
property,! which can be written as:

u (X, 1,8, 7) =u" (X, t + At &, 7+ At) (2.17)

This property, illustrated by Eq. (2.17), allows the time-dependent
problem to be solved by considering the results related to u,—; and v,
as ‘initial conditions’ in the computation of the results at time ¢,. That is,
in the computation of u,,, p,, and v,,, the convolution integrals in Eq. (2.1)
and Eq. (2.11), represented by the summation symbol in Eq. (2.10) and
Eq. (2.16), are no longer evaluated; the following versions of Eq. (2.10) and
Eq. (2.16) can be written:

The known values of the ‘initial conditions’ are stored into the vectors
u,_1 and v, _1. Therefore, the entire domain needs to be discretized. This
feature generates the main limitation of the proposed approach, so it is
suitable for finite domain applications and for infinite domains analyses
only if early time responses are requested or if a transmitting boundary is
employed.

2.3.1. Examples
2.3.1.1. One-dimensional rod under a Heaviside-type forcing function

This is the classical example of a one-dimensional rod under a Heaviside-
type forcing function, applied instantaneously at ¢ = 0 and kept constant
in time. Figure 2.2 depicts the boundary conditions and geometry.
The analytical solution for this problem, by considering the boundary
conditions depicted in Fig. 2.2, is given by3°:
_ Pa

T 8 = (=1)"
E E—'—F;(anl)?

« sin <M> cos (M) ] (2.20)

u(x,t)

2a 2a
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<
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Fig. 2.2. One-dimensional rod under a Heaviside-type forcing function: geometry and
boundary conditions.

Fig. 2.3. Boundary and domain discretizations: basic mesh with selected nodes.

With the purpose of verifying the accuracy and convergence of the
numerical results, according to the available analytical solutions, three
analyses are presented with different mesh refinements. The poorest of
the three meshes employs 48 boundary elements and 256 internal cells
in accordance with the Fig. 2.3. Subsequent meshes were obtained by
duplicating the number of boundary elements and by quadrupling the
number of internal cells. In this way, the second analysis was carried out
with 96 boundary elements and 1,024 cells and the third analysis, with 192
elements and 4,096 cells. As is usual in time-domain BEM analyses, the
dimensionless parameter! Sa; = cAt/l (which relates the wave velocity ¢
with the smallest element length (I) and the time interval At assumed
constant) is used to estimate the time-step length. It is important to
mention that, for the proposed approach, the optimum time-step length
was obtained using Ga; = 0.5. One must observe that this is not the
value recommended by Mansur! for the standard TD-BEM formulation
(Bat = 0.6).

Results concerning the potential at the boundary node A(a,b/2) are
compared with the analytical solution in Fig. 2.4. In Fig. 2.5 the results
related to the velocity v = Ou/dt, at the boundary node A(a,b/2), are
compared with its analytical solution obtained from the time derivative
of Eq. (2.20). In Fig. 2.6 the results related to the flux (p = du/0n) at
the boundary node B(0,b/2) are compared with the analytical solution,
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Fig. 2.4. Rod under a Heaviside-type forcing function: potential at A(a,b/2).
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Fig. 2.5. Rod under a Heaviside-type forcing function: velocity at A(a,b/2).
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Fig. 2.6. Rod under a Heaviside-type forcing function: flux at node B(0,b/2).

obtained from the normal derivative of Eq. (2.20). Numerical damping
is observed in the results of the three analyses, which diminishes with
the refinement of the mesh. Although numerical damping also appears in
the standard TD-BEM analyses,' its effect is not so pronounced there.
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For the proposed approach, more refined meshes become necessary in order
to achieve good results (in the sense of those furnished by the standard
TD-BEM).

2.3.1.2. One-dimensional rod under sinusoidal initial conditions

In this example, the same rod depicted previously, now fixed at both ends,
is analysed when subjected to initial conditions described below:

In Analysis (a) one has: ug = bg sin(nz/a) and vg = 0. The analytical
solution®® to this problem is:

u(z,t) = bg cos(met/a) sin(mz/a) (2.21)

In Analysis (b) one has: vg = dg sin(mz/a) and ug = 0. The analytical
solution®® to this problem is:

u(z,t) = dO% sin(wet/a) sin(mx/a) (2.22)

The three meshes adopted to perform analyses (a) and (b) are the same
as in the previous example. By considering Analysis (a), the results related
to the potential and the velocity at point C of coordinates (a/2,b/2) are
depicted in Figs. 2.7 and 2.8, respectively. The results related to the flux
at point A(a,b/2) are depicted in Fig. 2.9. The results corresponding to
the Analysis (b) are presented in Figs. 2.10-2.12, in the same sequence
that they were presented for Analysis (a). As in the first example, one can
observe that the mesh refinement is followed by a reduction in the numerical
damping.

analytical
--m-- mesh 1
--4-- mesh 2
--®--mesh3

T T
0.0 1.0 2.0 3.0 4.0 5.0 ct/a

Fig. 2.7. Rod under sinusoidal initial conditions: potential at C(a/2,b/2), Analysis (a).
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Fig. 2.8. Rod under sinusoidal initial conditions: velocity at C(a/2,b/2), Analysis (a).
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Fig. 2.9. Rod under sinusoidal initial conditions: flux at A(a,b/2), Analysis (a).
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Fig. 2.10. Rod under sinusoidal initial conditions: potential at C(a/2,b/2), Analysis (b).
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Fig. 2.11. Rod under sinusoidal initial conditions: velocity at C(a/2,b/2), Analysis (b).
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Fig. 2.12. Rod under sinusoidal initial conditions: flux at A(a,b/2), Analysis (b).

2.4. D-BEM Formulation
The starting D-BEM equation is written as follows:

c(€)u(e. 1) = / u* (€, X)p(X, £)dT(X)

I
- / P (€ X)u(X, )0 (X) — = / (€, X)ii( X, 1)d(X)
r " Ja
(2.23)

The symbols used in Eq. (2.23) are the same as those used in Eq. (2.1).
Now, the two-dimensional fundamental solution, v*(£, X), is given by:

w (€, X) = % In (%) (2.24)

The domain integral that involves the second order time derivative i
is maintained in the subsequent developments, giving rise to the D-BEM
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formulation. The search for an adequate approximation of the acceleration
plays an essential role in the success of the method.

2.4.1. Numerical procedure

As mentioned in Section 2.1, after the spatial discretization is accomplished,
Eq. (2.23) is applied to all nodes generating an enlarged system of equations,
written below, for which most of the notation employed before in Section 2.1

bb \ rbd b
{PZH}_l [M M 1 {?ZH} (2.25)

2 db dd
2 |M® M| | al,,

remains valid:

H? 1| |ud,, G®

In Eq. (2.25), in order to simplify the notation, the subscript (n + 1)
represents the time ¢,11 = (n+1)At, where At is the selected time interval.

It is important to note that the assembly of such an enlarged system of
equations is necessary because the domain integral relates boundary values
to domain values. This remark is confirmed by matrix M*® in Eq. (2.25).

2.4.1.1. Time marching with the Houbolt method

The Houbolt method' is obtained by performing cubic Lagrange
interpolation of u = u(¢) from time ¢,_o = (n — 2)At to time t,+1 = (n +
1)At. Exact differentiation with respect to time gives the approximations
for the velocity and acceleration described below:

1
ﬁn+1 = @ [11un+1 — 18un + 91177,71 — 211“,2] (226)
. 1
Un+1 = 209 [2up4+1 — By, +4u, -1 — upy_o] (2.27)

After substituting Eq. (2.27) in Eq. (2.25), one can write:

((cAt)*H® 4 2M"?) oM ] {ugH}

((cAt)>H™ +2M%)  ((cAt)?T 4 2M)| |ud

 [(car)?a™ (o) M” M| (—5ub +4ul_, —ub_,
(cAt)2 G Prt1 M M| | —5ul 4+ 4ud_ | —u?_,
(2.28)

Equation (2.28) can be represented in a concise manner as:

ﬁun-‘rl = apn-i—l +8, (229)
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The contributions of the previous times are stored in the vector g,,.
After the boundary conditions are imposed, the final system of equations
that arise from Eq. (2.28) can be solved.

The contribution of the Initial Conditions with Houbolt Method
In the Houbolt method,'* the computation of the velocity and acceleration
at time ¢,41 = (n+ 1)At requires the knowledge of the values of u between
the times ¢,_2 = (n — 2)At and t,,11 = (n+ 1)At. At the beginning of the
time marching process, n = 0 and consequently the values u_s and u_;
must be computed appropriately in order to provide enough accuracy in
the analysis.

For the determination of u_1, 0y is computed by employing the forward
and the backward finite difference formulae at ¢t = 0, respectively. Assuming
that the resulting finite difference expressions are equal:

u; — U Up —u_—1q

b P p— 2-
o At At (2.30)

Solving Eq. (2.30) for uy, gives:
u; = 21,10 —u_1 (231)
One can also assume that 1y can be computed by employing a central
finite difference formula, which gives:

. u; —u—
_Wm-u 2.32
o AL (2.32)

Solving Eq. (2.32) for uy:

u; = 2At0 +u_q (2.33)
From (2.31) and (2.33) one has u_; as a function of 1y and uy:

u_; = up — At (2.34)

Now, for the determination of u_s, initially u_; is computed by
employing the forward and the backward finite difference formulae at t =
—At, respectively. Assuming that the resulting finite difference expressions
are equal:

Ug —u_—q Uu_1 —u_9
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Solving Eq. (2.35) for u_s:
Uu_9 = 211_1 — Up (236)

Substituting (2.34) in (2.36) one obtains the value of u_» as a function
of g and ug:

Uu_92 = ug — 2Atf10 (237)

2.4.1.2. Time marching with the Newmark method

For the Newmark family methods,'® the approximations are:

- —2

o1 = &[un+1 S 5 N, - % O v, (2.38)
1 1 1-2

it = g — ] — g - ( 5 B, (2.39)

The stability and accuracy of the Newmark method depend on the
correct choice of the parameters § and . Some remarks concerning the
Newmark method are useful: i) the method is unstable for v < 1/2;
ii) unconditional stability occurs when 25 > ~ > 1/2; iii) taking v > 1/2
introduces artificial damping but reduces the accuracy of the method to
first order. If one takes 8 = 1/6 and v = 1/2, Eq. (2.38) and Eq. (2.39)
correspond to the linear acceleration method. For 8 = 1/4 and v = 1/2,
Eq. (2.38) and Eq. (2.39) correspond to the average acceleration method.
These observations can be found in FEM textbooks, e.g. Bathe,'% and Cook
et al.'” However, for the D-BEM formulation developed here, reliable results
were obtained only with the adoption of experimentally determined values
for B and .

After substituting Eq. (2.39) into Eq. (2.25), one has:

(B(cAt)2H + M™) M ] {uflﬂ}
) u

(B(eAt)?H” + M®) - (B(cAt)’ T+ M) | | uf 4
Bleat)2G™) | M M
- BeAt)2G {Phii} + M ppdd

ub + Atal + S22 AR
X (2.40)
u? + Ara? + C22Au!



68 W.J. Mansur et al.

Equation (2.40) can be represented in a concise manner as:
ﬁun+1 = Cpn-‘rl + gn (241)
The contributions from previous times are stored in vector g,,.

The contribution of the Initial Conditions with Newmark Method
At the beginning of the time marching process, by taking n = 0 in Eq. (2.38)
and in Eq. (2.39) one can write:

i = —— [u —u] + Clnk) g — = 26A751"10 (2.42)

B 20

and

1 1. (1-28)
A [~ W] = grgie — 7

il = i (2.43)

In Egs. (2.42) and (2.43), 19 is the only unknown; in order to determine
this value, one can assume that:

u; — U

At

iy = (2.44)

After solving Eq. (2.44) for i; and substituting the resulting expression
n (2.42), one has:
2 2
At? At
The substitution of Eq. (2.45) into Eq. (2.43) produces the following
expression:

i = [w; —ug] — =11 (2.45)

2 2
E [111 - U()] - EUO (246)

Bearing Eq. (2.46) in mind, Eq. (2.40) at the first time step (n = 0)

can be particularized and written accordingly:

((cAt)2H" + 2M"?) oMb ] {uQ}

((cAt)2H™® + 2MP®)  ((cAt)?T + 2M)| | u¢

oMb oM [ + Atad
db dd d - d (2'47)
2M 2M ug + Atug

u; =

cAt 2be
E >2Gdb‘| {plf}
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Fig. 2.13. Square membrane under initial displacement field over the entire domain.

2.4.2. Examples

2.4.2.1. Square Membrane under prescribed initial displacement
over the entire domain

This example deals with a square membrane subjected to the following
initial conditions distribution applied over the domain 0 < x <a,0 <y < a
(Fig. 2.13):

ug(z,y) = Uz(xr — a)y(y — a);vo(x,y) =0 (2.48)

The general analytical solution3® for this problem, by considering a
rectangular membrane with dimensions a and b, is:

_ 64U ab? i =1 . (mmb

u(w,y,t) = 6 A3 sin T) sin (?) cos (Apnct)
m=1n=1
(2.49)
with m and n odd and where:
m2  n?

In this analysis, 80 boundary elements and 800 cells were employed in
the discretization (see Fig. 2.14).

Results corresponding to the displacement at point A(a/2,a/2) and to
the support reaction at node B(a,a/2), from Houbolt analysis, are shown
in Figs. 2.15 and 2.16, respectively.
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e = e

Fig. 2.14. Square membrane: boundary and domain discretizations with selected nodes.

u/U "
analytical
1.5 e  D-BEM:Houbolt method

0.5

0.0

-0.54

15 T T T T
0.0 4.0 8.0 12.0 16.0 ct/a

Fig. 2.15. Square membrane under initial displacement field over the entire domain:
displacement at A(a/2,a/2) for Houbolt analysis.

p/U .
analytical

0.4+ ® D-BEM:Houbolt method
0.2+

0.0+

-0.2

-0.4 T T T T

0.0 4.0 8.0 12.0 16.0 ct/a

Fig. 2.16. Square membrane under initial displacement field over the entire domain:
support reaction at B(a/,a/2) for Houbolt analysis.

Newmark analysis was carried out by adopting 5 = 0.30 and v = 0.52.
The results are shown in Figs. 2.17 and 2.18, respectively. Note that the
values for § and v were determined empirically.

Houbolt and Newmark analyses were carried out with the same time
interval, computed by taking Ba: = 3/10.
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u/Up N

15 analytical

<7 o  D-BEM:Newmark method
1.04

0.5

0.0
0.5

1.0
-1.5 T T T T

0.0 4.0 8.0 12.0 16.0ct/a

Fig. 2.17. Square membrane under initial displacement field over the entire domain:
displacement at A(a/2,a/2) for Newmark analysis.

p/UA

analytical
0.4 ®  D-BEM:Newmark method
0.2+
.
0.0+
-0.2
-0.4 T T T T
0.0 4.0 8.0 12.0 16.0ct/a

Fig. 2.18. Square membrane under initial displacement field over the entire domain:
support reaction at B(a/,a/2) for Newmark analysis.

Good agreement between D-BEM and analytical results is observed in
the previous figures.

2.4.2.2. Square membrane under prescribed initial velocity
over part of the domain

The square membrane depicted in Fig. 2.19, with initial velocity field vy =
V prescribed over the sub-domain 2y and null displacements prescribed all
over the boundary, is analysed in this example. The analytical solution to
this problem is given by?6

u(z,y,t c71'3 Z Z mn)\ sin (m;ra:) sin (n#:y) Gmn (2.50)

m=1n=1
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al u=0 aISI u=0

al5

u=0 X

Fig. 2.19. Square membrane under prescribed initial velocity over part of the domain.

where:
vm? 4+ n?
)\mn -
a
and

G = (o0 (%57) ~e (57))
(oo () s (227 Y

This example was analysed previously with the use of the standard
TD-BEM formulation! and, more recently, with the use of a BEM
formulation based on the convolution quadrature method.??

Note that, as the initial conditions were assumed to have a linear
variation in the internal cells, the use of double-nodes in the boundary
of the sub-domain €y became necessary in order to avoid the spreading
of the initial conditions to the cells in the neighbourhood of €. Aiming
at providing a good representation of the jumps in the support reaction
response, a more refined mesh constituted of 160 elements and 3,200 cells
(not shown here) was employed.

The results of the Houbolt analysis, corresponding to the displacement
at point A(a/2,a/2) and to the support reaction at node B(a,a/2), are
depicted in Figs. 2.20 and 2.21, respectively. These results were obtained
by adopting Sa: = 3/10.

The Newmark analysis was carried out by adopting 8 = 0.30, v =
0.52 and Ba; = 3/10; the corresponding results are depicted in Figs. 2.22
and 2.23.
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1.0 analytical
. ®  D-BEM:Houbolt method

0.0 08 16 24 32 40 a4scta

Fig. 2.20. Square membrane under initial displacement field over part of the domain:
displacement at A(a/2,a/2) for Houbolt analysis.

p/V:
1.24 _
analytical
e  D-BEM:Houbolt method

0.8

0.4+

0.0+

0.4

-0.84

-1.2

00 08 16 24 32 40 4gcta

Fig. 2.21. SSquare membrane under initial displacement field over part of the domain:
support reaction at B(a,a/2) for Houbolt analysis.

1.04 analytical
: ®  D-BEM:Newmark method

-1.0 T T T T T T
00 08 16 24 32 40 48cla

Fig. 2.22. Square membrane under initial displacement field over part of the domain:
displacement at A(a/2,a/2) for Newmark analysis.

The D-BEM responses can be considered in good agreement with
the analytical ones, although it must be pointed out that a better
representation of the jumps in the support reaction response is provided by
the standard TD-BEM formulation.! Nevertheless, the responses furnished
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analytical
o  D-BEM:Newmark method
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00 08 16 24 32 40 48clta

Fig. 2.23. Square membrane under initial displacement field over part of the domain:
support reaction at B(a,a/2) for Newmark analysis.

by the D-BEM formulation demonstrate its applicability to the solution of
these kinds of problems.

2.5. Conclusions and Outlook

In this chapter, a discussion concerning time-domain techniques for the
solution of 2-D scalar wave problems is presented. The authors presented a
general overview involving some research lines and focused their attention
in two alternative approaches recently developed by them, in order to
demonstrate how this research area is attractive and fecund. The first
one, called SSTD-BEM is a step-by-step procedure based on the standard
TD-BEM formulation. Its main advantage is that it avoids the computation
of the time history contribution by evaluating a convolution integral
through the whole analysis time. Its main drawbacks are the presence
of a large amount of numerical damping (a matter that deserves more
research in the future) and the need to employ transmitting boundaries for
unbounded domain analyses. The second approach consists of a D-BEM
formulation, for which the time marching employs both the Houbolt and
the Newmark methods. A suggestion for the range of variation of the
parameters of the Newmark method, determined empirically, is presented.
General expressions for computing the initial conditions contributions
are also included. Each development is followed by examples, which
can provide an assessment of their potentialities and stimulate future
research. The extension of the developments presented in this chapter to
elastodynamics also looks very attractive.
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Chapter 3

THE BOUNDARY ELEMENT METHOD
FOR THE FRACTURE ANALYSIS OF THE
GENERAL PIEZOELECTRIC SOLIDS

M. Denda
Rutgers University
Mechanical and Aerospace Engineering Department
98 Brett Road, Piscataway, New Jersey 08854-8058, U.S.A.
denda@rutgers. edu

The boundary element method (BEM), developed by the author, for the
fracture analysis of the general piezoelectric solids in two-dimensions is
presented. Several innovative approaches not used in the traditional BEM
are introduced in the formulation of the method. These are (1) physical
interpretation of the extended Somigliana’s identity as the basis of the direct
BEM formulation, (2) use of the extended dislocation dipoles for crack
modeling, (3) analytical representation of the crack tip singularity, and (4) the
non-linear solution algorithm for the multiple semipermeable cracks based on
the linear impermeable and permeable crack solvers. The complex variable
formalism used to derive the fundamental results necessary for the formulation
of the BEM is also presented in full.

3.1. Introduction

The behavior of the piezoelectric solids can be described by the extended
displacement and force vectors, both of which have four components: the
first three are the mechanical and the last electrical. Thus, the extended
displacement vector has three displacement and one electric potential
components and the extended force vector has three force and one electric
charge components. Similarly, the stress, strain and material constants
can be extended from the anisotropic elastic to piezoelectric quantities
by appending the electric quantities to the elastic ones. The situation is
the same for the boundary element method (BEM). The BEM for the

79
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general piezoelectric solids can readily be obtained following the simple
extension described above. As a matter of fact, the computer codes for the
two solids are almost identical except for the range of the index: 3 for the
anisotropic and 4 for the piezoelectric solids. Among many contributions
to the anisotropic BEM (REF), most of them are dealing with specific
anisotropic solids (such as the transverse isotropic and orthotropic) and
those dealing with the general anisotropic solids are scarce. The state of
the art for the the piezoelectric BEM is even more focused on specific
materials rather than on the general piezoelectric solids. One of the goals
of this article is to provide the theoretical foundation for the piezoelectricity
in two-dimensions for the most general piezoelectric solids. The extended
Lekhnitskii formalism, which is a complex variable formalism developed
by Lekhnitskii’ for the two-dimensional anisotropic solids and extended
by the author to the general piezoelectric solids, is introduced to provide
the powerful foundation for the analytical solution of the two-dimensional
boundary value problems for the general piezoelectric solids. This formalism
is used in the derivation of the fundamental solutions for our BEM.

The BEM is superior to the Finite Element Method (FEM) in the linear
fracture analysis due to its capability to model the cracks by lines in two-
dimensions. One of the approaches used is the multi-domain method,?-3
which artificially breaks the original cracked region into multiple dissected
domains. Another technique, using the single domain approach, is the dual
reciprocal BEM.45 This article introduces another single domain approach
using the dislocation dipole distribution to model the crack. The basis of the
dislocation dipole approach in crack modeling is the physical interpretation
of the extended Somigliana’s identity, which also serves as the guiding
principle in the formulation of the BEM.

The challenge in the fracture analysis is modeling of the crack tip
singularity. The standard technique used for the anisotropic solids is the
use of the regular elements, with a progressive refinement toward the crack
tip, for which the stress intensity factors (SIFs) are determined by the
conservation integrals®® in the post-processing. Others are techniques that
embed the singularity at the crack tip and determine the SIFs directly in
the main-processing: the quarter-point traction and displacement crack tip
elements from which the analytical expressions for the SIFs are derived®
and the Green’s function approach.'® The Green’s function approach,
although effective, depends on the availability of the analytical solution
and is limited to the single crack. This limitation was overcome by the
numerical Green’s function approach!! for multiple straight cracks in the
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general anisotropic solids. The dislocation dipoles are used to model the
crack opening displacement (COD) with the embedded /r COD behavior,
which is integrated analytically to give the whole crack singular element
(WCSE) with the y/r COD and the 1/+4/r crack tip stress singularity.
Since the magnitude of the COD, which defines the Green’s function, is
determined numerically by applying the crack surface extended traction
boundary condition, this approach is called the numerical Green’s function
method. Just like the Green’s function method, this approach does not
require the post-processing for determination of the SIFs. In this article,
the extension of the numerical Green’s function method to the general
piezoelectric solids'? is introduced.

As mentioned earlier, the BEM crack modeling scheme for the
piezoelectric solids can be obtained as a direct extension of the technique
developed for the anisotropic solids. However, one exception is the crack
surface electric boundary condition (BC). The straightforward extension of
the stress-free crack surface boundary condition to the piezoelectric solids
is to specify the fourth extended traction component (electric induction),
to zero. This gives rise to the impermeable BC, which does not correctly
represent the electric behavior on the opened crack surface. The consistent
condition for the opened crack, located along the x;-axis, is given by the
semipermeable BC,

Dj =Dy; Dj(uz —uy)=—r%(®* - d7), (3.1)

3 where up, Dy and ® are the normal

proposed by Hao and Shen,!
displacement, electric induction and the electric potential, respectively, and
£ is the electric permittivity. The symbol # indicates the upper and lower
crack surfaces. In general, the electric BC on the piezoelectric crack surface
comes in different degrees of shielding the electric induction defined by the

electric permittivity. The impermeable crack with the BC,
Di =D; =0, (3.2)

shields the electric induction completely. The permeable crack given by
the BC,

Df =D;; & —& =0, (3.3)

does not shield the electric induction. If the crack is closed, then the
permeable BC is correct, while the impermeable BC is correct for the
opened crack if the electric permittivity ¢ of the crack medium is zero.
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Since no medium has zero permittivity, the two boundary conditions
are not correct for the opened crack. The majority of the earlier
works adopted the impermeable BC'* 3% and the permeable BC.35 40
Following the argument introduced above, the semipermeable BC is
reduced to the impermeable BC when ¢ = 0 and to the permeable
BC when uj — u; = 0 and the impermeable and permeable cracks
set the upper and lower bounds of the electric boundary condition for
the semipermeable crack.'? The progress in the use of the consistent
semipermeable crack is slow and limited to the single crack problems
in specific piezoelectric solids.'®417°! In this article, the crack with the
semipermeable electric BC is often called the semipermeable crack and
those with the permeable and impermeable electric BCs are referred to
as permeable and impermeable cracks, respectively. Since the variation
of the electric induction on the semipermeable crack surface is unknown,
we need an iteration process to determine all unknowns including the
extended COD and the electric induction. This is inherently a non-linear
problem. A stable iteration scheme is proposed, for multiple straight
semipermeable cracks, to obtain the solution using the linear BEM
solvers for permeable and impermeable cracks. Numerical results of the
impermeable, permeable and semipermeable cracks are presented for several
multiple crack configurations.

3.2. Basic Equations in Piezoelectricity
3.2.1. Piezoelectric equations in 3-D

For the linear piezoelectric material, the stress o;; and the electric induction
D; are given, under the isothermal condition, by the strain &;; and the
electric field E; as

B
Oij = Cijri€kl — €kij Bk, Di = eipien + K5, By, (3.4)

where cgkl, ek, and k5, are the elastic stiffness constants at constant
electric field, piezoelectric stress constants, and dielectric permittivity
constants at constant strain, respectively. The lower case Roman indices
range from 1 to 3 and the summation convention for the repeated indices is
implied. Inversion of the relations in Eq. (3.4) will give the strain and the
electric field in terms of the stress and the electric induction by

€ij = SOk + 9rij D, Ei = —giriow + B% D, (3.5)
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where sgkl, giki, 55, are the elastic compliance constants at constant electric
induction, piezoelectric constants, and dielectric impermeability constants
at constant stress, respectively. The stress and the electric induction satisfy
the equilibrium equations and Gauss’s law,

ojij+fi=0, Dj;—p=0, (3.6)

where f; and p are the body force and extrinsic bulk charge densities,
respectively. The boundary conditions for the traction and the electric
induction are given by

n;joj; = ti, TLij = —Ww, (37)

where t; and w are the force and the charge per unit area of the boundary
and n; is the unit normal to the boundary. The strain and the electric field
are given by the displacement u; and the electric potential ¢, respectively, by

1
€ij = 5(“13 +uji), Ei=—¢u (3.8)

where a comma followed by an index ¢ indicates differentiation by the
coordinate x;.

Define the extended displacement Uy, body force F7, traction 17, stress
Y14, and strain &; according to

U1={“i, Ffz{fip, le{ti (I=i=1,23)

¢ —w (I=4)
0ij 6 (I=i=1,23;j=123)
Z R J C— J )y Sy Dy <y .
17 {Dj’ &3 {Ej (I=45=1,2,3) o 39)

where the upper case Roman indices range from 1 to 4. Introduction of these
extended variables enables the direct extension of the governing equations
from the anisotropic to piezoelectric solids.

3.2.2. Piezoelectric equations in 2-D

In dealing with the the stress, strain and compliance in two-dimensions
(2-D), adopt the convention of replacing the pair of suffixes ij by a single
suffix M (upper case Roman script) following the convention: (11 — 1),
(22 — 2), (33 — 3), (23 — 4), (31 — 5,) (12 — 6). In 2-D, the extended
displacement and other variables depend on coordinates x; and x2 only.
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The non zero components of the engineering strain are given by

€1 =u11, €2=1U2, €4=1UuU32, €5=1U31, €g=U1+ U2,

(3.10)

and those for the electric field by
Ei=—¢1 Ey=—¢a. (3.11)
The compatibility equations that follow from (3.10) and (3.11) are given by
e211+e122 —e12=0, es1—e52=0, FEo1—FE12=0. (3.12)

Since e3 = E3 = 0, we can eliminate o3 and D3 in (3.5) to get the
reduced extended strain and stress relations,

em = Smn on + Gam Da,

Ey = —Gon on + Bay Dy, (3.13)
where Sy, Gan and B, g are the reduced elastic compliance, piezoelectric
constants and dielectric impermeability constants, respectively, given by
_ 5/[\)/135/?/3553 + (5/[\)4393/\/ + Sf/ggsM)gszs — g3MY3N S5y

53095 + 933
5843903035 + (=51138% + 93MmYa3) 933 + g3mBass3
53095 + 935
B — 37 4+ 9a39~30%3 — (903893 + 9+43053) 933 — 8305355
ay — .
7 53095 + 93

(M,N =1,24,5,6;a0,7=1,2)

D
SMN = Spn

)

Gam = Gam —

)

(3.14)

Notice that the upper case Roman script indices take up the values 1, 2,
4, 5 and 6. Greek indices range from 1 to 2 and the comma followed by a
subscript « indicates differentiation by z,.

The equilibrium equations in (3.6), assuming zero extended body force,
can be reduced and given in terms of the extended stress components by

0Xn n 0%r2
81‘1 al‘g

which is automatically satisfied by the extended stress function vector ¥y,
defined by

=0, (3.15)

oY oV
I Dy 2= 5 (3.16)
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The extended traction on the boundary is given, from (3.7), by
T] = Emna, (317)

where n,, is the unit normal to the boundary.

3.2.3. Lekhnitskit formalism for 2-D piezoelectricity

The extended Lekhnitskii formalism uses the compatibility equations (3.12)
by assuming the extended stress function vector of the form,

\IJ[ = L[f(.il,‘l +p.’I}2) (318)

An eighth order characteristic equation in p,

A (p) d®(p) £ () +dW(p) €® (p) e? (p) — d® (p) ¥ (p) 1@ (p)
—2d®(p) €@ (p) e® (p) + d® (p) e (p) ¥ (p) = 0, (3.19)

is obtained from the compatibility equations in (3.12), using (3.18), (3.16)
and (3.13), where

d® (p) = S11p* — 2S16p® + (2512 + Se6)p® — 2S26p + S22,
d® (p) = S15p® — (S14 + S56)p* + (S25 + Sa6)p — Sau,
e®(p) = Guip® — (Ga1 + G16)p* + (G2 + Ga6)p — Goa,
d®(p) = S55p* — 2S45p + Saa,
e®(p) = G15p* — (G1a + Gas)p + Gau,
f®(p) = Bi1p® — 2B12p + Bas.

(3.20)

It can be shown that the characteristic equation (3.19) with real
coefficients has no real roots and has four pairs of conjugate complex roots
ps, Dy (J=1,2,3,4). It is assumed that four roots p; are distinct; coincident
roots can be made different by slightly perturbing the material constants.
Now the full form of the extended stress function vector (3.18) is given, in
terms of four generalized complex variables and complex potential functions

fJ(ZJ) (J = 1’2’3v4) by

4 4
\I/I = Z[LIJfJ(ZJ) +ZIJfJ(ZJ)] = 2R {ZL[JfJ(ZJ)} , (321)

J=1 J=1
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where 3 indicates the real part of the complex number and an over bar the
complex conjugate. The Lj; matrix is given by

L = [L;;] = [L1,Ly, L3, Ly]

—p1Llor  —palos —p3lzlazs  —palrLay

Loy Lo l3L33 l7Lyq
_ . (3.22
l1 Loy lo Lo L33 lgL4s (8:22)
l4Loy I5Loo le L33 Ly
where
KD DD D PP
ll == 5 lQ = 3
PR T T
f§2)d§3) L e§3)e§2) 652)d§3) B d§2)€§3)
Z3 = 3 l4 = )
rrsr o L
eéQ)dg?’) 7 dgz)eg?,) dgl)eéz) 7 d:(f’)egf) ’
l5 = 5 l6 = )
TP T A
l dff)ef’) —df)ef) df)ef) —df)ef)
7= =

, g = .
df)df) _ dz(xs)dz(xg) dff)dff) _ df’)df)

The extended stress vectors are calculated by substituting (3.21)
t0(3.16) with the result,

4 4
Yo = 2%{ZL1Jf}(zJ)} , X = —Q?R{ZPJLUffJ(ZJ)} )

J=1 J=1
(3.24)

where f;(zy) = df;(z7)/dz;. To obtain the extended displacement, we first
calculate the strain and electric field, using the stress (3.24) in (3.13), and
then integrate the extended strain-displacement relations (3.10) and (3.11)
with the result,

Ur=2% {Z AIJfJ(ZJ)} ) (3.25)
J=1

where

A =[Ap] = [AiL1, AsLy, AsLs, ALy, (3.26)
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and
S16 — S1ups,  S12,  S1a—Sisps,  Ga1 — Guipy
S26—S21pg Saa S24—S25ps G22—Gi2py
) ) )
.AJ — pJ pJ Py pJ . (3.27)

Ss6 — Ss5107,  Ss2,  Ssa — Ssspy,  Gas — Gispys
Gis — Guips, Gi2, Gia—Gispy, —DBia+ Buipy

Note that the extended rigid body displacement is neglected in (3.25).

Since each column of Lj; matrix is determined within an arbitrary
multiplication constant, it is necessary to normalize the components of the
L;; and A;; matrices. For this purpose we use the relations,

LTA + ATL
257, LnAn 0 0 0
_ 0 257, LisAp 0 0
0 0 25, LisArs 0 ’
0 0 0 2 Z§:1 LisApy
LA+ ATL =0, (3.28)

where 0 is the 4 x 4 zero matrix and a bar and the superscript 7" indicate
the complex conjugate and the transpose, respectively. These relations are
obtained by extending the corresponding relations®? 56 for the anisotropic

solids. The normalization is introduced by setting

4
23 LijAr;=1 (nosumonJ=1234). (3.29)
I=1

The resultant of the extended traction vector (per unit thickness) acting

on a contour L = AB from the material to the right toward the material
to the left is given, through (3.16) and (3.21), by

Ry = /LTIds = —/Ld\p = —[U]§ = - lm {Ji_lLufJ(zJ)H

B

A
(3.30)

3.3. Physical Interpretation of Extended Somigliana’s
Identity in 2-D Piezoelectricity

Consider a finite domain A in 2-D, surrounded by the boundary s subject
to the extended boundary displacement U; and traction T7. The extended
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Somigliana’s identity in piezoelectricity, assuming zero extended body force,
gives the extended displacement according to

Uni(x) = / (&)U (E, )] ds(E) — / U1 () Trn (&, %)) ds(E),  (3.31)

S

where Urp(&§,x) (I, M =1,2,3,4) and T7p(§, %) are the I-th components
of the extended displacement and traction, respectively, at & = (1,72)
when the M-th component of the unit extended point force is applied at x =
(21, x2). The latter is defined on a line segment with the unit normal n ().

An extended dislocation dipole is defined by an infinitesimal line
segment ds with the unit normal n = (ni,n2) over which the extended
displacement discontinuity is specified. This is the projection of the 3-D
dislocation loop®” defined by a narrow rectangular strip of infinite extent,
in the out-of-plane direction, into the 2-D plane. Let Upsr(x,&)* be the
M-th component of the extended displacement solution at x due to the
extended dislocation dipole with the unit discontinuity in the I-th direction
over ds at &. Using the symmetry property of the displacement fundamental
solution,

Urm (&, x) = Umi(x, §), (3.32)

the following relation,

~Trm(&,x) = Unmr(x,§)", (3.33)

can be derived.”® By substituting these relations into (3.31) we get
an alternative form of the extended Somigliana’s identity in 2-D
piezoelectricity,

Uni(x) = / [Uns1 (x, E)T1(8)] ds(€) + / Uars (%, &) Ur(E)] ds(E).  (3.34)

According to this form of the identity, the extended displacement field
in the body A is given by the extended point force T; and extended
dislocation dipole U; distributions over the contour s embedded in the
infinite domain. This is a physical interpretation of the Somigliana’s identity
in 2-D piezoelectricity.

3.4. Direct Formulation of the BEM in 2-D

3.4.1. Fundamental solutions for 2-D piezoelectricity

Consider the unit /-th component of the extended line force r; = 1 located
at & = (n1,12). Introduce an arbitrary circuit I' around & and determine
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the analytic function vector f7(z;) such that the extended force resultant
around this circuit is —r;. Use of (3.30) along with the orthogonality
relations (3.28) and (3.29) will give the fundamental solution,

4
1
Umi(x,§) = C\\Y; le AngAry In(zy — &), (3.35)

which is the M-th component of the extended displacement at x = (z1, x2),
where 25 = 1 + pyjxe and £; = m1 + pyn2. The symbol & indicates the
imaginary part of a complex variable. Next, consider an extended line
dislocation at & = (n1,72) with the unit jump in the I-th component
of the extended displacement. The solution is determined such that the
extended displacement jump around the circuit T" is by = 1. Using (3.25)
and the orthogonality relations (3.28) and (3.29) we get the resulting M-th
component of the extended displacement at x = (x1, x2),

4

Pur(x,8) = %% Z ApgLpy In(zy —&5). (3.36)
J=1

The extended dislocation dipole is defined by an infinitesimal line
segment d§ = (dni,dns) at § along which the extended displacement is
discontinuous. This configuration is produced by placing a pair of extended
dislocations, with the same magnitude but opposite signs, at & and & + d§
and obtained by taking the total derivative of the fundamental solution of
the extended dislocation with respect to the generalized complex variables
&7 =m + pyne. For a dislocation dipole at & = (11, 72) with the unit jump
in the I-th extended displacement component, the resulting M-th extended
displacement component at x = (x1,x2) is given by

4
1 d€;
*ds = -3~ E ApsL .
UM](X,E) S \Sﬂ_ 2 MJL1g > (3 37)

=&
where d€; = dm + p;jdns and ds = \/dn? + dn3 is the magnitude of dg.

3.4.2. Implementation

In the BEM discretization, we approximate the whole boundary by a
collection of straight elements. For a boundary element I' of length L with
the end nodes 1, 2 and the middle node 3, approximate the extended
displacement and traction on the boundary by quadratic interpolation
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functions,

3 3
Ur(€) =Y ¢al€)UF, Ti(€r) = pal€))TF, (3.38)

where ¢,(£75) (a = 1,2,3) are the quadratic shape functions and U{ and
T} are the nodal values of Ur and T7. The contribution of the boundary
element I' to the first integral of (3.34) is given, through the fundamental
solution (3.35) and the interpolation (3.38), by

Upy(x) = Z Z {/ Z AnmgAry In(zg —&€1)pa(€)d }TI

a=1I=1
(3.39)
Similarly, the second integral in (3.34) is given, from (3.37) and (3.38), by

3
Ul (x Z {/ ZAMJLIJ s sﬂa(fJ)de}

a=1

M=

~
Il

(3.40)

For the straight element both integrals can be evaluated analytically with
the result,

3 4 3 4
=Y MU TE, Ui(x)=>_ > UiGx) Uf,  (341)

a=11=1 a=11=1
with
1 4
Uifi(x) =9 {; > AMJAIJUTL(ZJ)} ;
J=1
L4
Uifp(x) =S {; Z AMJLIJUEQ(ZJ)} , (3.42)
J=1
and
Ui(zs) = 23: { (&) Wl (2 — fJ)} o
7 cos (;5 +pssing = e
Ua iy [ i) &
U (z5) = 31" [ €l 2 — )]

n=0

(3.43)
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where £ and £2 are the values of £; at end nodes 1 and 2, respectively, of
T" and gp((ln) (&) is the nth derivative of the shape function with respect to
¢;. Further, Inl" (zg — &) is the n-th integral of In(z; — £;) with respect
to the argument £; and is given by

" (z; - &5) = (—1)"%(@ - &))" {IH(ZJ -&y) — E %} (n>0).
’ k=1
(3.44)

For the negative integer n we interpret ln["](z J — &) as the derivative so
that

1
11’1[_1](2] —&5) =—

25 =&

v
(27 —&5)%

, WGy ) = - (3.45)

As shown in Fig. 3.1, in each plane of the generalized complex variable
zyg =x1 +pyze (J =1,2,3,4) the image I'; of the original boundary ele-
ment I' is defined. The branch cut of the logarithmic function In(z; — &),
where £ is a point on I'; is defined as follows. First, get the image £} of the
node point & (Fig. 3.1). Second, select the branch cut of the logarithmic
function In(z; — &) to be a straight line emanating from £; and exten-
ding indefinitely toward £}. Next, calculate the principal value argument of

€} — ¢, and set this value as the maximum arg7?® of the angular range so
that the argument of the logarithmic function In(z; — ;) is defined by

arg'y’

W < arg(zy —&y) < arg*. (3.46)

Notice that the branch cut defined this way differs from element to element.

£2 §J2

‘ZJ (branch point)

&1
branch line

(a) z-plane (physical) (b) z-plane (mapped)

Fig. 3.1. Physical (z) and mapped (z5;J = 1,2,3,4) planes. The source point £ is
mapped to £;. Images §}(J = 1,2,3,4) of the node point ¢! are used to define the
branch cuts of log(z; — £7) in the mapped planes.
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3.5. Numerical Green’s Functions for Crack Modeling

Let the upper and lower faces of the 2-D crack be Lt and L, respectively.
Since the two faces of the crack coincide, the BEM formulation based on the
mathematical interpretation of Somigliana’s identity cannot determine the
extended displacement uniquely along the crack surface. If we consider
the crack as the limiting case of an ellipsoidal hole, then the physical
interpretation of the extended Somigliana’s identity leads naturally to a
continuous distribution of extended dislocation dipoles along Lt and L~
with zero extended traction. This distribution, when combined, will give the
continuous distribution of the extended dislocation dipoles along L = L+
with the magnitude §x = U?g — Uy, where UI'E and Uy are the extended
displacement on the upper and lower surfaces of the crack and Jx is the
extended COD. The displacement due to the crack is given, by integrating
(3.37) along the crack, by

U (x) /L Z Asn Z Lrndx ng&v (3.47)

N=1

Consider a straight crack in the interval (—a,4a) on the zi-axis where
Env = m + pnn2 = m. Introduce non-dimensional variables n = n;/a and
Zn = zn/a and rewrite (3.47) as

4

+1
dn
= / Z AN Z Lrnék(n I (3.48)

Interpolate the extended crack opening displacement by

M
= V1= > 6 Uma (), (3.49)
m=1

where U,,—1(n) is the Chebyshev polynomial of the second kind, to embed
the crack tip singular behavior. Substitute (3.49) into (3.48) and evaluate
the integral analytically to get,

M 4 4
U (x S Av Y. Lund” Ru(Zy), (3.50)

m=1 N=1 K=1

=

where

Rm(Zy) = (ZN —JZn)E = 1) (m > 1). (3.51)
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Similarly, the extended stress function is given by
M 4 4
ST Lin > Lendd Ru(Zy), (3.52)

m= K=1

1N=1

from which the extended stress components are obtained, through (3.16),
with the result,

M 4 4
1 m
25060 = =333 Loy 3 Ll m G (Zy),
a m=1N=1 K=1
1 M 4 4
20(x) = =33 S pxLun 3 Lndl m i (Zn), (3.53)
a m=1N=1 K=1
where
(ZN - (Zn)? - )
G (Zy) = - T (m >1). (3.54)
)2 —

The traction on the top (+) and bottom (—) surfaces of the crack is given,
through the limiting behavior of ZS‘? (x) in (3.53), by

M

4 4
TFH(X Z LN Z LKN5Km) mUn—1(X) (|X]<1),
m=1 N=1 K=1

X

(3.55)
where X = z1/a. Observation of the limiting behavior in front of each crack
tip at X = 41 will yield

7(£1) \/> Z m+1ZLJNZLKN6 (3.56)

m=1

which give Mode I (K; = K>), Mode II (K;; = K1), Mode III (K = K3)
and Mode IV (K;y = K4) extended SIFs. Inspired by this equation, we
introduce an influence coefficient,

4
m

Kjr=4/-S L;nL b7

JI \/a\fj\;:l JNLIN, (3.57)

which gives the extended stress intensity factor K ; due to the unit extended
crack opening displacement component (5}1
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Consider, for example, an impermeable crack with zero extended
traction on the crack surface. Under a given set of the remote loading,
we can use the superposition principle to determine the extended COD
coefficients (5%") such that, along the crack contour L, the sum of
the traction due to the remote loading and that by the extended
dislocation dipole distribution, (3.55), satisfies the given extended crack
surface traction BC. The value of the crack surface extended traction
is zero for the impermeable crack, but non-zero for the permeable
and semipermeable cracks. The extended COD coefficients 5%”) (m =
1,2,...,M) are determined by evaluating the extended traction at M
collocation points,

{771 =0.0 (M =1) (3.58)

m=-1.0nmy =10 (M=2)’

obtained by dividing the crack interval —1 < n < 41 equally. Notice
that the crack tips are included among the collocation points. This is
possible since the extended traction is bounded at the crack tips as seen
from (3.55).

Formulas developed above satisfy one requirement for the Green’s
function to have the built-in singularity at the crack tips. Another
requirement to satisfy the crack surface boundary condition is not fulfilled
automatically, but a procedure is set up to satisfy it numerically. This
is a typical approach of the numerical Green’s function and it makes
sense for the fracture analysis of the piezoelectric solids, where multiple
options for the crack surface BC exist. Equations (3.50) and (3.52)
give the numerical Green’s functions for the extended displacement
and stress function vectors in terms of the unknown extended COD
coefficients (5%"). Once these coefficients are determined, through the
procedure described above, the formula (3.56) gives the extended SIFs
explicitly and there is no need for the post-processing. The crack element
developed here is called the whole crack singular element (WCSE). For
the inclined crack, we introduce a pair of rotated local coordinate axes
parallel and perpendicular to the crack. In applying formulas (3.50)—
(3.56), the compliance, characteristic roots and matrices L and A need
to be redefined to reflect the coordinate rotation. The application of
the WCSE can readily be extended to multiple cracks in the finite
domain with the introduction of the boundary elements as described in
the next section. Similar approach for the numerical Green’s function

59

by Telles and Guimaraes®” uses numerical integration of integrals similar
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to (3.47), which is more time consuming but flexible and not limited to the
straight crack.

3.6. Crack Surface Electric BCs and Solution Algorithms
3.6.1. Impermeable and permeable cracks

Consider a finite body subject to the extended boundary displacement
{U} and traction {T} vectors that contains N straight impermeable
cracks. In addition to the global coordinate system, a local coordinate
with its origin at the crack center and the horizontal axis along the
crack is introduced for each crack. The extended COD of n-th crack
(n = 1,2,---,N) is interpolated by M = M, Chebyshev polynomials
in (3.49) introducing a 4M,,-dimensional extended COD coefficient vector
{3}, which is determined by setting the extended crack surface traction
to zero,

{T}, = [H],{U} + [G].{T} + Z[D]m-{é}j = {0}
(n=1,2,---,N), (3.59)

at M, collocation points. Here {T}, is the 4M,-dimensional global
extended traction vector. The coefficient matrices [H],, [G], and [D],;
represent contributions from the boundary displacement, traction and
j-th crack, respectively. An additional system of the extended boundary
displacement equations is given by

N
{U} = H{U} + [GH{T} + Z[Db{é}j, (3.60)

where coefficient matrices [H], [G] and [D]; represent contributions from
the extended boundary displacement, traction and j-th crack, respectively.

For multiple permeable cracks, replace the last component, §; = 0,
of the extended COD with the last component, T, of the extended
crack surface traction to introduce a four-dimensional unknown vector
8% = (81, 09,03, TF ), for n-th crack. Swap 6, and T in (3.59) to produce
a modified system of equations for the new unknowns 9. In (3.60), the

extended COD for each permeable crack has only three components since
34 = 0.In (3.59) and (3.60) the local contributions from each crack, given in
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terms of the local components, must be converted to the global components
before adding them for all cracks.

3.6.2. Semipermeable cracks

Consider a finite body with IV straight semipermeable cracks. Interpolate,
following (3.49), the extended COD for n-th crack (n =1,...,N) by

M
= V112 ™1 (0) (3.61)
m=1

and the extended traction component 7™ on the upper surface of the
crack by

ZTC”(’”)U 1(n), (3.62)

in terms of the normalized parameter —1 < 7 < 41 introduced along
the crack. The number M of interpolation polynomials in (3.61) and
(3.62) is assumed to be the same for all cracks. Notice that 5"(m) # 0
and Tcn(m)

Tf n(m) # 0 for the permeable crack. The proposed iteration procedure for

= 0 for for the impermeable crack while dn(m) = 0 and

the semipermeable multiple cracks consists of two stages: the preliminary
and the refinement stages. First, apply the preliminary iteration to find
the approximate location of the semipermeable solution in-between the
impermeable and permeable solutions.

1. Use the impermeable BEM solver to obtain the impermeable solution

6Z(m)[0], where the superscript [0] indicates the initial value and, in
the following, the superscript [k] attached to variables indicates k-th
iteration values.

2. (a) With a control parameter p = pl} < 1.0, set a slightly reduced

value of 87 (™I = pll , 5210
(b) Use the permeable BEM solver to calculate 5"(m)[1] and Tcn(m)[l]
n(m)[]

corresponding to d,
(¢) Use (3.1) and the relation (3.17) to calculate

s ()

i) =T G2
“ 57

(3.63)
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at M sample points ¢; (i = 1,..., M) on each crack. The sample
points (; are given by the Gaussian quadrature points, which are
different from (3.58) used for the extended traction calculation.
Here 67M(¢), 6"M(¢) and TO"M(¢) are given by (3.61)
and (3.62).

(d) Calculate the average

Z0nl1] _ Zz]‘il “Cn[l](fi)

7 (3.64)

for each crack.

. Repeat STEP 2, R times, for gradually reduced values of
plkl s« 62(7")[0] for the control parameter p = pl¥l(k = 2,3,4,..., R) and
plot the plk — g€l
. Get the intersection of the p*l — Z€"[¥ curve with the horizontal line
k€ = k" that gives the best fit parameter value p™*¢s] for each crack.

Use the permeable BEM solver with

srmlE _

k' curve for each crack.

grimitbest] _ pnlbest] . sn(mIO (16 sum on n) (3.65)

to calculate 5g(m)[b68t] and Tf"(m)[besﬂ.

In the preliminary iteration stage we scan R multiple solutions

between the impermeable (pl% = 1) and permeable (plfl = 0) cracks
keeping the modal shape of 5Z(m)[k} = pl¥l *5Z(m)[0] always similar. With
the exception of the single crack, however, this strategy does not get the
accurate semipermeable solution for multiple cracks. The refinement
stage of the iteration starts with the solution, given by (3.65), and an
effort is made to modify this modal shape.
. Select the starting values of the refined iteration by adopting the
best values obtained in the preliminary stage: 670 = gntmlbest]
53“””‘” = 53“"”“5” and Tf"(m)[o} = Tf”(m)[besﬂ. Notice that
the notation ;"™ is reused here with a different definition from
STEP 1.

. Enforce the semipermeable relation (3.1) to calculate

T, n,) 05 1 (y)

55 () = e

(3.66)

at M collocation points 7; defined by (3.58), where 53[0](771‘) and
Tfn[o](ni) are given by (3.61) and (3.62). Solve the system of
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equations,
M . .
2 : Um71(77i)52(m)[pm] _ 52[1777] ),

to calculate M projected coefficients (5"(m)[p "1 for each crack n.
Although the projected modal shape, 6"(7" [pr3]

in the right direction, it is not close enough from the semipermeable

, pushes the solution

solution requiring to sweep another set of multiple solutions between
62(7"')[’7”] and 5Z(m)[0]’ where (5n(m)[0] 6Z(m)[be‘gt] defined in STEP 5
is the best solution after the preliminary iteration.

7. Divide the interval ||6n(m | = 6n(m)[prj] (52(7")[0} by L equal sub-
intervals of magnitude Ad"(m) H(S"(m) ||/L. Run the permeable BEM
solver for L values of &7 o =ommlO L AT (1=1,...,L) to
calculate 63( W and Tcn(m)[l]

8. Follow STEPs 2 (c) to (d) to calculate the average K™Y for each crack
according to (3.64).

9. Following the step similar to STEP 4, obtain the best fit 5Z(m)[besﬂ for
each crack and calculate 5n(m)[beét] and Tf"(m)[b%t].

10. Repeat STEPs 5 to 9 a total of S times if necessary.

Since the extended COD for the single crack is given by one term
(i.e. M = 1) of the interpolation in (3.49), the ratio of d2/d4 in (3.63)
is constant 551) / 51(11) over the entire crack surface along with the electric
induction. Therefore, the calculation of k¢ by (3.63) requires only one
sample point on the crack, typically at the center. On the other hand, the
interpolation of the extended COD for multiple cracks requires multiple
polynomial terms U,,—1(n) in (3.49), and the ratio d3/d4 is not constant
over the crack surface.

3.7. Material Constants

In addition to the constitutive equations, (3.4) and (3.5), there exist another
set of constitutive equations that gives the strain and electric induction
components in terms of the stress and electric field components,

€j = 55k10kl +dyijEr, Di = diggo + 55, By, (3.67)

where siEjkl, drij, and k3, are the elastic compliance constants at constant
electric field, piezoelectric strain constants, and dielectric permittivity
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constants at constant stress, respectively. The constants required in our
analysis, (sgkl,gkij, B%.), need to be obtained in terms of the other sets of
constants, (s/7;, drij, £3,) and (¢f, eirt, £5;,), which are available in the
literature.®” For example, given the material constants (Cgkz’eikl’“?k) as
the input, we can calculate other constants as follows:

E E —1 E o 5
S = (Cijr) ™ — dijk = €itmSimjx — Ki; = K5 + dikiejrl

— B = (k7)™ = gijr = Bidije — Sgkl = siEjkl — dmijGmkl -
(3.68)

The stress, strain, electric induction and electric field are of the order
of o9 = 10% (N/m?), &g = 1073, Dy = 1072 (C/m?), and E; =
107 (V/m), respectively, and the elastic stiffness, piezoelectric stress and
dielectric permittivity constants have the order of co = 10! (N/m?), eg =
10! (C/m?) and ko = 1072 (C/(mV)), respectively. The truncation error,
caused by the wide variation in the order of magnitudes for the piezoelectric
variables and coefficients, can be avoided by their normalization. For
example, § = ¢/qo gives the normalization of a dimensional quantity ¢
by its reference quantity qp, examples of which are given above. Given the
reference values of the stress, strain, electric induction and electric field,
those for other quantities are determined in terms of these four reference
variables such that the normalized governing equations remain exactly the
same as the original equations. See Table 3.1 for a complete list of the

Table 3.1. The reference values for the material constants and the field variables in
piezoelectricity.

Displacement wug = zoeg = 107320 (m) Elec. Potential ¢o = zoFo = 107z (V)

D
Stiffness co = 70 — 1o (N/m?2)  Permittivity Ko = E—O
€0 0
=10"2 (C/mV)
) €0 - Eo 9
Compliance  sp = — Impermeability Bg = — = 10° (mV/C)

oo Do
=107 (m2/N)

E
Piezoelectric  eg = % =10' (N/mV) Piezoelectric go=-—2=10"" (mV/N)
0 o0
D
Stress == =10t (C/m?) Strain =50 _ ot (m?/C)
€0 Do
Kirarr Kio,110,1110 Krv Kivo

_ 1013/290(1)/2(N/m3/2) _ 10_7/2zé/2(0/m3/2)
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reference values, where xg(m) is the characteristic length of the problem.
In this paper xo = 1(m) is used.

The piezoelectric solids considered here is Barium Sodium Niobate
(BagNaNbsO15, Orthogonal 2mm) -BSN- with the material constants

[23.9, 104, 5.0, 0.0, 0.0, 0.0]
24.7, 5.2, 0.0, 0.0, 0.0
13.5, 0.0, 0.0, 0.0

E 1 _ 10 2
lezg] = 65 00, 00| <100 @Q/m,
6.6, 0.0
I 7.6 |
0.0, 0.0, 0.0, 0.0, 28, 0.0
leiz7] =] 0.0, 0.0, 0.0, 3.4, 00, 00| (C/m?),

0.4, —0.3, 4.3, 00, 0.0, 0.0

222.0, 0.0, 0.0
[k5] = 227.0, 0.0 | x 8.854 x 1072 (farads/m). (3.69)
32.0

Only the upper triangular half of the symmetric matrices are shown.
BSN has the electrical/out-of-plane mechanical coupling with no in-
plane/out-of-plane mechanical and electrical /in-plane mechanical couplings
as can be seen from its influence coefficients, defined by (3.57),

0.900143, 0.0, 0, 0.0
= 0.0, 0.915084, 0.0, 0.0
[K1] = 0.0, 0.0, 0.580679, 0.274588 |’ (3:70)
0.0, 0.0, 0.274588, —1.7619

in which K34 and K43 are nonzero.

3.8. Numerical Results
3.8.1. Upper and lower bound analysis

For all piezoelectric multiple crack configurations, the permeable and
impermeable crack solutions set the upper and lower bounds for the crack
surface electric induction, electric potential jump and the electric induction
intensity factor K. The Mode I, II, and III SIFs and the crack opening
displacement components 0, d2, and 03 are identical for permeable and
impermeable cracks. The semipermeable crack solution should be located
somewhere in-between these two solutions. Even though they are not
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correct, their upper and lower bounds property can be exploited in the
fracture analysis if the semipermeable crack solution is not available.
Detailed upper and lower bounds analysis can be found in Denda and
Mansukh.?

3.8.2. Semipermeable cracks
3.8.2.1. Single crack in an infinite body

Consider the single crack in an infinite BSN subjected to the combined
remote loadings 555 = 1 (tension) and D$° = 1 (electric induction),
resulting in J, (opening) and 4 (potential jump) at the same time. Due
to the absence of the electrical/in-plane coupling the single application
of either 55 or D$° for the impermeable crack produces 2 or d4
only, which creates no inconsistency. For the permeable crack, since
the electric potential jump is always zero for both loadings, each crack
solution for individual loading is always consistent. Therefore, although the
impermeable and permeable BCs produce different electric induction on
the crack faces, both solutions are consistent and there is no need to come
up with the semipermeable BC if only one of the loadings, 555 or DS°,
is separately applied. The consideration of the semipermeable boundary
condition becomes necessary only when the both loadings are applied.

For the single crack in the infinite body, only the preliminary iteration,
consisting of STEPs 1 to 4, is needed to get the accurate semipermeable
solution. This is because only one term in the interpolation (3.49) is
sufficient to describe the extended crack opening displacement, which
remains similar among the impermeable, permeable and semipermeable
cracks. The iteration was performed R = 1000 times decreasing the
parameter p evenly from 1 to 0. The variation of £ as the function of
the control parameter p is shown in Fig. 3.2(a), in which the intersection of
this curve with the horizontal line 7% = 8.854 occurs at p(*™?) = 0.189292.
The variation of Ky and DS is shown in Figs. 3.2(b) and (c). Since
they vary linearly between the impermeable and permeable conditions,
the semipermeable solutions are given by I_(ﬁ,mp ) = p(smp)k§'§;71p ) and
ch(smp) =(1- p(smp))DQC(per), where K%np) = /7 and Dg(per) = 1.
The value of DS (smP) — (.810708 agrees perfectly with the theoretical
value Df(smp) = 0.810709 given by Denda and Mansukh.!? Note that K j;
is very small, but not zero as shown in Fig. 3.2(d); this comes from the
electrical /out-of-plane coupling. Although not shown, K; and Jy remain
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Fig. 3.2. Variation of (a) &%, (b) Krv, (c) DY and (d) Ky in the iteration when p is
varied from 1 to 0 for BSN under 555 = 1 (tension) and DS° = 1 (electric induction).

constant throughout the iteration and K;; is zero. The variation of (a) 54
and (b) DS along the crack for impermeable, semipermeable and permeable
cracks, respectively, is shown in Figs. 3.3(a) and (b).

3.8.2.2. Single crack in a finite body

Consider a crack (@ = 1) in a finite BSN body (H = W = 4) under
the unit normalized tension ds2 = 1 and electric induction Dy = 1, as
shown in Fig. 3.4(a). We have used M = 7 terms in the interpolation
(3.49) and R, calculated by (3.63), is not constant along the crack. As



BEM Fracture Analysis of Piezoelectric Solids 103

3 D;

0 1
permeable permeable
-0.1 09}
- 08
02 semi-permeable semi-permeable
I 0.7
03[
F 0.6
04
F 05
-0.5 E 04
06 03
o7E 02
E 01f
08¢ impermeable
F impermeable 0
09F
S B 1 PP Y L L1 L1 ]
1 -0.5 0 0.5 1 1 -0.5 0 0.5 1
x/a x/a
@) (b)

Fig.3.3. Variation of (a) d4 and (b) DY along the crack for impermeable, semipermeable
and permeable cracks for BSN under 555 = 1 (tension) and D$° = 1 (electric induction).
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Fig. 3.4. (a) A center crack in a finite body (H = W = 4) under uniaxial tension a2
and electric induction Ds. (b) Three aligned parallel cracks (2a/d = 4) in an infinite
body under uniaxial tension 22 and electric induction Da.
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Fig. 3.5. Relative error in €. over the semipermeable crack surface for a crack in a finite
body (Fig. 3.4(a)) under uniaxial tension and electric induction. Only the preliminary
iteration is applied.

in (3.64) the average value was used to calculate €. The preliminary stage
of the iteration using STEPs 1 to 4 with R = 1,000 iterations gave the
best approximate solution for #¢, which has more than 2% deviation from
the required constant value #%" as shown in Fig. 3.5. The refinement stage
following the preliminary (with R = 10 iterations)was applied, using S = 10
iteration in STEPs 5 to 10 (with L = 20 in STEP 7). The value of £ has

—air

agreed with that for %" up to four significant digits for the entire crack
length. The extended stress intensity factor is given by K}Smp ) = 2.36716,
KB — 0.0, K45 — —0.802325 x 10~* and K37 = 0.437143. The
electric intensity factors of the impermeable and permeable cracks are given
by R’}?,np) = 2.00409 and K}Z"/@T) = 0.0, respectively. Other stress intensity
factors (K7, Krr and Kjrr) remain the same for three crack BCs. The

electric potential jump and electric induction field over the crack are shown
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Fig. 3.6. Variation of (a) 04 and (b) D§ over impermeable, semipermeable and
permeable conditions for a crack in a finite body (Fig. 3.4(a)) under uniaxial tension
and electric induction.

in Figs. 3.6(a) and (b). Notice that the Dy for the semipermeable crack is
not constant along the crack in comparison to the constant values for the
impermeable and permeable cracks. The crack opening & is the same for
all three cracks.

3.8.2.3. Three parallel cracks

The problem of three parallel cracks of Fig. 3.4(b) was considered since the
solutions for the upper (or lower) and the middle cracks are different. The
number of polynomials used in the interpolation (3.49) is M = 7 for each
crack. The preliminary and refined iteration schemes were applied using
R = 10 iterations in STEPs 1 to 4, S = 10 iterations in STEPs 5 to
10 and L = 20 in STEP 7. The value of ¢ calculated by (3.63) along
three cracks agrees with %" up to three significant digits. Remote loading
consisits of 335 = 1 (tension) and DS® = 1 (electric induction). As seen in
Table 3.2, the upper and lower bounds properties of the electric intensity
factor for the impermeable (IP) and permeable (P) cracks are clearly
demonstrated. The variation of (a) d4 and (b) D§ along the top crack AB
(or bottom crack EF) in Fig. 3.4(b) for impermeable, semipermeable and
permeable cracks, respectively, is shown in Fig. 3.7(a) and (b). Figure 3.8
shows similar figures for the middle crack C'D. Although not shown, K;
and d2 remain constant throughout the iteration and Kipris very small.
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Table 3.2. Extended SIFs for three parallel
cracks (Fig. 3.4(b)) in infinite BSN under 555 =1
and Dgo =1.
SIF BC Tip A Tip C
K;/v/7  impermeable 0.6955  0.4516
semipermeable 0.6955 0.4516
permeable 0.6955  0.4516
Krr/v/m  impermeable —0.1465  0.0000
semipermeable  —0.1465  0.0000
permeable —0.1465  0.0000
Krv/y/7 impermeable 0.7490  0.6160
semipermeable 0.1331  0.08525
permeable 0.0000  0.0000
B DS
orr Yr permeable
permeable 1
0 09l
08F
-0.1 semipermeable
semipermeable o7r
-0.2 06
05
0.3 04
03
-0.4
02
05 01 impermeable
impermeable 0
06— 0 —os L A
x/a x/a
@) (b)

Fig. 3.7. Variation of (a) d4 and (b) DS along the top crack AB (or bottom crack EF)
in Fig. 3.4(b) for impermeable, semipermeable and permeable cracks for BSN under
555 = 1 (tension) and DS° = 1 (electric induction).

3.9. Concluding Remarks

In this article the boundary element method for the fracture analysis
of the general piezoelectric solids in two-dimensions has been presented
along with the solution algorithms for impermeable, permeable and
semipermeable crack face electric boundary conditions. Several innovative
approaches not used in the traditional boundary element methods have been
introduced: physical interpretation of the extended Somigliana’s identity,
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Fig. 3.8. Variation of (a) 84 and (b) D§ along the middle crack CD in Fig. 3.4(b) for
impermeable, semipermeable and permeable cracks for BSN under 55 = 1 (tension)
and D$° =1 (electric induction).

use of the extended dislocation for crack modeling, analytical representation
of the crack tip singularity, and the solution algorithm for the multiple
semipermeable cracks based on the impermeable and permeable crack
solvers.

The numerical Green’s function based on the WCSE developed here
can deal with straight center cracks only. The extension of the numerical
Green’s function for edge cracks and non-straight cracks, developed for the
general anisotropic solids (Crack-Tip Singular Element, CTSE, by Denda
and Marante®!), is in the list of future work. Note that the general solution
algorithms developed for the impermeable, permeable and semipermeable
cracks here are applicable to the edge and/or curvilinear crack modeled by
the CTSE.
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Chapter 4

BOUNDARY INTEGRAL ANALYSIS FOR
THREE-DIMENSIONAL EXPONENTIALLY
GRADED ELASTICITY

J.E. Ortiz and V. Mantic
Group of Elasticity and Strength of Materials

University of Seville, Camino de los Descubrimientos s/n
41092 Sevilla, Spain

L.J. Gray, S. Nintcheu Fata and O. Sallah
Computer Science and Mathematics Division
Oak Ridge National Laboratory
Oak Ridge, TN 37831-6367, USA

Recent work on the development of boundary integral equation methods for
3-D exponentially graded elasticity is summarized. A synopsis of the derivation
of the fundamental displacement and traction kernels is presented, and the
difficulties inherent in dealing with these functions are highlighted. Results of
new calculations utilizing a parallel domain decomposition boundary integral
algorithm are reported. A possible new approach to representing the graded

Green’s function and its derivatives is discussed.

4.1. Introduction

The unique and powerful features of numerical methods based upon
boundary integral equations are well known: a boundary-only formulation
(therefore requiring only a boundary mesh), fast solution methods for highly
complex geometries,! and a solution that, while approximately satisfying
the boundary conditions, is nevertheless an exact solution of the governing
differential equation. However, the price that is paid for these advantages
is generality — the foundation of the numerical method is having a
manageable Green’s function,? and these fundamental solutions are simply

not widely available.
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Boundary integral methods have therefore been limited almost
exclusively to the simplest partial differential equations posed in
homogeneous domains, and an important research goal is to try to expand
the range of applications of the method. For non-homogeneous media,
wherein the material properties vary in a smooth but otherwise arbitrary
manner, analytic forms for Green’s functions are virtually non-existent (see
Chapter 2 in Ref. 3). Work in this area, with at best partial success, has been
carried out by Shaw and co-workers,* ® Clements et al.,”® and Kassab and
Divo?:19 (regarding this last work concerning an arbitrary spatially varying
thermal conductivity, see also Refs. 11 and 12).

For general inhomogeneity, the best that appears possible is the
numerical construction of an ‘approximate Green’s function’ (called a
Levi function).? Instead of solving the equation AG = &, where A is
the differential operator and G the Green’s function, one solves AL =
0 + R, where R is a ‘small remainder’. In this case, the integral equation
formulation will necessarily retain a volume integral; however, with the
recent development of fast volume methods' 15 this is not necessarily a
major obstacle.

One path that has met with some success is to assume a specific
exponential form for the variation in material properties. This chapter
summarizes recent work on the integral equation formulation for the elastic
analysis of an isotropic solid with Lamé moduli varying as

Mz) = oexp(28-x) and p(x) = poexp(28-x). (4.1)

Here, Ao and p are constants, 3 is a given constant vector and the solid
is called exponentially graded in the direction 8. For Laplace problems,
steady state and transient thermal modelling in exponentially graded
solids, Green’s functions and boundary integral analysis were considered
in Refs. 16-19.

Exponential grading is not only mathematically tractable, but it
is the typical assumption in the engineering literature on functionally
graded materials (FGMs). A partial list of applications of FGMs includes
biomechanics and natural materials,?° thermal barrier coatings,?! graded
piezoelectric and smart materials,?? and aerospace®® (see Ref. 24 for a more
complete discussion and references). The papers by Hirai?® and Markworth
1,26 and the books by Suresh and Mortensen?” and Miyamoto et al.,?®

provide a good overview of the initial efforts on FGMs. A recent review

et a

article?* provides an excellent review of work after 2000 and an extensive
bibliography.
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In addition to the above references, it should also be mentioned that
Vrettos??:30 considered wave propagation in an exponentially graded model
of the earth, while V. and J. Slddek and co-workers have applied integral
equation methods to study thermal and elasticity problems in graded
materials (see Refs. 31 and 32 and references therein).

The work reviewed herein is aimed at developing a ‘standard’ boundary
integral capability for modelling exponentially graded elastic materials.
This must naturally start with the Green’s function i, the analogue of the
well known Kelvin solution ¢ for isotropic homogeneous materials, and an
abbreviated version of the derivation of U is first presented. As shown by
Martin et al.?? this fundamental displacement tensor can be written as

Uz, z') = exp{-B-(z + )} {U(z, ') +U(z,2')}, (4.2)

where the additional grading term U9 is nonsingular at = «’ and can
be computed. The corresponding traction kernel 7 in a direct boundary
integral equation (for surface displacement) is defined in terms of first order
derivatives of U and takes the analogous form

T(z,z') =exp{B:(z —2)} {T°(z,2') + T9(z,2')}. (4.3)

The homogeneous Kelvin term is 7°, and formulas for the grading
component 79 can be derived and computed.3*

Nevertheless, the expressions for /9 and 79 are quite complicated,
and this has two serious consequences. First, the numerical evaluation of
the kernels, while possible, is sufficiently expensive that the practicality
of a boundary integral FGM calculation based upon these formulas
comes into question, especially for a Galerkin approximation. Second, an
ultimate goal of this work is to develop an effective boundary integral
capability for fracture analysis, and this requires the equation for surface
traction. The traction equation, however, involves a kernel function
comprised of derivatives of 7, and it is highly dubious that straightforward
continuation of the techniques developed thus far would lead to a successful
implementation of this equation. It therefore seems likely that an effective
treatment of graded elasticity will require a new approach to representing
the Green’s function and its derivatives.

In the summary below, as much detail as possible will be omitted,
retaining only enough to convince the reader of the inherent difficulties. This
will also permit, in Sec. 4.6, a brief discussion of a possible new approach
that can successfully bypass these roadblocks.
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4.2. Graded Green’s Function U

The fundamental displacement tensor U(x,x’) for exponentially graded
elasticity was derived in Martin et al.,33 and one part of the expression for
1.3 This complete derivation
will not be repeated herein; it is not necessary to repeat the lengthy analysis
needed to invert the Fourier transform of &Y. The version presented below
will suffice to give an indication of the basic procedure and, as noted
above, it will allow a discussion of the difficulties inherent in the current
formulation, as well as possible remedies.
Neglecting body forces, the equations of equilibrium are, as usual,

U was subsequently corrected in Criado et a

0ij,5 = 0, (44)

and the linear elastic constitutive law relating stresses o;; to strains exe is

Oij (il?) = Cijkg(:l:)eu(w). (4.5)
The strains ege are expressed through displacements u as
1
€kt =5 (Uk,e 4+ uek) (4.6)

and for an exponentially graded material the elastic constants are assumed
to satisfy

C,’jk-g(.’lt) = Cijké 62[—1':07 (4.7)

where © = (z1,22,23) (or @ = (z,y,2)). Here, B is the vector defining
the direction of the grading, and 8 = | 3| governs the strength of
the exponential variation. The 2 appears in the exponent for algebraic
convenience; this will prevent having (§/2 appear in the expressions for
U(x, x').

The quantity of interest is the Green’s function or fundamental
displacement solution U (x, '), which satisfies

% {ciju(w) aaUT‘;”} = bimd(x—a'), i=1,2,3. (4.8)
J

Here, §;; is the Kronecker delta, §(x) is the three-dimensional Dirac delta
function and U;j(x, ") represents the i-th component of the displacement
at  due to a point force acting in the j-th direction at x’. Expanding the
left-hand side of Eq. (4.8) gives for i =1,2,3

82 Ugm ( 1o} ) aUEm

Oxj Oxy, 3—xjcijke(m) Oz,

Cijke () = —6imd(x — ), (4.9)
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and from Eq. (4.7),

(a/al’j)ci]‘u (w) = QCijkg ﬂj exp(2ﬂ- iL‘) = 2ﬁj Cijke ((B) (4.10)
Thus (4.9) becomes,
0%U, Uy
ij T 25, i T = im —203- —a'
Ojkg 6$j B + ﬂ] CJM D 1) exp( Jé] :IC) 5(90 €T )

= —8im exp{—0+(z + ')} §(x — x').
(4.11)

The last manipulation of the right-hand side has been executed to ensure
that U retains the usual symmetry of the Green’s function,

Uij(w,w’) = Uji(w’,:c). (412)

Introduce the Green’s function for a homogeneous solid with constant
stiffnesses Cijie, U°, defined by

32

Ci]kl o 8

U = —bimd(@—a'), i=1,23. (4.13)

m

Comparing this equation with (4.11) suggests decomposing the Green’s
function as

U, x') = exp{—B- (x + )} {U(z, ) +U(z,2)}, (4.14)
with the grading term U9 satisfying the equation
Cijke o ; Ul (z,2') + Lie U (z,2') = —Lie Up, (z,2'),  (4.15)
where + = 1,2, 3, and the differential operator L;, is defined by
Lit = (Cijie — Cinje)3;(0/0x1) — Cijke 55 5k (4.16)

In what follows, the objective is therefore to develop formulas for the
grading term U9, and this is accomplished by employing the three-
dimensional Fourier transform and its inverse, defined by

F{f} =71 /f exp(i§ - x) de (4.17)
FUR) = f@) = (2n) / 7(6) exp(—i&- ) de.

Applying the transform to Eq. (4.15),
{Qu(&) + Bu(B.O} U, (6,2)) = ~Bu(B.E) Up, (6.2)).  (418)
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where

Qie(§) = Cijre&iée, (4.19)
Bit(B,€) = 1(Cijre — Cirje)Bi&k + Cijie 55 Br-

Note that if we define a complex vector v by v = £ + i3, then
Qie + Bie = Cijrei Vs (4.20)

where the overbar denotes complex conjugation: ¥ = £ — if3.
From Eq. (4.13) we have

Qit(&) U, (€, 2") = 6im exp(i&- '), (4.21)
whence

US.(€,2") = Eum(B,€) exp(i&- '), (4.22)
where

E(8,€) = —{Q(&) + B(8,€)} 'B(B,£) [Q(&)] " (4.23)

Inverting the Fourier transform, we obtain
U (x,x') = (2n) =3 / E(B,&) exp(—ir-&)dE (4.24)

where » = & — x’. It remains to evaluate this three-dimensional integral
over &.

At this point, it is useful to further simplify by assuming the material
is an isotropic solid. The elastic constants can then be written in terms of
Lamé parameters

Cijie = Xo0ijOre + pro (dirdje + 0iedjn) (4.25)
and the exponential grading can be expressed in terms of Lamé constants as
Mx) = 2e?P %, p(x) = poe?® =,

where A\/p = Ag/po = 2v/(1 — 2v), indicating that the Poisson ratio v is
constant. In this case, the function U° is the well known Kelvin solution for
a homogeneous isotropic material (with elastic constants ug and v),

U%(x — ')

J

1
= T6mua(l — o) 2% i) - 42
1671',[10(1 — V)'r' ((3 4V) (;Jé + Ui 7‘7@) ( 6)
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Here r = || — «'|| and r ; denotes the derivative of r with respect to the
jth coordinate of .

Even with the isotropic simplification, the algebra required to obtain
the desired expressions for the Fourier transform E(3,£) in Eq. (4.24) is
not insignificant. Introducing the notation €2 = [£|%, 32 = |8)?, v* = 775,
C=¢-B=EBcosh,a=(1-2v)"1 k= (1-v)"! 0 =4v—1 and setting
¢ =1+ 2vksin?0 and

A= ¢ +2626%q + 4, (4.27)
the end result3? is
E;0(3.€) = uoii g% 2#57%?4 5 =Eoje+ H, (4.28)
where
Qje(B,€) = A& + BEBe + BBi&e + CB;B, (4.29)
and

A=y +8v8%) — %A,
B = —&(8vC +iov?), (4.30)
C =y +8ve?).

The inverse transform of the diagonal contribution E is easily obtained
using spherical polar coordinates (£, ¢, x), with the polar axis (¢ = 0) in
the direction of r. The result is

1—efr

. 4.31
47 por ( )

ﬁ/E exp(—ir-£€)dé =
The inversion of the Hj; term in Eq. (4.28) is far more complicated,3
and its lengthy derivation will not be repeated here. However, it is worth
noting that the analysis of this term employs a spherical coordinate system
{r,©, @} with B, and not r, as the polar axis of spherical coordinates. Note
that the angle 6 between & and 3 appears in A (in the definition of ¢), and
thus this choice simplifies handling the expressions for the poles in H;,. We
will return to this point later.
From Eq. (4.31), the grading term U9 can be written as

1

Ud(x—x') = —
ﬂ(m z) A pr

(1—e777) 850+ Ajelx — ), (4.32)
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where
Aj = # /ng exp(—ir- &) d¢. (4.33)

Although the derivation is omitted, writing the (intimidating) formula for
Aj, will hopefully supply ample argument for the difficulties mentioned
in the introduction. For this purpose, choose vectors n = (ny,ng,n3) and
m = (m1, ma, ms) so that {n,m, B3} (with 3 = 8/0) form an orthonormal
system of coordinates. For the spherical coordinate system mentioned above
it follows that

ren=rsin® cos®, r-m=rsin®sin®, r-B=rcosO. (4.34)

The expression for Aj; = Aji(r,©, ®), as derived in Ref. 33 and corrected
in Ref. 35, is

6, 8
ampo(L—v) " 2n2p0(1—v)

Ajp = — (I —Ts+T4—T5), (4.35)

where

I, = ZZ/ RM (0) e Flvs 1, (Ky,) sinf do,

s=0 n=0
/2

71' 2
Io = Z/ R(O) sin 6 sinh ¥, dn dé,
Nm

/2
I3 = Z/ Rg) sin 6 sinh ¥, cos2ndndf, (4.36)
Nm

2 /2 /2
T, = Z/ Mgl) sin 6 cosh Uy sinndndb,
S Tim

/2

2 /2
Ts = Z/e Mgl) sgn(k) sind , sinh ¥ sinndndé.

We will now proceed to define the notation in these expressions. First,
I,(z) is the modified Bessel function of the first kind of order n, and the
integration limits 6,, and 7,,(0,0) are defined by

0m(0©) = |5m —
k(0,0)] = K (6, )smnm, (4.37)

)
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where k(0,0) = Orcosf cos© and K(0,0) = frsinf sin ©. The argument
of the hyperbolic functions is

U (0,0,n) = K(0,0)ys(0) (sinn,,(©,0) — sinn), (4.38)

where the functions y, are given by

w=1 11 =\aO) + VPO -1 v =/a®) - VPO -1,

(4.39)
q = q(0) being defined in Eq. (4.27). The functions R are
R.(SO) = MgO)a s = 07 ]-7 27
Rgg) = 7-/\/1532), s = Oa 1327 4.40
R0 o (4.40)
REY = = (MO + M sgn(k(©,0))), s =1,2,
where
) _ fn(1)
= =0,2
Mo™=5pay n=02
fn(ys)
Mgn) = ——>— — n=0,2and s=1,2,
(1 —y3) D'(ys)
o= hls) g 441
Ms D,(ys)7 S )4y ( . )
MW = J1(ys) Cos=12,
D'(ys)

and the final definitions needed to complete the expressions are the
functions D(z) = 2% — 22%¢ + 1 and D'(z) = —423 + 4xq (the prime does
not indicate derivative), and
folz) = %{81/334 — (=2 + 1)(—222%¢ + 1) }(njng + m;mg) sin® 0
+ {8va’sin® 0 + (—2® 4+ 1)[—2” — (—22°¢ + 1) cos® 0] } B,
filz) = 23 (4v — 1)(5]'@ - Bng) sin 6,
filz) = *%(Sjﬂg + ﬁng)(*QJPq + 1) sin 26,
fa(z) = =3 [8va? — (—2® + 1)(—22%q + 1)]{n;(n, cos 2® + m, sin 2®)
+my(ngsin 2® — my cos 2@) } sin® 6.

(4.42)
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It should be obvious at this point that evaluation of the Green’s
function is far from easy, and direct implementation will necessarily be
computationally quite expensive. As a consequence, a boundary integral
analysis, while possible, will involve long execution times, possibly long
enough to wipe out any advantages of the method.

4.3. Traction Fundamental Solution 7

Computation time is not the only serious issue that the complexity of the
fundamental solution poses for a boundary integral formulation of graded
elasticity. The integral equation for surface displacement also requires the
corresponding traction fundamental solution 7 (x,«’), and this kernel is
defined in terms of first order derivatives of U(x,x’) with respect to x.
Moreover, as an ultimate goal is to develop a boundary integral capability
for FGM fracture analysis, it is necessary to work with the corresponding
equation for surface traction, and this involves a kernel function composed
of second order derivatives of U.

The first derivative generates formulas that are even lengthier and
more expensive to compute than those for U (x, x’), and equally important,
differentiation of the continuous grading term results in a weakly singular
contribution. The handling of these singularities is not difficult, even if
this piece of the kernel function is evaluated numerically. However, a
second derivative of this term will be strongly singular, and the boundary
integration of this function using strictly numerical methods is much more
problematic. A numerical treatment of the displacement boundary integral
equation — based upon direct evaluation of the kernel expressions —
is feasible.?* Nevertheless, the prospects for extending this approach to
develop a practical fracture analysis implementation are not particularly
bright.

As in the previous section, the two objectives for presenting a brief
summary of the traction kernel derivation3* are, first, an attempt at
completeness, and second, to justify the above comments. To obtain
T (x,2), it is necessary to differentiate the expression for the fundamental
displacement solution, these derivatives yielding the corresponding strains.
Employing the constitutive law with the tensor of elastic stiffnesses
given in Eq. (4.25), the corresponding stresses and tractions are then
obtained.
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Differentiation of Eq. (4.14) yields

U,
&ck

’ ’ aUJQ@ / angf /
(@) = exp (-8 (2 + ) (M (=) + 5 (w—a:>>

—BiUje(z, '), (4.43)

where x3, denotes a component of . The derivative of the Kelvin term UJQZ
will eventually become the traction kernel for a homogeneous material, and
as relatively simple analytic expressions are well known,3%:37 the handling
of the strong singularity is not a problem. The derivative of U jgg is only
weakly singular and can be expressed, in view of Eq. (4.32), as

Uy, : —Br e BT .
(g — ') = J; {ﬁe (1-e )}7“7]@4—814]6(33—33/),

oz, B 47 g r r2 0Qx
(4.44)
where

or T — T,
T k) = — =
’ oxy, r

. (4.45)

Finally, from Eq. (4.35), the derivative of Aj; is the sum of the derivatives
of the integrals Z;,

8Ajl _ /8 {811 4 2 <(912 313 (91-4 81'5)}

oxy, 4dn(1 — v)po Oz, w \Ozr Oxp  Omk  Oxk
(4.46)
Using the standard result from calculus
d [P Bof(x,t) dA
— = ——2dt - A(x))— 4.4
i ena= [ SR e amg wan

the process for differentiating the numerous formulas in the previous section
is straightforward, albeit somewhat lengthy, and we again refer the reader
to Ref. 34 for the details.

The strains E;j(x, ") corresponding to the fundamental displacements
Uje(x, x') are therefore

Eij(z,a’) = ! (8U%

Uy
/ J /
2\ 7z, (z,x') + 02, (x,x )) , (4.48)
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and, incorporating the isotropic constitutive law Eq. (4.25), the stresses are
Yije = 2u(x)Eijo(z, ') + M) Egpe (@, )55 (4.49)

The stress can therefore be written as
Sie(w — ') = exp (8- (&~ 2) (S (@ — 2) + 2w ), (4.50)

where the strongly singular term Z?ﬂ (x — «’) is the homogeneous
component analogous to the Kelvin displacements in the expression for
the Green’s function. It represents the stress tensor o;; at « originated by
a unit point force in direction £ at ' in the homogeneous isotropic material
with Lamé constants g and \g. The weakly singular grading contribution
can be expressed in terms of U/ and its derivatives as

ou?, ou?,
(@ —a) = po (We + ﬁ — B (U]QZ + Ujge) —B; (U + Uf))
J K3

g
+Xo (%Uké — ,Bk (Ulgl + U£[)> 6ij~ (451)
LTk

It is worth pointing out the differences between the exponential
prefactors in the expressions for the displacement Eq. (4.14) and stress
kernels Eq. (4.50). Note that while Uj,(x,2’) depends on the position
70(® — ') depends
only on the difference of these points. However, the displacement kernel
does maintain the usual reciprocity relation for a Green’s function, and
thus a symmetric-Galerkin boundary integral approximation would be
possible. Note too the sign change in this prefactor. As a consequence,
taking the source point x’ as fixed, the exponential in the fundamental
displacements U, decreases in stiffer zones and increases in more compliant

of both the source and field points, =’ and =, X

zones, whereas the stresses Y;;¢, not surprisingly, behave in the opposite
manner.

To complete this section, the Cauchy lemma defines the traction
fundamental solution Ty (x, x’) associated with 3;;¢(x — «') by

Tz, ') = Zije(x — ') nj(x) (4.52)
=exp (8- (z — ') (Ty(x, ) + Tjj(z. ) ,
where n(x) is the unit outward normal vector. The decomposition into

homogeneous and gradient contributions follows as for the displacement
and stress kernels.
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4.4. Boundary Element Method

The boundary integral formulation for an isotropic, exponentially graded
body Q C R? with a bounded (Lipschitz and piecewise smooth) boundary
0 = T" will be briefly discussed in this section. The derivation follows the
standard procedures for a homogeneous material.3¢:37 Starting from the
2nd Betti Theorem of reciprocity of work for a graded material, one can
derive the corresponding Somigliana identity:

Cureus@') +

Tig(m,w’)ui(zc)dS(:c):/Uig(:c,ac’)ti(a:)dS(zc),
r

F (4.53)

expressing the displacements u;(x’) at a domain or boundary point =’ €
QUT in terms of the boundary displacements w;(x) and tractions ¢;(x),
x € I'. Notice that zero body forces have been considered in Eq. (4.53).
The strongly singular traction kernel integral is evaluated in the Cauchy
principal value sense, and

Cu(z') = lim Tio(z,x')dS () (4.54)
=0+ Js_ (xHna

is the coeflicient tensor of the free term, S.(z’) being a spherical surface of
radius € centered at x’. It is important to note that, despite the complexity
of the T;p kernel expression, this evaluation is not a problem. The weakly
singular grading term and the exponential prefactor in Eq. (4.53) will play
no role in the limit procedure in Eq. (4.54). Thus, the value of Cj in
Eq. (4.54) coincides with the value of Cjy for the homogeneous isotropic
material whose Poisson ratio equals v = \g/2(uo + o), i.e.,

Cie(z') = lim TS (x, 2')dS (x). (4.55)
=0+ Js (xHna

Hence, Ciy(x') = i for &’ € Q, Cy(x’) = %6% for £’ € T situated at a
smooth part of I', and for an edge or corner point of T, Cjs(x’) is given by
the size, shape and spatial orientation of the interior solid angle at x’. A
general explicit expression of the symmetric tensor Cj(2') in terms of the
unit vectors tangential to the boundary edges and the unit outward normal

vectors to the boundary surfaces at ' can be found in Ref. 38.
For an unbounded domain 2, the form of the Somigliana identity in
Eq. (4.53) holds if the following radiation condition®® for the displacement
solution u; and the corresponding traction solution t; is fulfilled for any
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fixed ' € Q:

lim (Uie(z, 2" )ti(x) — Tyo(z, 2" )u;(x)) dS(z) = 0, (4.56)

—00
P r,

where I', is the spherical surface of radius p centered at the origin of
the coordinates. In fact, Eq. (4.56) implies that the integral in Eq. (4.56)
vanishes for any sufficiently large I', including I' in its interior and any
x' €Q, ||&| < p. A further study of Eq. (4.56) using a detailed knowledge
of the behaviour of Ujgl (x — a') for r — oo (apparently not available at
present due to the cumbersome expression of Aj; given in Eq. (4.35))
might be necessary in the deduction of a more explicit and equivalent
expression of this radiation condition in the classical form (see Ref. 39
for some standard examples). This classical form of Eq. (4.56) would be
very useful for practical applications of Eq. (4.53) to infinite domains.

The numerical implementation of Eq. (4.53) in this work employs
standard approximation techniques. A collocation approximation based
upon a nine-node continuous quadrilateral quadratic isoparametric element
is employed to interpolate the boundary and the boundary functions. The
evaluation of regular integrals is accomplished by Gaussian quadrature
with 8 x 8 integration points, whereas an adaptive element subdivision*°
is utilized for nearly singular integrals. A standard polar coordinate
transformation?® is employed to handle the weakly singular integrals
involving the kernel U;¢, and the rigid-body motion procedure is invoked
for evaluating the sum of the coefficient tensor of the free term Cj; and the
Cauchy principal value integral with the kernel ;.

4.5. Numerical Examples

Two numerical examples are presented in order to illustrate the possibilities
of the present 3-D BEM formulation and implementation for advanced
stress analysis in an exponentially graded linearly elastic material (hereafter
called the FGM-BEM). This code has been thoroughly described and tested
in Refs. 34 and 35, and a parallel domain decomposition version was
developed in Ref. 41.

The first example deals with the elastic solution for a pressurized
thick-walled tube of a material that is exponentially graded in the radial
direction. In the last decade, several analytic solutions for pressurized tubes
with different radial grading were deduced.*' % Comparing the numerical
solution obtained with an analytic solution available*! allows a convenient
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check of the correctness of the FGM-BEM code. Moreover, this example
shows the applicability of the FGM-BEM code to problems with spatial
variation of the grading direction; this capability is clearly important, e.g.
for the stress analysis of thermal barrier coatings of turbine blades.

In the second example, an exponentially graded material, having a
constant grading vector 3 and with an interior spherical cavity, is subjected
to a far field uniaxial tension. As an analytic solution for this problem is not
available at present, it seems interesting to study the effect of the material
grading on the values and positions of stress concentrations. The present
analysis is focused on the dependency of the resulting stress concentration
on the relative orientation of the load and grading direction, and on the
grading gradient. Two extreme cases of parallel and perpendicular loading
and grading directions are studied. It appears that the solution presented
is one of the first attempts to study 3-D defects in FGMs of shapes other
than cracks, e.g. cavities or inclusions of other materials having various
geometries. In fact, the only results in this direction known to the authors
are the approximate analytic solutions for problems of circular and elliptical
holes in linearly graded materials presented recently.*”-48

The numerical results obtained by the FGM-BEM code presented here
show that it will be especially useful for more complex stress concentration
problems, including multiple interacting voids and/or inclusions. The
meshing of such defects is very easy in BEM and highly accurate results
can be expected due to the analytic representation of the graded material
inherent in the boundary integral kernel formulation.

4.5.1. Pressurized thick-walled tube

Consider an infinitely long thick-walled tube, inner radius ry and outer
radius 7., pressurized by an internal pressure p > 0 with grading in the
radial direction,

() = p(r) = pe®™, M) = A(r) = Me?P",  E(x) = E(r) = Ege?°",

(4.57)
and where pg, A9, Eo9 and (8 are constants. The Poisson ratio is taken as
v =0.3.

This tube problem can be modelled as a hollow cylinder with the
boundary conditions defined by zero tractions on the outer ring r = re,
a constant internal pressure p > 0 on the inner ring r» = ¢, and symmetry
boundary conditions (zero normal displacements and tangential stresses)
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Fig. 4.1. Domain decomposition and boundary discretization of the hollow cylinder.

on the extreme faces (top and bottom) of the cylinder. Only a one-quarter
section of the cylinder defining the elastic domain 2 is discretized, as shown
in Fig. 4.1, with symmetry boundary conditions also applied on the surfaces
0 =0and 6 =m/2.

The domain decomposition of the quarter cylinder 2 employed in the

calculations, with 1o = 1 and r. = 2 is shown in Fig. 4.1. This is a
relatively coarse decomposition, as there are only n = 10 subdomains
(polar segments) Qs C Q (s = 1,...,n), each one being discretized

by three 9-node quadratic discontinuous boundary elements in the radial
direction.*16 The (constant) grading direction for each subdomain Q; is
approximated by the vector 3° in the radial direction associated with the
mid-point in 6. For the values of 3 considered, § = +0.75, the change in
the elastic stiffness along the cylinder radius is (E(r.)/E(ro))™" = 4.5.
Accurate results are nevertheless obtained with the crude discretization, a
consequence of the exponential grading being handled exactly within the
Green’s functions.

The displacement and stress solutions shown in Figs. 4.2 and 4.3 agree
excellently with the analytic solution in displacements and stresses.*! To
be more specific, define the percentages of the normalized errors as

num. an. num. an.
u —Uu g, — 0
err(u,) = ————"— x 100 and err(op) = -~ 4— x 100,
max u; max og5
ro<r<re " ro<r<r, ¢
(4.58)

where ‘num.’” and ‘an.’, respectively, refer to numerical and analytical
values. By evaluating these errors at nodes in the radial direction, the
following small error bounds are achieved for the radially graded cylinder
(the superscripts + refer to 8 = 40.75): 0.2% < err(u;”) < 0.6% and

r
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Fig. 4.2. Computed values of u,E(rg)/rop for § = £0.75 in the hollow cylinder.
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Fig. 4.3. Computed values of og/p for = +0.75 in the hollow cylinder.

0.7% < err(u;) < 1.3% in the radial displacements and 0.01% < err(o ) <
1.3% and 0.08% < err(op) < 0.7% in the hoop stresses.

4.5.2. Spherical cavity in a cube subjected
to uniaxial tension

Consider an elastic domain ) defined as a cube (0, 10)® of an exponentially
graded elastic isotropic material having a spherical cavity of radius ro = 1
located at its center (see Fig. 4.4a). The origin O = (0,0,0) of the global
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(d)

Fig. 4.4. (a) Geometry, boundary conditions and discretization of a cube with a
spherical cavity, (b) Discretization of the cavity boundary and definition of the angle 6.

cartesian Coordinates is placed at a cube corner. The discretization of the
domain boundary I' by 9-node quadratic continuous boundary elements is
also shown in Fig. 4.4a. There, 6 x 16 = 96 elements with 385 nodes are
being used for the cube boundary, and 72 elements with 291 nodes for the
cavity boundary. Fig. 4.4b shows in detail the discretization applied for the
cavity boundary.

A tension load o9 = 1 in the y-direction is applied at the cube faces
y = 0 (bottom) and y = 10 (top); the cavity boundary and the remaining
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cube faces are traction free. To avoid rigid-body motions of the domain 2,
six point supports are also specified.

Two cases for the grading direction are considered, along the y-axis
(the grading and loading directions are parallel) and z-axis (the grading and
loading directions are perpendicular), respectively, denoted as (a) and (b)
hereafter. In case (a), the Young modulus varies as E(y) = Eye??Y, whereas
in case (b), F(z) = Ege?’#, and values 3 = 0.1,0.2 and 0.3 are employed.
These values of § correspond to the following ratios between the maximum
and minimum values of E in the cube, Eyax/FEmin = 7.4, 54.6 and 403.4,
respectively. In addition, some results for the homogeneous material case
defined by 8 = 0 are presented for comparison purposes. The Poisson ratio
in all the configurations studied was taken as v = 0.3.

The displacement solutions obtained directly by the FGM-BEM code
are illustrated in Fig. 4.5, where the deformed shapes of the cube and cavity
boundaries are shown for cases (a) and (b) where S = 0.3; additionally,
Fig. 4.6 shows in detail the corresponding deformed shapes of the spherical
cavity.

With reference to the global deformation of the cube, according to
Fig. 4.5a, the more compliant material in the bottom part of the domain is
more elongated in the y-direction than the stiffer material in the top part.
Consequently, due to the constant Poisson ratio, the bottom part of the
domain is also more contracted in the transversal directions (z and z) than
the top part. Similarly, in Fig. 4.5b, the more compliant material near the
face z = 0 is more deformed than the stiffer material near the face z = 10. It
can also be seen that both deformed shapes verify (at least approximately)
the condition of the zero shear strains at cube corners, and the condition
of zero shear strains in the planes perpendicular to cube edges.

Similar effects of the relative position of the grading and loading
directions can also be observed on the detailed pictures of the deformed
shapes of the spherical cavity shown in Fig. 4.6, although the variations
(due to grading) of the deformed shape of the cavity are less pronounced
here because of a smaller increment of stiffness along the cavity diameter. In
Fig. 4.6a, the cavity is slightly more elongated and transversally contracted
(in the z- and z-directions) in the bottom part in comparison with the
top part, whereas in Fig. 4.6b, the cavity is more stretched on the left-hand
side (corresponding to smaller values of z) than on the right-hand side (with
larger values of z).

It should also be mentioned that all the deformed shapes presented,
for both the cube and cavity boundaries, have the expected symmetries.
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Fig. 4.5. Deformed shapes of the cube and spherical cavity boundaries for graded elastic
domains (a) E(y) and (b) E(z). In both, 8 = 0.3.

Specifically, the following planes of symmetry are easily identified: in case
(a), x=05,2=>5,z=x and z = —z, and in case (b), z =5 and y = 5.
Summarizing the above analysis, we can say that the deformed shapes
obtained reflect the expected behaviour caused by the material grading and
add further (qualitative) evidence that the FGM-BEM code developed is
producing correct solutions to exponentially graded material problems.
For strength assessment of FGMs, one of the key issues is the evaluation
of stresses, and particularly stress concentration factors, at defects. Thus, to
show the capabilities of the FGM-BEM code, the values of the normalized
hoop stress gg/cg computed at nodes located in the plane z = 5 (recall
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(b)

Fig. 4.6. Deformed shapes of the spherical cavity boundaries for graded elastic domains
(a) E(y) and (b) E(z). In both, 8 =0.3.

that this is a problem symmetry plane in both cases of grading considered)
is plotted in radial plots, shown in Fig. 4.7, as a function of the angle
(see Fig. 4.4b for 0 definition). The zero stress value in the ‘radial scale’ is
indicated by a circumference in these plots. The corresponding € values are
indicated at the extreme of each radius. In order to facilitate comparison
of the present results with the results of other authors in future, the values
of op/0p at some particular points are shown in Table 4.1. These points
are located at angles 6 = 0°, £90° and 180°. The maximum value of oy /0y,
i.e. the stress concentration factor at the cavity boundary, is presented in a
separate row, as in the case of the grading parallel to the load its position
is different from these four particular angles.

The values of stresses presented have been computed, from the traction-
free boundary conditions and the displacements at nodes located on the
cavity boundary obtained directly in the BEM analysis, through a standard
post-processing procedure commonly used in BEM for homogeneous
materials.3” In this procedure, tangential derivatives of the boundary
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Table 4.1. Normalized hoop stress oy /oo evaluated along the spherical
cavity boundary section at x = 5 for points § = 0°, £90° and 180°.

Eqe2By Eoe287
E Eo oc oc
(CANG)) (0) 0.1 0.2 0.3 0.1 0.2 0.3
0° 2.07 1.98 1.77 1.52 2.17 2.32 2.36
90° -0.70 -0.73 —-0.80 —-0.91 —0.64 —0.47 —0.17
—90° —0.70 —0.72 —0.76 —0.78 —0.61 —0.37 —0.02
180° 2.07 1.98 1.77 1.52 2.19 2.50 2.78

0(o3®) 2.07 1.99 1.85 1.67 2.19 2.50 2.78

displacements are computed element-wise by differentiating boundary
element shape functions, and used to evaluate strains in the plane tangent
to the cavity boundary. These strains substituted into the constitutive law
for the linear elastic graded material, Eq. (4.5), are combined with the
traction-free boundary conditions to obtain nodal stresses defined element-
wise. Finally, an average value of the nodal stresses associated with a node
and defined on the boundary elements adjacent to this node is computed,
obtaining in this way a reasonable approximation of boundary stresses at
the nodes of the cavity discretization.

For the purpose of comparison, the results computed for the
homogeneous case, where 3 = 0, are included in Table 4.1. When comparing
these results with the analytic solution available,*® og /og = 2.045 for § = 0°
and 180°, and og/og = —0.682 for § = +90°, the relative errors of the
above described post-processing procedure for the direct BEM result in
displacements then being 1.38% and 1.95%, respectively. Thus, we can
expect that the percentage of the relative errors of the BEM results for
graded materials shown in Table 4.1 will be similar or slightly worse due to
the more complex constitutive law of the material.

Hoop stresses in case (a): parallel grading and loading directions.
When looking at op/og values in Fig. 4.7a, it is observed that, while
keeping the expected symmetry with respect to the line given by 6 = —90°
and 90°, these values are strongly decreasing with increasing values of
B for & > 0, whereas for § < 0 variations in oy with increasing values
of 8 are smaller and not monotonous. There is a shift of higher and
positive stress values to the zone corresponding to more compliant material,
defined by # < 0. This can be, at first sight, surprising, as, in general,
higher stresses would be expected in the zone with the stiffer material. It
seems that this shift is associated with a high level of material elongation
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in the zone of more compliant material, but an in-depth explanation
of this phenomenon will require further study. It would be particularly
interesting to analyze whether a similar shift appears in an analogous
plane problem with a hole in a graded material subjected to a transverse
uniaxial tension. A consequence of this shift is that the position of the
stress concentration has moved from 6(cy"®) = 0° for § = 0 to a
negative value of 6(c}**). The following estimations are obtained using
the present boundary discretization: 8(op®*) = —9° for § = 0.1, 0.2, and
0(op™*) = —18° for 5 = 0.3. Values of 0g/0q in Table 4.1 (case E(y)) show
that the stress concentration factor is strongly decreasing with increasing
values of 3, whereas the maximum compressions achieved at 6§ = +90°
are increasing with increasing values of (3, higher values of compressions
being obtained at § = 90° as could be expected due to stiffer material
therein.

Hoop stresses in case (b): perpendicular grading and loading
directions. When looking at og/0¢ values in Fig. 4.7b, it is observed
that these values keep the expected symmetry with respect to the line
given by # = 0° and 180° except for a few values at angles 6 near +90°.
It is believed that an improvement in the cavity boundary discretization
will prevent this asymmetry. As expected, stresses are strongly increasing
with increasing values of 8 for |6] > 90° in the zone corresponding to
stiffer material, while their variations are much smaller for || < 90° in the
zone corresponding to more compliant material, although oy at 6 = 0 is
increasing with increasing values of 8. Values of og/0¢ in Table 4.1 (case
E(z)) show that the stress concentration factor is strongly increasing with
increasing values of 3, the maximum value for 3 = 0.3 being 34% higher
than in the homogeneous case. Although the expected symmetry in the
maximum compressions achieved at § = £90° is perturbed for higher values
of 3 (see Table 4.1), their tendency to decrease with increasing values of
is evident.

In concluding, we can say that the above preliminary study of stress
concentrations at a spherical cavity in an FGM provides useful information
for strength analysis of FGMs in the presence of voids. The FGM-BEM code
developed can be directly applied to analyze related stress concentration
problems for different shapes of voids (e.g. ellipsoidal), for interactions
of multiple voids, and also for other kinds of defects like inclusions.
Nevertheless, the critical issue is the computational efficiency of this code;
thus, some proposals for its improvements will be discussed in the next
section.
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4.6. Analytic Expansion

The calculations in the previous section, along with those in the cited
publications, establish that a boundary integral analysis for graded
elasticity is possible. However, as discussed in the Introduction, the
situation is far from ideal. Direct numerical evaluation of the formulas for
the grading terms U9 and 79 is expensive, and nearly prohibitively so
(it is debatable whether it is correct to say ‘nearly’ or not). Moreover, the
extension of these techniques to fracture analysis calculations, necessitating
writing and computing the kernel functions in the traction integral
equation, is far from appealing.

It seems likely that further progress in this area will require a new,
more computational friendly, representation of the graded Green’s function
and its derivatives. In this section, we outline an approach that appears to
be successful; if so, the details will be published elsewhere.

Ignoring the exponential prefactor, the fundamental displacement
tensor consists of two simple analytic pieces, the Kelvin solution and
the diagonal contribution in Eq. (4.32), plus the complicated Aj, term
(Eq. (4.33))

1
Ay = Cgagt/iﬂyeexp(—dr-s>ds

K Q,

= ~Torim / G +6]§)§4A exp(—ir - £) d¢, (4.59)
where A = ¢4 +2¢28%q + $* and Qjy is a polynomial in the components
of £. The difficulty in inverting the Fourier transform stems from the ¢ term
in A, whereby ¢ = 1+ 2vksin? 0. As 0 is the angle between B and &, the
expressions for the poles in Eq. (4.59) are not easy to work with. Moreover,
)¢ is a polynomial of degree 7 and the denominator is of degree 10, so the
transform does not die off fast enough to allow an efficient and accurate
brute force numerical evaluation of the three-dimensional Fourier integral.

In the method outlined below, additional (relatively) simple analytic
expressions will be split off from Aj,, leaving a Fourier transform that
decays faster at infinity. It is expected that numerical integration, or some
other procedure, will then be able to handle this ‘weakened remainder’
term, left in the form of a Fourier integral. The key observation is to write

1 1 1 1
Z:@uww+{ﬁ‘w+ww} (4.60)
= ; — 4uksin® 0 €2ﬁ2

(& + %) (€2 +p5%)2A
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allowing the inverse transform in Eq. (4.59) to be expressed as
Q0 _ Qe Q0
(E+p2)EA (824 p2)3%! (&2 +52)3¢A

Note that 6 is absent in the first term on the right and that the poles are
now easily determined; analytic inversion of this component should follow
as in the treatment of the E term, Eq. (4.31), with r as the polar axis in the
spherical coordinate system. Moreover, the ‘remainder’ term dies off faster
at infinity than A, as the denominator is now of order 12 in &.

Further analytic terms can be split off by iterating this entire process:
replace the A~! in the last term on the right by Eq. (4.60) to obtain

1 1 £2ﬁ2 E4ﬁ4

= m — 4uk sin® QW + (4vk sin? 9)2W.
(4.62)

— 4ukB? sin 0 (4.61)

For each iteration, more work is required to obtain the analytic expressions,
but the decay in the remainder term will be faster.

4.7. Conclusions

The manufacture, characterization and application of functionally graded
materials, or more generally tailored materials, is a relatively new field of
study in materials science and engineering. The development of integral
equation methods for the analysis and design of these non-homogeneous
materials is similarly far from being a settled field. An important motivation
for pursuing this work is the attempt to exploit the advantages that
boundary integral simulations possess for specific problems, e.g. crack
propagation and stress concentrations at voids and inclusions, for this
new area.

Although other integral equation approaches for FGMs have been
developed (see, for example, the cited works by J. and V. Sladek3!:32),
and specialized finite element methods exist as well,°°"®* this chapter
has narrowly focused on (what is expected to be) the early work for
one particular path: a ‘standard’ boundary integral equation formulation
based upon the point load Green’s function for an exponentially graded
material. As reviewed herein, the exponential grading is mathematically
tractable, in the sense that computable formulas for the fundamental
displacement and traction tensors can be derived. This allows the writing
of a boundary integral equation for exponential grading that is completely
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analogous to the standard equation for homogeneous isotropic materials
based upon the Kelvin solution. Moreover, the new calculations presented in
the previous section, together with past work, illustrate that the numerical
implementation of this program can be successful.

However, as observed in Ref. 33 and 34, the forms for the fundamental
solutions are certainly not convenient for numerical work. Direct numerical
evaluation is very costly, and this necessitates employing a parallel

algorithm,*!

even for relatively simple geometries. Equally important,
an even more complicated function, the hypersingular kernel, is needed
for fracture analysis. This function is defined in terms of second
order derivatives of the displacement kernel, and the derivation and
implementation utilizing the procedures employed for the displacement and
traction kernels appears to be a rather daunting task.

If this approach is to lead to a viable technique for modelling FGMs,
it will therefore be necessary to develop alternate representations for all
kernel functions, ones that can form the basis for more efficient numerical
algorithms. A mechanism for achieving this, that is currently under
investigation, was outlined in Sec. 4.6. The key idea is to split the difficult
inverse Fourier transform integral into two integrals: the first can be treated
exactly, yielding a relatively simple analytic expression, while the integrand
in the remainder dies off rapidly at infinity. It remains to be seen whether
or not this new formulation will successfully overcome the difficulties of the
original expressions.
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This chapter reviews recent developments in the fast solution of boundary
element systems for large-scale 3-D elastic problems. Applications to both
isotropic and anisotropic materials as well as to the analysis of cracked and
uncracked solids are considered. An effective technique based on the combined
use of a hierarchical representation of the boundary element collocation matrix
and iterative solution procedures is described. The hierarchical representation
of the collocation matrix is built starting from the generation of the
cluster and block trees that take into account the nature of the considered
problem, for example the possible presence of a crack. Low rank blocks are
generated through adaptive cross approximation (ACA) algorithms and the
final hierarchical matrix is further coarsened through suitable procedures also
used for the generation of a coarse preconditioner, which is built taking
full advantage of the hierarchical format. The final system is solved using a
generalized minimum residual (GMRES) iterative solver. Applications show
that the technique allows considerable savings in terms of storage memory,
assembly time and solution time without loss of accuracy. Such features make
the method appealing for large-scale applications.
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5.1. Introduction

The boundary element method (BEM) has developed over the last three
decades to become a powerful numerical tool for the analysis and solution
of many physical and engineering problems.!*? Today, it represents a viable
alternative to other numerical approaches, such as the finite element method

The main advantage of boundary element techniques is the reduction
in the degrees of freedom needed to model a given physical system. Such
reduction is allowed by the underlying boundary integral formulation which
requires, for its numerical solution, only the discretization of the boundary
of the solution domain. This results not only in a reduction in size of the
system matrix, but also in faster data preparation.

However, as the size of the problem increases, the time required to
solve the final system of equations increases considerably. The system
matrix obtained by the application of the BEM is fully populated and
not symmetric. This results in increased storage memory requirements as
well as increased solution time in comparison to the FEM. Since the matrix
is fully populated, the memory required to store its coefficients is of order
O(N?), where N denotes the number of unknowns. On the other hand,
the solution of the system requires O(N?) operations if direct solvers are
used or O(M x N?) if iterative solvers are employed, where M denotes the
number of iterations.

Much research has been devoted to the improvement of BE solution
methods and many techniques using block-based solvers,®* lumping
technique® or iterative solvers® have been proposed. In the early 1980s,
Rokhlin” developed an iterative strategy for the solution of the integral
equations arising in classical potential theory. This work introduced the
idea of coupling iterative solvers with the harmonic expansion of the kernels
on suitable clusters of far field boundary elements, in order to reduce the
computational cost of the solution process. In particular, the method was
aimed at reducing the number of operations required to evaluate the matrix-
vector products occurring in the application of iterative solvers and resulted
in an O(N) algorithm for the solution of the original equations.

Similar algorithms for the reduction of the computational complexity
of the solution process were also developed in other fields of investigation
that were not directly related to the boundary element method. Particularly
interesting is the algorithm devised by Barnes and Hut® for the treatment of
the gravitational N-body problem. They developed an O(N In N) strategy
based on the preliminary hierarchical subdivision of the space into cubic
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cells and on the following approximation of the mutual action between cells
through a recursive scheme. A similar approach was presented by Greengard
and Rokhlin,” who used multi-pole expansions to approximate potential and
force fields of various nature generated by systems of many particles.

Although these algorithms were mainly developed for N-body
problems, they can be extended to the treatment of boundary value
problems, due to their similar underlying mathematical structure. The
boundary element method is, in fact, based on the calculation of influence
coeflicients of the solution matrix by integration of the fundamental solution
collocated on some source point, which represents a certain mutual influence
between couples of points, over some surface elements. From this point of
view, the approaches developed by Rokhlin” and Greengard and Rokhlin?
are analogous, as already pointed out by the authors themselves.

Starting from these early works, fast multi-pole methods (FMMs)
have been developed to efficiently solve boundary element formulations for
different kinds of problems. Nishimura et al.'® used FMMs in connection
with a GMRES method'! to solve 3-D crack problems for the Laplace
equation. Fast algorithms have also been used for the treatment of elastic
problems. Fu et al.'? developed an FMM BEM for 3-D many-particle elastic
problems based on spherical harmonic expansions of the kernel functions,
while Popov and Power!? used Taylor expansions to obtain an O(N)
algorithm for 3-D elasticity as well. Another interesting method intended
for enhancing the matrix-vector multiplication was the panel clustering
approach developed by Hackbusch and Nowak.!4

Although the techniques noted above are very effective and are valuable
tools for the fast solution of boundary element problems, their main
disadvantage is that the knowledge of the kernel expansion is required in
order to carry out the integration; all the terms of the series needed to
reach a given accuracy must be computed in advance and then integrated,
which can lead to a significant modification of the integration procedures
in standard BEM codes.

From an algebraic point of view, however, the integration of a
degenerate kernel (i.e. of a kernel expanded in series) over a cluster
of elements corresponds to the approximation of the corresponding
matrix block by a low rank block. This idea paved the way for the
development of purely algebraic techniques for the approximation of
large BEM matrices, like the mosaic-skeleton method.'® 17 Of particular
interest was the observation, due to Tyrtyshnikov,'® that low rank
approximations could be built from only a few entries of the original block.
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Subsequently, Bebendorf'® proposed a method for the construction of such
approximations, based on the computation of selected rows and columns
from the original blocks. The technique was further developed by Bebendorf
and Rjasanow!? and was referred to as adaptive cross approximation
(ACA). Such an algorithm allows a relatively simple generation of the
approximation and enables both storage and matrix-vector multiplication
in almost linear complexity.

The subdivision of the matrix into a hierarchical tree of sub-blocks
and the blockwise approximation by low rank blocks is the basis for the
hierarchical representation of the collocation matrix.2%:2! As in the case of
FMMSs, the use of the hierarchical format is aimed at reducing the storage
requirement and the computational complexity arising in the BEM. Having
represented the coefficient matrix in hierarchical format, the solution of
the system can be obtained either directly, by inverting the matrix in
hierarchical format, or indirectly, by using iterative schemes with or without
preconditioners.??°23 Both choices rely on the use of formatted matrix
operations, i.e. on a suitable arithmetic for hierarchical matrices developed
to take advantage of this special format.?4:2

The use of iterative techniques, however, takes particular advantage
of the employment of the hierarchical format. Different iterative solvers
for algebraic systems of equations stemming from 2-D and 3-D BEM
problems have been investigated. While early studies?® had not shown
good results, subsequent works® 27 confirmed the applicability of iterative
solution procedures to BEM systems and showed the potentiality for
operations count reduction with respect to Gauss elimination, especially
for large systems; however, they reported a serious lack of convergence
for the worst ill-conditioned cases, when mixed boundary conditions are
present, thus pointing out the need for preconditioning the system. Barra
et al.?® tested the performance of the GMRES algorithm, developed
by Saad and Schultz,'! for the solution of two-dimensional elasticity
BEM equations, observing a more rapid convergence with respect to
other iterative strategies, especially when preconditioning was used.
They mentioned the possibility of developing new preconditioners based
on the inherent nature of the BEM. Guru Prasad et al.?° discussed
the performance of several Krylov subspace methods and related such
performance to the structure of the BEM matrices for some two- and
three-dimensional thermal and elastic problems, highlighting the effect
of the relative magnitude of the coefficients of the system matrix on
the convergence of the algorithms. Moreover, they pointed out that
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the use of suitable preconditioning improves the eigenvalues clustering
and the diagonal dominance of the matrix, thus resulting in enhanced
convergence. Their analysis demonstrated that preconditioned Krylov
methods, especially preconditioned GMRES, could be competitive or
superior to direct methods. The importance of the diagonal dominance
for the iterative solution of BEM equations has been shown by Urekew
and Rencis,?" while Merkel et al.3! focused on eigenvalues clustering and
its effect on the convergence of iterative solvers applied to the solution of
some thermal and elastic industrial problems. Some issues in the analysis
of larger three-dimensional BEM systems through preconditioned GMRES
were evidenced by Leung and Walker,? who also proposed a strategy to
overcome some limitations and extend the applicability of the algorithm
to systems with some thousands of unknowns. Barra et al.3® proposed a
strategy for the construction of preconditioners for GMRES-solved BEM
problems, while Wang et al.3* investigated a class of preconditioners for fast
multi-pole BEMs.

All the aforementioned studies have demonstrated the importance of
preconditioners for an effective iterative solution. A general survey on
preconditioners for improving the performance and reliability of Krylov
subspace methods has recently been presented by Benzi,?® who pointed
out that the intense research on preconditioners has blurred the distinction
between direct and iterative solvers. The importance of the subject has
also been stressed by Saad and van der Vorst,35 in their survey of iterative
solvers for linear systems.

In this context, the use of the hierarchical format for BEM matrices,
in conjunction with Krylov subspace methods, constitutes a recent and
interesting development. The method proves to be efficient in dealing with
large BEM systems and offers a quite natural approach to the construction
of effective preconditioners.

Hierarchical matrices and their arithmetic have been extensively
studied and assessed and their application has proved successful for the
analysis of some interesting realistic problems. Apart from some benchmark
tests reported in the papers devoted to the development of the technique
(see, for example, the work of Bebendorf and Rjasanow!?), interesting
applications to various electromagnetic problems have been proposed
by Kurz et al.,” Zhao et al®® and Ostrowski et al.** Bebendorf and
Grzhibovskis?® have recently extended the use of ACA to the analysis
of elastic problems through Galerkin BEM, while Benedetti et al.*!
extended the use of hierarchical matrices to the treatment of 3-D elastic
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crack problems through dual boundary element method (DBEM). Some
preliminary results about anisotropic elastic problems without crack have
been presented by Benedetti et al.4?

In the following sections, the development and the use of the fast
hierarchical BEM for the analysis of three-dimensional elasticity problems
is described. For the sake of generality, the formulation and the strategy
solution are described referring to the DBEM, which can take into account
the possible presence of cracks in the analysed domain. However, all the
considerations can be directly applied to the straightforward BEM analysis
of uncracked bodies. First, the basic formulation of the DBEM for 3-D
fracture mechanics problems is briefly reviewed and the features of DBEM
matrices are discussed. Next, the main steps for building the hierarchical
representation of the solution matrix are discussed and some algorithms
are reported. Some considerations about the application of the hierarchical
format to boundary element formulations of 3-D crack problems are pointed
out. Some applications to both isotropic and anisotropic problems complete
the work and demonstrate the capability of the method.

5.2. The 3-D Dual Boundary Element Method

The DBEM is a general and efficient technique for modelling both two-
dimensional®®%* and three-dimensional?®4 isotropic and anisotropic*” !
crack problems in the framework of the BEMs.??:% The DBEM is based
on the use of two independent boundary integral equations, namely the
displacement integral equation, collocated on the external boundary and on
one of the crack surfaces, and the traction integral equations, collocated on
the other crack surface and introduced to overcome the problems originating
from the coincidence of the crack nodes.

Assuming continuity of displacements at the boundary nodes, the
boundary integral representation for the displacements u; is given by

ci(@o)ui(ea) +

ﬂj(mo, a:)uj(a;) dl' = / Uij(mo, $)t3($) dr (51)
r

r

where U;; and T;; represent the displacement and traction fundamental
solutions at the boundary point & when collocating at the point x¢; c;; are
coefficients depending on the boundary geometry and computed through
rigid body considerations; and the symbol + stands for Cauchy principal
value integral, whose presence is the consequence of the O(r~2) strength of
the T;; integrands.
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The displacement equation (5.1) is collocated on the boundary I'" and
on one of the crack surfaces. When collocated at the crack node xj, it
assumes the form

(g ) (55) + iy (8 )y (8) + ]1 T,j(w5, ©)u;() dT

- / Ui (5. @)t () dT (5.2)

where z; and x} are the two coincident crack nodes. For smooth crack
surfaces at the point xj, it is ¢;;(zy) = ¢ (x) = (1/2)d;;.

The traction integral equation collocated at the point wg, where
continuity of strains is assumed, is given by

cij (6t (2h) — cij(20) ti(xg) + nj (@) 7€ Tiji (25, ®) ug (2) dT

= ny(&}) Ui @)t (o) T (5.3

where the kernels Uy, and Tj;r contain derivatives of U;; and T;;
respectively; n; are the components of the outward normal at the point
a:Jg; and 3@ stands for the Hadamard principal value integral, originating
from the presence of the O(r~3) kernels T; .

Equations (5.1), (5.2) and (5.3) provide the boundary integral model
for the analysis of general crack problems. If no cracks are involved, then
only equation (5.1) is needed for the analysis.

5.2.1. DBEM systems of equations

In this section, the main features of DBEM systems of equations are
discussed in view of the construction of a hierarchical representation of the
collocation matrix. All the considerations, however, apply to BEM systems,
after suitable simplification.

The DBEM leads to a system of equations that can be written in the
form

Hy, Hyy Hy Uy Gy G Gy ty
Hyp Hiyg Hy| (ua| = |Gy Gaa Gar | | ta (5.4)
Sy Sta  Su Uy Dy Diy Dy ty

where the subscripts denote the boundary of the domain (b), the crack
surface where the displacement integral equation is collocated (d) and the
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crack surface where the traction integral equation (t) is collocated. The
blocks Hps and Gyg, for example, contain the coefficients computed by
integrating T;; and U;; over the elements lying on the displacement crack
surface (d) while collocating the integral equation on the boundary nodes
(b). The blocks S and D are obtained from the integration of the kernels T;
and U, when the traction integral equation is collocated on the related
crack surface.

After the application of the boundary conditions, assuming free crack
surfaces, the final system is written

Ay, Hyy Hy ] [ Xy Y,
Ap Hiy Hg uqg | = | Yq (5.5)
B  Sia Su Uy Y.

where the vector X, contains unknown boundary displacements or tractions
and the vectors Y are obtained after applying the boundary conditions,
as a linear combination of the columns of the blocks H, G, D and S
corresponding to the prescribed displacement and traction nodal values.
The blocks Ay, and Agp contain a mix of columns from the corresponding
blocks Hy, and Gy, and Hyg, and Gy, while By, mixes columns from Dy,
and Stb~

The coefficient matrix in equation (5.5) has some important features
stemming from the inherent BEM characteristics and the special
computational strategy used. The matrix is, in fact, fully populated, non-
symmetric and not definite. Such features are common to the matrices
generally produced by the BEM. Moreover, the off-diagonal blocks Hg
and S;4 are characterized by the presence of high-strength terms. Such
terms originate from the geometrical coincidence of the two crack surfaces;
that implies the presence of singular terms in the related blocks. When
collocating on the displacement crack surface, for example, both the
collocation point ; and the geometrically coincident point :1:'5 are singular,
thus generating high-strength terms in both Hyy and Hg:. Moreover, it is
to be noted that the blocks D and S, originating from the collocation of
the hypersingular boundary integral equation (i.e. the traction equation)
contain terms whose strength is considerably higher with respect to those
contained in the blocks H and G.

The solution of fully populated, non-symmetric and not definite
systems, especially when accuracy and reliability are of primary concern,
is usually tackled by direct methods, such as Gauss elimination, as they
are easy to implement, robust and tend to require predictable time and
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storage resources. However, when dealing with large three-dimensional
systems, involving several thousands of equations, the use of direct solvers
becomes too computationally expensive, both in terms of operations count
and memory requirements. In such cases, iterative solvers may represent a
preferable choice, becoming essential for very large systems.3?

The application of hierarchical matrices in conjunction with iterative
solvers to DBEM matrices of the form given in equation (5.5) is discussed

in the next section.

5.3. Hierarchical Dual Boundary Element Method

In this section, the use of hierarchical matrices for the approximation and
solution of systems of equations produced by the DBEM is discussed. Before
going into the details of the method, it is useful to give a summary of the
conditions that must be met and the steps that must be carried out to
obtain the hierarchical representation.

The overall objective of this special format is to reduce the storage
requirements as well as to speed up the operations involving the matrix,
by representing the matrix itself as a collection of blocks, some of which
admit a particular approximated representation that can be obtained by
computing only a few entries from the original matrix. These special blocks
are called low rank blocks. The blocks that cannot be represented in this
way must be computed and stored entirely and are called full rank blocks.

Low rank blocks constitute an approximation of suitably selected
blocks of the discrete integral operator based, from the analytical point
of view, on a suitable expansion of the kernel of the continuous integral
operator.':16:18:19 This expansion, and consequently the existence of low
rank approximants, is based on the asymptotic smoothness of the kernel
functions, i.e. on the fact that the kernels Uj;(xzo,x) and T;;(xo, x) are
singular only when x(y = @. For more precise information about asymptotic
smoothness, the interested reader is referred to the works of Bebendorf,'®
Bebendorf and Rjasanow'® and especially to the paper of Bebendorf and
Grzhibovskis,*® where the application to elastic solids is considered, laying
the grounds for the applicability of ACA to the class of problems considered
in the present work. Here, it is only mentioned that the asymptotic
smoothness represents a sufficient condition for the existence of low rank
approximants and that it does not exclude strongly or hypersingular kernels,
like Uijr (o, ®) and Tjji(xo, ). Moreover, the regularity of the boundary
over which the approximation is carried out is not requested.
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Once the conditions for the approximants’ existence have been assessed,
the subdivision of the matrix into low and full rank blocks is based on
geometrical considerations. Every block in the matrix is characterized by
two subsets of indices, corresponding respectively to the row and column
indices. In the standard collocation BEM, every row index is associated
to a degree of freedom of a collocation node, while every column index
is associated to a degree of freedom of a discretization node, whose
coefficient is computed by integrating those elements to which the node
itself belongs. Every block is then related to two sets of boundary elements:
the one containing the collocation points corresponding to the row indices,
here denoted by (),,; and the one grouping the elements over which
the integration is carried out, denoted by (1,, that contains the nodes
corresponding to the columns. If these two sets of boundary elements are
separated, then the block will be represented and stored in low rank format,
while it will be entirely generated and stored in full rank format otherwise.
The blocks meeting the requirement of separation are deemed admissible.
A schematic diagram of the process leading to the boundary subdivision,
and the correspondence with the suitable matrix block, is illustrated in
Fig. 5.1.

In Fig. 5.1, both the cluster of collocation points, related to a set of
rows of the collocation matrix, and the cluster of integration elements,

Cluster of integration elements Q)

Cluster of collocation nodes ),

Cluster
diameter

Cluster
diameter

Framing box

Framing box { v\

Indices corresponding to the
nodes belonging to the
integration elements

Indices corresponding
to the collocation nodes

Corresponding matrix block

Fig. 5.1. Schematic of the boundary subdivision process.
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which contain the nodes related to the columns of the matrix, are shown.
As schematically illustrated, the admissibility condition is checked choosing
suitable boxes framing the two clusters. This strategy is dictated by the
need to reduce the computational costs of the boundary subdivision and
particularly the subsequent admissibility check.

The entire process leading to the subdivision in sub-blocks and to
their further classification is based on a previous hierarchical partition of
the matrix index set aimed at grouping subsets of indices corresponding
to contiguous nodes and elements on the basis of some computationally
efficient geometrical criterion. This partition is stored in a binary tree of
index subsets, or cluster tree, that constitutes the basis for the following
construction of the hierarchical block subdivision that will be stored in a
quaternary block tree. Such a process of hierarchical subdivision and tree
generation will be further illustrated in the following sections. Here, it is
important to focus on the fact that the block (quaternary) tree stems from
the index (binary) tree.

As the admissible blocks have been located, their approximation can
be computed. While in fast multi-pole or panel clustering methods the
knowledge of the explicit form of the kernel expansion is required in order
to approximate the integral operator, low rank blocks can be generated
directly by computing some entries from the original blocks, through
ACA algorithms. It is important to highlight that the ACA allows the
approximated block to reach adaptively the a priori selected accuracy.
These features make such a technique particularly appealing, as it is not
necessary to modify or rewrite the routines for the boundary integration in
previously developed codes.

Once the basic hierarchical representation has been set up, the
collocation matrix can be treated in different ways to obtain the system
solution. It is worth noting that the representation obtained by ACA is
not yet optimal in terms of storage requirements. The low rank blocks can
be, in fact, recompressed, taking advantage of the reduced singular value
decomposition (SVD)* that allows a further storage reduction without
accuracy penalties. Moreover, since the initial matrix partition is generally
not optimal,®® once the blocks have been generated and recompressed,
the entire structure of the hierarchical block tree can be modified by a
suitable coarsening procedure.?? These consecutive manipulations have the
objective of further reducing the storage requirements and speeding up the
solution, maintaining the preset accuracy. It is important to note that such
recompression schemes can be applied sequentially immediately after the
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blocks’ generation. When a block has been generated, it can be immediately
recompressed. Afterwards, a collection of four contiguous recompressed
blocks can be tested for coarsening. This fact implies that the needed
memory is less than that required for storing the ACA-generated matrix.

As an optimal coarsened representation is obtained, the solution of
the system can be tackled either by direct solvers or iterative methods.
In both cases, the efficiency of the solution relies on the use of a special
arithmetic, i.e. a set of algorithms that implement the operations on
matrices represented in hierarchical format, such as addition, multiplication
and inversion.?* For a direct solution, the computation of the hierarchical
LU decomposition of the collocation matrix is needed to carry out an
effective hierarchical inversion.?® Iterative solutions, on the other hand,
are mainly based on the efficiency of the matrix-vector product, but can
be noticeably sped up by the use of suitable preconditioners. An effective
preconditioner for BE matrices based on hierarchical LU decomposition has
recently been proposed by Bebendorf.??

In the following section, these points will be further developed and the
main algorithms involved will be discussed. The modifications required to
take into account the presence of cracks will be pointed out.

5.3.1. Boundary subdivision and cluster tree

The construction of a partition of the matrix index set is the basis for
the following definition of the hierarchical block tree. The objective of the
partition is to subdivide the index set into subsets (or clusters) of indices
corresponding to contiguous boundary element nodes. This process leads
to the identification of separate or not separate couples of boundary
element groups. In the case of three-dimensional elastic problems, as three
different indices are associated to each discretization point, it is preferable
to partition the set of the boundary nodes indices itself. The process starts
from the complete set of indices I = {1,2,...,n}, where n denotes the
number of collocation points. This initial set constitutes the root of the
tree. Each cluster in the tree, called the tree node, not to be confused with
the geometrical discretization node, is split into two subsets, called sons,
on the basis of a selected criterion. The common tree node from which two
sets originate is called the parent. The tree nodes that cannot be further
split are the leaves of the tree. Usually a node cannot be further split when
it contains a number of indices equal to or less than a minimum number
Numin, called the cardinality of the tree, a previously fixed value.
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However, the procedure must be slightly modified for the analysis
of cracked configurations through the DBEM. The crack can be either
embedded in or emanate from a surface, but in either case it is located inside
the boundary surface and its geometry is usually clearly distinguishable
from the geometry of the boundary. This circumstance naturally induces
a first distinction, dictated by the geometry, between boundary and crack
nodes. Moreover, as already mentioned, crack modeling requires special
considerations: the crack is discretized by using discontinuous elements,
collocating displacement equations on the nodes belonging to one crack
surface and traction equations on the other. As different integral operators,
or kernels, correspond to displacement and traction integral equations, it
is then appropriate to further distinguish between the nodes on one crack
surface and the nodes on the other one; this fact results in the two sons
of the crack nodes cluster being subdivided into the cluster containing
the nodes on which displacement equations are collocated and the one
corresponding to the nodes on which the traction equations are collocated.
This subdivision and the sets of node indices stemming from this process
are graphically represented in Fig. 5.2.

The algorithm used for the construction of the cluster tree is also
reported (Algorithm 5.1). It is similar to the algorithm introduced by
Giebermann®®
geometrically balanced cluster tree, after the initial subdivision between

and used in Grasedyck?? and is aimed at generating a

boundary nodes, displacement crack nodes and traction crack nodes. It
requires, as input, a set of indices associated to a set of collocation points,
the set of the coordinates of such points and the minimum number of points
allowed in a subset, i.e. the cardinality. The output of the procedure is the
entire structure of the binary tree, from the root to the leaves. Note that

{ Root, all nodes }

/\

{ Boundary nodes } { Crack nodes }
{..} {...} { Displacement nodes } { Traction nodes }
{...} {...} {..} {...}

Fig. 5.2. Index sets induced by presence of cracks.
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Algorithm 5.1 Recursive SplitCluster(s, X, nmin)

if s is the tree root cluster then
define s1 = {i € s: x; € set of boundary nodes }
define so = {i € s: x; € set of crack nodes }
else if s is the cluster of all the crack nodes then
define s; = {i € s: x; € set of displacement crack nodes }
define s = {i € s: x; € set of traction crack nodes }
else if #s < n,,;, then
set sons(s) = {0}
return
else
for i=1,3 do
M; = maz{(x;); : j € s}
m; = min{(x;); : j € s}
end for
find j such that M; —m,; is the largest
define s1 = {i € s: (x;); < (M; +m;)/2}
define so = s — 57
end if
set sons(s) = {s1,s2}
for i=1,2 do
call SplitCluster(s;, X, Nmin)
end for

(x;); indicates the i-th coordinate of the j-th collocation point, while the
operator #(-) gives the number of elements in a set.

5.3.2. Block tree and admaissibility condition

The block tree is built recursively, starting from the complete index set
I x I (both rows and columns) of the collocation matrix and the previously-
found cluster tree. The objective of this process is to split, hierarchically, the
matrix into sub-blocks and to classify the leaves of the tree into admissible
(low rank) or non admissible (full rank) blocks. The classification is based
on a geometrical criterion that assesses the separation of the clusters of
boundary elements associated with the considered block. Such a criterion
takes into consideration the features of the boundary mesh. For 3-D DBEM,
eight-noded continuous and discontinuous quadrilateral elements are used.
Let Q,, denote the cluster of elements containing the discretization nodes
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corresponding to the row indices of the considered block and €2, denote
the set of elements over which the integration is carried out to compute the
coefficient corresponding to the column indices. The admissibility condition
can be written

min(diam Qg , diam Q) < n - dist(Qypo, Q) (5.6)

where 77 > 0 is a parameter influencing the number of admissible blocks on
one hand and the convergence speed of the adaptive approximation of low
rank blocks on the other hand.?®

Since the actual diameters and the distance between two clusters are
generally time-consuming to be exactly computed, the condition is usually
assessed with respect to bounding boxes parallel to the reference axes,?2>56
as already mentioned in reference to Fig. 5.1. In this case, £, and 2,
in equation (5.6) are replaced by the boxes @, and @Q,. The bounding
box clustering technique adopted in the present work is generally used
for its simplicity, although it produces non-optimal partitions that can
be improved by suitable procedures, as will soon be illustrated. Other
clustering techniques able to produce better initial partitions have been
proposed in the literature. The construction using the principal component
analysis®™ should significantly improve the quality of the initial partition,
but such a scheme is not tested in this work.

The algorithm is graphically illustrated in Fig. 5.3. Starting from the
root (the entire matrix), each block is subdivided into four sub-blocks until
either the admissibility condition is satisfied or the block is sufficiently small
that it cannot be further subdivided. The light grey boxes represent low
rank blocks while the dark grey boxes are the full rank ones.

Root
1 2

3 4

0

Leaves

Fig. 5.3. Graphical illustration of the block splitting procedure.
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The presence of cracks requires some extra considerations. As
illustrated in Fig. 5.2, when a crack is present, the second level of the
cluster tree has two nodes: the first corresponding to the discretization
nodes on the boundary and the other corresponding to those on the crack.
While it is absolutely acceptable to check the admissibility condition for
the matrix block corresponding to collocation on the boundary nodes
and integration on the two coincident crack surfaces considered as a
whole, the reverse is not true. When generally collocating on the crack
nodes, two different kinds of boundary integral equations are being evoked,
namely displacement equations and traction equations. These correspond to
different integral operators that should be approximated separately. Besides
the admissibility condition (5.6), the supplementary constraint that the
block corresponding to collocation on the nodes of the crack cluster as a
whole and integration on the boundary s inadmissible must be considered.
In other words, referring to equation (5.5), if the condition (5.6) is satisfied,
it is admissible to approximate the two submatrices Hyqy and Hy; through
a single approximate low rank block, while it is not admissible to check
the condition (5.6) for the sub-matrix comprised of Ay and By. This
further condition may induce a characteristic asymmetric structure on the
hierarchical block tree, as shown in Fig. 5.4. Notice that the dashed lines
appearing in the white block do not separate it into four sub-blocks, but
are drawn only to point out the lost block tree symmetry.

Finally, it is important to consider specifically the assessment of the
condition (5.6) when clusters of boundary elements and crack elements
are involved at the same time. As mentioned above, the admissibility

Boundary Crack U Crack T

g —IT

3| 4

s T ‘

S L —

53]
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3 1 | 1 | 1 | 1 |
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Fig. 5.4. Structure of the hierarchical matrix including crack surfaces.
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condition is generally checked by considering framing boxes; however,
cracks are always contained by the external boundary and the common
procedure, since the boxes are one inside the other, could lead to the
premature classification of some perfectly admissible blocks as inadmissible.
To avoid such a circumstance, a special procedure has been devised.
When the distance between a cluster of crack elements and a cluster
of boundary elements is being computed, only the crack elements are
framed by a box, and the distance between the two clusters is computed
by considering the boundary cluster element by element. This procedure
avoids the premature skipping of admissible blocks, especially in the very
favourable case of embedded cracks. The element by element distance check,
if carried out only when crack elements are involved, is not too expensive
computationally.

The extended admissibility condition is used in the algorithm for
the generation of the block tree reported here (Algorithm 5.2). It takes
into account the possible presence of cracks, following the considerations
developed above. The output of the procedure, when it is initially called
passing the block corresponding to the entire matrix, is the block tree from
the root to the leaves that are classified in low and full rank.

Algorithm 5.2 Recursive SplitBlock(Bsxt, Tmin)
if s is the cluster of all the crack nodes then
set sons(Bsxt) = {Boxr : 0 € sons(s), T € sons(t)}
else if B,y; is admissible then
set Bsxt as a low rank block
set sons(Bsxt) = {0}
else if #s < nupin or #t < Nypin then
set Bsxt as a full rank block
set sons(Bsxt) = {0}
else
set sons(Bsxt) = {Boxr : 0 € sons(s), T € sons(t)}
end if
if sons(Bsxt) # {0} then
for all B,x, € sons(Bsxt) do
call SplitBlock(Byxr)
end for
end if
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5.3.3. Low rank blocks and ACA algorithms

Let M be an m x n admissible block in the collocation matrix. It admits
the low rank representation

k
M~M;=A-B"=Y a;-b/ (5.7)
i=1

where A is of order m x k and B is of order n x k, where k is the rank of
the new representation. The approximating block M}, satisfies the relation
|M — My||r < e||M||r, where || - ||F represents the Frobenius norm and
€ is the set accuracy. Sometimes it is useful to represent the matrix using
the alternative sum representation, where a; and b; are the i-th columns
of A and B, respectively. The approximate representation allows storage
savings with respect to the full rank representation and speeds up the
matrix-vector product.?*

Different ACA algorithms can be used to generate the approximate
blocks. The original algorithm was proposed by Bebendorf'® and was
further developed by Bebendorf and Rjasanow.'® Grasedyck?? proposed
the so-called ACA+ algorithm and compared its performances to those of
the standard scheme. Bebendorf and Grzhibovskis*® proposed a strategy
for overcoming some problems that may arise when populating some low
rank blocks involving the interaction, through double layer kernels, of sets
of coplanar elements. Useful illustrations of the basic ACA scheme can be
found in the works of Kurz et al.?” and Bebendorf and Kriemann,®® while
the reader is referred to the work of Grasedyck?? for ACA+. Algorithm 5.3
describes the partially pivoted ACA scheme. In this work also, a slightly
different scheme has been used to circumvent some problems originating
when computing some particular blocks, as illustrated in the following.

The previously mentioned schemes allow the block to reach adaptively
the a priori set accuracy € and are substantially based on the computation
of selected columns and rows of the original block that, suitably
manipulated, furnish exactly the columns a; and b; appearing in equation
(5.7). Different schemes often differ for the choice of the pivots; that
can have a noticeable effect on the convergence and quality of the
approximation.®® Once a new column a; and row b} have been generated
and added to those previously computed, the convergence toward the
required accuracy is checked against a suitable stopping criterion. If the
criterion is satisfied, the computation is stopped, else a new column and a
new row are generated and stored.
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Algorithm 5.3 Partially Pivoted ACA for B,y -
k=1, Z={0}
repeat
if k=1 then
i =min(c — Z)
else
ix =argmax;eo—z(|(ak—1)i)
end if
Z=7ZU {Zk}
= ) k—1 T
bk_: M(lkv :) - Zr:l (ar)ikbr
if by # 0 then
jk =argmax;cq(|(bx);|); b = (br);, ' br
ap = M(.ji) = X021 (br)jar
k=k+1
end if
until The stop criterion is satisfied or Z = o

The stopping criterion is based on the assessment of the convergence
of the approximating block in terms of the Frobenius norm.'®:37 Since the
original blocks are not accessible, only the partial approximations M}, with
k running, are used to check the convergence. The Frobenius norm can be
computed by the following recursive formula

k—1
M| F = 1Me—1lF + 2 (af ) (0] bk) + larl|Flbellz  (5.8)
i=1
where aj and by represent the column and row computed at the k — th
iteration. A suitable stopping criterion can be expressed as

lakll#[1ox]l 7 < el| M|l 7 (5.9)

that prescribes a stop to the iteration when the inequality is satisfied for a
required preset accuracy e.

The construction of the approximating block not only reduces the
storage needed to represent an admissible block, but also reduces the
assembly time for the set-up of the collocation matrix, as the integration is
carried out only on those elements that allow the population of the required
columns and rows.

With reference to the form of the DBEM system of equations (5.5),
some additional consideration on the construction of the approximating
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Ay H,y, Gy Y,

Fig. 5.5.  Construction of an A block.

blocks is convenient. The blocks contained in A, and Ay, include a mix
of columns from the blocks Hy, and Gy, and Hg, and Ggp, respectively,
and require some attention. Moreover, some of the columns from the
corresponding H and G blocks may give a contribution to the right-
hand side. Let us suppose that, following the application of the boundary
conditions, the low rank block M belonging to the sub-matrix Ay, is
comprised of many H columns and few G columns, and that few G columns
contribute to the right-hand side (see Fig. 5.5).

In this case, it may not be convenient to generate the approximation of
the entire G block (the white block belonging to G, in Fig. 5.5). On
the contrary, it is more effective to generate the approximation of the
entire H block through ACA, then to annihilate the terms in the rows
bl corresponding to the columns to be replaced with the G columns, and
eventually to compute exactly the few needed G columns and add them to
the representation (5.7), using row vectors filled with zeros and ones placed
in the positions corresponding to the columns to be replaced. The other
G columns, among the few exactly computed, contribute to the right-hand
side, through appropriate coefficients.

The choice between computing a block through ACA and computing
few columns exactly depends on the number of columns from a block H
and G that are actually needed for the construction of a specific A block.
If the number of needed columns is much less than the average rank, it is
convenient to compute the columns exactly, since the ACA representation
of the few columns would require more columns (and rows) than their exact
representation. Analogous considerations hold for the block By, that mixes
columns from S, and Dyy.

The blocks contained in Hpy; and Hp: do not require special
consideration and can be computed through standard ACA. However, it is
interesting to observe that, if the crack is sufficiently far from the boundary,
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both these sub-matrices belong to a single big low rank block: this is the
block for which the numerical compression works better.

The blocks contained in Hyg, Hy, Siq and Sy often stem from the
integration of T;; and Tj;, over clusters of coplanar elements (case of
plane crack). In such circumstance the standard ACA can fail, as shown
by Grasedyck?? with a counterexample for partial pivoting. To avoid this
potential problem, and the consequent loss of accuracy, ACA+ can be
used for the approximation of these blocks. In this work, however, a
different strategy, based on the computation of more than one row at each
ACA iteration, has been used. The strategy is referred to as big-volume
search'™®® and, although slightly more expensive then standard ACA, has
proven to be very reliable in the performed numerical experiments. Briefly,
the search of the pivot is not limited to a single row per iteration, but is
extended to more rows that are generated and stored at every ACA step.
The efficiency of the scheme is, hence, based on the availability of more
matrix entries.

5.3.4. Block recompression and tree coarsening

After the blocks have been generated, a further reduction of the required
memory can be achieved by suitable recompression schemes,??:>* so that
the amount of memory required for the final storage is lower than
that needed for the ACA generated matrix. Moreover, the recompression
schemes further speed up the computation, maintaining the desired preset
accuracy €.

Two different recompression schemes can be applied: one that acts on
the single leaves; and one that modifies the entire tree structure, through a
process of reabsorption of the leaves.

The block recompression, i.e. the first scheme, is sometimes referred to
as truncation®*?® and is based on the SVD of low and full rank blocks.
Since the size of the full rank leaves is bounded by m,y, their SVD can
be efficiently computed by suitable available efficient algorithms, like the
LAPACK dgesvd.f; for the low rank leaves, on the other hand, it is possible
to perform a reduced SVD.5*

Let My = A- BT be a low rank block. The reduced decomposition can
be computed by

My, =A-BT = QaRAREQL = Q UXVTQEL (5.10)

where QxRx is the QR decomposition of the matrix X, while ULVT
represents the SVD of RARE. If A€ Ry,xk then Q4 € Ry, xx while R4 €
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R« k. The SVD of the reduced matrix RARE € Rixr can then be computed
by using dgesvd.f.

In equation (5.10) there is still no approximation. If the singular values
0; < €01 contained in the diagonal of ¥ are discarded, then the following
approximation is obtained

My, ~ QaUSVTQL = ABT (5.11)

where A = QA[}E and B = IN/TQE. In equation (5.11) U,V € R,z
are obtained from the original matrices discarding the last k — k columns,
while © € Ry~
procedure is followed for the full rank leaves that, after discarding the

is the diagonal matrix diag{o1,09,...,03}. An analogous

smallest singular values, are stored in low rank format if the total size
in low rank is less than the size requested in full rank representation.
Note that the scheme can be applied immediately after a block has been
generated.

Such procedure operates on single blocks, reducing the size of low rank
blocks and converting the full rank blocks satisfying the previous condition
into low rank blocks. It is important to emphasize the role of the accuracy
€ that appears in all the computations. The required accuracy could also
be lowered if a less accurate representation of the matrix would be needed
for special purposes. The importance of this fact will become apparent in
the construction of a preconditioner for iterative solvers.

Besides the blockwise SVD, it is possible to apply a further
compression, referred to as tree coarsening, aimed at modifying the entire
tree structure. The coarsening tries to unify groups of four leaves that are
sons of the same block tree node. If some conditions are met, the SVD
decomposition of the unification of the four blocks is computed and, if
after discarding the smaller singular values along with the corresponding
columns and rows, the result requires less storage, the four blocks are
unified, or reabsorbed, in the parent tree node. This scheme can be applied
when four adjacent sub-blocks have been generated and recompressed. The
procedure that performs the coarsening has been presented by Grasedyck??
and is reported in Algorithm 5.4. Note that the unification of the four
low rank sons of a block is performed by expanding their columns and
rows to the parent’s block dimensions by suitably placed zeros and
then adding such expanded vectors to provide the parent’s low rank
representation.
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Algorithm 5.4 Recursive CoarsenTree(Bgx¢)
call CoarsenTree(Byx ) for all Byx, € Sons(Bsxt)
if (Sons(Bsxt) are all low rank leaves) then
Unify the four leaves;
Compute the SVD of the unification;
Check the storage requirements of the SVD;
if (storage of the SVD < storage of the four sub-blocks) then
Store the SVD and set Sons(s x t) = {0}
end if
end if

Two points are stressed here: a) the block recompression is applied
immediately after the block generation and not after the generation of the
entire matrix which allows an actual reduction of the storage requirements;
b) the recompression schemes provide a valuable tool for the construction
of an effective preconditioner?® based on the computation of a coarse
approximation of the collocation matrix, as described in the following
sections.

5.3.5. Hierarchical arithmetic

To carry out operations on hierarchical matrices, it is necessary to define
a suitable hierarchical arithmetic. The operations involving the entire
hierarchical matrices (operations between matrices, trees or sub-trees) are
based on elementary operations between low or full rank blocks (operations
between blocks or leaves). Often such operations, involving the SVD,
require a truncation with respect to a previously set accuracy, which thus
acquires a fundamental importance in all the considered algorithms. All the
hierarchical operations are defined with respect to a set accuracy.

The main difficulty when implementing such algorithms is distingui-
shing between the full range of possible different cases. The multiplication,
for example, is defined with respect to the two block factors and the
so-called target block. Each of these blocks could be subdivisible or not
subdivisible and, if not subdivisible, i.e. leaf, could be low or full rank. Each
of these cases requires separate treatment to reduce the overall complexity
of the operation.

Rigorous information on addition between hierarchical matrices,
truncation with respect to a given accuracy, matrix-vector multiplication,
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matrix-matrix multiplication and hierarchical inversion can be found in
the works of Hackbusch?® and Grasedyck and Hackbusch,?* where some
algorithms are also given and their arithmetic complexity is analysed. A
collection of useful algorithms for practical implementation is given by
Bérm et al.?® The hierarchical LU decomposition, based on the previous
arithmetic, is discussed by Bebendorf.?® The interested reader is referred
to the mentioned works for analytic details. In the following sections, the
basic algorithms are illustrated for the sake of completeness.

5.3.5.1. Addition

The addition of two trees with the same structure is performed by adding
the leaves of the two trees in full or low rank format. Such an operation
preserves the structure of the two added matrices and the result is then a
hierarchical matrix with the same structure. The addition of the two trees
(or branches) H; and Hs is denoted sometimes by H = Hy & Hs.

The addition of two full rank blocks is performed by simply adding the
two blocks in full matrix format. On the other hand, the addition of two
low rank leaves, is given by

M+ My = A - BT + As - Bg = [Al,Ag] . [Bl,BQ]T (512)

As is evident, the block resulting from the exact addition in low rank format
has a higher rank with respect to the two added blocks. To maintain the
advantages given by the low rank representation, an SVD truncation to the
set accuracy is eventually performed on the resulting block. The importance
of this truncation will appear more clearly when the multiplication is
discussed.

5.3.5.2. Multiplication

The hierarchical multiplication is performed between dimensionally
compatible hierarchical matrices or blocks with the same or different
structure. According to the literature on the subject,?4'2? the multiplication
between the two trees (or sub-trees) H; and Hj is denoted sometimes by
H = Hy® Hs. It is worth saying that the hierarchical multiplication and its
implementation are noticeably more involved than the hierarchical addition.
Such complexity is a consequence of the many different cases that must be
taken into account. Let A and B be the two dimensionally compatible
blocks to be multiplied. Besides the two factors, the so-called target matrix
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T and its structure must also be taken into account. Three main cases are

possible:

(i)

The two factors and the target matrix are subdivided. In this case, the
following recursion is invoked

(An A12> (Bn Bl2>

A21 A22 le B22

_ <A11311 + A12Bo1 A Bia + A12322> (5.13)
Ao Bi1 + A2 B Ag1Bia + AxaBao '

where also the addition in low rank format is called (note that all
the additions and multiplications are intended in hierarchical format,
although we used the standard operation symbols instead of & and ®
for brevity). From these equations, the importance of defining a target
matrix is clear. The entire operation is performed by multiplying blocks
and subsequently adding the result to the right target block. It is to be
noted that the compatibility between the dimensions of the two factors
to be multiplied and those of the target matrix plays a crucial role
and must then be taken carefully into account when implementing the
relative algorithms. Moreover, it becomes evident that the structure of
the target block itself, i.e. if the target block is a leaf or is subdivided,
is of primary importance in controlling the flow of the operation, as
emerges in the following two cases.

At least one of the two factors is a leaf, i.e. is not subdivided.
This case has several sub-cases. It could either happen that only
one of the factors or both of them are leaves. Moreover the leaves
can be low or full rank. Each of these circumstances deserves a
separate implementation, but basically all these cases are dealt with
by considering that if a leaf is full rank, its dimensions are bounded
by numin, while if it is low rank, k itself is low. It is then convenient to
compute the product block by taking into account that

MMy = AIB;MQ = A1§1T (5.14)
MMy = My A3 BY = A3 By (5.15)
MMy = A, BT A,BY = A\B," = A,B," (5.16)

These represent the multiplication between a low rank and a full rank
leaf and between two low rank leaves. The result block must then
be split suitably and added to the target matrix. It is worthwhile



170 1. Benedetti et al.
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Fig. 5.6. Different cases occurring in hierarchical multiplication.

remembering that every addition in low rank format must be followed
by a truncation needed to maintain the low rank of the resulting block.
Skipping this passage could lead to an explosion of the average rank
of the product matrix that would destroy the advantages of the low

rank representation.

(iii) The target block is a leaf and the two factors are subdivided. In this
case, the multiplication is performed in the sub-blocks and the result
blocks are then expanded to the dimensions of the target, truncated
and added to it. After every addition, a new truncation is performed.

The classification of the many different cases and the respective action is
graphically illustrated in Fig. 5.6. It is to be noted that when a block is not

subdivisible, it can be low or full rank.

5.3.5.3. LU decomposition

The hierarchical LU decomposition is based on the previously developed
arithmetics.2> If a block H is divisible, then its decomposition can be

written as

(Hu H12) _ (Lu 0 )(Uu U12>
Hy1  Hoa Loy Loo 0 U

which turns into the following subproblems

LU = Hiy
L11Uip = Hyo
Ly1Uy = Hyy

LooUsy = Hop — Lo1Uio

(5.17)

Equation 5.18 represents the LU decomposition of the first sub-block
and can be tackled by the LAPACK subroutine dgetrf.f, if the block



Fast Hierarchical BEM for Large-Scale 3-D Elastic Problems 171

is not further divisible. Otherwise, the scheme is reapplied recursively.
Once Li; and Up; have been computed, equation 5.19 gives Ujo, while
equation 5.20 allows the calculation of Lo;. In both cases, it is necessary to
distinguish between different cases and apply different suitable schemes.
Equation 5.21 can be tackled once the previous equations have been
solved.

5.3.5.4. Inversion

Once the basic hierarchical arithmetics, i.e. the addition and the
multiplication in hierarchical format, have been implemented, the algorithm
for the hierarchical inversion is relatively straightforward.?? If H is the
matrix to be inverted, then

-l H' + H'H\2S 'Ho  H'  —H'HypS™! 29
B —S_1H21H1_11 S_l ( . )

where S = Hgyy — H21H1_11H12. It is to be noted that the order of the
computations is important. Once H 1_11 is obtained, it is possible to compute
S and then all the other factors. Moreover, the original matrix can be
overwritten.

5.3.6. System solution

The solution of the system can be obtained either directly, through
24 or indirectly, through iterative solvers that
exploit the efficient matrix-vector product in low rank format.?3:57

The iterative solvers can be used with or without preconditioners. When

hierarchical matrix inversion,

the condition number is high and slows down the convergence rate, as is
often the case when dealing with BEM systems, a preconditioner can be
computed taking full advantage of the representation in hierarchical format.
If Ax = b is the system to be solved, then a left preconditioner is an easily
invertible matrix P, such that the condition number of the system P~' Az =
P~'p is lower than the original one, thus improving the convergence rate
of the iterative solver.

The hierarchical representation offers the opportunity to naturally
build an effective preconditioner.??23> A coarse preconditioner can be
obtained by first generating a coarse approximation A(e,) of the original
collocation matrix A(e.), where the relationship ¢, > . holds and where
€ denotes the set accuracy for hierarchical representation. This coarse
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approximation, with reduced memory storage, can then be decomposed
through the hierarchical LU decomposition to give the preconditioner P.
The resulting system

(LU) YAz = (LU)™ ' (5.23)

has a lower condition number and the convergence rate of iterative
solvers is noticeably improved. It should be noted that in equation (5.23)
there is no need to compute the matrix product (LU)"!'A, as it is
more efficient to directly use the forward and backward substitution for
the inversion of the matrix LU in iterative solution schemes. Backward
and forward substitutions take full advantage of the hierarchical matrix-
vector multiplication and this is the reason why the preconditioner is LU
decomposed.

In this work, the GMRES'" with a coarse hierarchical left
preconditioner has been used as a solver.

5.3.7. Some details about code implementation

In this work, subroutines and functions for the treatment of hierarchical
matrices have been implemented in FORTRAN 90. Different modules have
been implemented to deal with the diverse tasks involved in the hierarchical
treatment of the boundary element elastostatic problems. The basic module
Hdata implements all the needed data structures; the module Htree
contains all the procedures that build the cluster and block trees starting
from the boundary information; the module Hsetup implements all the
subroutines that set up the hierarchical matrix computing low and full
rank blocks, also forcing the boundary conditions; the module Hblocks
implements all the procedures that work on single blocks, like the full
and reduced SVD; finally, the module Harithmetics implements the
arithmetics on the trees (addition, multiplication, LU decomposition and
inversion).

The basic data structure is called BlockNode (Fig. 5.7) and it allows
the natural treatment of either the full or low rank blocks of the hierarchical
matrix.

The field IndexSet identifies the position of the block in the full matrix,
identifying rows and columns on the basis of a previously defined index
partition; the field Identifier can be assigned three different values that
allow one to establish the nature of the block and specifically if the block
is a leaf or not and, in the case it is a leaf, if it is a low or full rank block;
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TYPE BlockNode
INTEGER, DIMENSION(6) :: IndexSet
INTEGER :: Identifier
INTEGER :: Rank
TYPE(BlockNode), POINTER :: parent
TYPE(BlockNode), POINTER :: sonil
TYPE(BlockNode), POINTER :: sonl2
TYPE(BlockNode), POINTER :: son21
TYPE(BlockNode), POINTER :: son22
TYPE(vector), POINTER :: HeadColumns
TYPE(vector), POINTER :: TailColumns
TYPE(vector), POINTER :: HeadRows
TYPE(vector), POINTER :: TailRows
DOUBLE PRECISION, DIMENSION(:,:), POINTER :: FBL
END TYPE BlockNode

Fig. 5.7. Basic data structure for hierarchical matrices.

the pointers parent, sonll, sonl2, son21 and son22 are needed to build
and maintain the structure of the quaternary hierarchical tree. It is worth
stressing again that some operations, like the coarsening of the block tree,
rely on the possibility of moving through the tree in both directions, i.e.
from root to leaves and from leaves to root.

If the block is a leaf, on the basis of the value taken by Identifier,
the suitable data structure is allocated to store the information. If the
block is full rank, then the array FBL (full rank block) is allocated, its
dimension being inferred by IndexSet. On the other end, if the block is
low rank, then the pointers HeadColumns, TailColumns, HeadRows and
TailRows are associated: they point to the head and tail of two different
lists of vectors collecting, respectively, the columns and rows of the low rank
representation.

5.4. Numerical Experiments

In this section, results obtained by applying the fast hierarchical BEM
are presented. Both isotropic and anisotropic problems are analysed and
the performance of the developed scheme is assessed. The computations
involving isotropic material structures have been performed using an Intel®
Core™ 2 Duo Processor T5500 (1.66 GHz) and 2 GB of RAM. The tests
involving anisotropic materials have been performed on an Intel® Core™

2 Duo Processor T9300 (2.5 GHz) and 2 GB of RAM.
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Fig. 5.8. Analysed 3-D configuration.

5.4.1. Uncracked isotropic elastic bracket

A mechanical element, Fig. 5.8, is first analysed to obtain some insight into
the structure of the hierarchical collocation matrix for structures without
cracks. The mechanical bracket has the two central cylinders clamped and
is anti-symmetrically loaded at the holes in such a way that the resulting
load is a moment lying along the central axis. A mesh with 1,032 elements
and 3,094 nodes has been considered. The standard method required 350
seconds for the generation of the collocation matrix and 1,484 seconds for
the solution of the system through Gauss elimination. These times have
been compared with the related times required by the fast method to
obtain both the assembly speed-up ratio and the solution speed-up ratio at
different parameter settings. In all the following tables, the speed-up ratio
is defined as

Hierarchical time
Standard time

where the times are those required by the standard and hierarchical schemes

Speed-up ratio = (5.24)

to assemble the matrix or solve the system. In particular, the standard
assembly time has been compared with the time needed for the ACA
generation of the collocation matrix, while the standard solution time has
been compared with the fast solution time, which is comprised of the
collocation matrix compression and coarsening time, the preconditioner
generation, coarsening and LU decomposition time and the GMRES
iteration time.

A first set of analyses has been performed to investigate the effect of
the preconditioner accuracy on the convergence of the iterative solution.
For this purpose, the accuracy of the collocation matrix has been set to
£, = 107°, the admissibility parameter has been chosen as 7 = v/2 and
the minimal block size has been set to n,,;, = 36. The GMRES relative
accuracy is 1078,

With these settings, the hierarchical collocation matrix is stored using
only 35.61% (after coarsening) of the memory required for the allocation
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of the original matrix. The matrix is generated through ACA in 198
seconds, i.e. 57% of the standard assembly time, and it is recompressed
and coarsened in 216 seconds. It may be of interest to mention that, in
this specific application, 60% of the collocation matrix has been generated
through ACA in 55 seconds (28% of the hierarchical assembly time). The
remaining 40% of the collocation matrix is in full rank format and its
evaluation requires the remaining 72% of the hierarchical assembly time,
mainly due to the computation of the singular integrals whose evaluation
is needed to populate such blocks. The approximate solution accuracy is
llz—Z||z2/||lz L2 = 2.9 x 10~%. Both the collocation matrix coarsening time
and the solution accuracy are independent of the preconditioner accuracy.
The GMRES converges towards the same approximate solution, whose
accuracy depends only on the accuracy of A (the collocation matrix) and b
(the right-hand side).

Table 5.1 reports the storage memory needed to store the
preconditioner, expressed as a percentage of the full collocation matrix, the
time required to set up and decompose the preconditioner, the time and
the number of iterations required by the GMRES to converge and, finally,
the solution speed-up ratio, defined as the ratio between the fast solution
time and the standard solution time. Times are expressed in seconds. It is
interesting to note that the time required to set up the preconditioner and
for its LU decomposition grows when the preconditioner required accuracy

Table 5.1. Storage, time and speed-up ratio for different preconditioner accuracies.

€p Storage  Setup (s) LU (s) GMRES (s) Iterations  Speed-up

No Prec. 0.00% 0.0 0.0 3,470.8> 5,000* 2.492
Jacobi 0.00% 0.0 0.0 3,474.6P 5,000P 2.49P
5.1071 1.45% 23.9 12.7 3,906.0¢ 5,000¢ 2.80¢
1-10-1 4.95% 28.4 45.5 10.0 29 0.19
5.1072 6.54% 31.5 63.2 8.7 25 0.21
1-10—2 10.59% 47.3 117.7 4.0 10 0.25
5.1073 12.62% 58.5 153.2 3.9 9 0.28
1-1073 17.31% 82.1 252.6 3.0 6 0.36
5.10—4 19.38% 90.8 303.4 2.6 5 0.40
1-1074 25.20% 104.2 476.7 2.5 4 0.53
5.1075 27.89% 97.9 586.2 2.1 3 0.60
1-1075 35.61% 3.1d 988.2 2.3 3 0.81

aReached GMRES relative accuracy: 3.0 x 1078 (no convergence).
bGMRES relative accuracy: 3.0 - 10~2.

¢GMRES relative accuracy: 6.1 - 1078,

dQ0nly the time for copying the collocation matrix.
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grows (as €, becomes smaller the required accuracy increases). On the
other hand, quite naturally, the number of GMRES iterations and the
iterative solution time decrease when ¢, decreases. In the extreme case
of the preconditioner retaining the same accuracy as that of the collocation
matrix, the preconditioner LU decomposition can be used for a direct
solution. It is worth noting, however, that a very coarse preconditioner
(ep = 1071) provides the fastest solution, as is evident from the reported
solution speed-up ratios, while both the unpreconditioned GMRES and the
Jacobi preconditioned GMRES fail to converge.

Figure 5.9 shows the block-wise structure of the collocation matrix as
generated by ACA, the coarsened collocation matrix and the structure of
the coarsest effective preconditioner (¢, = 107!). The number of blocks
obtained for the selected minimal block size goes from 3,547 in the ACA
generated matrix to 2,545 in the coarsened matrix, while the preconditioner
counts 1,063 blocks.

Every block is filled with a tone of grey proportional to the ratio
between the memory required for low rank representation and the memory
in full rank format. Full rank blocks are black while almost white blocks
are those for which the numerical compression works better. It is worth
noting the reduction in the number of blocks obtained going from the ACA-
generated matrix to the coarsened matrix. The big difference in the number
of blocks is due to the suboptimal choice of the admissibility parameter 7, as
will be discussed soon. It is also worthwhile to remember that the required
memory is not that for storing the ACA-generated matrix, but it is that,
lower, required for storing the coarsened matrix. Here, the two different
compressions are shown to illustrate the mechanism of coarsening, but the
operation can be performed recursively while populating the blocks.

Fig. 5.9. Block-wise representation of the ACA generated matrix, the coarsened matrix
and the preconditioner.
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Table 5.2. Influence of the prescribed accuracy for the collocation matrix on storage
and speed-up ratios.

Ec Stor. A Stor. B Assembly  Speed-up Sol. Speed-up %
1076 57.49%  45.59% 218.3 0.62 319.1 0.21 6.0-10—6
1075 53.62%  35.61% 197.6 0.57 300.2 0.20 2.9-1074
10%  50.09%  25.17% 180.5 0.52 269.6 0.18 5.6-1073
1073 47.15%  17.28% 169.0 0.48 201.9 0.14 3.4.1072
1072 44.17%  10.56% 159.1 0.45 150.8 0.10 1.6-1071

Table 5.2 reports on memory requirements before and after coarsening,
assembly time and assembly speed-up ratio, solution time (compression and
coarsening, preconditioner generation and LU decomposition, GMRES)
and solution speed-up ratio and the accuracy of the solution for different
values of the collocation matrix prescribed accuracy. The tests have been
performed by setting e, = 1.0 - 107! and n = V2. Memory requirements,
assembly times and solution times decrease when the preset accuracy
decreases as the average rank of the approximation is reduced. However,
reducing the requested accuracy obviously also reduces the approximation
quality of the final solution. From an engineering point of view, the selection
of a suitable criterion for selecting the collocation matrix accuracy is of
fundamental importance. Note that the L? norm used in Table 5.2 does not
give insight into the quality of the approximation for engineering purposes.
A node by node check of the solution has confirmed, however, that, for
a selected accuracy e, = 1.0 x 107?, the average errors are to the order
of 0.1 + 1.0%. Bigger percentage errors can occur for degrees of freedom
whose standard solution values are smaller than the requested accuracy.
This consideration suggests that it is advisable to set the accuracy at the
same order of magnitude as that of the smaller quantities of interest in the
analysis.

Table 5.3 reports the memory storage before and after coarsening,
the number of blocks before and after coarsening, the assembly time and

Table 5.3. Influence of the admissibility parameter.

n Stor. A Stor. B N. of blocks  Assembly Speed-up Coars. Speed-up
V2 53.62% 35.61% 3,547 - 2,545 197.6 0.57 216.2 0.20
3 45.04%  34.61% 2,581 - 2,284 209.2 0.60 117.5 0.13
4 43.73%  34.17% 2,341 - 2,152 218.3 0.62 98.9 0.12
5 43.52%  33.63% 2,257 - 2,044 220.5 0.63 111.2 0.13




178 1. Benedetti et al.

assembly speed-up ratio, the coarsening time and the solution speed-
up ratio at different values of the admissibility parameter. The other
parameters have been set to e, = 1072 and Ep = 10~!. The time for
generating and manipulating the preconditioner is independent of 1. On
the contrary, the time required for coarsening the matrix strongly depends
on it. The choice of n directly affects the quality of the ACA-generated
matrix and a good choice results in a matrix closer to the optimal matrix
produced by the coarsening procedure, as can also be noted from the
reduction in the number of blocks. This is the reason for the influence
on the coarsening time. Note that the matrices obtained after coarsening
require almost the same memory, regardless of the initial ACA-generated
matrix storage: the coarsening produces an almost optimal hierarchical
matrix, reducing the differences related to the choice of 7. However, though
a larger part of the matrix is generated through ACA, which should lead
to a reduction in the assembly time, the average rank of the approximation
increases, as the new admissible blocks converge more slowly to the preset
accuracy. This aspect may have a negative effect on the assembly time,
but that is balanced by a more relevant reduction in the solution time.
Figure 5.10 shows the structure of the ACA matrix for two different values
of n. It is evident that for the 7 = 4 value more blocks become admissible
than for the n = V2 value.

5.4.2. Embedded crack in isotropic bar

A second configuration, a cylinder with an embedded crack, is considered
(see Fig. 5.11). The cylinder is subjected to uniaxial stress acting on the
two bases, so as to produce a mode I crack load.

Fig. 5.10. Block-wise structure of the ACA matrix for n = v/2 and n = 4.
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Fig. 5.11. Cylinder with embedded crack and crack basic mesh.

A mesh with 800 elements and 3,652 nodes is considered. The
standard technique requires 805 seconds to assemble the collocation matrix
and 2,394 seconds to solve the system. It is worth noting that the
numerical integration of the singular, strongly singular and hypersingular
kernels occurring during the assembly of the collocation matrix requires,
in this case, 60% of the standard integration time. Since singular
integrals occur near the diagonal blocks, which are full rank in the
hierarchical representation, this percentage represents the lower bound for
the hierarchical assembly time.

First, a parametric analysis on the influence of the preconditioner
accuracy is performed, as in the previous case. For this first set of
computations, the collocation matrix accuracy is set to e, = 107°, the
admissibility parameter is n = 6, while n,,;, = 36. With these parameters,
the collocation matrix is generated in 689 seconds, i.e. 85% of the standard
assembly time, it is compressed and coarsened in 168 seconds and is stored
using 23.70% of the original space. The accuracy of the final solution is
lz—2||z2/|lz| L2 = 1.2 x 1074, which is very good in terms of point by point
accuracy. Table 5.4 reports the preconditioner storage, the preconditioner
setup and LU decomposition times (in seconds), the GMRES solution time,
the number of GMRES iterations and the solution speed-up ratio.

Again, it can be observed that the required memory, the setup time and
the LU decomposition time grow as the required preconditioner accuracy
grows. On the contrary, the number of GMRES iterations, and the GMRES
time as consequence, decrease as the accuracy grows. Moreover, it is
important to note that the best speed-up ratio is obtained with the coarsest
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Table 5.4. Storage and times for different values of prescribed accuracy for the
preconditioner.

€p Storage  Setup (s) LU (s) GMRES (s) Iterations  Speed-up

No Prec. 0.00% 0.0 0.0 3,642.12 5,000* 1.522
Jacobi 0.00% 0.0 0.0 3,644.3P 5,000P 1.52b
1-107° 0.86% 15.2 0.4 92.4 306 0.12
5.1071 2.42% 15.7 115.2 60.1 197 0.15
1-1071 5.00% 17.9 163.9 12.9 40 0.15
1-1072 9.06% 26.5 273.2 5.9 16 0.20
1-1073 13.39% 47.4 448.6 3.8 8 0.28
1-10~* 18.32% 68.6 802.8 2.5 4 0.43
1-1072 23.69% 2.7¢ 1,371.6 2.3 3 0.64

aThe relative GMRES accuracy was 5.9 - 1075 (no convergence reached).
bThe GMRES relative accuracy was 8.8 - 102,
¢Only the time for copying the collocation matrix.

Table 5.5. Influence of the admissibility parameter.

n  Stor. A Stor. B Blocks A.speed-up  Coarsening  S. speed-up
2 43.94%  23.72% 4,735 - 2,380 0.85 229.7 0.14
4 38.10%  23.72% 4,003 - 2,380 0.85 185.4 0.12
6 35.85%  23.70% 3,643 - 2,338 0.86 168.2 0.12
8 35.15% 23.67% 3,433 - 2,314 0.86 162.4 0.11

preconditioner (¢, = 1.0), while a fine preconditioner could be used as a
direct solver. Finally, the construction of the hierarchical preconditioner is
actually necessary, as the unpreconditioned GMRES as well as the Jacobi
preconditioned GMRES fail to converge.

The influence of the admissibility parameter has been investigated and
the results are reported in Table 5.5. The analysis is performed setting
gc = 107® and ¢, = 1.0. The same considerations as in the previous
case hold.

Finally, three different meshes are analysed to obtain some insight into
the behaviour of the solver at varying numbers of degrees of freedom.
The first mesh has 66 elements and 400 nodes, the second 300 elements
and 1,352 nodes and the third uses 800 elements and 3,652 nodes. The
settings are e, = 1072, ep = 1.0, n = 6. Table 5.6 reports the results
obtained for the three different meshes in terms of memory ratio, assembly
speed-up ratio, solution speed-up ratio and number of GMRES iterations.
Also, the times for standard assembly and standard solution are reported
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Table 5.6. Memory savings and speed-up ratios.

Elem. Nodes Storage St. Ass. Speed-up St. Sol. Speed-Up Iterations

66 400 69.78% 79.4 1.07 3.2 1.23 49
300 1,352 40.74% 215.5 1.04 122.8 0.28 113
800 3,652 23.70% 805.5 0.86 2,398.8 0.12 306
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Fig. 5.12. Comparison between standard and fast DBEM.

and are expressed in seconds. It appears evident that the advantages of
the described technique become more relevant with larger meshes. While
memory savings are always obtained also for coarse meshes, the assembly
and solution speed-up ratios are less than one only beyond certain threshold,
under which the direct solver performs better.

Figure 5.12 shows the comparison in terms of required memory and
solution time between standard and fast DBEM. It is worth noting the
almost linear behaviour of the fast DBEM with respect to the number of
degrees of freedom.

Figure 5.13 shows the block-wise structure of the collocation matrix
for the finest mesh as generated by ACA, the coarsened collocation matrix
and the structure of the preconditioner. The number of blocks goes from
3,643 in the ACA generated matrix to 2,338 in the coarsened matrix and
430 blocks in the preconditioner. It is interesting to point out how the low
rank blocks corresponding to collocation on the boundary and integration
on the crack and vice-versa are clearly distinguishable. The geometry and
mesh features have a numerical counterpart in the block-wise structure of
the hierarchical matrices.
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Fig. 5.13. Block-wise representation of the ACA generated matrix, the coarsened matrix
and the preconditioner.

Fig. 5.14. Square crack embedded in anisotropic bar. Three uniformly refined meshes.

5.4.3. Embedded crack in anisotropic bar

The performance of the fast hierarchical DBEM has also been tested for
anisotropic crack problems, to assess the applicability of the proposed
scheme to such class of problems and to evaluate the sensitivity of the
method to different materials.’® The configuration shown in Fig. 5.14 has
been analysed (three sample meshes are depicted).

The prismatic bar is subjected to an opening load acting on the bases
and different uniformly refined meshes are considered for analysing the
performances of the solver at varying degrees of freedom.

Three different materials are analysed. The considered material
properties are listed in Table 5.7. It is worth noting that, in the following
reported results, the isotropic material configurations have been analysed
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Table 5.7. Material properties [GPa).

Cii Ciz2 Ci3 Cia Coa Caz3 Cayg C33 Cya Cs5 Cse  Ces

Aluminum Polycrystal (isotropic)
111 61 61 0 111 61 0 111 25 25 0 25

Barium sodium niobate (orthorhombic)
239 104 50 0 247 52 0 135 65 66 0 76

Sapphire (trigonal)
494 158 114 —23 494 114 23 496 145 145 —23 168

NB: All the non-reported constants are zero.

Table 5.8. Influence of the admissibility parameter.

n  Stor. A Stor. B Blocks A. Speed-up  Coarsening S. Speed-up
Aluminum Polycrystal (isotropic)

1 53.0 % 31.7% 3,757 - 1,951 0.81 92.4 0.19
2 458 % 31.7% 3,013 - 1,951 0.81 66.8 0.15
4 416 % 31.6% 2,347 - 1,906 0.89 47.6 0.12
6 41.6 % 31.5% 2,305 - 1,867 0.90 48.0 0.12
8 415 % 31.5% 2,287 - 1,849 0.90 48.0 0.12
Barium sodium niobate (orthorhombic)

1 52.9 % 319 % 3,757 - 1,978 0.79 90.8 0.18
2 45.5 % 31.9 % 3,013 - 1,978 0.79 66.0 0.15
4 412% 31.8 % 2,347 - 1,936 0.87 47.3 0.12
6 412 % 31.8 % 2,305 - 1,900 0.87 47.1 0.12
8 411 % 31.8 % 2,287 - 1,882 0.88 47.2 0.12
Sapphire (trigonal)

1 53.5 % 33.8% 3,757 - 2,152 0.82 99.5 0.19
2 46.4 % 33.8% 3,013 - 2,146 0.83 65.8 0.15
4 425 % 33.5% 2,347 - 2,035 0.91 47.8 0.12
6 425 % 33.5% 2,305 - 1,999 0.92 47.8 0.12
8 425 % 33.4% 2,287 - 1,981 0.93 47.6 0.12

for uniformity by using the numerical scheme for anisotropy described in
Appendix B. The studies on the influence of the admissibility parameter,
the collocation matrix accuracy and the preconditioner accuracy have been
performed on a mesh with 720 elements and 2,522 nodes.

Table 5.8 reports the influence of the admissibility parameter for the
three materials. The analysis is performed setting e. = 1075 and &, = 1071,
The minimal block size has been set to n,,;, = 36 and the GMRES relative
accuracy is 1078, The same considerations as those reported for isotropic
materials apply and no noticeable sensitivity with respect to the degree of
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Table 5.9. Storage and times for different preconditioner accuracies.

€p Storage Setup (s) LU (s) GMRES (s) Iterations Speed-up

Aluminum Polycrystal (isotropic)

No Prec. 0.0% 0.0 0.0 828.62 3,000? 1.272
Jacobi 0.0% 0.0 0.0 750.3P 3,000* 1.232
1-1070 1.2% 6.0 0.1 23.8 188 0.12
1-1071 5.3% 6.9 17.5 3.4 23 0.12
1-1072 10.3% 11.0 35.6 2.2 13 0.15
1-1073 15.8% 22.8 63.9 1.2 6 0.21
1-10~4 22.4% 32.2 123.4 1.0 4 0.31

Barium sodium niobate (orthorhombic)

No Prec. 0.00% 0.0 0.0 803.22 3,000? 1.312
Jacobi 0.00% 0.0 0.0 764.32 3,000? 1.25%
1-107° 1.2% 6.9 0.1 37.2 260 0.14
1-10-1 5.6% 7.5 17.8 3.6 24 0.12
1-1072 10.4% 12.0 35.4 2.9 17 0.15
1-1073 16.0% 25.1 67.9 1.1 5 0.22
1-10—4 22.7% 33.3 125.7 0.8 3 0.32

Sapphire (trigonal)

No Prec. 0.00% 0.0 0.0 825.12 3,000? 1.372
Jacobi 0.00% 0.0 0.0 800.02 3,000? 1.332
1-1070 1.2% 7.2 0.1 35.3 236 0.14
1-101 5.6% 8.2 16.3 4.2 26 0.12
1-10—2 10.6% 13.0 40.8 2.0 11 0.16
1-10-3 16.6% 27.8 72.5 1.1 5 0.23
1-10—4 24.2% 24.8 120.3 1.1 4 0.30

2No convergence reached.

anisotropy is shown. In particular, it is apparent that some values of the
admissibility parameter originate almost optimal block trees, thus reducing
the coarsening time.

Table 5.9 reports storage and times for different preconditioner
accuracies. For this purpose, the accuracy of the collocation matrix has
been set to e, = 107°, the admissibility parameter has been chosen as
1 = 4 and the minimal block size has been set to n,,;, = 36. The GMRES
relative accuracy is 1078, As can be observed, the coarsest preconditioners
provide faster solutions. Also for the anisotropic case, it is shown that
preconditioning is needed and both unpreconditioned systems and Jacobi
preconditioned systems fail to converge within the maximum number of
iterations chosen. The preconditioner setup time increases at increasing
requested accuracies, while the number of GMRES iterations decreases. It
is worth highlighting once again that more accurate preconditioners are
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Table 5.10. Memory savings and speed-up ratios.

Elem. Nodes Storage St. Ass. Speed-up St. Sol. Speed-up Iterations

Aluminum Polycrystal (isotropic)

320 1,122 49.5% 39.9 1.09 56.0 0.30 19
500 1,752 41.2% 79.1 1.01 213.1 0.17 18
720 2,522 31.6% 149.0 0.89 638.3 0.12 23
980 3,432 25.4% 283.7 0.71 1,606.4 0.12 27
1,280 4,482 20.0% 515.0 0.61 3,5682.6 0.09 24
Barium sodium niobate (orthorhombic)
320 1,122 49.5% 39.9 1.08 56.2 0.30 25
500 1,752 41.3% 79.0 1.01 213.3 0.18 18
720 2,522 31.9% 152.1 0.87 647.3 0.12 24
980 3,432 26.0% 284.7 0.70 1,674.1 0.11 28
1,280 4,482 20.5% 518.2 0.59 3,633.2 0.08 26
Sapphire (trigonal)
320 1,122 50.8% 39.8 1.11 55.9 0.31 20
500 1,752 43.1% 79.3 1.02 214.0 0.17 16
720 2,522 33.5% 149.0 0.92 638.3 0.12 26
980 3,432 27.6% 287.6 0.72 1,601.7 0.11 26
1,280 4,482 21.8% 515.0 0.64 3,682.9 0.09 25

closer to the inverse of the collocation matrix, making then the iterative
technique closer to the direct solution of the system.

Table 5.10 reports memory savings and speed-up ratios versus the
number of degrees of freedom. The settings are e, = 107°, g, = 107},
n = 4, Nyin = 36 and the GMRES relative accuracy is 1078, It is
apparent that storage memory, assembly time and solution time vary almost
linearly with respect to the number of degrees of freedom, thus providing
considerable savings for large systems in comparison to direct solvers.
Such considerations apply to all the considered materials, highlighting
the versatility of the technique and the positive independence from the
degree of anisotropy. This aspect is particularly appealing as anisotropic
problems are usually quite time-consuming. The presented results also
compare well with those computed using the pure isotropic scheme
reported in the previous sections, thus confirming the robustness of the
approach.

Figures 5.15 and 5.16 depict the assembly times and solution times
at varying degrees of freedom for the three different materials. Only the
assembly time shows a slight sensitivity to the material, while the solution
time appears to be quite insensitive to it.
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Fig. 5.15. Comparison between standard and Hierarchical DBEM assembly times.
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Fig. 5.16. Comparison between standard and Hierarchical DBEM solution times.

5.5. Conclusions

In this chapter, recent developments in the fast solution of BEM and
DBEM systems of equations have been presented. The development of a fast
hierarchical DBEM has been described and applications to both isotropic
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and anisotropic 3-D crack problems have been presented. The method was
shown to be very effective and reliable in terms of accuracy. Moreover, it
allows a considerable reduction in both the amount of memory needed for
storing the system coefficients and the time required for the system solution.
In particular, it has been shown that both storage memory and solution
time vary almost linearly with respect to the number of degrees of freedom,
thus providing considerable savings for large systems in comparison to
direct solvers. Such considerations apply to both isotropic and anisotropic
problems as the study demonstrated negligible sensitivity with respect to
the degree of anisotropy. The results show that hierarchical matrices are
particularly suitable for crack problems. This is because cracks are normally
isolated surfaces which are far from most of the remaining boundary, hence
they correspond to large low rank blocks. As demonstrated, this allows one
to increase the number of elements on the crack surfaces with only modest
increases in storage memory and solution time.

Appendix A. Fundamental Solutions

For isotropic problems, the fundamental solution kernels U;;, Tj;, Usji and
T;;1. are given by the Kelvin displacements and tractions and a combination
of their derivatives as follows

1
1 or
Tij(zo, ) = —m{[(l = 20)0ij + 3rr ] o
—(1-=2v)(rn; — rvjn,’)} (A.2)
1
Uijk(wo, m) = m[(l — QV)((SUT’;C + 5ikr,j — 6jkr,i> + 37“@‘7“,]‘7“,]{;]
(A.3)
" or
Tijk(xo, ) = Trd — o) 38_11[(1 = 20)0457

+v(0ikrj + Okrs) — v v k] + 3v(ngr vk 4+ ngrr k)

+ (1 — 21/)(371]@1"’7;7',]' + njéz-k + niéjk) — (1 — 4V)le(sij}
(A.4)
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where n; are the components of the outward normal at the point & and the
the following relations hold

Tk =2k — 20k (A5)
r=|z—zo| = (re i)'/ (A.6)
or T
= —_— = — A.
"k Oy, r (AT)

For the general 3-D anisotropic elasticity problem, no closed form
fundamental solutions are available and fundamental solution kernels Uj;,
Ti;, Usjr and Tjj, are numerically obtained from the Green’s function for
general anisotropic domains.5° For the special case of transversely isotropic
materials, the fundamental solution kernels can be expressed in analytic
form as reported by Pan and Chou®! and Ariza and Dominguez.?°

Different techniques for such numerical evaluation have been presented
by various authors. Vogel and Rizzo%? derived and applied the integral
representation of the static fundamental solution for a general anisotropic
three-dimensional continuum. Following that, Wilson and Cruse®® proposed
an efficient numerical implementation to speed up the BEM solution of 3-D
anisotropic problems. Since these pioneering works, much research has been
focused on the derivation of fundamental solutions for three-dimensional
anisotropic elasticity. Indeed, the lack of closed form fundamental
solutions has hindered the use of the method in anisotropic applications.
BEM approaches for general anisotropic problems have been developed
using either the integral expression of the fundamental solution59-62764
or its explicit approximate expressions.’® %0 While the former are
computationally expensive, the latter involve tedious calculations of the
kernels’ derivatives. For such reasons, the BEM for the analysis of three-
dimensional anisotropic structures has been quite slow and difficult to
implement with respect to isotropic formulations.

The technique used in this chapter is based on the scheme proposed
by Wilson and Cruse®® and is briefly reviewed in the following.%° Let b be
a unit vector having the same direction as that of the line connecting the
collocation point &g with the integration point x. The anisotropic Green
function can be written as

1 2
= — MY (p)d A.
G J Sm2r /0 iJ ((70) P ( 8)

where r is the distance between the observed and source points, and the
integration is performed on the plane perpendicular to b. The integrand
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function Migl is composed of the inverse of the matrix defined by
M;j = Cipjqzpzq (A.9)

where Cjpjq are the components of the stiffness tensor and z; are the
components of a unit vector representative of the vectors that lie on the
integration plane (perpendicular to b). Such components are expressed
in terms of the anomaly . It is worth noting that the Green’s function
comprises a singular part depending only on r; and a finite part which
depends on the material properties and the direction xg.

To evaluate the boundary integral equation (BIE) kernels of the DBEM,
the derivatives of the Green’s function are also needed. They are given by

0G; I _
p
0*Gj 1

" —1
dwpdu,  Am?r? /0 [2bpbq M~ = 2(2pby + 2qbq) Fij + 2pzg Aigldp

(A.11)

where, once again, the integration is performed on a plane perpendicular
to b and

Fyj = ConnpgM; M (2nbg + 2qbn) (A.12)
Aij = Crnpq[(2nbg + qun)(FimM;:jl + M, Fypj) — 2M12M;jlban]
(A.13)

Also for the Green’s function derivatives the same considerations as those
for the Green’s function hold. In particular, such functions are comprised
of a singular part and a finite part depending on material properties.

Once the general anisotropic Green’s function and its derivatives have
been introduced, the DBEM kernels are given by

oG oG
Uijk = —Cljpg (—ax:’“ + axik) (A.16)
0%G 0%G
Ti' = —Uij mn P 4 Al
gk Cigpg Cie <8xq8mn * 8xp8xn> M (A17)
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Appendix B. Numerical Scheme

The discrete boundary element model is built starting from the equations
(5.1-5.3) and sub-dividing the external boundary and the crack surfaces
into a set of boundary elements over which the displacements and the
tractions, as well as the geometry, are expressed by means of suitable shape
functions and nodal values.??

Care must be taken in the choice of suitable boundary elements, in
order to fulfil the conditions for the existence of the singular integrals.
In particular, the existence of Cauchy and Hadamard principal values
requires Holder continuity of the displacements and their derivatives at
the collocation points. Such restrictions can be satisfied through the use
of special boundary elements. In this work, the same modelling strategy
as that adopted by Mi and Aliabadi*®46 is used. The continuity of the
displacement derivatives, which is the stronger constraint required for
the existence of the integrals in the traction equation, is guaranteed by
using discontinuous eight-node quadratic elements for the modelling of
both the crack surfaces. The boundary, on which only the displacement
equation is collocated, is modelled by using continuous eight-node quadratic
elements. Semi-discontinuous eight-noded elements are used to model those
portions of the external boundary intersecting the crack surfaces when
the crack reaches the external boundary. Further information on slightly
different discretization procedures can be found in the works of Cisilino
and Aliabadi.”® ™!

The isotropic kernels are integrated following the procedures used in
the aforementioned references. For anisotropic kernels, the integrals are
computed by using standard Gauss quadrature for regular elements and
accounting for suitable integration schemes to improve the accuracy of
nearly singular integrals.®® Strongly and hypersingular kernels must be
computed as finite part integrals (Cauchy and Hadamard principal values).
In this work, a technique based on polar coordinate transformations®® and
277 i employed to compute both strongly
singular and hypersingular integrals.

The computation of the integrals involved in the BIE requires the
evaluation of the fundamental solution kernels at the integration points.

Kutt’s numerical quadrature”

The form of the general anisotropic Green’s function and its derivatives
suggests an efficient method to speed up their computation.6%:63 The
modulation functions pertaining to the Green’s function and its derivatives
are regular and can be easily computed through standard schemes. They
can be calculated in advance for different directions of the unit vector b and
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the results can be stored in a database. When a particular couple of source

and observed points are considered, the direction of the corresponding unit

vector b is determined and the related value of the modulation functions

can be computed by interpolation from the stored database. The Green’s

function and its derivatives are then given by the product of the modulation

functions by the inverse powers of the source/observed point distance.
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This chapter presents a meshless method based on the local Petrov-Galerkin
weak-form for static and dynamic analyses of orthotropic thick plates and
shallow shells. The analyzed planar domain of the considered plate/shell is
divided into circular sub-domains. The nodal points are randomly distributed
over the analyzed domain. Each node is the center of a circular sub-domain
surrounding this node. For dynamic problems, the Laplace-transform technique
is applied. A unit test function is used in the local weak-form of the governing
equations for the transformed quantities. Applying the Gauss divergence
theorem to the weak-form, local boundary-domain integral equations are
derived. A meshless approximation based on the Moving Least-Squares (MLS)
method is utilized. An inverse Laplace-transform method is employed to obtain
time-dependent solutions.

6.1. Introduction

In recent years the demand for construction of huge and lightweight plate
and shell structures has been increasing. To minimize the weight of spatial
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structures a layered profile of the plate and shell is utilized frequently.
In such a case a delaminating of individual layers may occur due to a
jump change of the material properties and subsequently physical fields
t00. To remove this phenomenon the functionally graded materials (FGMs)
can be utilized.!'? FGMs are multi-phase materials with a pre-determined
property profile, where the phase volume fractions are varying gradually
in space. This results in continuously nonhomogenous material properties
at the macroscopic structural scale. Often, these spatial gradients in the
material behavior render FGMs as superior to conventional composites
because of their continuously graded structures and properties. FGMs
may exhibit isotropic or anisotropic material properties, depending on the
processing technique and the practical engineering requirements. Due to
the high mathematical complexity of the boundary or initial-boundary
value problems, analytical approaches for FGMs are restricted to simple
geometry and boundary conditions. It is well known that the classical thin
plate theory of Kirchhoff gives rise to certain non-physical simplifications
mainly related to the omission of the shear deformation and the rotary
inertia, which become more significant for plates with increasing their
thickness. The choice of an appropriate mathematical model together with a
consistent computational method is important for such a kind of structures.
Previous research results showed that the transverse shear effects are more
significant for orthotropic plates and shells than for isotropic ones due to
a high ratio of in-plane Young’s modulus to transverse shear modulus.?*
The effects of shear deformation and rotary inertia are taken into account
in the Reissner-Mindlin plate bending theory.>® The Reissner-Mindlin
theory reduces the original three-dimensional (3-D) thick plate and shell
problem to a two-dimensional (2-D) problem. Governing equations for thick
orthotropic plates and shells are quite complicated.

Most significant advances in spatial structures have been made using
the finite element method (FEM). Elimination of shear locking in thin
walled structures by FEM is difficult and techniques developed are less
accurate. It is well known that standard displacement-based type shell
element is too stiff and thus suffers from locking phenomena. Locking
problem arises due to inconsistencies in discrete representation of the
transverse shear energy and membrane energy.” Much effort has been
devoted to deriving shell elements which account for the out-of-plane
shear deformation in thick shells that are free from locking in the thin
shell limit. In view of the increasing reliability on the use of computer
modelling to replace or reduce experimental works in the context of a virtual
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testing, it is therefore imperative that alternative computer-based methods
are developed to allow for independent verification of the finite element
solutions. Recently, Arciniega and Reddy® consistently derived shell model
using absolute tensor notation for a nonlinear analysis of shell structures.

The boundary element method (BEM) has emerged as an alternative
numerical method to solve plate and shell problems. The first application of
the boundary integral equation method to Reissner’s plate model was given
by Van der Ween.”? Dynamic analysis of elastic Reissner-Mindlin plates has
been performed by the direct BEM in the frequency domain.'® All previous
BEM applications are dealing with isotropic Reissner-Mindlin plates. Wang
and Huang? were the first who applied BEM to orthotropic thick plates.
A review on early applications of BEM to shells is given by Beskos.!! The
first application of BEM to shells is given by Newton and Tottenham,!?
where they presented a method based on the decomposition of the fourth-
order governing equation into a set of the second-order ones. Lu and
Huang!?® derived a direct BEM formulation for shallow shells involving
shear deformation. For elastodynamic shell problems it is appropriate to
use the weighted residual method with the static fundamental solution
as a test function.'®'® Dirgantara and Aliabadi'® applied the domain-
boundary element method for shear deformable shells under a static load.
They used a test function corresponding to the thick plate bending problem.
Lin and Long!'” used this method for geometrically non-linear analysis of
shallow shells. All previous BEM applications are dealing with isotropic
shallow shells. Only Wang and Schweizerhof*'® applied a boundary integral
equation method for moderately thick laminated orthotropic shallow shells.
They used the static fundamental solution corresponding to a shear
deformable orthotropic shell and applied it for free vibration analysis of
thick shallow shells. The fundamental solution for a thick orthotropic shell
under a dynamic load is not available according to the best of the author’s
knowledge.

Meshless approaches for problems of continuum mechanics have
attracted much attention during the past decade.!?-2? In spite of the great
success of the FEM and the BEM as accurate and effective numerical tools
for the solution of boundary value problems with complex domains, there
is still a growing interest in developing new advanced numerical methods.
Elimination of shear locking in thin walled structures by standard FEM
is difficult and techniques developed are not accurate. However, the FEM
based on the mixed approximations with the reduced integration performs
quite well. Meshless methods with continuous approximation of stresses are
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more convenient for such kinds of structures.?! In recent years, meshfree
or meshless formulations are becoming to be popular due to their high
adaptivity and low costs to prepare input data for numerical analyses.
Many of meshless methods are derived from a weak-form formulation on
global domain or a set of local sub-domains. In the global formulation
background cells are required for the integration of the weak-form. It should
be noticed that integration is performed only on those background cells
with a nonzero shape function. In methods based on local weak-form
formulation no cells are required. The first application of a meshless method
to plate/shell problems was given by Krysl and Belytschko,???® where
they applied the element-free Galerkin method. The moving least-square
(MLS) approximation yieldsC' continuity which satisfies the Kirchhoff
hypotheses. The continuity of the MLS approximation is given by the
minimum between the continuity of the basis functions and that of the
weight function. So continuity can be tuned to a desired value. Their
results showed excellent convergence, however, their formulation is not
applicable to shear deformable plate/shell problems. Recently, Noguchi
et al?* used a mapping technique to transform the curved surface into
flat two-dimensional space. Then, the element-free Galerkin method can be
applied also to thick plates or shells including the shear deformation effects.
The reproducing kernel particle method (RKPM)? has been successfully
applied for large deformations of thin isotropic shells.2%

The meshless local Petrov-Galerkin (MLPG) method?® is a
fundamental base for the derivation of many meshless formulations, since
the trial and test functions can be chosen from different functional spaces.
The method has been successfully applied also to plate problems.?” 30
In the present chapter a meshless method based on the local Petrov-
Galerkin weak-form is applied to static and dynamic problems for
orthotropic thick plates and shallow shells. The nodal points are randomly
distributed over the plane domain of the considered plate/shell. Each node
is the center of a circle surrounding this node. The Laplace-transform
technique is applied to the set of governing differential equations for
elastodynamic Reissner bending theory. A unit test function is used in the
local weak-form of the governing equations for transformed fields. Applying
the Gauss divergence theorem to the weak-form, the local boundary-domain
integral equations are derived. The numerical integration of the domain
integrals arising from the inertial term and the initial values on a simple
domain does not give rise to difficulties if the meshless approximation
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based on the Moving Least-Squares (MLS) method is utilized. The
quasi-static boundary value problems must be solved for several values of
the Laplace-transform parameter selected for each considered time instant.
The Stehfest’s inversion method3! is employed to obtain the time-dependent
solution.

6.2. The MLS Approximation

In general, a meshless method uses a local interpolation to represent the
trial function with the values (or the fictitious values) of the unknown
variable at some randomly spread nodes. The moving least squares
approximation may be considered as one of such schemes, and is used in the
current work. Consider a sub-domain €2, the neighborhood of a point « and
denoted as the domain of definition of the MLS approximation for the trial
function at X, which is located in the problem domain §2. To approximate
the distribution of the function v in 2, over a number of randomly located
nodes {x%}, a = 1,2,...,n, the MLS approximant u”(x) of u, Vx € €,
can be defined by

u"(x) = pT (x)a(x) Vx € Q,, (6.1)
where p?(x) = [p(x),p?(x),...,p™(x)] is a complete monomial basis of
order m; and a(x) is a vector containing coefficients a’(x), j = 1,2,...,m

which are functions of the space co-ordinates x = [x1, z2, 73]7. For example,
for a 2-D problem

p’(x) = [1,21,22], linear basis m = 3 (6.2a)

p?(x) = [1, 21, 22, (x1)?, T122, (x2)?], quadratic basism =6  (6.2b)

The coefficient vector a(x) is determined by minimizing a weighted
discrete Lo norm, defined as

Jx) = 3 v x)p” (x)alx) — @), (6.3)
a=1

where v%(x) is the weight function associated with the node a, with
v%(x) > 0. Recall that n is the number of nodes in 2, for which the weight
functions v%(x) > 0 and 4% are the fictitious nodal values, and not the
nodal values of the unknown trial function u"(x) in general (see Fig. 6.1
for simple one dimensional case for the distinction between u; and ;). The
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i boundary node

T 2 : X

X X X

Fig. 6.1. The moving least-square approximation.

stationarity of J in Eq. (6.3) with respect to a(x) leads to the following
linear relation between a(x) and a

A(x)a(x) = B(x)u, (6.4)

where

B(x) = [0 (x)p(x'),v*(x)p(x?),...,v" (x)p(x")]. (6.5)

The MLS approximation is well defined only when the matrix A in Eq. (6.4)
is non-singular. A necessary condition to be satisfied that requirement is
that at least m weight functions are non-zero (i.e. n > m) for each sample
point x € © and that the nodes in 2, will not be arranged in a special
pattern such as on a straight line.

Solving for a(x) from Eq. (6.4) and substituting it into Eq. (6.1) give
a relation

u'(x) = @7 (x) 0= ¢"(x)a% 0% # u(x*) Ad® #u"(x?),  (6.6)
a=1

where
®"(x) = p" (x) A" (x)B(x). (6.7)

¢*(x) is usually called the shape function of the MLS approximation
corresponding to the nodal point x*. From Egs. (6.5) and (6.7), it may
be seen that ¢(x) = 0 when v*(x) = 0. In practical applications, v*(x) is
generally chosen such that it is non-zero over the support of nodal points
x®. The support of the nodal point x® is usually taken to be circle of radius
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:L‘S
subdomain Q=0

local boundary 0Q'=0Q,

support of node X' ° Q o

Fig. 6.2. Local boundaries for weak formulation, the domain €, for MLS
approximation, and support area of weight function around node x.

r® centered at x* (see Fig. 6.2). This radius is an important parameter
of the MLS approximation because it determines the range of interaction
(coupling) between degrees of freedom defined at nodes.

Both the Gaussian and spline weight functions with compact supports
can be considered in a numerical analysis. The Gaussian weight function
can be written as

Vo(x) = {exp[—(d“/ca)2] —exp[—(r*/c®)?] 0<d*<r?
0 d*>r® ’

where d* = |x — x%|; ¢* is a constant controlling the shape of the weight
function v* and r? is the size of support. The size of support r* should be
large enough to have a sufficient number of nodes covered in the domain of
definition to ensure the regularity of matrix A.

A 4th-order spline-type weight function

e\ a*\*® d*\* Y
v (x) = 1_6(77) +8(r_a) _3<r_a> o O=di=rt g

G.>,r(l

) — )

is more convenient for modelling since the C'-continuity of the weight
function is ensured over the entire domain. Then, the continuity condition
of the bending moments, the shear forces and the normal forces is satisfied.
The partial derivatives of the MLS shape functions are obtained as'?
m
% =D (AT B) +p/(AT' B+ AL'BY, (6.10)

j=1
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wherein A_k1 = (A™1) 1, represents the derivative of the inverse of A with
respect to xx, given by

A =—-ATAGATL

6.3. Analyses of Orthotropic FGM Plates Under
Mechanical and Thermal Load

Consider an elastic orthotropic plate of constant thickness h, with the mean
surface occupying the domain 2 in the plane (21, z2). The Reissner—Mindlin
plate bending theory®® is used to describe the plate deformation. The
transverse shear strains are represented as constant throughout the plate
thickness and some correction coefficients are required for computation of
transverse shear forces in that theory. Then, the spatial displacement field,
expressed in terms of displacement components ui, us, and ugz, has the
following form?>?

ur(x,t) = 3wy (x,t), ua(x,t) = wswa(x,t), wus(x,t)=ws(x,t),
(6.11)
where w, and ws represent the rotations around the x,-direction and
the out-of-plane deflection, respectively (Fig. 6.3). The linear strains are
given by

(6.12)

Fig. 6.3. Sign convention of bending moments and forces for FGM plate.
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Both mechanical and thermal loads are analyzed simultaneously.
For a pure mechanical load it is sufficient to state vanishing value
of the temperature difference in the constitutive equation. Since
uncoupled thermoelasticity is considered here, the thermal field is not
influenced by deformations. Then, the temperature distribution can be
analyzed separately. The computational method to solve heat conduction
equations in plates is given at the end of this paragraph.

6.3.1. Meshless local integral equations
for a Reissner—Mindlin plate

In the case of orthotropic materials, the relation between the stress o;;
and the strain ¢;; when temperature ¢ changes are considered, is governed
by the well known Duhamel-Neumann constitutive equations for the stress
tensor

0ij (%, 1) = cijrien (X, 1) — vi;0(x, x3,1), (6.13)

where c¢;;,; are the material stiffness coefficients. The stress-temperature
modulus can be expressed through the stiffness coefficients and the
coeflicients of linear thermal expansion ay;

Vij = CijklOki- (6.14)

For plane problems the constitutive equation (6.13) is frequently written in
terms of the second-order tensor of elastic constants.>® The constitutive
equation for orthotropic materials and plane stress problem has the
following form

o11 €11 Y11
099 €22 22
o12| = G(X) 2¢12 — | O G(X, x?nt)’ (6'15)
013 2e13 0
0923 2e93 0
where
El/e E1V21/€ 0 O 0
E2V12/€ E2/€ 0 0 0
G(x) = 0 0 G1a 0 0 with e = 1 — v1o191,

0 0 0 Gi3 0
0 0 0 0 Gas
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-0.5 -0.3 -0.1 0.1 0.3 0.5

z/h

Fig. 6.4. Variation of volume fraction over the plate thickness, for linear and quadratic
power-law index.

E,, are the Young’s moduli refering to the axes z,, o = 1,2, G123, G13 and
Ga3 are shear moduli, v,5 are Poisson’s ratios.

Next, we assume that the material properties are graded along the plate
thickness, and we represent the profile for volume fraction variation by

1 n
P(ai‘g) =P+ (Pt - Pb)V with V = <% + 5) s (616)

where P denotes a generic property like modulus, P, and P, denote the
property of the top and bottom faces of the plate, respectively, and n is a
parameter that dictates the material variation profile (Fig. 6.4). Poisson’s
ratios are assumed to be uniform.

The bending moments M,g and the shear forces ), are defined as

M h/2 |01 0 h/2rg
M22 = / 0922 .133dl‘3 and |: 1:| = Ii/ |: 13:| dﬂjg, (617)
My h/2 Q2 —n/2 [023

012

where kK = 5/6 in the Reissner plate theory.

Substituting Eqgs. (6.15) and (6.12) into moment and force resultants
(6.17) allows the expression of the bending moments M,z and shear forces
Qq for a, B = 1,2, in terms of rotations, lateral displacements of the
orthotropic plate and temperature. In the case of considered continuous
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gradation of material properties through the plate thickness, one obtains
Map = Dap(Wa,s + wp.a) + Capwyy — Hap
Qoz = Ca(wa + w3,a>, (618)

where
h/2
Hoc,B = / ngyage(x,xg,t)dxg.
—h/2

In Eq. (6.18), repeated indices «,  do not imply summation, and the
material parameters D,g and C,g are given as

~ 13
Dy = %(1 —o1), Day= %(1 —1v12), Dig= Doy = G1122h )
C11 = Dyvay, Ca2 = Daovia, C12 = Co1 =0,
E.h? _
o« = 5. Dy = Dava, Cy = khGasz, (6.19)
where
Eo = Eop, n=>0
E, = (Eab + Eat)/2, n=1,
(3Eap +2Eq)/5, n =2
G2t = G, n=0
Gi2 = { (Giay + Gi21) /2, n=1,

(3G12b +2G12t)/5, n=2

Gast = Gasp, n=0
Gaz = { (Gaszp + Gazt)/2, n=1,
(2Ga3b + Ga3t)/37 n=2
with the same meaning of subscripts b and ¢ as in Eq. (6.16).

For a general variation of material properties through the plate
thickness

h/2 1— h/2 1—
Dy =/ 23 F (w3) P g, D22=/ AINERY 6V12d$3’

—h)2 e —h/2
h/2 h/2 Va1
Dis =/ 23Gha(23)dxs, Ci :/ w3 By (v3) —das,
—h/2 —h/2 e
h/2 Vs h/2
Cyy = / x%EQ(ng’)—dl‘g, Co=kK GaS(xB)dl‘?)-
_h/2 e —h/2
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Using the Reissner’s linear theory of thick plates,* the equations of
motion may be written as

ph® ..
Maﬁﬁ(X? t) - Qa(xv t) = ﬁwa(xv t)»
Qa,o(x,t) + g3(x,t) = phws(x,t), x€Q, (6.20)

where p is the mass density, and throughout the paper the Greek indices
vary from 1 to 2. The plate is subjected to a transverse dynamic load
g3(x,t). The dots over a quantity indicate differentiations with respect to
time ¢.

To eliminate the time variable ¢ in the governing equations (6.20), the
Laplace-transform is applied

LU@Jﬂ:f&J%:AWf@Jk”%t

Then, one obtains

_ _ ph3 5 B
Mag,5(x,5) = Qa(x, 5) = T5-5"Wa (%, 5) = Ra(x,5),  (6.21)
Qaa(x,5) = phs®ws(x,s) — Ry(x, s), (6.22)

where s is the Laplace-transform parameter, while R, and Rs are given by

_ 3

Ra(,) = 2 fswa 60) + ()

R3(x,s) = g3(x, 8) + phsws(x) + phiz(x),

with wq (x), w3(x), We(x) and w3 (x) being the initial values and the initial
velocities of the generalized displacement field.

Instead of writing the global weak-form for the above governing
equations, the MLPG methods construct the weak-form over local sub-
domains such as {25, which is a small region taken for each node inside the
global domain.?® The local sub-domains overlap each other and cover the
whole global domain Q (Fig. 6.2). The local sub-domains could be of any
geometrical shape and size. In the current paper, the local sub-domains
are taken to be of circular shapes. The local weak-form of the governing
equations (6.21) and (6.22) for x* € Q% can be written as

3 —

/‘ {Ma@g(x, 5) — Qa(x,5) — %SQEQ(X, $) + Ra(x,8)

X W, (x)dQ = 0, (6.23)

s
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/i [Qua(x,8) — phs?ws(x, s) + Rs(x, s)Jws (x)dQ = 0, (6.24)

where wj, 5(x) and w*(x) are weight or test functions.
Applying the Gauss divergence theorem to Egs. (6.23) and (6.24), one
obtains

Ma(x,s)wzv(x)de/ Mg (x, s)w}h, 5(x)dQ
01 P

—/Q Qu(x, s)w}, (x)d — / %SQwa(x s)wy., (x)d$2

+/Q Ra(x, s)w}, (x)dQ2 = 0, (6.25)

Qa(x, 8)ne (x)w* (x)dl — Qu(x, s)w’, (x)d

lo Qi

- / phss(x, s)w* (x)dQ + o Rs(x, s)w*(x)dQ2 =0, (6.26)

where 99 is the boundary of the local sub-domain and
My (x,8) = Mug(x,8)nz(x)

is the Laplace-transform of the normal bending moment and n, is the
unit outward normal vector to the boundary 9Q%. The local weak-forms
(6.25) and (6.26) are the starting point for deriving local boundary integral
equations on the basis of appropriate test functions. Unit step functions are
chosen for the test functions w}5(x) and w*(x) in each sub-domain

’LU* (X) _ 50@/ at x € (Qs @] 895)
=10 at x¢ (QU00)

w*(x):{l at x € (QsUIQ)

0 at x¢ (2 U090, (6.27)

Then, the local weak-forms (6.25) and (6.26) are transformed into the
following local boundary integral equations

_ _ h3
My (x,8)dl" — [ Qa(x,s)dQ — / PL 25, (x, 5)d0
o0t Qi i 12

+/ Ra(x,8)dY =0, (6.28)

s
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/ Qa(x,s)na(x)df—/ phs?is(x, s)dS
o0 Qi

+ [ Rs(x,s)dQ=0. (6.29)
Qf

In the above local integral equations, the trial functions w4 (x, s), related
to rotations, and w3(x, s), related to deflections, are chosen as the moving
least-squares (MLS) approximations over a number of nodes randomly
spread within the domain of influence.

According to Sec. 2, one can write the approximation formula for the
generalized displacements (two rotations and deflection)

whix,s) = &7 (x)-w qua w( (6.30)

Substituting the approximation (6.30) into the definition of the normal
bending (6.17), one obtains for M(x, s) = [M;(x, s), Ma2(x, s)]T

5) = N1 > BI(x)w e (s) + Na 3 Bi(x)w™(s) — H(x, s)

ZB“ — H(x,s), (6.31)

where the vector w*?(s) is defined as a column vector w*?(s) =
[0¢ (s), w3 (s)]T, the vector H(x, s) = [Hi1n1, Haane]T, the matrices N, (x)
are related to the normal vector n(x) on 99 by

Nl(x)—n1 0 n2] and Na(x) = {CH OHnl ”1],

ng Ny 0 Ca N2

and the matrices B? are represented by the gradients of the shape
functions as
2D1199 0 "
a a a ¢71 0
Bi(x) = 0 2D20¢% |, Bj(x) = 0 69|
D1s¢%  Disgy ?

The influence on the material gradation is incorporated in Cog and Dqg
defined in Eq. (1.19).
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Similarly one can obtain the approximation for the shear forces

n

Q(x,8) = C) S oW (s) + FU0ag (), (6.32)
where Q(x, s) = [Q1(x, 5), Q2(x, 5)]T and
Gix) 0 afx) — |20
CO=10 ) T Lb?j‘

Then, insertion of the MLS-discretized force fields (6.31) and (6.32) into the
local boundary integral equations (6.28) and (6.29) yields the discretized
local integral equations (LIEs)

> l /L L N, (x)B (x)dl’

a=1 sw

- / (C(x) +E@52) % (x)dQ

s

- ng(s)/i C(x)Fa(x)dQ:/Lv  H(x,s)dl

a=1 s Vi

W*CL(S)

- / M(x,s)dl — | R(x,s)d, (6.33)
T

i
s M s

in which
1 0 C 0
E= <0 1) s Cn(X) = (nl,nz) ( 01 02) = (Olnl,CQnQ).

Equations (6.33) and (6.34) are considered on the sub-domains adjacent
to the interior nodes x’ as well as to the boundary nodes on I'%;,. For
the source point x’ located on the global boundary I' the boundary of
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the sub-domain 9% is decomposed into L? and I'%,, (part of the global
boundary with prescribed bending moment) according to Fig. 6.2.

It should be noted here that there are neither Lagrange multipliers
nor penalty parameters introduced into the local weak forms (6.23) and
(6.24) because the essential boundary conditions on ', (part of the global
boundary with prescribed rotations or displacements) can be imposed
directly, using the interpolation approximation (6.30)

n
Z P (x)W(s) = w(x',s) forx' eTi_, (6.35)
a=1
where w(x’,s) is the Laplace-transform of the generalized displacement
vector prescribed on the boundary I'? . For a clamped plate all three vector
components (rotations and deflection) are vanishing on the fixed edge, and
Eq. (6.35) is used at all the boundary nodes in such a case. However, for
a simply supported plate only the third component of the displacement
vector (deflection) is prescribed, while the rotations are unknown. Then, the
entire equation (6.33) and the third component of Eq. (6.35) are applied
to the nodes lying on the global boundary. On those parts of the global
boundary where no displacement boundary conditions are prescribed both
local integral equations (6.33) and (6.34) are applied.

The time-dependent values of rotations, displacements, moments, and
shear forces are obtained from the corresponding Laplace-transformed
quantities by performing inverse transform. Thereby, great attention is paid
to the numerical inversion of the Laplace-transform, since it is an ill-posed
problem, in general, and small truncation errors can be greatly magnified
in the inversion process with yielding poor numerical results. In the present
analysis, the sophisticated Stehfest’s algorithm?! is used for the numerical
inversion. If f(s) is the Laplace-transform of f(¢), an approximate value f,
of f(t) for a specific time ¢ is given by

N
=125 uf (B2)). (6.36)

i=1
where
min(i,N/2) N/2
. EN/2(2k)!
ve= (DM (N/2 — k)E(k — 1()1(2 = (637
k=[(i+1)/2] o ’ ’ '
In numerical analyses, we have considered N = 10 for single precision

arithmetic. It means that for each time ¢ it is needed to solve N boundary
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value problems for the corresponding Laplace-transform parameters
s=14In2/t, with ¢« = 1,2,...,N. If M denotes the number of the time
instants in which we are interested to know f(t), the number of the Laplace-
transform solutions f(s;) is then M x N.

6.3.2. Meshless local integral equations for heat conduction
problems in plates

Consider a boundary value problem for the heat conduction problem in a
continuously nonhomogeneous anisotropic medium, which is described by
the governing equation:

P55 (6. 0) = iy (210,506, 00 + QU ), (6:39)
where 6(x,t) is the temperature field, Q(x,t) is the density of body heat
sources, k;; is the thermal conductivity tensor, p(x) is the mass density and
¢(x) the specific heat.

Let the analyzed plate is denoted by 2 with the top and bottom surfaces
St and S, respectively. Arbitrary temperature or heat flux boundary
conditions can be prescribed on all considered surfaces. The initial condition
is assumed

Q(X, t)‘t:() = H(X, 0)

in the analyzed domain €.

The above stated problem has been recently solved by Qian and Batra?®
by an approximate computational technique. The temperature field is
expanded in the plate thickness direction by using Legendre polynomials as
basis functions. The original 3-D problem is transformed into a set of 2-D
problems there. In the present paper, a more general 3-D analysis based on
the MLPG method is applied. The MLS approximation is used here. The
approximations described in Sec. 2 for 2-D problems are still valid with
only modification of basis polynomials as

p’(x) = [1,21, 22, x3], linear basis m = 4,
P’ (x) = [1, 21,22, 23,21, 23, 23, 21202, Ta3, 321,

quatratic basis m = 10. (6.39)

Applying the Laplace transformation to the governing Eq. (6.38), one
obtains

[Fij (X)é’j (x,9)]: — p(x)c(x)s0(x, s) = —F(x,s), (6.40)
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where
F(Xa S) = Q(Xv S) + G(X, 0)

is the redefined body heat source in the Laplace-transform domain with
initial boundary condition for temperature and s is the Laplace-transform
parameter.

Again the weak form is constructed over local sub-domains Qg, which
is a small sphere taken for each node inside the global domain. The local
weak form of the governing Eq. (6.39) for x* € Q% can be written as

/Qa [(kij (x)0,5(x, 8)) 1 — p(x)c(x)s0(x, s) + F(x,s)] 0*(x)dQ2 =0, (6.41)

where 0*(x) is a weight (test) function.
Applying the Gauss divergence theorem to Eq. (6.41) we obtain
/ q(x,8)0* (x)dl’ — / ki (x)é,j (x, s)9§(x)dQ
Qs Qa
- / p(x)c(x)s0(x, 5)0* (x)d2 —l—/ F(x,3)0*(x)dQ =0, (6.42)

Qg

where 0€2¢ is the boundary of the local sub-domain and
q(x, s) = ki (x)0 ;(x, s)n(x).

The local weak form (6.42) is a starting point to derive local boundary
integral equations providing an appropriate test function selection. If a
Heaviside step function is chosen as the test function 6*(x) in each sub-

0 () 1 atxe
xX) =
0 atx¢Q?

domain

the local weak form (6.42) is transformed into the following simple local
boundary integral equation

/(mg q(x, s)dl’ — /Qg p(x)e(x)sl(x, $)d = — /Qg F(x,s)dS. (6.43)

Equation (6.43) is recognized as the flow balance condition of the sub-
domain. In stationary case there is no domain integration involved in the
left hand side of this local boundary integral equation. If an assumption of
zero body heat sources is made, a pure boundary integral formulation will
be obtained.
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The MLS is used for approximation of the heat flux g(x, s)
q"(x,8) = kigni y_ ¢%(x)0% ().
a=1

Substituting the MLS-approximations into the local integral Eq. (6.43) the
system of algebraic equations is obtained

Z (/Ls-s-rsp n° KP%(x)dl' — /QS pcsgf)“(x)df) 0%(s)

a=1

_ /F G(x, 5)dT — /Q R(x, 5)d9, (6.44)

sq s

at interior nodes as well as to the boundary nodes with prescribed heat flux
on I'yy. In Eq. (6.44), we have used the notations

kin k2 ki3 !
K= |kiz ko k|, Px)=|¢%|, n’=(ni,nzns). (6.45)
ki3 koz k33 %

The time dependent values of the transformed quantities can be obtained
by an inverse Laplace-transform. In the present analysis, the Stehfest’s
inversion algorithm3! is used.

6.4. Analyses of Orthotropic FGM Shells Under
Mechanical and Thermal Load

Consider a linear elastic orthotropic shallow shell of constant thickness h
and with its mid-surface being described by x3 = f(z1,22) in a domain Q
with the boundary contour I in the base plane 1 —x2. The shell is subjected
to a transient dynamic load ¢;(x, t). The Reissner-Mindlin bending theory3*
is used to describe the shell deformation. The total displacements of the
shell are given by the superposition of the bending deformations and the
membrane deformations. Then, the spatial displacement field u} and strains
egj caused by bending are the same as for a plate and they are given by
Egs. (6.11) and (6.12), respectively. The constitutive Eq. (6.15) is valid for
;
The membrane strains have the form?

bending stresses o;. also here.

5

1
5 (a8 + uga) + dapkapws, (6.46)

Eaﬁ: 2(
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where k. are the principal curvatures of the shell in z;- and x-directions
with the assumption k12 = ko1 = 0, and u,, are the in-plane displacements.
The summation convention is not assumed in Eq. (6.46).

Then, the membrane stresses are given as

o11 en Y11
oo | =D(x) | €22 | — |22 (21, 22,0,1), (6.47)
012 219 0

where
Ei/e Eivafe 0O
D(x) = | Eaviz/e  Exfe 0
0 0 G2

The bending moments Mg, the shear forces @), are defined by Egs. (6.17)
and the normal forces Nog by

Ni h/2 011
N22 = / 022 d.’L‘g. (648)
Ny “h/2 oy

Substituting Egs. (6.46) and (6.47) into the force resultants (6.48) yields the
expression of the normal forces Nog (o, 6 = 1,2) in terms of the deflection
and the lateral displacements of the orthotropic shell

N1 u11 Q1 011
Ny | =P U 2 + | Qa2 | w3 — |022], (6.49)
N2 U124+ U2 0 0

where
h/2
Oup = / Yapl(x, 23, t)dT3,
—h/2

[ Ej/e FEfvia/e 0
P = |Ejvis/e Ei5/e 0 |,

L O 0 12
Qu [(k11 + koovr2)EY e
Q22| = |(k11viz + ko2)ES e (6.50)

0 0
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h/2 Eat :Ea}n n =20
E; = Ea($3)d.’b3 = (Eab + Eat)/Q, n=1,
—h/2 (2Eap + Eot)/3, n =2
h/2 G2t = Giap, n=0
s = Gia(z3)drs = < (Giap + Gr2t)/2, n=1.
—h/2 (2G12v + G12¢)/3, n=2

Using the Reissner’s linear theory of shallow shells,>* the equations of
motion may be written as

h3
Mapp(x,t) — Qa(x,t) = '012 o (X, 1),

Qa,a (X7 t) - kaﬁNaﬁ (X7 t) + qs3 (Xa t) = phw?)(xv t)a
Noppg(x,t) + qu(x,t) = plia(x,t), x €. (6.51)

To eliminate the time variable ¢ in the governing equations, the Laplace-
transform is applied to Eq. (6.51). Then, one obtains

~ _ B3 _
Map5(x,8) = Qalx,5) = 5m-s?a(x,8) = Ra(x,8). (6.52)
QWX(X, ) — kagNas(x,s) = phSQﬂ)g(X, s) — R3(x, s), (6.53)
Naﬂﬁ(x7 S) = pszﬂa(xa 5) - R/a(xa 8)7 (654)

where s is the Laplace-transform parameter, and R,, R3 and R are
given by

n3

) = [Swa( )+ a(x)],

R3(x,5) = (x s) + phsws(x) + phws(x),
Ry,(%,5) = Qa(X, 8) + psuqa(x) + piia(x),

with wg(x), ue(x), Wk (x) and @ (x) representing the initial values of the
bending and the membrane displacements and their respective velocities.

Again the MLPG method constructs the weak-form over local sub-
domains €

3
I [Maﬁm, 9 = Qulx.) ~ A ma(x.9)
Q

+ Ra(x, s)] wy,, (x)d2 = 0, (6.55)



218 J. Sladek et al.

/Q [Qa.0 (X, 8) — kapNas(x, s) — phs®iwz(x, s)

i
el

+ R3(x, 8)]wj (x)dQ = 0, (6.56)

/Q N p(%, 8) — psiia(x, 8) + Rla(x, )l ()d2 = 0. (6.57)

Applying the Gauss divergence theorem to local weak forms and choosing

the test functions as a unit step function with support in the current sub-
domain, one obtains local boundary-domain integral equations

M, (%, 8)dl — Qa(x,s)d2
Q

o0
ph3 9 _ _
- —— 594 (%, 8)dQ + Ro(x,5)dQ =0, (6.58)
o 12 e
) Qa(xa S)na(x)dr - / kaﬂ(X)Naﬂ(Xas)dQ
o0 Qi
—/ ph52w3(x,s)d9+/ R3(x,s)d) =0, (6.59)
L Q4

/ To(x,s)dl — / ps%ia(x, 8)dQ + Rl (x,8)d2 = 0. (6.60)
o Q Qi

where

To(x,8) = Nag(x, s)ng(x). (6.61)

Similar to approximation of rotations and deflection, one can utilize the
approximation for the in-plane displacements as

n

u(x,5) = @7 (x) - 1(s) = Y ¢ (x)0(s). (6.62)

The bending moment and shear forces are approximated by Egs. (6.31) and
(6.32), respectively. The traction vector can be approximated similarly

T(x,s) = N1(x)P(x) Y B*(x)u**(s)
a=1

+I(x) Yo" (%) (s) — O(x, 5), (6.63)
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where the vector u*®(s) is defined as a column vector
u(s) = [@f(s), a5 (s)]",  O(x,5) = [11m1, f22mo] ",

J(x) = [Q11n1, Qa2na]”,

o1 0
B%(x) =10 ¢?2
PhH 94

We need to approximate also

ko (X) Nag(x, 5) = K(x)"P(x) Y B (x)u*(s)

a=1
- éll(x)kll (X) - 922 (X)kQQ(X)a (6-64)
where
k11
K(X) = k/’zg 5
2k12

O(x) = Qu1(x)k11(x) + Qa2 (x)k22(x).

Furthermore, in view of the MLS approximations (6.31), (6.32) and (6.63)
for the unknown fields in the local boundary-domain integral equations
(6.58)—(6.60), we obtain their discretized forms as

n

2 [/Liﬂ“éw Na (x)Bg (x)dl

a=1
/.

n

- / H(x, s)dT" — / M(x,s)dl — [ R(x,5)d2  (6.65)
Li4T, " o

3(x
(C(x) + I%yﬁ) qﬁa(x)dQ} w*(s)

i
s

/ | C(x)F“(x)dQ] W (s)
Q
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/a - Cn(x)qﬁa(x)dF] w*(s)

/ B¢ (x)df2
Qi

/ Ch(x)F*(x)dl' — [ O(x)¢" (x)d2

Rlon Qi

s

n

~K)"P(x))

a=1

u*a (S)

— phs® ¢“(X)dﬂl w3 (s)

),

[éll(x, 5)]4311 + 522()(, S)k’zg]dﬂ — / R3(X, S)dQ, (666)
Q

0 0
s s

azzl [A§+F§u N1 (x)P(x)B" (x)dI' — ps°1 o ¢ (x)dQ | u*(s)
+ az::l /QéJ(X)fba(X)dQ} @l (s)
) / O(xs)dl — |  T(es)dl — | R'(xs)d2  (6.67)
Li+Ti,, r, o

Recall that the discretized local boundary-domain integral equations
(6.65)—(6.67) are considered on the sub-domains adjacent to the interior
nodes x’ as well as to the boundary nodes on I';, and I'’ . For the source
point x located on the global boundary I' the boundary of the sub-domain
Q¢ is composed of the interior and the boundary portions L and I'. ),
respectively, or alternatively of L% and T, with the portions I'. ), and T
lying on the global boundary with prescribed bending moments or stress
vector, respectively. Equations (6.65) and (6.67) are vector equations for
the two components of rotations and in-plane displacements, respectively.
Then, the set of Eqgs. (6.65)—(6.67) represents 5 equations at each node
for five unknown components, namely, two rotations, one out-of-plane
deflection and two in-plane displacements.

It should be noted here that there are neither Lagrange-multipliers
nor penalty parameters introduced into the local weak-forms (6.55)—(6.57)
because the essential boundary conditions on 'Y, or I'Y,, can be imposed
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directly by using the MLS approximations (6.30) and (6.62)

n

Z(ba(x)\?va(s) =w(x's) forx'eT?,, (6.68)
a=1
Z¢a(x)ﬁa(s) =u(x',s) forx' el (6.69)
a=1

where w(x’, s) and 1(x’, s) are the Laplace-transforms of the generalized
displacement vector prescribed on the boundary I',, and I'?,, respectively.
The MLS approximation does not possess Kronecker-delta property in the
present form. If a singular weight function were introduced into the MLS
approximation, the Kronecker-delta property would be recovered.?” In such
a case instead of fictitious nodal values one would use the nodal values of
the generalized displacements in the approximations (6.30) and (6.62) with
assuming such nodal values being prescribed on I' | and ', ,, respectively.
For essential boundary conditions only one column in the matrix form of
Eqgs. (6.68) or (6.69) has prescribed quantities and other ones are zero. For a
clamped shell all three vector components (two rotations and one deflection)
and two components of the in-plane displacements are vanishing at the
fixed edge and only Eqgs. (6.68) and (6.69) are used at the boundary nodes
in such a case. On the other hand, for a simply supported shell only the
third component of the generalized displacement vector (i.e. the deflection)
is prescribed and the rotations are unknown. Then, equations (6.65) and
(6.67) together with Eq. (6.68) for the third vector component are applied
for a point on the global boundary. If no geometrical boundary conditions
are prescribed on the part of the boundary, all three local integral equations
(6.65)—(6.67) are applied.

6.5. Numerical Examples

In this section, numerical results are presented for plates and shells under
mechanical or thermal loads. Both stationary and transient boundary
conditions with the Heaviside time dependence are considered here. In order
to test the accuracy, the numerical results obtained by the present method
are compared with the results provided by the FEM-NASTRAN code using
a very fine mesh. Clamped and simply supported boundary conditions
are considered. In all numerical calculations, FGM plates and shells with
isotropic and orthotropic material properties are analyzed.
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6.5.1. Plates

Consider a clamped square plate with a side-length a = 0.254m and plate
thicknesses h/a = 0.05. The plate is subjected to a uniformly distributed
static load. Firstly, isotropic material properties of the FGM plate are
considered. The following material parameters on top side of the plate
are used in numerical analysis: Young’s moduli Ey; = 0.6895 - 1010 N/r1127
FE1: = FEo, Poisson’s ratios 197 = 0.3, v12 = 0.3. Linear and quadratic
variations of volume fraction V defined in equation (4) are considered here,
and Young’s moduli on the bottom side are: £y, = F1¢/2 and Eqp, = Eogp.

In our numerical calculations, 441 nodes with a regular distribution
were used for the approximation of the rotations and the deflection
(Fig. 6.5). If s is the distance of two neighboring nodes, then the radius
of the circular sub-domain is chosen as 7, = 0.4s and the radius of the
support domain for node a is r® = 4r;,.. Smaller values of the support
domain lead to lower approximation accuracy, and larger values of the
support domain prolong the computational time for the evaluation of the
shape functions. More detailed analyses on the influence of the support
domain on computational accuracy can be found in the monograph of
Atluri.??

The variation of the deflection with the x1-coordinate at zo = a/2 of
homogeneous and FGM plates are presented in Fig. 6.6.

The deflection value is normalized by the corresponding central
deflection of an isotropic plate with homogeneous material properties
identical to the ones on the top of the FGM plate. For a uniformly
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Fig. 6.5. Node distribution for numerical analyses of a clamped square plate.
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x1/a

Fig. 6.6. Isotropic clamped square plates under a uniform static load: Variation of the
deflection with the x1-coordinate at z2 = a/2 = const.

distributed load gy = 300 psi(2.07 x 10 Nm™?) we have wi™(a/2) =
8.842 - 1073 m. Since Young’s modulus on bottom side is considered to
be smaller than on the top one, deflection for FGM plate is larger than
for homogenous plate with material properties corresponding to the top
side, Fa = 0.6895 - 10'° N/m*. The numerical results are compared with
the results obtained by the FEM-ANSYS code with a fine mesh of 400
quadrilateral eight-node shell elements for a quarter of the plate. The
variation of the bending moment M, is presented in Fig. 6.7.

Here, the bending moments are normalized by the central
bending moment value corresponding to a homogeneous isotropic plate
MPP™(a/2) = 3064Nm. The variation of material properties through
the plate thickness has practically no influence on the bending moment.
Bending moments in homogeneous and FGM plates are almost the same.
Minimal differences between them are caused by numerical inaccuracies.

Next, orthotropic FGM clamped plate is analyzed. The following
material parameters are used in numerical analysis: Young’s moduli Fy; =
0.6895 - 1010 N/mz, E; = 2Ey;, Poisson’s ratios vo; = 0.15, v1o = 0.3.
The used shear moduli correspond to Young’s modulus Fs, namely, G123 =
G13 = Ga3 = E3/2(1+v12). A quadratic variation of the volume fraction V
is considered with Young’s moduli on the bottom side are: Ey, = E1¢/2 and
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Fig. 6.7. Isotropic clamped square plates under a uniform static load: Variation of the
bending moment with the zi-coordinate at z2 = a/2 = const.

E1p = 2FE9,. Variation of the deflection with the x1-coordinate at xo = a/2
of homogeneous (dashed line) and FGM (solid line) plates are presented in
Fig. 6.8.

The deflection value is normalized by the corresponding deflection at
the center of an isotropic homogeneous plate with material constants given
above and F1; = Eo;. One can observe that the deflection value is reduced
for an orthotropic plate if one of the Young’s moduli is increased. However,
the deflection value of FGM plate is larger than that of the homogeneous
plate with material properties identical to those on the top of the FGM
plate, characterized by larger Young’s moduli. Variation of the bending
moment along (z1,a/2) for an orthotropic FGM plate is presented in
Fig. 6.9. In an orthotropic plate, the absolute values of the bending moment
at the plate center and at the center of the clamped side are higher than
those occurring in an isotropic plate, for both homogeneous and FGM
plates.

A simply supported isotropic thick square plate under an impact
load with Heaviside time variation is analyzed. The used geometrical and
material parameters are the same as in the static case. For the numerical
modelling, we have used again 441 nodes with a regular distribution.
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Fig. 6.8. Orthotropic clamped square plates under a uniform static load: Variation of
the deflection with the zi-coordinate at z2 = a/2 = const.
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Fig. 6.9. Orthotropic clamped square plates under a uniform static load: Variation of
the bending moment with the zi-coordinate at 2 = a/2 = const.
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Fig. 6.10. Time variation of the deflection at the center of isotropic simply supported
square plates subjected to a suddenly applied load.

The time variation of the central deflection at 1 = x2 = a/2 for both
homogeneous and FGM plates are presented in Fig. 6.10. The deflection
value is normalized by the central deflection of a homogeneous plate under
a static load, wh°™(a/2) = 28.29 - 1073 m. The time variable is normalized
by a characteristic time®” ¢t = a?/4+/ph/D = 1.35 - 10~2s corresponding
to homogeneous plate, too. The MLPG results for a homogeneous plate are
compared with those obtained by FEM-ANSYS computer code, where 400
quadrilateral eight-node shell elements with 1000 time increments have been
used. A good agreement between both the numerical results is achieved.
A quadratic variation of the volume fraction V is considered for FGM plate
with Young’s moduli on the bottom side as: F1, = E14/2 and Ey, = Eop.
The oscillation of the plate deflection for FGM plate is moderated relatively
to a homogeneous plate with higher flexural rigidity. The absolute value of
the central deflection of FGM plate is larger than that of the homogeneous
plate.

The time variation of the central bending moment Mj; is given in
Fig. 6.11. The bending moment at the center of the plate is normalized
by the quantity corresponding to a homogeneous plate under a static
load, M™(a/2) = 6480 Nm. In this case, the amplitudes of the bending
moments for both FGM and homogeneous plates are almost the same.
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Fig. 6.11. Time variation of the bending moment at the center of isotropic simply
supported square plates subjected to a suddenly applied load.

However, in the FGM plate with smaller flexural rigidity, the peaks of the
moment amplitudes occur at later time instants.

Next, the orthotropic FGM clamped plate under a uniform impact load
with a Heaviside time dependence is analyzed. The material properties and
geometry parameters are the same as in the static case analyzed above
and mass density p = 0.25891b in~>(7.166 x 10> kgm—3). Again a quadratic
variation of the volume fraction V is considered for the FGM plate. The
time variation of the deflection at 1 = x9 = a/2 for both the isotropic
and orthotropic FGM plates are presented in Fig. 6.12. The deflections
are normalized by the static equivalent for the isotropic and homogeneous
plate, wh°™(a/2) = 8.842-10~2m. The amplitudes of the deflections for the
orthotropic plate are reduced with respect to the isotropic one, due to higher
Young’s modulus E; for the orthotropic plate. However, the oscillations are
more rapid for the orthotropic FGM plate.

The comparison of the time variations of bending moments for the
isotropic and orthotropic plates is given in Fig. 6.13. Here, the bending
moments are normalized by the bending moment at the center of the
homogeneous isotropic plate under a static load, M™(a/2) = 3064 Nm.
One can observe that the amplitudes of the bending moments in the
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orthotropic plate are larger than those in the isotropic plate. Again, more
rapid oscillations are encountered in the orthotropic plate with higher
flexural rigidity.

Next, a simply supported square plate under a thermal load is analyzed.
On the top surface of the plate a uniformly distributed temperature 6 = 1
deg is prescribed. The bottom surface is kept at vanishing temperature.
Orthotropic mechanical properties of the plate are considered with Young’s
moduli like in a mechanical load case and the thermal expansion coefficients
Q11 = gy = 1-107° deg ™.

The variation of the deflection with the x;-coordinate at x2 = a/2 of the
plate is presented in Fig. 6.14 with assuming isotropic thermal expansion
coefficients. Opposite to mechanical load case (Fig. 6.8) the deflection is
not reduced in the orthotropic plate as compared with the isotropic plate.
It is due to increasing equivalent load for orthotropic plate at the same
temperature distributions in both cases.

The variations of the bending moment M;; for orthotropic plate
are presented in Fig. 6.15. We consider orthotropic properties for
Young’s moduli and for thermal expansion coefficients either isotropic or
orthotropic. The bending moments are normalized by the central value for
an isotropic plate. One can observe that orthotropic material properties
of thermal expansion coefficient have a strong influence on the bending
moment values.
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Fig. 6.14. Influence of orthotropic material properties on the plate deflection.
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Fig. 6.15. Variation of the bending moment with the x;-coordinate for a simply
supported orthotropic square plate.

A simply supported square plate with a side-length a = 0.254m and the
plate thicknesses h/a = 0.05 is considered. On the top surface of the plate
a thermal shock § = H(t — 0) with Heaviside time variation is applied.
If the ends of the plate are thermally insulated, a uniform temperature
distribution on plate surfaces is given. The bottom surface is thermally
insulated too. In such a case the temperature distribution is given by
Carslaw and Jaeger®’

4 K (1) (2n + 1)?7m2kt
O(x3,t)=1— — _
(@3,4) W%Qn—!—le}(p{ e
(2n + 1)mwxs
X C€OS 5T , (6.70)
where diffusivity coefficient x = k/pec, with thermal conductivity k¥ =
100 W/m deg, mass density p = 7500kg/m? and specific heat ¢ = 400 Ws/

kg deg.

Isotropic material parameters are considered: Young’s moduli E1 =
E, = 0.6895 - 1010 N/m2, Poisson’s ratios 191 = 112 = 0.3, the thermal
expansion coefficients oj; = gy = 1-107° deg_l. The used shear moduli
correspond to Young’s modulus E5, namely,

G12 = G13 = G23 = E2/2(1 + V12).
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Fig. 6.16. Time variation of the central deflection in the plate with vanishing heat flux.

Homogeneous and FGM properties with n= 2 are considered here.
Numerical results for the central plate deflection are presented in Fig. 6.16.
Deflections are normalized by the central deflection corresponding to
stationary thermal distribution with = 1 deg on the top plate surface and
vanishing temperature on the bottom surface. For homogeneous material
properties the corresponding stationary deflection is w$® = 0.4829-
10~ m. One can observe that in the whole time interval deflection for a
homogeneous plate is lower than in a stationary case. The stiffness of the
FGM plate is lower than for a homogeneous one.

For homogeneous plate the deflection is approaching to zero for late
time instants. It is opposite to FGM plate. The bending moment at the
center of the plate M;1*" =0.4699 Nm is used as a normalized parameter in
Fig. 6.17. The peak values of the bending moments for both homogeneous
and FGM plates are almost the same. Since the deflection is not vanishing
for late time instants at FGM plate, the bending moment is finite too.

6.5.2. Shells

A shallow spherical shell with a square contour and orthotropic material
properties is investigated in the first example here (see Fig. 6.18). The shell
is subjected to a uniformly distributed static load. The following orthotropic
material parameters are used in our numerical analysis: Young’s moduli
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Fig. 6.17. Time variation of the bending moment.
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Fig. 6.18. Geometry and boundary conditions of the square shallow spherical shell.
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Es = 0.6895 - 1010 N/m2 and F1; = 2Fy, Poisson’s ratios 197 = 0.15 and
v12 = 0.3. The used shear moduli correspond to Young’s modulus E5 and
Poisson’s ratio 12, namely,

Gi2 = Gi13 = Gag = E2/2(1 4 v12).

A quadratic variation of the volume fraction is considered with Young’s
moduli on the bottom side being Ey, = FE1:/2 and Eq, = 2FE9,. The
mass density is taken as p = 7.166 x 10 kgm ™ >. The following geometrical
parameters are assumed: projected side-length of the shell ¢ = 0.254m and
thickness of the shell A = 0.0127 m.

In our numerical calculations, 441 nodes with a regular distribution are
used for the approximation of the rotations and the deflection. The variation
of the deflection with the xi-coordinate at z3 = a/2 of homogeneous
(dashed line) and FGM (solid line) shells are presented in Fig. 6.19. The
deflection is normalized by the corresponding deflection at the center of
an isotropic homogeneous plate (R = oo) with the material constants
given above and FEi; = Fo;. For a uniformly distributed load gy = 300 psi
(or 2.07 x 106 N/m?) we have w?"™ (a/2) = 8.842 - 1073 m.

One can observe that the deflection value is reduced for an orthotropic
shell if one of the Young’s moduli is increased. However, the deflection
value of the FGM shell is larger than that of the homogeneous shell with
the material properties identical to those on the top-surface of the FGM
shell, characterized by larger Young’s moduli.

In the next example, a uniform loading with a Heaviside time variation
is applied on the clamped square shallow spherical shell with isotropic
material properties. The geometrical and material parameters are the same
as in the static case. The time variations of the central deflection for both
the homogeneous shell and the FGM shell are presented in Fig. 6.20. The
deflection value is normalized by the static central deflection of an isotropic
plate (R = oo) with homogeneous material properties identical to those
prevailing on the top-surface of the FGM shell. The time is normalized by
to = a®/4+/ph/D = 1.35-10~2s. For the FEM analysis we have used 400
quadrilateral eight-node shell elements with 1000 time increments. One can
observe a quite good agreement between both the MLPG and the FEM
results. The central deflection is larger and its oscillation is slower for an
FGM shell than for a homogeneous one with a higher flexural rigidity.

The time-variation of the central bending moment M7, of the clamped
square shallow spherical shell with curvatures R/a = 10 is presented in
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Fig. 6.19. Variation of the deflection with the x1-coordinate at z2 = a/2 for a clamped
orthotropic square shallow spherical shell: a) R/a = 10, b) R/a = 5.

Fig. 6.21. Small discrepancies of the present MLPG and the FEM results
are observed here mainly for larger time instants. Presumably they are
caused by the inaccuracy of the Laplace-inversion technique. However, the

periodicity of the oscillations and the maximum values are almost the same
for both the FEM and the MLPG results. The maximum values of the
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Fig. 6.20. Time variation of the deflection at the center of a clamped isotropic square
shallow spherical shell with R/a = 10 and subjected an impact loading.
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Fig. 6.21. Time variation of the bending moment at the center of a clamped square
shallow spherical shell with R/a = 10 and subjected to an impact loading.
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bending moment Mj; for both the homogeneous shell and the FGM shell
are almost the same. However, that value is lower for more curved shells
with a larger curvature.

6.6. Conclusions

The following conclusions can be drawn from the present chapter:

1. A meshless local Petrov-Galerkin method is applied to orthotropic plates
and shallow shells under static, dynamic and thermal loads. The behavior
of the plates and shells is described by the Reissner—Mindlin theory,
which takes the shear deformation into account.

2. The Laplace-transform technique is applied to eliminate the time
variable in the coupled governing partial differential equations of the
Reissner—Mindlin shell theory. The use of the Laplace-transform in the
dynamic analysis converts the time-dependent problem to a set of quasi-
static problems.

3. The analyzed domain is divided into small overlapping circular sub-
domains. A unit step function is used as the test function in the local
weak-form. The derived local boundary-domain integral equations are
nonsingular. The Moving Least-Squares (MLS) scheme is adopted for
approximating the physical quantities.

4. The main advantage of the present method is its simplicity
and generality. The used test function here is simpler than the
fundamental solution for orthotropic shells. Therefore, the method
seems to be promising for problems, which cannot be solved by the
conventional BEM due to unavailable fundamental solutions. However,
the computational time in the proposed method is larger since the shape
function in the MLS approximation is much more complicated than in
FEM using simple polynomials. It is due to the fact that the meshless
approximation usually involves more nodes and the corresponding shape
functions are more complex. However, by using a mixed formulation®
the radius of the support domain can be reduced to obtain the same
accuracy as in the traditional approximation. A smaller size of the
support domain dcreases the bandwidth of the system matrix and
the computational time is significantly reduced. Therefore, in future a
mixed formulation will be applied to the present plate and shell analyses.

5. The proposed method can be further extended to nonlinear problems,
where meshless approximations may have certain advantages over the
conventional domain-type disctretization approaches.
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Chapter 7

BOUNDARY ELEMENT TECHNIQUE FOR SLOW
VISCOUS FLOWS ABOUT PARTICLES

A. Sellier
LadHyX, Ecole Polytechnique. 91128. Palaiseau Cédex
sellier@ladhyx. polytechnique. fr

This chapter introduces the boundary element technique for slow viscous
and steady flows about N-particule clusters made of solid bodies and/or
spherical bubbles. It aims at providing a guide to adequately handle the steps
encountered when applying this technique to the Stokes equations. In addition
to general basic properties of these equations (reciprocal identity, energy
dissipation, unicity or not), key integral representations of the velocity and
pressure fields are established together with the associated relevant boundary-
integral equations. A numerical strategy appealing to so-called boundary
elements is examined and a few benchmark tests against exact or very accurate
semi-analytical solutions are presented to highlight the abilities of the method.

7.1. Introduction

As illustrated in Fig. 7.1, many basic applications in fluid mechanics
today involve either unbounded or bounded multiphase flows for which
a collection of so-called particles (solid bodies, bubbles or drops) moves in
a suspending Newtonian (see Section 7.2.1) and homogeneous liquid under
prescribed external effects (gravity, capillarity) and/or flow field. The liquid
velocity and pressure fields are governed by the unsteady and non-linear
Navier-Stokes equations. It is thus tremendously involved to determine each
particle motion using direct numerical simulations. However, particles are
often of small enough typical size so that inertial effects are negligible (see
Section 7.2.1) whereas the characteristic time of diffusion of vorticity is
much smaller than the characteristic time of the liquid flow. The suspending
homogeneous Newtonian liquid, with uniform viscosity p and density p,
then admits quasi-steady velocity field u, + u and pressure field p+ p. with

239
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n
D n
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Fig. 7.1. A 2-particle cluster (N = 2) suspended in a Newtonian liquid near a solid
plane wall ¥ and subject to the gravity g and the ambient (steady Stokes) flow (ue, pe).

(ue, pe) prevailing in the absence of the cluster and the disturbances (u, p)
obeying the steady Stokes equations (see Section 1.2.1)

uVu, = Vp, —pg and V.u, =0 in D, (7.1)
pV2u=Vp and V.u=0 in D, (u,p) — (0,0) at infinity (7.2)

with g the gravity and D the steady liquid domain. The far-field behaviour
in (7.2) is required far from the cluster in any direction where D is not
bounded. The flow (u., pe) is prescribed and one looks at (u,p) subject to
(7.2) and additional boundary conditions on the cluster’s surface (which
depend on each particle’s nature as illustrated by (7.3) and (7.5)—(7.6))
and, if any, on other surfaces bounding the liquid. This has been achieved in
the considerable literature!:? using either analytical or numerical methods
depending upon the external flow (u,p.) and the number, nature and
shapes of the particles and boundaries. If analytical results are available for
solid sphere and ellipsoids® ® experiencing a given rigid-body translation
or rotation, this is not the case for non-ellipsoidal solid particles. The
disturbed flow (u,p) about a moving solid sphere with centre O and radius
a immersed in a general external steady Stokes flow (u., p.) has been solved
using spherical harmonics.® The sphere with surface S moving at prescribed
translational velocity U (the velocity of the centre O) and angular velocity
Q is found by solving (7.2) together with the no-slip condition

ux) =—-u.(x) +U+QAx for M on S with x = OM, (7.3)
to experience the following net force F and torque C, with respect to O,
2
F = 6rpalu.(O) + %v%e(()) ~ U], C=4mud®[V Auc(0) — 29
(7.4)

A single spherical bubble with radius a and centre O does not rotate and
thus may solely translate at the velocity U. One this time solves (7.2) for
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other boundary conditions on the bubble surface S. Denoting by o and o,
the stress tensors (defined by (7.12)) of the flows (u,p) and (ue,pe), it is
then required that

un=[U—-u,]nons (7.5)
on—[nonn=[no.nn-o.nons. (7.6)

Solving (7.2) with (7.5)—(7.6) shows”!? that the spherical bubble
experiences a zero net torque about O and a net force F given by

F = 4rpafu.(0) — U]. (7.7)

The Stokes flow (u, p) about one spherical solid body or bubble experiencing
a given rigid-body motion or translation, respectively in the vicinity of a
plane and solid or fluid-fluid interface in absence of external flow (ue, pe)
has been obtained by using bipolar coordinates.!’ Those coordinates also
made it possible to deal with two spherical solid bodies'? 17 or one spherical
solid immersed in a liquid bounded by a plane solid wall'®~20 or a spherical
cavity.?t'22 The case of a bubble near a fluid-fluid interface has been treated
in a similar fashion in Ref. 23. Like (7.4) and (7.7) the obtained results
provide excellent benchmark tests for other numerical approaches to be
employed for different boundaries and/or for a collection of arbitrarily-
shaped solid bodies and/or spherical bubbles. One possible and so-called

24,25 puts inside each particle some singularities

singularity procedure
obeying (7.2) but lacks oa theroretical guide to efficiently select those
singularities (type and location) and estimate the achieved accuracy. The

26729 ghare the same

closely-connected collocation and multipole methods
drawbacks. By contrast, the boundary element method3? offers considerable
merits. It spreads suitable singularities on the cluster’s boundary whose
density are obtained by inverting a few boundary-integral equations on
this surface and therefore solely requires to mesh the cluster’s surface. On
theoretical grounds it goes back to Ref. 31 whilst its first efficient numerical
implementation for a solid particle seemingly is due to Ref. 32. Since, the
ability of the technique to nicely handle the case of clusters of solid bodies,
bubbles or drops has been emphasized in many works.3°

This chapter smoothly introduces the boundary element technique by
sucessively addressing each step usually encountered when running this
approach. More precisely, basic assumptions, solutions and properties of
steady Stokes flows (u,p) governed by (7.2) are first examined in Section
7.2 and Section 7.3. The key integral representations of the velocity and
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pressure disturbances u and p together with the resulting boundary-integral
equations are established in Section 7.4. A possible numerical strategy is
proposed in Section 7.5 whereas a few illustrating benchmark tests are
reported in Section 7.6. Finally, Section 7.7 closes the chapter by adding a
few concluding remarks.

7.2. Stokes Equations. First Properties
and Simple Solutions

This section introduces the steady Stokes equations and a few properties
and basic solutions.

7.2.1. Assumptions. Navier-Stokes equations. Reynolds
number and Stokes approximation

We consider, as already sketched in Fig. 7.1, N > 1 particles P,, immersed
in a Newtonian and homogeneous liquid occupying the domain D. Each
particle P, is either a solid body with arbitrary shape or a spherical
bubble. It has attached point O,, and smooth boundary S, on which the
unit normal vector n is directed into D. The particles and fluid motions
are examined with respect to a given laboratory framework with attached
Cartesian coordinates (O, z1,22,x3). The boundary 9D of D reduces to
S = UN_|S, or SUX if the liquid is not bounded or bounded by a
surface ¥, respectively. On X, which is either closed (liquid bounded by
a cavity) or not (open fluid domains), the normal n is also directed into the
liquid.

We henceforth use the usual tensor summation convention with x =
OM = z;e; for unit vectors e; being such that e;.e; = §;; with 6 being the
Kronecker symbol. At time ¢ and at x in D the homogeneous Newtonian
liquid subject to the gravity g has velocity v(x,t) = v;(x,t)e; and pressure
P(x,t) governed by the unsteady Navier-Stokes equations [']

0
Vv=0 and p {8_;’ + (V.V)v} = -VP+pg+uViv inD. (7.8)

Those equations, to be supplemented with far-field behaviours for (v, P) in
directions where dD is not bounded and initial and boundary conditions
on JD, are time-dependent and non-linear and thus intricate to solve.

If the particles have length scale a and the velocity v has typical
magnitude V one can introduce, in absence of external forcing, a typical
time scale 7 = a/V and the dimensionless Reynolds number Re = paV/pu.
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Under these notations, one readily obtains
2 ov 2
AI(v-V)v] = ORe)|uVv],  p| =] = ORe)|[uV7v]. (7.9)

As Re — 0, the inertial term p(v.V)v and pdv/0t are neglected in (7.8)
which results in the steady low-Reynolds-number or Stokes equations

Vv=0 and pV?u= VP —pg inD. (7.10)

Assuming that (u.,pe) is a steady Stokes flow, i.e. it obeys (7.1), the
linearity of (7.10) suggests that the velocity u = v — u. and pressure
p = P — p. should be introduced. The perturbation flow (u,p) fulfills the
steady Stokes equations

Vu=0 and pV?v=Vp inD (7.11)

and vanishes far from the cluster where the liquid is not bounded. Using
the notation f; = df/0x;, we cast (7.11) into another form by introducing
the rate-of-strain and stress tensors e and o associated with (u, p). Setting
u; = u.e;, these tensors admit the following Cartesian components

ejj = (ui,j + Ujﬂ')/Q, i = 7]?51‘]‘ + 2,ue¢j. (712)
Using (7.12), the Stokes equations (7.11) indeed become

Vaua=0 and V.io=0inD or uj; =0 and oy, =0 inD.
(7.13)

7.2.2. First properties and noticeable solutions

As it stands, (7.13) does not impose any far-field or boundary condition
for (u,p) and thus admits many solutions. Moreover, it is linear, therefore
permitting one to build solutions by combining auxiliary ones. Combining
(7.13) with the definitions (7.12) also shows that p is harmonic in the liquid
domain, i.e. that Ap = p,;; = 0 in D under the notation f;; = (f:),;.

)

Finally, three classes of trivial solutions with uniform pressure arise:

(1) Solution 1: p uniform and u = V¢ with ¢ harmonic. Indeed, (7.13) is
readily satisfied under the property A¢ = 0.

(2) Solution 2: p uniform and u = aA V¢ with arbitrary harmonic function
¢ and (constant) vector a = aje;. Indeed, u; = u.e; = €;;5a;¢ 5 with €
the usual permutation tensor. Hence, V.u = Au; = 0 for ¢ harmonic.

(3) Solution 3: p uniform and u = a A x with a constant vector a.
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The Solutions 1 and 3 immediately provide the key illustrating examples
detailed below:

(i) A rigid-body motion u(x) = U+ Q A x with uniform vectors U and Q
reads u(x) = Vo + Q A x with ¢ = U.x harmonic. Thus, a rigid-body
motion is a steady Stokes flow with uniform pressure.

(ii) The steady Stokes flow (u,p) about a sphere, with radius a and center
O, rotating at the angular velocity € in a quiescent and unbounded
liquid is p = 0 and u = a®>Q A x/r for r = |x| > a (u= QA Vo3 with
#3 = —a®/r harmonic for r > a). On the sphere’s surface, the resulting
traction f = o.n is tangent and reads

f=0n=-3u(QAx)/a on S. (7.14)

The net force F and torque C (about center O) then read

F = / fdS =0, C= / x A fdS = —8mpa’Q. (7.15)
S S

7.3. General Solution. Singularities. Singularity Method
and Illustrating Examples

This section gives the general form of solutions to (7.13) and a few
additional solutions. It also pays attention to the singularity method which
is employed to treat the case of a translating spherical solid sphere or
bubble.

7.3.1. General form of a steady Stokes flow

The exibited Solutions 1 and 2 appeal to one harmonic function ¢. As
established in Ref. 33, a general solution (u,p) to (7.13) actually depends
upon seven harmonic functions ¢, @1, P, 3, 1,12 and 3. More precisely,
under the notations ® = ®,e; and ¥ = U;e; it reads

u=V(x®) -28+Vo+ VAP, p=2uV.® inD. (7.16)

The derivation of (7.16) is available in Ref. 33. The solutions 1, 2 and 3
are retrieved for the only non-zero contributions ¢ = ¢, ¥ = —¢a and ¢ =
—QAx/2. Moreover, less than seven harmonic functions are needed as soon
as symmetries exist (two harmonic functions are sufficient for axisymmetric
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Stokes flows3). Finally, (7.16) yields the following basic properties:

(1) Property 1: Like any harmonic function, the flow (u,p) is smooth and
admits derivatives of any order in the entire liquid domain.

(2) Property 2: The pressure p is harmonic and of specific form (7.16). This
latter property is further exploited in Section 7.3.2.2.

(3) Property 3: Both p and |u| vanish as r = |x| becomes large in directions
where D is not bounded. Using the behaviour of harmonic functions
(7.16) then shows that p and |u| at least behave in those directions like
1/r? and 1/r, respectively. Such far-field behaviours are exploited in
Section 7.3.2.2.

7.3.2. Examples of singularity solutions in an
unbounded domain

We examine solutions defined for r > 0 that vanish as r becomes large.
These solutions, singular at the origin O and called singularities, are
employed in the singularity method introduced in Section 7.3.3.

7.3.2.1. Potential velocity fields

We look in the domain r > 0 at Solutions 1 vanishing far from O. We
take p = 0 and u = Vg in (7.16) and discard the trivial case ¢ uniform.
Since Ap = 0 a possible choice is ¢ = —d/r with d being a constant. The
resulting pressure, velocity and stress components read

p=0, u;=dx;/r, oij = 2,ud[6¢j/r3 — Bximj/r5}. (7.17)

The potential flow (7.17) is singular at » = 0 and induced by a so-called
source point at O. The flow rate q through and the net force F and torque C
exerted on a closed and arbitrary (due to (7.13)) fluid surface that encloses
O and has a unit normal vector n directed outside are

q ::/u.ndS:s, F ::/o'.ndS:O, C ::/x/\a.ndS:O.
s s s
(7.18)
By linearity, one obtains other potential Stokes flows (Solutions 1 with

p = 0) by combining derivatives of this flow. As an example, let us
introduce a potential dipole located at O for which the potential function is
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= —dkxk/r?’. For this dipole, the flow and stress tensor obey

v — dy [3$i$k 5%]’ i _ g {5ik$j + 0iT + Gjpi LTk }

] o = "
(7.19)

Further differentiating the source (7.17) provides potential quadrupole,
octupole and general multipole singularities located at the pole O producing
more and more quickly decaying velocity and stress tensor far from O.
For those potential dipoles and flows, it is clear that ¢ = 0 and
F=C=0.

7.3.2.2. Rotational velocity fields

The previous singularities yield potential Stokes flows but, of course,
rotational singularities also exist. One can think about Solution 2 with p
uniform and u = aAV ¢ for ¢ given by differentiating the harmonic function
1/r as many times as desired. By virtue of (7.16), another class of solutions
with a non-uniform pressure is obtained by setting p = 2u[®; 1+ P2 2+ P3 3]
for three harmonic functions ®;. Since p is required to vanish far from O it
is necessary to first select p = 2,uskxk/r3 with s = spe, a constant vector.
Anticipating further results (see Section 7.4.1.1), one® associated Stokes
flow is given by

0; €T;X
p = 2usprr /7T, u; = sk [Lk ok

5
. 3 } 0ij = —6uT; T TEsK/T°.

(7.20)
The velocity and stress are singular at the pole O and this singularity is

called a Stokeslet with intensity s. The mass flux ¢, net force F' and torque
C about the pole O for a closed fluid surface S enclosing O read

q=0, F= / ondS = —8mrus, C= / xAo.ndS =0. (7.21)
s s
Again, other singularities are obtained by differentiating the Stokeslet

solution resulting at the Stokeslet doublet, the Stokeslet quadrupole and,
in general, Stokeslet multipoles.3°

20ther solutions are readily obtained by adding any divergence-free velocity field w
obeying V2w = 0 for > 0 and quiescent far from O.
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7.3.3. Singularity method and examples

Each previous singularity induces at x a pressure ps(x), a velocity us(x)
and a stress tensor os(x). When located at another pole y, the singularity
produces the fields ps(x — y),us(x —y) and os(x —y) at x, such that
|x —y| > 0. The singularity method obtains the exterior fluid flow (u,p)
governed by (7.11) by putting a collection of singularities outside the liquid
domain D, i.e. inside the particles P, and elsewhere outside D if there exists
a boundary X (recall Fig. 7.1). The intensity of given (number, nature
and location) singularities is obtained by enforcing boundary conditions
(similar to (7.3) or (7.5)—(7.6)) at points on the cluster’s surface S and
on Y. The flow (u,p) is subsequently approximated in the liquid by
using the determined singularities. Unfortunately, there is no recipe to
select the number, nature and location of the singularities to adequately
control the error for (u,p). For a single solid sphere or prolate spheroid,
more and more singularities are required for complex external flows
(e, pe),?® and studies?*:30
singularities.

Sometimes the singularity method is exact. This is the case for a
spherical particle (solid or bubble) with center O and radius a translating
at the velocity U in a quiescent liquid. The liquid flow (u,p) vanishing
far from O is produced by putting, at O, a Stokeslet and a potential
dipole with unknown intensity s and d, respectively. In other words,
one sets

also reveal the sensitivity to the choice of

: 0 i 325 0
p= 2,uskxk/r‘3, u; = S, [—k + x ﬁk] 4 dp, [ x;:k - —f] for r > 0.
r r r r

(7.22)

For a solid sphere with surface S, the boundary condition u=U at r = a
and (7.21) immediately give

s=3dU/4, d=-a’U/4, F= / o.ndS = —6mpaU. (7.23)
S

Using (7.22) also gives the surface traction f = o.n on S, and the exerted
hydrodynamic F and torque C about O. One easily obtains

f=0on=-3uU0/[2a) on S, F=—67paU, C= / x AN fdS = 0.
c

(7.24)
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For a spherical bubble with boundary S, using the conditions (7.5)—(7.6) for
u. = 0 and o, = 0 this times provides d = 0 and
aU _ 3pu(Ux)x

s=—, f=0o.mn

= F= ndS = —4rpaU.
5 pe , /San TG

(7.25)

7.3.4. General properties

This section presents additional general and key properties of the solutions
to (7.13). These properties will be exploited in Section 7.4.

7.3.4.1. Reciprocal identity

Let us consider two arbitrary steady Stokes flows (u, p) and (u’, p’) governed
by (7.13). The following so-called reciprocal identity then holds

/ u.o’' . ndS = u'.o.ndS. (7.26)
oD oD

Here, we recall that D = S U X with S being the cluster’s surface. If D is
bounded whatever the direction one obtains for n directed into the liquid
and using the divergence theorem

/6D[u.o".n —u.o.njdS = /D[ugaij — u0;] A9 (7.27)

The identity (7.26) holds since, using (7.12)—(7.13), one arrives at [ujo;; —
wio;] g = w0 — wi o = plug jugi — wigul ;] = 0. 1f D is not bounded
in some directions, then ¥ is not bounded. For R > 0 large enough, one
selects a closed cavity ¥ pUSR containing the cluster and made of a bounded
subset of ¥, here denoted by Y i, and a subset Sg of the spherical surface
r = R. The liquid domain in the cavity is bounded by SUYX g USg for which
the relation (7.26) thus holds. As R becomes large, the contribution over
Sk vanishes due to the far-field behaviours of the Stokes flows (u,p) and
(u',p’) (see Property 3 given in Section 7.3.1) and X tends to . Hence,

(7.26) also holds for D not totally bounded.

7.3.4.2. Energy dissipation and unicity of the solution

For a steady Stokes flow (u,p) solution to (7.13), one introduces the rate
of dissipation of mechanical energy E at the flow boundary as

E= u.o.ndS. (7.28)
oD
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Using the divergence theorem, (7.12)—(7.13), and the auxiliary surface Sg
when the liquid domain is not totally bounded yields

E = —/ [uio—ij],de = 7/ (’U,i’jCTij)dQ
D D

= —% /D(Ui’j + uj,i)(um + Uj,i)dﬂ <0. (7.29)
The result (7.29) permits one to discuss the unicity of a solution (u,p)
to (7.13) when supplemented with boundary conditions on S U ¥ and, if
need, vanishing far from the cluster (unbounded flow domain D). We assume
these additional boundary conditions on S U ¥ to read L(u,p) = d with £
a linear operator and d a prescribed data. Upon introducing another flow
(u',p") governed by (7.13) and those boundary conditions, the difference
u’ =u’ —u,p’ = p — p obeys the Stokes equations and the homogenous
conditions £(u, p) = 0. Whenever these latter conditions yield u”.c”.n =0
on SUY, the relation (7.29) shows that the continuousP rate-of-strain tensor
€” (recall (7.12)) is zero in D. Since only rigid-body motions have a zero
rate-of-strain tensor, u” is written as u” = U” 4+ Q" Ax and the pressure p”
is uniform in D. Several different cases, dictated by the boundary conditions
required on S U X for the flow (u,p), then arise:

(1) Case 1: Not totally bounded domain D. The homogeneous far-field
condition shows that u” and p” vanish in D and (u, p) is thus unique.

(2) Case 2: Domain D enclosed by a cavity. The solution (u,p) is then
not-necessarily unique, as shown below:

(i) If each velocity component u”.e; vanishes on a subset A; of SUX,
it vanishes in D with u unique and p defined up to an arbitrary
constant.

(ii) If the previous conditions break down, (u,p) is unique up to an
arbitrary rigid-body flow. For instance, this arises if one provides
the traction f = o.n for the flow (u,p) on the entire boundary
SuUX.

7.3.4.3. Basic application

Both (7.26) and (7.29) admit straightforward applications. One example is
given by the motion of a single particle P (solid body or spherical bubble)
with attached point O and surface S immersed in the external steady Stokes

bNote that €’ is regular in the liquid domain D (see Property 1 in Section 7.3.1).
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flow (ue,pe) bounded by a solid and motionless surface ¥ (for instance
a plane solid wall or a closed and solid cavity) where u. vanishes. The
disturbed flow (u. + u, p. + p) fulfills a no-slip condition on ¥ and tends to
(ue, pe) far from the particle. Accordingly, the disturbance (u,p) obeys

Vu=0 V?u=Vp inD; (up)— (0,0)at infinity, u=0 on .
(7.30)

It exerts on the particle the net hydrodynamic force F and torque C
F = / ondS, C= / x A o.ndS (7.31)
S S

and obeys on S conditions related to the particle’s nature. For a solid body
moving at the translational and angular velocities U and €2, one prescribes

u=-u+U+QAx onS (7.32)

and it is worth introducing six auxiliary steady Stokes flows (u¥)7p(Ti))
and (u%),P%)) with stress tensors a'gﬁ) and a%), respectively. Those flows
obey (7.30) and (7.32) for u, = 0 with (U,€2) = (e;,0) for (ugf),pg,f))

and (U, Q) = (0,e;) for (u%),p%)). The auxiliary flows are produced by
a translation or a rotation of the particle. Setting fg) = a%).n on S for
L =T, R and exploiting (7.26) for those flows and the flow (u, p) then yields

F.e: :/“~f¥)dS:U-/fg)d5+ﬂ~/[fo¥>]dS—/ue.fj(?)ds,
S S s S

(7.33)
C.ei :/“'fg)dSZU-/f3)45+9-/[fo§§)]dS—/ue.fg)ds.
S S s g
(7.34)

For a spherical bubble translating at the velocity U without rotating, the
flow (u,p) this time obeys the boundary conditions

un=[U-u.n onsS (7.35)
on—[no.nn=no.nn—-o.n onS (7.36)

which suggests that three Stokes flows (ugf),pgpi)) governed by (7.30) and
(7.35)—(7.36) for ue = o.m = 0 and U = e; should be introduced.
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The applied torque is zero and the net force F is obtained by using the
decompositions

Fe; = /S[ei — (e;.n)n].Je.n — (n.o.n)n]dS + /S(ez-.n)(n.o:n)dS7
(7.37)

: u, .om e;.n)(n.o.n ul? — @ n)n
A= [ ufonds = [ emnomds + [ [uf) - (unn)
.Jemn — (n.o.n)n]ds, (7.38)

Bi= [wolnds = [ (U= u)nlnolnlas.  (739)

Indeed, (7.26) shows that A, = B;. Combining (7.37), (7.38) and (7.39)
then provides

F.e, = /(U n)(n. ag) n)dsS
/{ —¢].Joen — (n.o..n)n — (u..n)(n. o' n)}dS. (7.40)

Using fq@ given by (7.25) provides (7.7) and, for a solid sphere, (7.4) is
gained by injecting (7.24) into (7.33)—(7.34). In the absence of external
flow (7.33)—(7.34) and (7.40) also read (F,C) = —uM,.(U,€2) and F =
—uM;. U with 6 x 6 and 3 x 3 square matrices My and M;. Exploiting
(7.26) and (7.29) also shows that such matrices are symmetric and definite-
positive.

7.4. Integral Representations for the Pressure and Velocity
Fields. Resulting Boundary Integral Equations

We introduce in this section Green’s solutions and integral representations
of the velocity and pressure fields for a steady flow governed by (7.13). This
permits one to subsequently establish key boundary-integral equations.

7.4.1. Green solution

Henceforth we denote by D’ the domain consisting of both the particles
and D. As seen in Fig. 7.1, this domain is either the entire space or bounded
by a surface . The steady Stokes flow (v, q) induced by a point force of
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intensity t placed at the pole y in D’ obeys
uV3v =Vq—634(x —y)t, V.v=0 inD (7.41)

where 034(x—y) = da(x1—y1)da(z2 — y2)da(xs —y3) if y; = y.e; with §y4 the
usual Dirac pseudo-function. The so-called Green or fundamental solution
(v, q) is not unique: one can add a constant pressure and a divergence-free
velocity w such that V2w = 0. It is, however, possible to retain a solution
linearly depending upon the vector t. More precisely, for such a solution
(v,q), with stress tensor o, there exist so-called Green pressure vector P,
second-rank Green velocity tensor G and third-rank Green stress tensor T
with Cartesian components P;, G;; and T;;, such that

Pj (X7 y)t]

Gij(x,y)t; Tijr(x,y)t;

a(x) = 8r vilx) = 8rp ou(x) = 87
(7.42)
with, by virtue of the definition (7.12), the link
Tijr(x,y) = =0 Pj(x,¥) + Gije(x,y) + Grji(x,y). (7.43)

In view of (7.43), it is then sufficient in practice to obtain the vector P and
the velocity tensor G.

7.4.1.1. Free-space Green tensor

When D’ is the entire space, it becomes easy to obtain the Green tensor.
Recalling that A(¢) + d34(x —y) = 0 for ¢(x,y) = [47|x — y|] 7}, one gets

Aq—030i(x—y)t;i =0, A¢i(x,y)+ 34:(x —y)=0. (7.44)
Thus, the pressure g obeys
Alg+t.V¢] =0. (7.45)

For the desired flow (v, q) linear in t, defined in the entire space [x —y| > 0
and vanishing far from the pole y, one accordingly selects ¢ = —t.V.
Consequently, for x # y the velocity component v; satisfies

Jij 3(wi — yi)(xj — yj5)

drpAv; = — t;. 7.46
x—y] PR Ea (7.46)
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Inspecting (7.46) then suggests seeking the solution linear in t in the form

L[ ks el —ya) (=)
dr | |x —y]| Ix —yl3

’UZ‘(X) = tj (747)
where the constants b and ¢ are determined by enforcing the divergence-
free condition u;; = 0 and (7.46). This provides the widely-employed and
so-called free-space Oseen-Burgers’ solution

. _ 0 (xi —yi)(@; — ;)
G5 (xy) = =yt x_yF (7.48)

) 2(x; —y, - 6(x; —yi)(x; —y;)(xr — yi)
Pty = 20 g ) < Ol ),
(7.49)

The associated fundamental solution (v,q) to (7.41), which might be
also obtained by Fourier transform,?* agrees with the previously-proposed
Stokeslet singularity (7.20). As revealed by (7.48)—(7.49), its pressure vector
and velocity or stress tensors are singular as x tends to y. Moreover, this
singularity flow admits the following basic properties:

(i) Two symmetry properties. For any pair (7, j) one has

G (x,y) =G5 (y,x), G5(xy)=G5(xY). (7.50)

(ii) For a prescribed pair (i, k) the flow 7773 (x,y)e; is a steady Stokes flow
with a pressure I3 (x,y) given by®

o0 _ 3@ —yi) (@ —ye) Gk
i (x%,5) —4{ — y[5 XYS}. (7.51)

7.4.1.2. Case of a bounded fluid domain

When D’ is bounded by X it is, of course, still possible to use the previous
and simple Oseen—Burgers solution since (7.41) is free from boundary
conditions. It is, however, worth (see Section 7.4.2) introducing another
Green solution (P¢, G¢,T¢) for which the associated flow (v,q) satisfies
(7.41) and additional boundary conditions on ¥ (the ones imposed on the
liquid flow (u,p) solution to (7.2)). By superposition, another such Green

“Since obtained by elementary algebra, the proof is left to the reader.
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solution reads

Pi(xy) = PP (xy) + Rj(x,), (7.52)
Gi(xy) = G357 (x,¥) + Rij(x,y), (7.53)
(% y) = T5.(xy) + Rijr(x,y) (7.54)
with functions Rj(x, v), Rij(x,y) and Riji(x,y) selected so that (v,q)

satisfies the additional boundary conditions on 3. The steady Stokes flow
associated with these functions obeys (7.13) and Property 1 given in
Section 7.3.1 shows that R;, R;; and R;;; are smooth and bounded in the
entire domain D’. Accordingly, the Green solution (P€¢, G¢ T¢) exhibits,
as the observation point x tends to the pole y, the singular behaviours
(7.48)—(7.49). In addition, in any direction where the liquid domain is not
bounded, the flow (v, ¢) vanishes and, as |x—y| becomes large, the functions
Rj, R;; and R;ji. at least decay as [x —y|~! for R;; or [x —y|~2 for R; and
R;;i. Whenever the flow (v,q), with stress tensor o, satisfies v.o.n = 0
on the entire surface ¥, it is also possible to introduce another second-rank
pressure tensor 11 (x,y), and the symmetry property Gf;(x,y) = G%;(y, %)
holds.4

In practice, it’s worth using the Green solution (P¢, G¢, T¢) when at
least the tensor G¢ is known in a closed form permitting a straightforward
numerical implementation. Except for a few simple surfaces ¥ with specific
boundary conditions it is, unfortunately, not possible to analytically
determine G°. The most encountered case is the motionless and solid
boundary ¥ where one requires the velocity to vanish, i.e that G¥; (x,y)=0
for x located on X. The case of a solid and motionless plane wall was treated
in Ref. 35. For a liquid in the x3 > 0 domain, setting ¢c; = co =1,¢c3 = —1
and denoting by y'(y1,y2, —y3) the symmetric of y(y1,ys2,ys) with respect
to the x3 = 0 plane wall ,2> not only obtained the second-order velocity
Green tensor components

ij\X%Y) = — i [ —x)-ell(y’ —x).e)]
Rij(x,y) { e + . }
2Cj . , /
B ﬁ{@s(y —x).ej — 0;3(y —x).e
SR VA |

dA derivation for the simple case v = 0 on X is available in Ref. 30 and the announced
extended results are obtained in a similar fashion.
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but also, after gaining the pressure, computed the function R;j; arriving at

6y —x).e][(y —x).¢j][(y —x).ej] 12¢;(y.e3)
ly' —x[° ly’ —x[?

Rijr(x,y) =
X {52‘;‘[(3" —x).¢;][(y — x).es] — d;5[(y' —x).&][(y —x).ej]

— (x.e3) (5ij [(y" = x).e] + 0i5[(y" — x).€;] + 0;;[(y — x).ei]

5y — x).e][(y — x).¢;][(y — X)-ej]) }

- ly" —x[5

(7.56)

Result (7.55) has been exploited in Ref. 36 to deal with the migration of
solid spheres in the vicinity of a plane solid wall under the action of an
external shear flow.

When the boundary ¥ is a spherical, solid and motionless cavity
with center O and radius R it is also possible to calculate” the velocity
tensor G°(x,y) that vanishes for x on X. Unfortunately, the analytical
result obtained in” is not suitable for a convenient and accurate numerical
implementation. We therefore display below another equivalent formula,
recently obtained and employed in Ref. 37 which is quite suitable for
numerics. Introducing the notations

,  R%y y

y = -—3 == _ x=y'llyl
ly|? ly

=x— (x.t)t h
a=x— (x.t)t, 7 ,

(7.57)

and the real constant A and vector A such as

2R%x.t
A= - Tx.t}, 7.58
{x| p— Rh+|x|y|}/{x| ) (7.58)

A = Tlylx + [lyllx[* (132) R?]t

T2

(7.59)

2R?|y|x + [R*h R?|y|x|[]t
R? + Rh|y||x]

where superscripts or subscripts in (7.58)—(7.59) are used for x.t > 0 or
x.t < 0, respectively. It has then been found that

Rij(X, y) _ _% _ (X.ei})LgX.ej) T (t.ei)}gt.ej) |:Z_|2 _ 1:|

- {2|)};|:.x} e (o) + Iy {(t.ei)(x.ej)};(t.ej)(x.ei)]




256 A. Sellier

%I - BYly)* — R { 0 3 [<h.ei><h.ej>]
2 R3A3 R? ho

2& [t.ei 3(h.ei)(h.t)] 3A
h3 h?

T + oy 103 — (t.ej)(t.e:)]

Ja.e; | E {|y|h.ei 2a.e; E.e;
R R3h | Rh? |al? RAR2[|x|T (x.1))]
(2R*) T |ylx|
+a.el W . (760)

As announced, and can be checked for (7.55) and (7.60), for a solid and
motionless boundary ¥ the Green velocity tensor G€ satisfies the symmetry
property Gf;(x,y) = G;(y,x).

In summary, one should note that, depending upon the nature of
the boundary ¥, the symmetry properties (7.50) might be not satisfied.
However, the retained Green solution (7.42) exhibits in any case (bounded
or not bounded liquid domain) the key behaviours

P] (X7y) |X — y|3 as X —Yy, (761)
bij (zi —yi)(zj —y;)
Gii ~ J J__ 7 ' 7.62
](X7y) ‘X_y‘ + ‘X_y‘B asx —y, ( )
6(x; —yi)(x; —y;)(TK —
Tijr(x,y) ~ — ( L )(|xj— yy|é)( k= Ur) as x —y. (7.63)

In addition, in any direction where the liquid domain happens to be
unbounded, one further requires the symptotics

IPS(x,y)l < O(d), |G5(x,y)] < O™ as d =[x~ y| — o0,
(7.64)
IT5 (%, y)| < O(d™) as d =[x — y| — oo, (7.65)

?

Before closing this subsection, let us mention that Jones?® and Sellier and
Pasol® also established the Green tensor G¢ for a liquid domain bounded

by two motionless and parallel planes (for two solid ones in Ref. 38 and for
a thin film in Ref. 39).
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Fig. 7.2. A point x in the liquid domain D and the spherical surface Se¢ centred at x.
A closed surface S’, introduced before (7.77), is also drawn.

7.4.2. General integral representation
for the velocity field

Let us go back to the Stokes flow (u,p) about N > 1 particles P,, with
surface S, (see Fig. 7.1). This flow, with stress tensor o, obeys (7.13) and
exerts a traction f = o.n = f;e; on the liquid boundary 0D = uszlsn U
For a point x in D and an arbitrary vector t = ¢;e;, we introduce the
singularity flow (u’,p’) induced by a point force with intensity t located at
the pole x. For this flow, the velocity and the pressure at any point y # x
in the liquid thus read

W(y) = Gij(y, x)tje:/[8mul,  p'(y) = P;(y,x)t;/[8x]. (7.66)

For € > 0 and small enough, we introduce, as seen in Fig. 7.2, a spherical
surface S, with radius ¢, center x and unit normal vector n directed into the
liquid. Moreover, the domain enclosed by S, lies entirely in D. Exploiting, if
needed, the far-field behaviours for (u, p), with stress tensor o, the solution
to (7.13) (see Property 2 in Section 7.3.1) and (7.64)—(7.65), the reciprocal
identity (7.26) then immediately yields

‘ { [ ) Tty xm(y) = Gy XA ()15
oD

+/ (i () T (v, ) (y) — Gz‘j(y,X)fi()’)]dS(Y)} =0. (7.67)
S

€

From Section 7.3.1 we know that u is regular near x. Under the behaviors
(7.62)—(7.63), the integral over S. in (7.67) is thus easily seen to tend to
—8mpuj(x) as e vanishes. Since each ¢; is arbitrary, one thus ends up with
the following key integral representation of the velocity field u in the entire
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liquid domain

u;(x) =

1
5 | G0 Emse) + g [ wT

x (y,x)nk(y)dS(y) for j=1,2,3 and x in D. (7.68)

The identity (7.68) clearly shows that it is possible to obtain the velocity
field u in the liquid from the knowledge of solely two physical quantities
on the entire boundary 9D of the liquid domain: the velocity u and
the surface traction f = o.n arising in the second double-layer type or
the first single-layer type integrations in (7.69), respectively. The integral
representation (7.69) is general, since it applies to any selected Green
velocity and associated stress tensors G and T. These tensors are not
unique when the liquid domain is bounded by a surface X, and two cases
occur:

(i) Standard Case: One employs the Oseen—Burgers Green solution (7.48)—
(7.49). This is done when the liquid is not externally bounded with
0D = UN_,S,, but also in the presence of a bounding surface Y.

(ii) Special Case: One resorts to another Green solution (P¢, G¢, T¢) for
a bounding surface Y. For example, if there is a no-slip condition
on the boundary X, the properties u(y) = 0 and G¢(y,x) = 0 for
y located on ¥ make it possible to replace, in (7.68), the surface
0D = SU Y. with the cluster’s boundary S = UY_,S,,. For a numerical
implementation of (7.68), such a trick has the main merit of involving a
smaller surface. Indeed, the boundary 3 is often either unbounded or of
a size so large that meshing it adequately would require to many nodal
points.

7.4.3. Integral representation for the pressure field

The integral representation (7.68) for the velocity suggests deriving a
similar identity for the pressure field p. Since p is harmonic in the fluid
domain, the usual second Green identity provides p in terms of the values
of both p and Vp.n on the entire surface 9D. Unfortunately, in practice
there is no condition regarding the pressure supplementing (7.13) (note
that, for instance, the pressure does not appear in the condition (7.6)
required at a spherical bubble surface) and one is therefore unable to
exploit the second Green identity for the harmonic function. Another
treatment is thus required. It actually exploits (7.68) and, for the sake
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of clarity, we again distinguish the previous standard and specific cases (i)
and (ii).

(i)

Standard Case: The basic property G5 (y,x) = G (x,y) shows that
the first term on the right-hand side of (7.68) is a distribution of Green
singularities located on the surface 9D. In addition, recalling (7.51) also
shows that the second term in (7.68) is a steady Stokes flow inducing
a pressure contribution obtained by combining, this time, pressure
contributions II¥ (y, x) (see (7.51)). Accordingly, the resulting pressure
integral representation in the liquid domain reads

1

p00 = —g- | PEGey)fi)ase)
8ﬁ ui (YR (x,y)ni (y)dS(y) for x in D. (7.69)
T Jop

Specific Case: For that case, a bounding surface ¥ occurs. As earlier
mentioned, the Green solution (P¢, G¢ T¢) also obeys the property
G¢;(y,x) = G§;(x,y) and admits another pressure tensor with compo-
nents IIf, (x,y) as soon as one satisfies [GS,T;k](x, y)ni(x) = 0 for x
on Y. Under such assumptions, it is clear that (7.69) then holds with
superscripts oo replaced with ¢ for the same entire boundary 0D = SU
3. By contrast to the velocity representation, the boundary X still arises
in the pressure representation. Fortunately, for a solid and motionless
boundary ¥, one has to replace, in (7.68) and thus also in (7.69), the
surface 0D with the cluster’s boundary S. This approach, however,
requires that the quantities II{, be determined, which may be very
involved. In addition, one should finally note that for other types of
bounding surfaces X, one can at least resort to (7.69).

In summary, one builds a suitable pressure integral representation

for any encountered problem by carefully inspecting the adopted velocity
integral representation (7.68).

7.4.4. Relevant boundary-integral equations

As highlighted in Section 1.4.3, the flow (u, p) with stress tensor o, governed
by (7.13), is obtained from the velocity u and the surface traction f = o.n
on the boundary 0D. These quantities are calculated by inverting a few
relevant boundary integral equations established in this section.
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7.4.4.1. Basic steps and key preliminary results

For a general problem (7.13), one successively faces the following steps:

(1) Step 1: The problem (7.13) is first supplemented with boundary
conditions. One requires (u,p) to vanish far from the cluster in any
direction of unbounded liquid. Such a condition is already ensured by
the integral representations adopted for (u, p) (see, for instance, (7.68)—
(7.69)). Additional boundary conditions are prescribed on the cluster’s
surface S = UY_; S, and, if it exists, on the bounding surface X. As
seen in (7.4) and (7.5)—(7.6), these conditions depend upon the nature
of the particles and 3. As announced in the introduction, an external
flow (ue,pe) might be imposed on the liquid. This flow is assumed to
be a steady Stokes flow in the entire domain D’ made of both D and
the particles P,(n =1,..., N). In other words, one assumes that®

Vau,=0 and puV?u,=Vp,—pg inD =DUP;U---UPy.
(7.70)

If the particle P, is a solid body, with attached point O, such that
X, = OOy, which moves at the translational velocity U™ and the
angular velocity Q™ the required no-slip condition reads

u(x) = —u.(x) + U™ + QM A (x —x,,) for x on S,,. (7.71)

whereas if P, is a spherical bubble with transational velocity U™ one
requires that

un=[UM™ —u.]n on S,, (7.72)
o.n— [nonn=[no.nn-—o.n onsS,. (7.73)

For a liquid bounded by another boundary ¥, one adds other conditions
for (u,p) and (u.,p.) on X. The most encountered case is a solid and
motionless boundary ¥ for which the no-slip conditions write

u(x) = u.(x) =0 forx on X. (7.74)

Although tractable in price of minor changes by the same approach,
surface X of different nature will be, for the sake of conciseness, further
discarded in this chapter.

®There is no required condition for (ue,pe) far from the cluster where, for instance, ue
might be unbounded (think about the case of external shear or Poiseuille steady flows).
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(2) Step 2: One then establishes relevant boundary integral equations for
the pair (u, o.n) on the surface 9D = SUX by enforcing the boundary
conditions (7.71)—(7.74). This is achieved by letting the point x tend
to 9D in (7.68). Such a limit process, however, exhibits quite different
behaviours for the single-layer or double-layer contributions S;(x) or
D;(x) arising on the right-hand side of (7.68), i.e for the terms!

8x) = ——— [ iy, x)1:(v)aS(y), (7.75)
871 Jop
D60 = g [ wTly0m)dsy).  (776)

Indeed, the behaviours (7.62)—(7.63) show that S;(x) experiences a
regular limit whereas D;(x) admits a weakly singular limit requiring
careful attention. How to adequately handle the limit of the double-
layer term D,(x) when the point x approaches the boundary 0D is a
key point detailed below.

Recall that 0D = S U Y with S = UY_,S, the cluster’s surface. For
a boundary condition on S, of type (7.71), it is possible to get rid of
the contribution of this surface to D;(x) (see details in Section 7.4.4.2).
For a boundary S, of different nature such as case of a bubble or
clusters made of drops, this is not possible anymore and one needs to
cope with the limit of the double-layer term D;(x) as x approaches the
boundary 0D. Several methods are available to deal with this basic issue.
In this chapter, we propose a regularization approach which is general,
simple and quite suitable for a numerical implementation because it solely
involves regular integrals and thus permits a very good numerical accuracy.
This procedure, worked out in Section 7.4.4.2, exploits a few preliminary
properties established below.

We recall that D’ is the liquid domain in the absence of particles, i.e
that D' = DUP1U---UPy. Let us consider a closed and simply-connected
surface S’ drawn in the domain D’ that has a unit outward normal vector
n = n;e; directed into D’ (see Fig. 7.2). For instance, S’ may be the surface
S, of the particle P,,. The following property then holds

Gij(y,x)n;i(y)dS(y) =0 forj=1,2,3 and xinD’. (7.77)
S/

fAs soon as (7.74), holds one should replace 8D with the cluster’s surface S in (7.76).
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Note that x in D’ means that x may lie either on S’ or inside or outside
the domain V' enclosed by S’. For x outside V', the velocity u’ defined by
(7.66) is divergence-free inside V' and using the divergence theorem then
proves (7.77). By continuity, (7.77) also holds for x on S” and using (7.53)
with OR;;(y,x)/0y; = 0 easily proves (7.77) for x inside V'.

Another basic property is obtained for any steady Stokes flow (u”, p”)
with stress tensor o’ regular inside V'. For x outside V', the flow (u’,p’)
given by (7.66) is also regular inside V' and the reciprocal identity (7.26)
then holds. Since the vector t = tj;e; is arbitrary, one thus arrives, for
7 =1,2,3, at the identities

/ Gijly.®lero"n](y)dS(y)
= u/ [u"ei)(y)Tiks (y, X)nk (y)dS(y) ~ for x outside V' (7.78)

The relations (7.77)—(7.78) are of the utmost importance for the next
subsections.

7.4.4.2. Relevant general boundary integral equations

The cluster’s boundary is S = UM_,S,,. Any flow with uniform velocity a
and zero pressure is a steady Stokes flow inside the particle P,. By virtue
of (7.77)—(7.78), if x lies outside P,, one gets

/ Tikj(y,x)nk(y)dS(y) =0 for any pair (,7) and x in D\ Py.

n

(7.79)

The relation (7.79) permits one to cast the integral representation (7.68)
into another form. Exploiting (7.74), one thus gets for x in D and close
to P,

1
uj(x) = "8 /av Gij(y,x)fi(y)dS(y)
1

+ = ui(y)Tijk (y, x)nk (y )dS(y)
7‘- S\Sn

87 /s [ui(y) — wi(x)]| Tije (y, X)ni(y)dS(y).  (7.80)
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Each term on the right-hand side of (7.80) admits a regular limit as x
approaches Sy,. Thus (7.80) is still valid for x on S,, and one obtains the
following set of 3N coupled boundary integral equations for the desired
velocity u and traction f = o.n on the boundary 9D

us(x) = o [ /S o, M Tk Ome(v)aS ()

1
n [ Gur 0S| + g [ ) - w)

X Tk (y, x)ng(y)dS(y), xonSp;n=1,...,N (7.81)

which must be supplemented with three additional boundary-integral
equations whenever X exists (see (7.74))

1
0=—-—— Gi;(y,x)fi(y)dS(y
[ Gurnmasy)
+ 8 wi(¥)Tijk(y, x)nk(y)dS(y) xon ¥ and j =1,2,3.  (7.82)
T Js

The regularized integral equations (7.81) (or (7.81)—(7.82)) hold, whatever
the boundary conditions on the cluster’s surface S. One can thus employ
these integral equations for clusters made of solid bodies and/or spherical
bubbles. Invoking (7.77), furthermore, shows that f = o.n is defined on
each particle’s surface S, up to a constant multiple of the normal vector
n. This means that (7.81) (or (7.81)—(7.82)) does (do) not have a unique
solution in general. However, for two different solutions, the induced velocity
u (given by (7.68) or (7.81) is the same in the liquid. Again, we note
that when ¥ exists, (7.81)—(7.82) hold for any Green solution (P, G,T).
Selecting the solution (P¢, G¢, T¢) for which (see (7.74)) G°(y,x) vanishes
for y on 3, however, makes it possible to also replace S U ¥ with S
in (7.82).

7.4.4.3. Case of a N—bubble cluster

We consider a cluster made of N > 1 spherical bubbles and enforce
(7.72)—(7.73) on each surface S,. The traction f is unknown whereas,
on S, one ends up with given data (d,d) and unknown quantities (a,a)
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defined as
d=f-(fnn, d=un, a=u-(un)n, a=fn. (7.83)

The decomposition (7.83) satisfies, by definition, the compatibility relation
an = 0. Using (7.81) then shows that (a,a) is governed by the following
compatibility relations and coupled boundary integral equations

an=0on S,, (7.84)

Sra (x) — /S T )4 )
- /S laaly) — @i Tigi (3, )i (y)dS(y)

—|—u/ Gij(y,x)[an](y)dS(y) = s7[d, d](x) on Sy, (7.85)
oD

if the linear operator s’'[d, d](x) is defined for x on S, as

sild, d|(x) = —8nldn;](x) + /S . [dni) (y)Tiji (v, x)nk (y)dS (y)

+/ {[dnil(y) = [dns] ()} Tii. (v, %) (y)dS (y)
Sn

i / Gy x)ds (y)dS (y). (7.86)
oD

When a bounding surface X is present, one adds a similar counter-part of
the equations (7.82).

7.4.4.4. Case of a N—particle cluster involving at least
a solid particle

Let us consider a cluster involving at least one solid particle. On the surface
Sm of a solid particle P,,, one enforces (7.71) for n = m. Since any rigid-
body motion and (u.,p.) with stress tensor o. are steady Stokes flows
inside P,,, the identities (7.78) and (7.77) give, for x in the liquid,

- /S Gij(y, x)[es.en)(y)dS(y)

m

= /s i (y)iTin; (v, x)ni (y)dS(y) for x in D. (7.87)



Boundary Element Technique for Slow Viscous Flows About Particles 265

If one denotes by Ss the solid subset of the cluster’s boundary .S, this
relation suggests introducing on S, the auxiliary unknown traction f' =
f + o..n. Under the boundary condition (7.74), the integral representation
(7.68) then becomes

1 !
u;(x) = T l/amss Gij(y,x) fi(y)dS(y) + /s Gij(y,x) i (y)dS(y)
8i ui(y)Tiji (v, x)nk (y)dS(y) for x in D. (7.88)
T JS\S,

It shows that the double-layer contribution on the solid surface S5 does not
appear any more (its influence has been, however, taken into account by
replacing the traction f with the shifted one f’ on this surface). Using again
the identity (7.79) for each non-solid surface Sy, the integral representation
(7.88) then provides the following boundary integral equations

1 )
uj(x) = S [ /8 s, Gij(y,x) fi(y)dS(y) + / Gij(y,x) [i(y)dS(y)

s

1

o w;i(¥)Tijk (v, x)ni (y)dS(y) for x on S, (7.89)
T JS\S,

1

ux@==—§all;wf%A%XNHYMSW)+1;QA%XHHw¢ﬂﬁ

b [ uly) — w0 Ty, e ()dS(y) for x on 815,
T JS\S.
(7.90)

The left hand-side of (7.89) is given by the boundary conditions (7.71) on
each surface S, of Ss, whereas additional manipulations are required (as
for the previous example of an N—bubble cluster) to rewrite the equalities
(7.90) using the prescribed boundary conditions on the surface S\Ss. If
a bounding surface ¥, takes place we furthermore impose the following
counterpart of (7.82)

1

0=——
8T

[ / Gij(y,x) fi(y)dS(y) + / Gij(y,x)fi(y)dS(y)
oD\ S S

1

P i (y)Tiji (y, x)ni(y)dS(y) for x on X. (7.91)
T JS\Ss
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A straightforward application is the widely-encountered case of a cluster
made of N solid particles. In such circumstances, S = S; and therefore
(7.88), (7.89)—(7.90) and (7.91) readily adopt the simple forms

’U,j(X = 87T,UJ/GU y, X fl( )dS( )

“ 5 /s Gij(y,x)fi(y)dS(y) forxin DUSUX.  (7.92)
For a Green solution, such that G;;(y,x) = 0 for y on ¥, one can
furthermore omit the first integral on the right-hand side of (7.92).

7.5. Numerical Implementation

As seen in the previous section, the flow (u,p) about a given N —particle
cluster may be evaluated in the liquid by appealing to velocity and pressure
boundary integral representations on a prescribed surface (the cluster’s
boundary S or the surface S UX) where it is required to know the velocity
u and the surface traction f = o.n. Those key surface quantities have
been found to satisfy boundary integral equations on the involved surface.
For arbitrary clusters (shape, nature and location of each particles) it
is not possible to analytically employ or invert those boundary integral
representations or equations and a numerical treatment is requested. This
section presents a possible and so-called collocation method to achieve
such a basic task. This technique was first empoyed to solve potential
problems and has since been applied in many other fields, such as elasticity
or acoustics. Since it has become standard, we briefly describe the employed
steps but, however, pay special attention to the accuracy issues. For

additional details, the reader is directed to the available textbooks.40 42

7.5.1. Mesh and boundary-elements

Let us consider a surface S which may be either closed or not. This surface is
numerically approximated by another surface S,. This is obtained by using
a mesh consisting of N,, nodal points y(n) with n = 1,..., N, located
on S and N, boundary elements A, for e = 1,..., N, such that S, =
Ui\ﬁlAe with A, N Ay = 0 for e # ¢/. Each element A, is obtained by
mapping a standard Q— node plane pattern A onto A, using interpolation
functions. As sketched in Fig. 7.3, the pattern A is drawn in the & — &
plane and characterized by @) points {4 with coordinates (£1(g), &2(q)) for
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£(2)
a2
6 4
1 2 3

1y b
(a) (b)

Fig. 7.3. (a) Standard 6-node triangle A in the & — &2 plane. (b) Example of a mesh
for a solid ellipsoid using different flat boundary elements A associated with 3—node
triangle (near the poles) and 4—node square standard patterns A.

qg=1,...,Q. For a given boundary element A, the image on the surface
S of the point ) = (£1(¢),&2(q)) is denoted by y(e,q) and any point y
of A, is further described by its intrinsic coordinates £ = (£1,£2) obtained
by interpolating the locations of the nodes y(e,q). This interpolation is
defined by providing @ so-called smooth shape functions My(g =1,...,Q)
satisfying the properties

Q
My(&py) = Opq for p,qin {1,...,Q}; ZMq(f) =1for£on A (7.93)
q=1
and reads
¥(©) =Y My(©)y(e,q), €= (61,&) (7.94)

q=1

Note that under the conditions (7.93), one indeed retrieves the definitions
y(e,q) = y(&(q))- In practice, many pairs (A, Q) are possible and this key
choice dictates the accuracy at which the retained numerical surface S,
approximates the exact surface S. Actually, two types of boundary elements
exist:

(i) Flat boundary elements. In this case, illustrated in Fig. 7.3(b), each
boundary element A. is plane. For instance, one can resort to the
following pairs (A, Q) :

(a) A is the standard triangle 7 with inequations 0 < & < 1,0 <
§2<1,6 + & < 1 and Q = 3. The points {4 are the vortices of
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7T and each boundary element A, is a flat triangle with corners
located on the surface S.

(b) Ais a unit square SQ and Q = 4 with points ) at the corners.
Each element A, is a flat square with corners on S.

(ii) Curved boundary elements. Such high-order and curvilinear elements
A, permit a better approximation of S. The usual counterparts of the
previous flat elements are the following:

(a) A is the standard triangle 7 and one uses six nodes (Q = 6): the
corners and the midsides. This choice is illustrated in Fig 7.3(a).

(b) A is the standard square SQ and one employs nine nodes (Q = 9):
the center, the corners and the midsides.

Henceforth, we illustrate the method for 6-node curvilinear triangular
boundary elements (choice of A = 7 and @ = 6). Setting {5 = 1—&§; —&2 and
exploiting the relations (7.93) immediately provides the following quadratic
shape functions

Mi(§) = (263 — 1)&3,  Ma(§) = 46183, M3(&) = (26 — 1)&1,  (7.95)
My(§) = 461&a,  M5(8) = (262 — 1)&2,  Me(§) = 4€2&3. (7.96)

Since a node y(n) belongs to several boundary elements A., it is also useful
to know, for each node y(e,q) on a given boundary element A, its label
n in the entire mesh array (yi,...,yn, ). This is given by the so-called
connectivity table or matrix table(e, q) where

n = table(e, q) means that y(n) =y(e,q) on A,. (7.97)

In summary, one should be aware that a given surface S is approximated
by a numerical surface S, defined by nodal points and boundary elements
characterized by the following data:

(1) A given set of N,, nodal points (y(1),...,y(Ny,)) located on the exact
surface S.

(2) The number N, of boundary elements producing the numerical surface
Sa, the pair (A, Q) and @ associated shape functions M.

(3) The table of connectivity array table(e, q) which is an N, x Q) matrix.

7.5.2. Associated functions

For prescribed mesh and boundary elements, one obtains a surface S,
which approximates the exact boundary S. For further purposes it is also
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necessary to approximate the unit ouward normal vector n and the area
element dS(y) on S. Those quantities are obtained by computing two
vectors t; and to tangent to the boundary element A.. Setting fg¢ =
0f/0&;, one actually deduces from (7.94)

Q
dy = y(e,q)[My,e, (§)dér + My, (€)dés) = t1déy + todés.  (7.98)
g=1

The above vectors t; and ty are tangent to the boundary element on which
the area element dS(y) is given by

dS(y) = ‘tl /\t2|d/€1d52 = J(f)dfldfg (799)

with J(§) being the Jacobian of the mapping from Cartesian coordinates
yi (&) = y(£).e; to intrinsic coordinates (£1,&2). This Jacobian is non-zero
and using a suitable orientation provides J > 0. Accordingly, one gets

Q Q
t1 =) Mg (Oyle.q), ta=) Mye,(¢)yle,q),  (7.100)

J(€) = {1 [*[t2]* — (t1.62)°}'/* > 0. (7.101)

For 6-node curvilinear triangular boundary elements, the reader can check,
using (7.96), that

Mg (§) = M1, (§) = (1 —483), Mag, () =4(& — &),
Mag,(§) = =461, Mse (&) =46 — 1, Mse,(€) =0,
Mayge, (§) =48, Mae,(§) =4&, Mse (§) =0,
Mse,(§) =46 — 1, Mgg, (§) = —4&, Mee, (§) = 4(& — &)

For other choices (A, @), the reader is directed to the previously quoted
textbooks.?? 42 In a similar fashion, the unit normal vector n pointing
outside the surface S is given (judiciously labelling the tangential vectors
t1 and to in order to select the outward normal) by

n = [ty Ato]/J(€). (7.106)

In practice, the approximation of S is more accurate than the one of n if
one resorts to the formula (7.103). Whenever the exact boundary is known
in analytical form, it is highly preferable to calculate the ezact vector n at
each nodal point y(n) of the selected mesh and then to interpolate this
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vector on each boundary element A, by mimicking (7.94), i.e. by using the
relation

Q
nly(&)] = > My(€)nly(e, q)] for £ = (€1,%) and y(&) on A..  (7.107)

g=1

7.5.3. Computation of regular and weakly singular
boundary integrals: advocated scheme

As seen in (7.68)—(7.69) and (7.81)—(7.82), one needs to approximate
integrals over the surface S. Of interest is the general integral

I(x) = /S o(y) K (y,)dS(y) (7.108)

for x lying outside or on S, v a regular function and K a regular or weakly
singular kernel experiencing, if singular, the behaviour K(y,x) = O(|x —
y|~™! as y approaches x. For given mesh and boundary elements, one gets

Ne

I(x) =Y 19x), I%x) = / Wy (©IK [y(€), x]J (§)dérdEz.  (7.109)

A

e=1

The quantity v[y(¢)] is approximated by using the same interpolation as
(7.94) (case of isoparametric elements). In other words, one writes

Q
ly(©] =Y My(&)v(e,q) with v(e, q) = vly(e, q)] (7.110)

and thus ends up with the decomposition

N Q
I(x)=> > we,q)I“(x), (7.111)

e=1qg=1
1600 = [ M€ KIy(€). 376 deo (7112)

Accordingly, the task reduces to the numerical evaluation of each integral
I(©9)(x) when the point x lies either outside or on the boundary element
A.. Two cases then immediately occur:

(1) Case of a regular integral. This is when the kernel K[y (£),x] is regular
on the boundary element A. for the prescribed location of x. It is
then possible to evaluate the regular integral I(¢:9) (x) by appealing
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to standard Gaussian quadrature formulae.*?> Such quadratures are
available in the literature both for the standard square and triangle.**
For a patter A and a smooth function u, a P—order quadrature
approximation reads

P
/Au(fl,fz)d&dfg ~ Zwiu[&(i),ﬁg(i)] (7.113)

with P weights w; and Gaussian points (&1 (¢), £2(%)). Such weights and
points are given in** for a triangle A =7 and P = 3,6,7, 16,19, 28.
Case of a weakly singular integral. This happens when the kernel is
weakly singular when y approaches x which lies on the element A..
More precisely, for a collocation approach, x turns out to be one of
the nodal points y(e,q) of the selected element A, with associated
intrinsic coordinates 7 = (11, 72). In order to remove by hand the weak
singularity of the kernel in the vicinity of x, one resorts on the pattern
A to polar coordinates (p, ) centered at (n1,72) with

(£1,&) = (m,m2) + (pcosa, psina), a1 <a<ag, 0<p<d(a).
(7.114)
As detailed below, this permits one to express, for any function F, the
difference F(y) — F(x) on the boundary element A, in terms of the
distance p. Using the interpolation (7.94) for F' and exploiting, since x
lies on A., the approximation (7.93) for F'(x) yields

Q
Fy) = F(x) = Y _[My(€) = My(n)]ule, q). (7.115)

q=1

In practice each smooth shape function M, is polynomial and its Taylor
expansion therefore gives

My(&) — My(n) = (&1 —m) PO (p, o, n) + (&2 —12) P2 (p, ) (7.116)

with known and regular functions Pq(l) and Pq@). By virtue of (7.114),
it follows that

My (€) — My(n) = pMy(p, c,n), M, = cosan(l) +sin an(l). (7.117)

For example, when (A, Q) = (7,6) starting from (7.95)—(7.96) easily
provides, under the notation 73 = 1 — n; — 12, the functions

M, = (1 — 4m3)(cos a + sin @) 4 2p(cos o + sina)?,  (7.118)
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My = 4[n3 cos a — ny (cos o + sin av)

— pcosafcosa + sina)], (7.119)
Ms = (4n, — 1) cos a + 2p cos a?, (7.120)
My = 4(1 cos o + my sin ) + 4p cos asin ), (7.121)
Ms = (41 — 1) cos a + 2psin a?, (7.122)
Mg = 4[nz sin v — 2 (cos a + sin a)
— peosa(cos a + sin a)]. (7.123)
Accordingly, one obtains for y and x on A, the key relations
Q@ A . Q@
F(Y)_F(X):pquu(eaQ)7 y*XZpd» d:ZMQy(€7Q)
g=1 qg=1
(7.124)

Using (7.114) and (7.124) shows that there exists a regular function K,
such that for x = x(n) and y located at the element A., then

Kly(€),x] = Klp,a,nl/p, d&1d&e = pdpda. (7.125)

Hence, the weakly singular integral I(>:9)(x) is written

[e%) d(a) “
19 (x) = / { My(p,a,n)K]|p, a,n]dp}doz. (7.126)
a 0

1

It admits a regular integrand and is thus evaluated by using a standard
Gaussian quadrature.

7.5.4. Computation of regular and weakly singular
boundary integrals: accuracy issues

As seen in Section 7.5.3, each (regular or weakly singular) integral I g
finally evaluated by employing P—point Gaussian quadratures (in (7.113)
or (7.126)) one divides the domain A into several subdomains). The choice
of P strongly depends upon the desired accuracy and the location of x with
respect to the selected boundary element A.. For instance, for a regular
integral, the value of P that is sufficient to ascertain a prescribed accuracy
is small or large if x lies far from or close to A, respectively. Thus, a point
of the utmost importance is the way one selects P versus the pair (A, x).
Unfortunately, there is no systematic and theoretical answer to this key
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issue. A nice and carefully-tested guide has been, however, provided in
Ref. 45 and the reader is directed to this basic paper for further details.

7.5.5. Implementation for a N —particle cluster

This section gives additional details for an N —particle cluster with surface
S = UN_, S, immersed in a liquid eventually bounded by the surface 3.
The numerical implementation is achieved through the following steps:

(i) One approximates S U X by proceeding for S,, or ¥ as explained in
Section 7.5.1 and ends up with an N;—node mesh and N¢; boundary
elements A, described, on each surface S, or X, by a pattern and
smooth shape functions M,.

(ii) At each node y(p) on S UX with p = 1,..., Ny, three unknown
quantities are needed to determine u and the traction f. Those
quantities are governed by a discretized boundary integral equation
(see, for instance, (7.81)—(7.82), (7.85)—(7.86) and (7.89)—(7.91)). The
resulting 3V;—unknown array X obeys a linear system AX =Y.

(iii) Since the 3N; x 3N; square matrix A is fully populated and
unsymmetric, one solves the linear system AX = Y by Gaussian
elimination or iterative methods in the case of a large number of
particles. A might be singular (see Section 7.3.4.2 for the unicity of the
solution) but in practice3?:4¢ the computed matrix A is non-singular
unless very fine meshes are used.

7.6. Illustrating Comparisons and Results

The ability and accuracy of the boundary element approach are illustrated
in this section by presenting a few numerical comparisons for a single and
solid particle and a fluid bounded by a motionless, solid plane wall or
spherical cavity. The associated Green tensors G (see formulae (7.55) and
(7.60)) are employed together with the usual free-space Green tensor G
for the cavity. Moreover, for the sake of accuracy, each surface is meshed
using 6-node curved and triangular boundary elements.

7.6.1. Sedimentation of a solid spheroid near a plane wall

Let us consider a solid spheroid, with uniform density ps, immersed in a
liquid with uniform density p and viscosity p bounded by the 3 = 0 plane,
solid and motionless surface ¥. The spheroid has center O and inequation
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22 + 22 + e (w3 — H)?/ < a® with h = H/(ea) > 1 being the separation
ratio. It, moreover, settles under a prescribed uniform gravity field g. Far
from the wall (h = c0), it is known! to translate at the velocity ga?(ps —
p)v(e)/pes if g = ges with v(1) = 2/9 for a sphere and for oblate spheroids

v(e) = {p(p* + 3) arctan(1/p) — p°}/12, p=¢€/(1— )2 e<1.
(7.127)

Near the wall, the settling spheroid translates and rotates at the velocity
U and €, respectively. It also experiences net hydrodynamic force F and
torque C (about O) given by (7.33)—(7.34) for u. = 0, i.e. (see the end
of Section 7.3.4.3) the linear relation (F,C) = —uM;.(U, ). Since the
spheroid and the liquid are homogeneous, one gets (U, Q) by enforcing the
condition C = 0 and F = (p — ps)Vg with V being the particle’s volume.
Symmetries and linearity further permit one to restrict the attention to

= ge; and g = —gez with g > 0. Assuming that ps; # p, the non-zero
normalized Cartesian velocity components then read

—2 -3
pa—“U.e; pa > ey |
U= ———, wy=——————if g=geq, 7.128
g(ps — p)v(e) 27 g(ps — p)o(e) b )
—2
pa"“U.es .

Uy = =3 _if g = —ge: 7.129
g(p — ps)v(e) ° ( )

and depend upon (e, h). Those quantities have been calculated in Ref. 47
by a collocation method. Here, we employ the boundary integral equation
(7.92) with the Blake Green tensor that vanishes on ¥ (see (7.33)). Our
computations are compared with the bipolar coordinates method*”*® for
a sphere (¢ = 1) and with*” for the oblate spheroid ¢ = 1/2 in Table 7.1.

Table 7.1. Computed normalized velocities wui, w2 and w3 (see
(7.128)—(7.129)) for a solid sphere (a) and oblate spheroid with ¢ = 1/2
(b) and different N¢—node meshes.

Ny h u1(a) wa(a) us(a) u1(b) wa(b) u3(b)

74 1.1 0.4463  0.0245 0.1087  0.6433 —0.0534  0.246
242 1.1 04424 0.0259 0.0886  0.6413 —0.0538  0.244
1,058 1.1 0.4430 0.0270 0.0871 0.6411 —0.0538  0.244
(10, 3] 1.1  0.4430 0.0270  0.0873  0.6464 —0.0522  0.241
74 2.0 0.7256  0.0034 0.4726  0.7910 —0.0250  0.473
242 2.0 0.7235 0.0035  0.4707  0.7890 —0.0252  0.472
1,058 2.0 0.7232 0.0035 0.4705  0.7888 —0.0252  0.472
[10, 3] 2.0 0.7232  0.0035 0.4705  0.7892 —0.0252  0.477
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As seen in this table, the agreement is excellent for the sphere and very
good for the oblate spheroid. Actually,*”4? kept the extra weakly-singular
double-layer integral although it vanishes on theoretical grounds and this
might explain the small observed discrepancies for e = 1/2.

7.6.2. Solid particle in a spherical cavity

Recently®” addressed the case of a solid and arbitrarily-shaped particle with
surface S immersed in a liquid confined by a solid, motionless and spherical
cavity 3 with center O’ and radius R. This has been achieved by using
the free-space Green tensor G (therefore putting Stokeslets on the entire
surface SUX) or the specific Green tensor G¢ given by (7.60) (then putting
Stokeslets solely on S). Here, we report accurate comparisons for a sphere
with center O and radius a and direct the reader to the quoted paper for
results obtained for solid ellipsoids. Setting O’O = de3 with 0 < d < R—a,
reasons of symmetry confine the analysis to four different sphere’s rigid-
body motion for which we give the net force F and torque I' (about O)
exerted on the sphere. These selected cases introduce five dimensionless
friction coefficients, ¢1, ¢, s, t1 and t3, which solely depend upon (d/a, R/a)
and are defined as follows:

(i) The sphere translates at the velocity e;. Then F = —6muacie; and
I = 87wa2se2.
(ii) The sphere translates at the velocity eg. Then F = —6mruacses and

I'=o0.

(iii) The sphere rotates at the velocity e;. Then F = —8rua®ses and T' =
—87ma3t1e1.

(iv) The sphere rotates at the velocity es. Then F = 0 and I' =
—8muadtses.

We present, below, comparisons for the computed coefficients ¢y, cs, s, 1, t3
against analytical or semi-analytical results obtained when the sphere is
located at the cavity center or not, respectively. More precisely, when d = 0,
one gets s = 0 and ¢ := ¢; = c3 with the ezact! value

1-p
B R e

c(B) = 8=a/R<1. (7.130)
We denote by co, or ¢. the value of ¢ computed using the Green tensor
G>* on SUYX (with 1058 collocation points on X) or the Green tensor
G° on S, respectively. The quantities co,c. and the associated relative
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Table 7.2. Computed values coo, Acoo, cc and Ace versus the
number N of nodal points on the sphere for R/a = 1.1,2 and 5.
Note that 1058 nodes have been spread ¥ for the evaluation of
(cs, Acs).

N R/a Coo Acoo Cce Ace

74 1.1 3,258.137  1.00613  2,097.155  0.29128

242 1.1 2,124.983  0.30842  1,949.547  0.01030
1,058 11 1,777.331  0.09436 1,676.260  0.00353
exact 1.1 1,624.089 0 1,624.089 0

74 2. 7.223525  0.00968  7.218993  0.01030
242 2. 7.289179  0.00068  7.284937  0.00126
1,058 2. 7.297493  0.00046  7.293273  0.00012
exact 2. 7.294118 0 7.294118 0

74 5. 1.749799  0.00344 1.749640  0.00353
242 5 1.755232  0.00035 1.755073  0.00044
1,058 5. 1.755937  0.00005 1.755777  0.00004
exact 5. 1.755845 0 1.755845 0

errors Ac. = |c. — ¢|/c and Acos = |ceo — ¢|/c are displayed in Table 7.2
versus the number N of nodal points on the sphere’s surface S for
R/a = 1.1,2 and 5. Inspecting this table reveals that, in addition to
a very good agreement with the formula (7.130), the use of the Green
tensor G¢ yields more accurate results for the small sphere-cavity gap
R —a=0.1a.

When the sphere is not located at the spherical cavity center (for
instance if d > 0), very accurate semi-analytical results have been recently
reported in Ref. 50 using the method of bipolar coordinates (previously
worked out in Refs. 21 and 22). For d > 0 we denote the sphere-cavity
gap by n = (R — d — a)/a and compare the results obtained by®® with two
boundary integral approaches obtained when selecting the Green tensors
G or G°. More precisely, the coefficients c1,c3, s,t1,t3 are displayed in
Table 7.3 if G* and Table 7.4 if G for R = 4a, a few values of n and several
N —node meshes on the sphere. For a small sphere-cavity gap it has been
necessary to use, on the boundary ¥, more collocation points than for the
case of a sphere at the center of the cavity when using the free-space Green
tensor G (see Table 7.3) and putting 4098 nodes on ¥ enables a very
good agreement with Jones results for n = 0.5 (medium gap) and n = 0.1
(small gap). As seen in Table 7.4, using the Green tensor G° yields more
accurate results, especially for the small gap n = 0.1.
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Table 7.3. Computed friction coefficients ci1,c3,t1,t3 and s
versus the number N of collocation points on the particle
surface S (with N1 = 74, No = 242, N3 = 1058) for R = 4a
and two dimensionless sphere-cavity gaps n using the free-space
Green tensor G and 4098 collocation points on cavity X. The
results kindly provided by R.B. Jones are labelled J.

N n c1 c3 t1 t3 s

Ny 0.5 26330 4.6730 1.1640 1.0789 0.11870
Nz 0.5 26473 4.7107 1.1639 1.0755 0.11927
N3 0.5 26488 4.7144 1.1639 1.0755 0.11938
J 0.5 2.6487 4.7131 1.1639 1.0755  0.11933
Ny 0.1 39016 15.552 1.6065 1.1960  0.20206
Nz 0.1 39273 18886 1.6145 1.1939 0.19108
N3 0.1 39159 18.832 1.6171 1.1945 0.18494
J 0.1 3.9121 18.674 1.6163 1.1945 0.18344

Table 7.4. Computed friction coefficients c1,c3,t1,t3 and
s versus the number N of collocation points on S (with
N1 = 74, Ny = 242, N3 = 1058) for R = 4a two dimensionless
sphere-cavity gaps 7n using the Green tensor G€¢ (second
approach). The results kindly provided by R.B. Jones are
labelled J.

N 7 c1 c3 t1 t3 s

N1 0.5 26327 4.6714 11639 1.0789 0.11861
Nz 0.5 26471 4.7090 1.1639 1.0755 0.11920
N3 0.5 26486 4.7127 1.1639 1.0755 0.11932
J 0.5 2.6487 4.7131 1.1639 1.0755  0.11933
N; 0.1 39009 15413 1.6052 1.1960 0.20138
N> 0.1 39237 18636 1.6134 1.1938 0.19001
N3 0.1 39121 18711 1.6160 1.1945 0.18353
J 0.1 3.9121 18.674 1.6163 1.1945 0.18344

7.7. Concluding Remarks

The boundary element technique introduced in this chapter admits very
closely-related applications in other fields appealing to linear differential
equations for which a Green function or tensor exists: linear elasticity,
linear acoustics (Helmholtz equation), Brinkman flows. In each case, the
required steps are the ones introduced in the previous sections (counter-
part of the reciprocal identity and energy dissipation, unicity issue,
integral representation of the field in the domain, resulting boundary
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integral equations on the domain boundary, numerical implementation by
resorting to boundary elements and the reader is directed for details to
textbooks. 3040742

The comparisons presented in Section 7.6 highlight the very good
accuracy of the boundary integral method. For the sake of conciseness,
these benchmark tests solely deal with one solid particle but additional
comparisons for 2-particle clusters either settling or experiencing a so-
called elecrophoretic migration are however available in Refs. 51 and 52
respectively.

Since the finite element method (FEM) is nowadays widely employed
and implemented in most of software it is worth comparing its merits
and drawbacks with the introduced boundary element method (BEM),
at least in the selected field of Low-Reynolds-Number (also named
creeping) steady flows. Briefly, one can list the following features for each
method:

(1) The FEM is very easy to implement by dividing the liquid domain in
cells and using low-order quadrature formulae is sufficient. However, it
is necessary to adequately truncate the domain when the liquid is not
confined by a cavity resulting in huge linear system to invert.

(2) The BEM solely requires meshing the boundary SUZX of the liquid and
therefore yields linear systems of reasonable size. It is quite suitable for
external problems when the liquid is solely bounded by the particles (no
additional bounding surface X). In such circumstances, one can employ
the free-space tensor G of very simple and analytical Cartesian
components given by (7.48). Moreover, as illustrated in Section 7.6,
the method also produces very accurate results for externally bounded
liquid domains once one is able to accurately compute (if possible, at
a reasonable cpu time cost) both the weakly singular Green tensor G°
(for regular integrals) and the regular difference G¢— G for the weakly
singular integrals.

(3) As emphasized in Section 7.5.4, the achieved accuracy of a numerical
implementation of the BEM is dictated by the choice of the order of the
employed Gaussian quadrature formula when discretizing the boundary
integral equations. The nice guide proposed in Ref. 45 is issued from
numerical experiments, and any other theroretically-established scheme
would therefore be of great interest to select the Gaussian quadratures
versus a prescribed accuracy. Such a challenging and cumbersome issue
fully deserves attention in the future.
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Chapter 8

BIT FOR FREE SURFACE FLOWS

G. Baker
Department of Mathematics
The Ohio State University
231 W. 18th Ave, Columbus OH 48210, USA
baker@math.ohio-state.edu

Boundary integral techniques (BIT) offer several advantages for tracking free
surfaces in inviscid fluids. They reduce the spatial dimension by one in that
only information on the surface is needed to advance the location of the surface.
For irrotational flow, the fluid velocity is given by the gradient of a velocity
potential which satisfies Laplace’s equation. Formal solutions can be expressed
in terms of Green’s functions for Laplace’s equation and these solutions lead to
elegant formulations for free surface flows. In particular, dipole distributions
along the surface provide a perfect representation for the potential since the
normal derivatives are continuous across the surface, one of the required
boundary conditions. Lagrangian markers on the surface move with a weighted
average of the fluid velocities, the weighting based on the difference in densities
across the surface. This choice provides a natural adaption in the representation
of the surface in time. Finally, Bernoulli’s equation can be used to satisfy the
dynamic boundary condition at the surface, leading to an integral equation for
the dipole strength. This formulation, provided in this chapter, has been used
successfully in the study of water waves, the Rayleigh—Taylor instability and
the rise of bubbles. Modifications are presented for the case of multiple surfaces
and the presence of solid boundaries.

8.1. The Nature of Free Surface Flows

Free surfaces abound everywhere. The most common example is the
interface between water and air. We see these surfaces as rain drops, ocean
waves, a glass of water, etc. They appear over a vast range of length
scales and they encompass multiple phenomena: jets of water that break
into drops, waves that crash on the shore; mixtures of oil and water in
porous rock (oil reservoirs); rivulets of water flowing down a window pane.

283
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The list goes on and on. The fascination we find in water surfaces has
naturally attracted scientists to develop mathematical models to describe
their behaviour. By far, the most common studies assume continuum
models with a sharp interface. In particular, the Euler equations or the
Navier-Stokes equations are used for the fluid flow and jump conditions
that satisfy kinematic and dynamic conditions are imposed at the surface.
These models have been thoroughly tested over the last few centuries, and
they are now well accepted as good models for free surface flow.

Despite the great success of the standard models for free surface
flow, there remain aspects of their behaviour far less well understood,
in particular when free surfaces undergo topological changes as in the
break-up of a liquid jet into droplets. The separation of a droplet from
the jet happens almost instantaneously on a molecular level that makes
it extraordinarily difficult to express in a mathematical model, especially
one that is a continuum model. Further difficulties in mathematical models
arise at the point of contact between a free surface and a solid boundary, the
so-called contact-line problem. These difficulties will not be addressed here.

Even when the surface remains smooth without topological changes,
the full equations of motion are nonlinear and must be solved in a changing
geometry. Not surprisingly, many studies of free surface flow have employed
various approximations of the basic equations or restricted the nature of
the free surface in some way to make the mathematical problems tractable.
A vast body of knowledge has been gained this way and has served the
scientific community well. Over the last century, with the advent of high-
speed computing, several numerical methods have been developed to track
free surface motion. Some of the popular ones include level set methodology,
front-tracking techniques and finite volume methods. The overriding factor
that emerges from these approaches is the importance of highly accurate
calculations of the free surface velocities. Otherwise, the numerical evolution
of the surface quickly becomes inaccurate and can lead to unphysical
behaviour. The challenge, then, is the continual improvement of numerical
techniques that ensure accurate and reliable calculations of free surface flow.

There are two classes of free surface flows where boundary integrals
have a natural advantage over other methods. They are characterized by
very large or very small Reynolds numbers. The Reynolds number is the
ratio of inertial forces to viscous forces. It is small when viscous effects
dominate, such as the motion of small drops; it is large when viscous
effects are negligible, such as the propagation of water waves. In the former
case, the fluid equations can be reduced to the solution of a bi-harmonic
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equation: this topic is covered thoroughly by Pozrikidis.! In the latter case,
the fluid equations can be reduced to the solution of Laplace’s equation.
Here, it is natural to use source or dipole distributions along the surface,
and the velocity at the surface can be expressed completely by boundary
integrals of these distributions. In essence, only information on the surface is
needed to update the surface, thus reducing the effective spatial dimension
of the problem by one. Further, the surface may be represented explicitly
through a surface parametrization; there is no need to embed the surface
in a numerical grid.

In the next section, boundary integrals will be formulated as the
solution to Euler’s equation of fluid motion with free surfaces. The
formulation is for a surface between two fluids of constant but different
densities in three-dimensional flow. The restriction to two-dimensional flow
is included separately to illustrate its connection to complex analysis, a
powerful tool that allows improved numerical methods. The challenge for
numerical simulations is reliable and accurate calculation of the boundary
integrals which contain singular integrands. This issue is addressed in
Section 8.3. In particular, there are some highly accurate methods for
surfaces (curves) in two-dimensional flow. These methods are applied to
several free surface flow problems in Section 8.4 which contain a single
free surface, such as water waves, Rayleigh—Taylor instabilities and rising
bubbles. The extension to more free surfaces is straightforward, but an
additional boundary integral formulation is needed when solid boundaries
are present (described in Section 8.5). Yet, there remain difficulties and the
chapter will close in describing some of them.

8.2. Mathematical Formulation

Euler’s equations for fluid flow in the absence of viscous effects are:

ap _
a—u-i-(u-V)u——lV + (8.2)
at - p p g’ .

where u is the fluid velocity, p is the density, p is the hydrodynamic pressure
and pg is the gravitational force. For liquids and gases moving slowly, it is
usual to assume the flow is incompressible,

V-u=0. (8.3)
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Equations (8.1-8.2) are evolution equations for p and u, with Eq. (8.3)
acting as a constraint that determines p.

Another form of these equations uses the vorticity w = V x u. By
taking the curl of Eq. (8.2), an evolution equation for the vorticity is
derived.

0 1
a—a;—l—(u-V)w—(w-V)u:Vpr(;). (8.4)

Now the velocity must be determined from Eq. (8.3) and the definition of
the vorticity. A standard approach is to introduce the vector potential A by
u = V x A. This choice automatically satisfies Eq. (8.3), and the definition
of the vorticity becomes

V2A = —w, (8.5)

with the additional requirement V - A = 0. Several books? * provide
excellent coverage of vorticity and vortex methods, which have direct
connections to the methods described in this chapter.

A particular value of the vorticity formulation Eq. (8.4) is that it draws
attention to the production of vorticity. The terms on the left-hand side of
Eq. (8.4) describe the advection and stretching of vortex lines, and the
term on the right-hand side describes how vorticity may be created. In the
absence of solid boundaries, vorticity can only be produced from density
gradients. For flows where it is reasonable to assume density is uniform,
vorticity is conserved. In particular, if there is no initial vorticity, then
there will be none in the future.

On the other hand, if there is a sharp interface separating regions of
constant but different densities, then vorticity is created at the interface.
Unfortunately, the production of vorticity on the interface is a generalized
function and difficult to derive from Eq. (8.4) directly. Instead, it is easier
to seek solutions in each region separately and then connect them through
interfacial conditions at the surface.

In each region, the velocity must be curl-free. Consequently, the
velocity may be expressed in terms of a velocity potential u = V¢. Upon
substitution into Eq. (8.2), the equation may be integrated to produce
Bernoulli’s equation,

0p 1

p _
E + §(V¢)2 + ; +9y = C(t)a (86)
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where it is now assumed that y is a coordinate in the upward vertical
direction. Further, Eq. (8.3) becomes

V2 =0. (8.7)

The way forward is to use Bernoulli’s equation, Eq. (8.6), to update the
potential at the surface, and then to use the result as a Dirichlet boundary
condition for the solution to Laplace’s equation, Eq. (8.7). This is where
boundary integral techniques come into play.

8.2.1. Three-dimensional BIT

Quite clearly, Eq. (8.5) and Eq. (8.7) are candidates for boundary integral
methods. To proceed, boundary conditions are needed. Consider a sharp
interface between two immiscible fluids of different densities. The interface
must move with the fluid: this requires that the normal component of the
fluid velocities at the interface match the normal velocity of the interface.
Let n be the unit normal to the surface pointing outwards if the surface is
closed and pointing downward if the surface is open and extends to infinity
in the horizontal direction. Designate the fluid quantities on either side of
the interface by the subscript 1 if the quantity is on the outside (below) the
surface and subscript 2 if it is inside (above). Then the kinematic condition
is that the normal components of the fluid velocities must match:

n-u; =n-up. (8.8)

Dynamic considerations require that the pressure jump across the interface
is balanced by the interfacial force due to surface tension.

py —p1 = Tk. (8.9)

The surface tension coefficient is 7" and the curvature is k. Boundary
integrals are needed that satisfy Eqgs. (8.8-8.9).

There are many choices for boundary integrals that solve elliptic
problems. One in particular offers advantages for free surface flows. Dipole
distributions automatically guarantee continuity of the normal derivatives
of the potential, in other words, continuity of the normal components
of velocity Eq. (8.8). Let p be a dipole strength distributed along the
interface written in parametric form as x(p,t), where p represents two
surface coordinates (p1,p2).* Then the potential generated by the dipole

2The dependency on time will no longer be explicitly indicated unless necessary.
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distribution along the surface is

000 = [ma@n(@ - V,6(x-x(@)ds@.  (10)

The subscript ¢ on V indicates that the gradient is with respect to x(q),
i.e. the second argument of G. The Green’s function G depends on the
dimensions of the elliptic equation. In two dimensions,

1

G(x = x(q)) = 5 Infx = x(a)], (8.11)
and in three dimensions,
Glx—x(q)) = ——— — 1 (8.12)
4 ‘x — x(q)|

While the normal derivative of the potential is continuous across the
interface, the potential jumps in value by u. Specifically, as x — x(p)
approaches the interface along the normal direction, the potential has the
limiting values,”

o1(p) = I(p) — @, (8.13)
62(p) = 1(p) + L), (s.14)

where
10) = [ wa@n@ V,Gx(p) - x(@) dS(a).  (8.19)

This integral must be interpreted as a principal-valued integral. It gives
the average value of the potentials on either side of the interface, and the
dipole strength is the jump in value of the potential across the interface.
These statements follow by simply adding or subtracting Eq. (8.13) and
Eq. (8.14).

So far, the potential ¢ generated by Eq. (8.10) satisfies Eq. (8.7) and the
interfacial condition Eq. (8.8). The other interfacial condition Eq. (8.9) will
determine . Before describing how, let’s determine first how the velocity
of the interface can be calculated when p is considered known. The first
issue to face is the choice for the velocity of the interface. While the normal

bThe limiting behaviour depends on the choice of direction of the normal in Eq. (8.10),
so the sign of the jump in the potential may be different from other derivations.
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component is continuous, the tangential components may jump. A flexible
choice is to take a weighted average,

ox

E [(1 + Oé)ul + (1 — O{)UQ], (816)

=uy =

Do =

where the parameter a controls the weighting. For example, when o« = 1, the
velocity of the interface is the velocity of the outer (lower) fluid. The time
derivative of the location of the interface is written with partial derivatives
to emphasize that the surface location p is held fixed. In other words, the
motion of the interface is Lagrangian and p represents the Lagrangian label.

In line with the nature of the potential at the surface, define the average
velocity and the jump in velocity as

1

U:§(u1—|—u2), m=us — uj. (8.17)

Consequently, the interfacial velocity is

u1:U—%m. (8.18)
The goal now is to determine U and m by using information on the surface
only.

The tangential velocity components can be determined directly from
the tangential derivatives of the potential evaluated along the surface.
Specifically, let ¢(p1,p2) = qS(x(p)) represent either the potential above
or below evaluated on the surface and differentiate with respect to p; and
p2 separately.

oles ox o ox
— = .V¢, d =—/—=—-Vo. 8.19
o o ¢, an ops o 0] ( )
Since
0x ox
t = —, t = —, 820
! Op1 ? Op2 ( )

are tangent vectors (not necessarily unit vectors), the tangential
components of the velocities at the interface give

ol ol
T § e 21
apl, 2 U ) (8 )

ou ou
= — -m . 8.22
o (8:22)

t;-U

tl-m
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The tangent vectors may be used to determine the unit normal to the
interface,

|t1 X to|n=t1 x to. (8.23)

The assumption is that the orientation of the tangent vectors are such as to
make the normal vector point outwards (below). The next step is to find a
way to determine the normal velocity component n - V¢. One way forward
is to use Green’s theorem to formulate a boundary integral equation for the
normal derivative of ¢, given ¢ on the surface. This approach is often used
when either p; or ps is zero, but it may be possible to use it in the general
case.

An alternative approach is based on tangential derivatives of the
vector potential. Fortunately, the vector potential can be determined by
a boundary integral of the dipole distribution. Start with V¢ = V x A, and
use the vector identity,

V,(n(g) - V4G (x(p) ~ x(@) ) = (n(@)- V) (V4G (x(p) ~ x(@)) )

~V, x (n(g) x V4G (x(p) = x(a) ),

to derive the expression for the vector potential,

Mmz—/mmmmxvﬁ@mw«m»wmx (8.24)
where
dS(q) = ‘tl X t2| dp1 dpQ.

The vector potential is continuous across the interface so its tangential
derivatives do not jump in value. Apply the identity

//VxA-ndS:/A-dl (8.25)
to a small closed region lying on the interface. The result gives
(tl X t2) U= —=— - (826)

where

Al =t A, Ay=ty- A (8.27)
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The quantities A; and Ay are integrals that result from applying the dot
product to Eq. (8.24).

Equations (8.20-8.21, and 8.26) determine the velocity at the interface.
They constitute a set of linear equations for U and m which may be solved
in closed form to give

ol ol 0A 0A
|t1Xt2|U:t2X1’1——t +1’1|: 2 !

—] (8.28)

X n— —_— —
op ! Op2 Op1  Opo
ou ou
t1 Xt =toXxn— —t; Xxn—. 8.29
\ 1 2| m 2 X1 ;i 1 Xn s ( )

The result shows that U can be determined by the surface derivatives of
three boundary integrals, I Eq. (8.15) and A; and Az Eq. (8.27). The
two results, Eqgs. (8.28-8.29), determine u; Eq. (8.15) which completes
the specification of the velocity of a Lagrangian marker on the interface
Eq. (8.16). So far, no information other than surface quantities need to be
known.

The last step is the derivation of an evolution equation for the dipole
strength. This derivation must use Bernoulli’s equation Eq. (8.6) and the
dynamic boundary condition Eq. (8.9), but Bernoulli’s equation must be
transformed to account for the Lagrangian motion of the surface markers
(fixed p). The change in potential following the Lagrangian motion on either
side of the interface is

0 1

p1 ﬂ_ul.u1+_|u1|2+gy +p1 :07 (830)
ot 2
0 1

p2 {% —uy-uz+ 3 lug|? + gy] +p2 = 0. (8.31)

By subtracting Eq. (8.31) from Eq. (8.30) and using the definitions of the
surface velocity Eq. (8.18), one finds after some lengthy algebra,

10 ol o 1 @ 1
A%y =~ A| S UP - ST~ G - gy

20t ot 4
T
- K.
p1+p2

(8.32)

The Atwood number measures the jump in the density and is defined as

_ P1— P2

Copitpe (8.33)
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The time derivative of I can be split into two parts:

O [ 249D )9, 6 ) x(@) fr ¢ o

+ [ @ 5 { (@ 9,66x(0) ~x(@) t1 x o] | apr
(8.34)

The time derivative in the second integral must be taken carefully since all
the quantities in the braces depend on time through their dependency on
x(p, t). The time derivative of x(p, t) is uy which depends only on x and the
location of the interface and may be calculated as already described above.
Consequently, the second integral and the right-hand side of Eq. (8.32) may
be calculated provided only that p is known. The first integral in Eq. (8.34)
coupled with the first term in Eq. (8.32) forms a Fredholm integral equation
of the second kind for the rate of change of the dipole strength, and its
solution provides a way to update u.

In summary, Egs. (8.16, 8.18, 8.28, 8.29 and 8.32) constitute a set of
evolution equations for x and p. Knowing x and p at some time t, the
tangent vectors Eq. (8.20) and the normal Eq. (8.23) may be evaluated,
and then the boundary integrals Eqgs. (8.15 and 8.27) may be evaluated
to determine the average velocity U and the velocity difference m from
Eqs. (8.28 and 8.29). This gives the interfacial velocity u; defined in
Eq. (8.18). Finally, the right-hand side terms of Eq. (8.32) may be evaluated,
including the second integral in Eq. (8.34), and the integral equation
Eq. (8.32) may be solved to obtain the rate of change of the dipole strength.
Consequently, the surface location and the dipole strength may be updated
in time.

The dipole strength has a direct connection to a special distribution
of vorticity on the interface. By integrating by parts, Eq. (8.24) may be
written as

A= / w () G(x(p) — x(q)) dS(q), (8.35)
where

w (p) =T (p)di(n)

1 ou ou )
=— | =—ty— —1t1 | d(n). 8.36
|t1 Xt2‘ (8231 ? Op2 1) otm) ( )
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Equation (8.35) is a formal solution to Eq. (8.5) where w is a vorticity
distribution. It is a delta distribution on the interface and its direction lies
in the tangent plane. The quantity I' is called the vortex sheet strength and
it measures the jump in tangential velocity across the interface. The creation
of the dipole strength Eq. (8.32) when A # 0 or T # 0 corresponds directly
to the creation of a vortex sheet at the interface where the density jumps in
value and/or when surface tension effects are present. While it is not easy
to derive the equation for the generation of the vortex sheet strength from
Eq. (8.4), it is relatively straightforward to derive an evolution equation
for T' from its definition in Eq. (8.36) and the evolution equation for the
dipole strength Eq. (8.32), but the result is a complicated expression with
no apparent advantage over the dipole formulation.

A specific feature of the particular formulation of free surface flow
presented in this chapter is its generality since it allows fluids of different
densities on either side of the interface. A similar approach® adopted
to study water waves chooses the motion of the markers to be purely
vertical, which imposes some limitations on the geometry of the surface
(breaking waves must be excluded). Both these approaches are the natural
extension of the derivation in two-dimensions (one-dimensional surface)®
which follows the pioneering work of Birkhoff.”:8

In contrast, most derivations of boundary integrals for free surface flow
have picked one of the fluid densities to be zero, corresponding to one
of the choices A = +1. Bernoulli’s equation Eq. (8.6) is used to update
the potential on the free surface and various boundary integral techniques
are used to solve Laplace’s equation for the potential. The first derivation
following this approach? uses a dipole representation in three dimensions,
but only the application to axisymmetric flows is calculated numerically.
Another technique,'® developed first for two-dimensional flow,!! uses
Green’s third identity to obtain a Fredholm integral equation of the first
kind for the normal component of the velocity. Numerically, a full system of
equations for the discrete approximation must be solved at each time level.
In contrast, a Fredholm integral equation of the second kind for the normal
component of the velocity given the potential along the interface'? may
be solved iteratively. It is also possible to prove numerical stability when
a regularized Green’s function is used in the numerical approximations, a
technique developed first in two dimensions.'® A different approach'* uses
a special surface parametrization to take advantage of the Riesz transform
to ensure numerical stability of the boundary integral formulation based on
dipole distributions. Finally, there are some special techniques, in particular
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those based on conformal mapping'® or analytic continuation,'®7 that can
only be used in two-dimensional flows.

Perhaps the greatest strength of the formulation based on dipole
distributions is that the integral equation Eq. (8.32) may be solved by
modern iterative techniques, such as multigrid and GMRES with a suitable
preconditioner. At each stage of the iteration, the cost in calculating
the integral may be reduced with multipole or tree-code algorithms.'® !
Moreover, the integrals for each p can be performed on separate processors
leading to a natural procedure on parallel computer architectures. At the
same time, the choice of « allows control on adaptivity. The physical
choice @ = A takes the density weighted average of the velocities at the
interface as the interfacial velocity and proves to be an effective choice in
many cases.

Assumptions so far include the presence of only a single interface,
either closed or in open periodic geometry where the fluid is at rest far
from the interface. If there is an additional external flow, it may be added
directly in Eq. (8.18). There are other modifications and extensions for
the presence of multiple interfaces and the presence of solid boundaries.
These modifications and extensions will be described later for the simpler
case of two-dimensional flow. Indeed, a substantial amount of study has
concentrated on two-dimensional flows both because of the simplification in
the formulation and because of the much lower cost in computational time.
It is appropriate, therefore, to state the formulation specifically for two-
dimensional flow and describe the various modifications when additional
free surfaces and rigid boundaries are present. The approach will be equally
valid in three-dimensional flow.

8.2.2. Two-dimensional BIT

Introduce a right-handed coordinate system with unit vectors i,k lying
in the horizontal plane and j pointing vertically upwards. Gravity will be
assumed to act vertically downwards. The flow is now assumed to lie in the
i,j only. A general parametric form for the interface location is

x =z(p1)i+y(p1)j+p2k, (8.37)

and the dipole distribution depends on p; = p only,

n(p) = p(p) (8.38)

This choice ensures that the fluid velocity lies in the zy-plane only.



BIT for Free Surface Flows 295

The tangent vectors Eq. (8.20) and the unit normal vector Eq. (8.23)
are (with p; = p)
ti=a2,i+yy§, to=k n=2Li-2j (8.39)
Sp Sp
where p is taken to run anti-clockwise (closed) or left to right (open), and

52 =1+ yr (8.40)

gives the square of the derivative of the arclength: subscript p refers to
differentiation.

The boundary integral Eq. (8.15) that determines the average potential
at the interface becomes

RS Ya(a) (2(p) — 2(q)) — 24(a) (y(p) — y(a))
o /M(q) (2(p) — (@) + (y(p) — y(a))”

The vector potential has only one component A = ¥ k; v is called the
streamfunction. From Eq. (8.27), A; = 0 and A2 = v, and from Eq. (8.24),

1 24(q) (z(p) — 2(q)) + yq(a) (y(p) — y(q))
v(Pp) = 5= 5 —d
=5 [ 10 (o) —2(@)° + (v(p) — v(@))

The velocity of the interface is determined by Egs. (8.28 and 8.29).
sf)U = (xp I+ yptp) i+ (yp Iy — 2p ) §, (8.43)
$pM = Tp fp 1+ Yp ip J- (8.44)

I(p) = dg. (8.41)

(8.42)

N

Let U = ui+ v]j, then u,v are easily determined by Eq. (8.43) and the
velocity components of the interface motion Eq. (8.16) are

or o fpTp

ot T s2 7 (84)
dy O [pYp

—_— = = —_ = . 4
oL vr v B 8129 (8 6)

The evolution of the dipole strength is determined by Eq. (8.32).

5_/‘_214@: auf, 2 2_a(uxp+vyp)ﬂp 1 g
ot ot 2 52 52 452
_ 2T xpypp _3 YpLpp . (8.47)

pP1+ p2 S
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Unfortunately, the expression for the time derivative of I is lengthy, so it is
convenient to introduce a more compact notation. Let z(p) = x(p) + iy(p)
be the location of the interface in the complex plane. There is a natural
connection between potential theory and complex variables and restatement
of the formulation in terms of complex variables leads to other insights in
the application of boundary integral methods to free surface flows in two
dimensions.

Introduce the complex potential ¢ + iv. In particular, let the average
complex potential at the interface be denoted ® = I + ith. Then Eq. (8.41)
and Eq. (8.42) may be combined into one complex integral,

0() = 51 [ ) o1 o (8.48)

" 21 )— =)

Of course, this integral must be taken in the principal-valued sense. It is
clearly the parametric form of the Cauchy integral.

The complex velocity w = w + iv is related to the derivative of the
complex potential. The average complex velocity Eq. (8.43) at the interface
will be

@, (p)
Zp () ’

where the superscript * refers to complex conjugation and the subscripts
p indicate differentiation as before. The motion of the interface Egs. (8.45
and 8.46) becomes the complex weighted velocity

a fip

w*(p) =

(8.49)

Wh=w'—3 P (8.50)
0z
5 =W (8.51)
Equation (8.47) may be rewritten as
% - 2‘4%{2%1 2—’:(61) ﬁ dq} = R(p) (8.52)
where
_ 1 _Wala)
i) = 2an{ 5 [t "0 ag
1 zq(q) (W(q) — W(p)) A «a u_f,
9 1(q) (a) - o) dq} + (4 2) =
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—A{w*w —aupére{zﬂ} —2g${z}} 1 i%{zﬂ}

P p1+ p2 Sp Zp
(8.53)

Written this way, it is clear that Eq. (8.52) constitutes a Fredholm integral
equation of the second kind for the rate of change of the dipole strength.

The connection between a dipole distribution and a vortex sheet
representation is very easy to establish in this new notation. By integrating
by parts, the complex velocity can be written as

i _ % 1 4 1
YT ot | 1) dq (Z(Q)—Z(P)) ad

1 1q(q)

omi ) ) - =) (8.54)

which is the complex form for the Birkhoff-Rott integral that gives the
motion of a vortex sheet. The vortex sheet strength is I' = p,/sp; see
Eq. (8.36). It is convenient, and common, to express p, as the unnormalized
vortex sheet strength ~. The evolution equation for v follows simply from
differentiating Eq. (8.47) with respect to p. If there is no jump in density
A = 0 and if surface tension may be neglected T' = 0, the choice « = 0 (the
motion of the interface is the average velocity) means v remains a constant
in time. Thus,
0zr 1 7(9)

o "2 ) -2 (5:39)

is the equation of motion for a vortex sheet, a well-studied equation as the
model for a thin shear layer.20:2!

There is an important difference between a dipole and vortex sheet
representation. The mean value of the dipole strength is dynamically
unimportant and the far-field motion is at rest. If the vortex sheet strength
has a mean value then there is a net circulation in the region containing
the interface and the far-field motion will reflect its presence. In particular,
if the vortex sheet is in open, periodic geometry, then the fluids above and
below the sheet flow past each other in a shearing motion. In this case, the
mean value of v is the jump in the velocities of the two fluids far from the
sheet. In other words, if there is a mean shear flow at the interface, it is
more appropriate to use a vortex sheet representation.

This completes the basic derivation of boundary integral methods for
free surface flows. However, there is a useful modification for open, periodic
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geometries which is needed for studies of water waves and the Rayleigh—
Taylor instability.

8.2.3. Open, periodic geometry

The Green’s function, Eq. (8.11) or Eq. (8.12), used in the derivation
of the boundary integrals for free surface flow is the free space Green’s
function. If there are geometrical constraints on the motion, there may
be other Green’s functions more appropriate for the boundary integrals.
An obvious example is open, periodic geometry where the interface and its
motion remain periodic in the horizontal plane. A periodic Green’s function
may be obtained by the method of images which then guarantees periodic
motion.

For two-dimensional motion, the assumption will be that z(p + L) =
L+ z(p) and p(p+ L) = p(p). Then

@m-ﬁ mu(Q)ﬁ%dq
1 [F > 1
=2 ) 1(q) 24(q) n;m P oy dg
1 L s

— o [ #0200 o{ T @) -2 paa (550
The formula for the sum can be found in Reference 22. The standard
choice is to scale z with L/27 or equivalently set L = 2m. Besides the
obvious replacement of the Green’s function in the integrals in Eq. (8.52)
and Eq. (8.53), the equations of motion for the interface remain unchanged.
The value of Eq. (8.56) is that the range of integration is finite, and the
integrand is periodic allowing highly accurate spectral methods to be used
numerically.

Unfortunately, the periodic Green’s function in three dimensions
requires a double sum that does not even converge. Fortunately, the sum
can be modified so that it is convergent without destroying the nature of
the Green’s function; only the mean level of the Green’s function is affected.
Since only derivatives of the Green’s function are needed in the boundary
integrals, they remain unchanged. Even so, the modified sum has no known
closed form and converges very slowly. Instead, the sum can be converted

to rapidly converging Ewald sums.”
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The boundary integral equations for free surface flow are nonlinear and
only a few special solutions are known. A simple example is the perfectly flat
interface which is stationary and the dipole strength is constant. Instead,
the solutions to the equations must be constructed numerically. Section 8.3
will present the standard numerical methods for the case of open, periodic
geometry.

8.2.4. Linear stability analysis

Before designing a numerical method, it is wise to have some understanding
of the basic mathematical properties of the solution to the equations. A
good starting point is to consider the stability of a flat interface with small
perturbations. A linear analysis can establish the stability of the solutions
and give insight into the general behavior of the interfacial motion. However,
it is best to consider as general a case as possible, which means the inclusion
of a mean value 7y to the vortex sheet strength to allow for a mean shearing
motion.

Because the Lagrangian markers may move along the interface, the
perturbations are written in the form,

2p) =p+ %Ws + ael™P 4 peimP (8.57)
¥(p) = v + cel™P 4 c*eTimP, (8.58)

where the coefficients a, b, ¢ are assumed small. Note that the form of the
perturbation in « is designed to ensure that it is a real function: ¢* is
the complex conjugate of ¢. For convenience, only one mode m is selected.
Once the results are known, a linear superposition of all integer modes will
produce in effect a complete Fourier series allowing for arbitrarily small
perturbations.

The evolution equations for the coefficients can be obtained by
substituting Egs. (8.57 and 8.58) into Eqgs. (8.51 and 8.52), and retaining
only those terms that are linear in the coefficients a, b, ¢;

da 1+« . *

T = — 5 (C — im~yopb )’ (8.59)
dbv* 1l—a .

WL (o imaga). (8.60)
de

& (A= aimoe + A= (a4 b7) + 02(a-b). (361)
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where

m3

Q= Agm+ (8.62)

p1+p2

The general solution to this system of ordinary differential equations is

a =¢e1+e0a,e’t +eza_e” (8.63)
b =¢1 + €ij_ea+t + €3biea’t, (8.64)
c =e1imyy + e2ci e’ +ege_e” (8.65)
where
- 1- A2 1/2
or =2 Zimro + ( —im® - Q) , (8.66)
and

1+« l1—«o.
a4 = ——(/— | 04+ — 9 m~o |,

o, >
mao |,

k.

5, 1—a?
C+ =03 —

The constants ¢; are determined by the initial conditions.

The constant e; reflects a choice of initial condition in which the
interface remains perfectly flat, while the Lagrangian markers are placed
along the interface so that y© = gz remains unchanged. Normally, the
choice of €1 is made to start with an initial concentration of Lagrangian
markers where resolution is needed later in the calculation.

The more important behavior of the linear solution is the nature of
the growth rates o4. Note first that the first term in Eq. (8.66) controls
the tangential motion of the markers. It suggests that the choice a = A is
a natural one; this choice states that the average velocity at the interface
should be weighted with the ratio of densities.

The physically relevant part of the behavior of the linear solution is
determined by the term with the square root in Eq. (8.66). Consideration
of a few special cases helps to shed light on the general case. First, consider
A = 1. Physically, the density about the interface is negligible, as commonly
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assumed in the study of water waves, for example. Indeed,

1/2
oy = ii(gm + Tm3) : (8.67)
P1
which is just the standard dispersion relation for water waves.
Second, consider A = —1. Now the density below the interface is
negligible and the surface is unstable (the Rayleigh—Taylor instability). The
growth rates are

3\ 1/2
Tm) . (8.68)

oy = j:(gm —
P2

The instability is stabilized by surface tension for large wavenumbers.

The final choice is A = 0. There is no density difference across the
interface as might occur for two immiscible fluids of equal density. If, in
addition, T' = 0, then the growth rates are

oy = i%Tm. (8.69)
The motion is linearly ill-posed;?* the modes with the smallest length scales
(largest m) grow the fastest. This choice has received considerable attention
for the last three decades since it describes the motion of a vortex sheet
Eq. (8.55), the standard long wave model for a thin layer of vorticity.
At first, hopes were that nonlinear effects would restore well-posedness,
but these hopes have been dashed.?*'?® Indeed, there is strong evidence
in Cowley et al. (and the references cited therein)?® that vortex sheets
develop curvature singularities in finite time. Surprisingly, the inclusion
of surface tension effects, which stabilizes the highest modes according to
linear theory, does not prevent singularity formation,?” although the nature
of the singularity has changed.

The above linear stability results have more applications than might
be expected. By restricting attention to regions of an interface where it is
locally flat and allowing the gravity vector to compensate for the orientation
of the interface, it is possible to use the linear results to predict the stability
under more general circumstances.?® A good example is the late time
development of the Rayleigh—Taylor instability (—1 < A < 0) when heavier
fluid falls in long spikes into the lower fluid. Along the sides of the spike,
a local g grows slowly in time as the heavier fluid rushes by the lighter
fluid and triggers the onset of a curvature singularity?® and the subsequent
roll up of the interface into a plume. In contrast, the case 0 < A < 1 with
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no initial g, does not appear to form a curvature singularity in finite time
unless a breaking wave develops (a topological singularity of a different
nature then occurs). Presumably, there are no regions where a mean vortex
sheet strength arises for sufficient time to trigger curvature singularities.
Singularity formation in interfacial flow remains an active area of research
and is one of the remaining challenges for boundary integral methods.

For completeness and subsequent use, the linear results for the dipole
strength are included when 9 = 0. Let

u(p) = de'™ 4 d*emP, (8.70)

Then the linear part of the potential Eq. (8.56) becomes

Lo ~ q—p
(p) = /0 e + d*e co ( 5 ) q

d ar
= e — e i, (8.71)

The results Egs. (8.63, 8.64 and 8.66) still stand, and dy = c4/(im).

In summary, care must be taken in the design of numerical methods
for interfacial flow because of the possibility of ill-posedness and subsequent
formation of curvature singularities.

8.3. Numerical Approximation

The method of lines is a natural choice for the numerical treatment of
the evolution of the interface. Markers along the interface are distributed
in the Lagrangian variable p with an associated dipole strength. Then,
the velocity and the rate of change of the dipole strength are calculated
and used to update the marker’s location and dipole strength through a
standard method, such as the 4th-order Runge-Kutta method. Details will
be provided here for free surface motion based on a dipole representation
in open, 2m-periodic geometry, such as water waves. It is relatively
straightforward to adapt the methods to other circumstances, such as the
vortex sheet representation.

From now on, N markers are assumed to be evenly-spaced in p. Note
that the definition of p is done in conjunction with the specification of the
initial conditions and can be done to improve resolution in the subsequent
motion. Subsequent examples with water wave motion and the Rayleigh—
Taylor instability will illustrate this idea. Let the location of the markers
be z; = z(jh), y; = y(jh) with h = 27 /N. Similarly, let pu; = p(jh). Since
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the interface is taken as 27-periodic, the data may be expressed in terms
of a discrete Fourier series. Let f(p) stand for any 27-periodic function in
p (note that x(p) — p is 2w-periodic). Then,

N/2-1
fi=F§+ F]%/?(—l)j + Z (F;I cos(mjh) + Fy, sin(mjh)). (8.72)

m=1

The odd/even Fourier coefficients F°, F¢ can be obtained through an
application of the fast Fourier transform.

The first step in the numerical procedure is the calculation of the
derivatives xp, y, and p,. Spectrally accurate results can be obtained
by differentiating their Fourier series. The derivatives will be denoted as
(Df); = fp(jh), etc. Thus,

N/2-1
(Df); = Z mS(m) (Fﬁl cos(mgjh) — Fy, sin(mjh)). (8.73)

m=1

Knowing the Fourier coefficients, the Fourier series in Eq. (8.72) can be
evaluated through the fast Fourier transform. The inclusion of the factor
S(m) is to help suppress the ill-posed effects of differentiation. At the very
least, it is important to suppress the effects of round-off errors by removing
all Fourier coefficients that are close to machine precision. Otherwise,
coeflicients in the tail of the spectrum that might contain only round-off
errors will be multiplied by a large m and exacerbate the effects of round-off
in the derivatives.

The next step is the evaluation of Eq. (8.56). The difficulty in
using a numerical approximation is that it is a principal-valued integral.
Fortunately, the result

4%71 ; i 24(q) COt{M} dg=0 (8.74)

may be used to rewrite Eq. (8.56) without the pole singularity;

B(p) = - / " () — 1)) 7 (0) cot{M}dq. (8.75)

= 4m 2

The integrand is now in a suitable form for the trapezoidal rule except for
the indeterminate form when g = p. The limit is easily calculated, however,
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and the approximation to the integral becomes

N-1

1 2k — Zj (Du);
P, =— — i) (D t J 2, 8.76
J NI o (Uk Nj) (Dz)j co { B } + Ni ( )

k=0

It is also possible to apply the trapezoidal rule at alternate points that skip
over the point ¢ = p:

N—

Z (e — 5) (D2)g cot{%}. (8.77)

+j=o0dd

k=0
Both approximations are spectrally accurate, but Eq. (8.77) has a lower
cost since only half the points are used. It also has the advantage that it
is easier to programme on vector/parallel computers. It is still important
to include the pole subtraction in Eq. (8.77) since it reduces the effects of
round-off errors.

Another approach to the numerical treatment of the principal-valued
integrals is to regularize the Green’s function through convolution with
a suitable smoothing function.?® There are many possible choices for
smoothing functions®! and the specific choice does not seem to be crucial.
A popular choice is the Krasny vortex blob method,3? where

i 2@ = 2(p) | _ sin(z(q) — (p)) — isinh(y(q) — y(p))
t{ 2 } ~ cosh(y(q) — y(p)) — cos(xz(q) — =(p)) (8.78)
is replaced by

sin(z(q) — z(p)) —isinh(y(q) — y(p)) (8.79)

cosh(y(q) — y(p)) — cos(z(q) — z(p)) + 6%

The integrand is no longer singular when ¢ = p, and the pole singularity
has been smoothed over a distance of O(J).

The original motivation for the regularization Eq. (8.79) was to ensure
that vortex sheet motion (A = a = T = 0) would exist globally in time.
Indeed, appropriate regularizations3? of the integrand guarantee solutions
for all time and the limit of § — 0 converges to a weak solution beyond
the time of singularity formation. With § > 0, the vortex sheet rolls up
into a spiral where the curvature singularity would otherwise form.3? Only
partial success is achieved when —1 < A < 0.3 On the other hand,
the regularized kernel does provide accurate simulations of water waves
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(A = 1) especially when § is made proportional to s,.3° In other words, the
blob size adjusts to the spacing of the Lagrangian markers. Incidentally,
Eq. (8.78) or Eq. (8.79) can be evaluated quickly by computing cos(z;),
sin(z;), cosh(y;) and sinh(y;) first and using the expansion formulas to
compute these functions with arguments that contain a difference.

The next step is to use the results of the numerical integration of the
boundary integrals to determine the interfacial velocities Eqs. (8.50 and
8.51) by simply evaluating (D®); through Eq. (8.73). Alternatively, the
velocity may be determined directly from Eq. (8.54).

The last step requires a solution to Eq. (8.52). The discrete form is

du 1= dp dp 2k — 2
dt A%{ 9Ni Z( at  dt ) (D) COt{ 2 }
7

1 duy .
+m<DE>J} = R;. (8.80)

Note that R; contains two integrals (see Eq. (8.53)) and it is advisable to
remove the pole singularity in these integrals at ¢ = p by replacing u(q)
with u(q) — p(p). Further, if the trapezoidal rule is to be applied as in
Eq. (8.76), then the limiting values of the indeterminate forms in these
integrals must be included. They require additional derivatives, which can
be determined as in Eq. (8.73). The inclusion is not needed if the alternate
point trapezoidal rule Eq. (8.77) is used.

Equation (8.80) is a system of linear equations for the rate of change
of the dipole strength at the Lagrangian points. There are two main ways
this system can be solved: direct methods based on an LU-decomposition,
or iterative methods. Which choice is preferable depends on several factors,
but generally iterative methods have the most advantages. The simplest
iterative procedure is:

(v+1) N-1 () ()
Oni; 2A%{Lz(% ) o)

ot 2Ni ey dt dt
k=0

™)
2k — 25 1 du
tq ——— — | D— R;. .81
xco{ 5 }+Ni( dt>j }—l— j (8.81)
Convergence® of the iteration has been established for |A] < 1. More
importantly, when the interface is nearly horizontal, as in the propagation
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of water waves, the rate of convergence is very large so that only a few
iterations are needed for even very high accuracy.

Several refinements are available. Each iteration in Eq. (8.81) takes
O(N?) operations to evaluate all the sums. Multipole expansions and tree
codes'® can reduce the count to O(N logy(N)) but with large setup costs
so that N must be much larger than about 1,000 before significant savings
are realized. Since the eigenvalue structure of the iteration is much like
the typical structure of iteration operators for elliptic problems, multigrid
strategies can be useful in reducing the effective number of iterations to just
a few, and obviously the two methods can be combined. Finally, the first
guess for the iterative solution can be improved since the dipole strength is
evolving in time. For example, if a fourth-order predictor-corrector routine
is used, it is simple to approximate the rate of change of the dipole strength
by a cubic over the last four time steps and extrapolate (predict) the
new value as the first guess for the iteration. Significant speed-up can be
obtained this way.%

8.3.1. Numerical stability

Numerical stability is difficult to establish in general because of the differing
nature of the solutions with different choices of A. But it is possible to
conduct a linear stability analysis along the lines of Section 8.2.4. The
difference is that the analysis depends on the specifics of the numerical
approximation. It is advisable to break up the analysis into different
parts to assess their influence on the stability. The starting point is
to write

z2j = jh+ Z;,  wi = fiy, (882)

where quantities with ‘hats’ will be assumed small. The linear version of
Eq. (8.76) is

N-1 .
1 o kh—jh\  (Dp);
P— — i) cot . 8.83
g 2Ni;(ﬂk i) CO{ 2 }+ Ni (8:83)
k=0

In line with Eq. (8.70), assume

fi; = del™ih 4 q* e=imih, (8.84)
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Equation (8.83) may be evaluated exactly by using the sum3?

N—-1 .
1 Limkh kh —jh 1 fimin mh
R O 7 L TS S P .
9Ni 2~ ¢ « { 2 2° =) (%)
i

valid for 0 < mh < m, to obtain

d

o d*
;= §e‘m7hR(m) -

) e Mt R(m), (8.86)

where
R(m)=1+ — (S(m) — 1).

The presence of S(m) in R(m) arises from the contribution from Dyi;. By
comparison with Eq. (8.71), R(m)—1 is a measure of the relative error. For
most spectral filters, S(m) = 1 for small m, and the approximation is exact.
For mh near w, S(m) = 0, and the relative error is approximately 1. The
error arises because the derivative of the high modes has been damped with
S(m) and the correction no longer balances the presence of yt; in the sum. A
simple remedy is to take the Fourier transform of y;, apply the filter S(m)
to the amplitudes and reconstitute a filtered version of p to use in the sum.
The result is that R(m) = S(m); the potential has been effectively filtered.
Remember to adopt the same procedure for the numerical approximation
to the second and third integrals in Eq. (8.53).

The error for the alternate point quadrature Eq. (8.77) can be
calculated in the same way by using the sum,

N-1
1 +imkh { kh —jh }
— Z e coty ———
Ni k4j=odd 2
k=0
:t%eiimjh, 0<mh<m,
= (8.87)
0, mh =0,m,

to obtain Eq. (8.86) except that R(m) =1 for 0 < mh < m, and R(m) =0
for mh = 0, 7. In other words, alternate point quadrature gives the exact
results except for the Nyquist freguency m = N/2.
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The rest of the analysis is straightforward and, with the appropriate
expression for R(m) depending on the choice of quadrature, leads to

da _R(m)—i—ozi

db*  R(m)—a.

e fmzd, (8.89)
dd Q .
@ ) (520
where
Q=4 m g

= Agm + m), 8.91
g p1+ p2 (m) ( )

which is the numerical version of Eqgs. (8.59-8.62), except that ¢ = imd
since we are using the dipole formulation and vy = 0. The key difference is
that the dispersion relation Eq. (8.66) is replaced by

G+ = +i\/QR(m) S(m). (8.92)

This numerical dispersion relationship is very close to the exact relationship,
the difference being only the influence of the Fourier filter S(m). Note,
in particular, that m = N/2 gives 61+ = 0, and this may lead to
nonlinear resonances.?® In most methods,?® this “sawtooth” mode is
36 regularization of
the integrals,?® interpolation of additional integration points34:37
polynomial smoothing.!'! For 0 < A < 1, the modes are purely oscillatory

problematic, and remedies include its suppression,
and

and a suitable time-stepping method must be used, especially if N is
large (the problem becomes ‘oscillatory stiff’). Provided the time step is
chosen small enough, the standard Runge-Kutta method is appropriate.
The fourth-order Adams-Moulton method has also been used.®

8.4. Applications with a Single Surface

Given the importance of water in human existence, it is not surprising
that the free surface flow of water and air occupies a large body of
scientific study. Some important examples include the nature of water
waves, the Rayleigh—Taylor instability, rising bubbles and falling drops. The
development of boundary integrals methods for free surface flow has led to
improved understanding of these flows through direct numerical simulation
and mathematical analysis. The following three canonical examples will
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serve to illustrate the power of boundary integral methods. There are many
more applications but the list is too long to review.

8.4.1. Waves on deep water

A wave travelling to the right on the surface of water whose mean
height is zero can be constructed from the results of the linear analysis
Egs. (8.63, 8.64 and 8.70). Specifically, A = « = 1, and for waves with long
wavelengths, T'= 0. Set e = e =0 and e3 = 5/\/gW where ¢ is real and
gives the amplitude of the wave. The linear analysis predicts the motion
to be

z(p) = p —esin(mp — \/gm t) + ie cos(mp — \/gm t), (8.93)
w(p) = 25\/%7 sin(mp — \/gm t). (8.94)

An initial condition for numerical simulation is easily obtained by setting
t = 0. Tests with € small provide a good way to check the code. For moderate
values of €, around ¢ = 0.3, the waves steepen and break into little spillers.
Larger choices for ¢ demonstrate breaking plungers as illustrated in Fig. 8.1.
The physical scales are set with the choice ¢ = m = 1, and € = 0.5. The
numerical parameters are N = 4,096, a time step of 0.0002 in the standard
4th-order Runge-Kutta method, and

s i wnfo(Z L o

Fig. 8.1. Profiles of a plunging breaker at times staring at t = 3.0 and increasing by
0.1 until t = 4.0.
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This filter suppresses the top half of the discrete Fourier spectrum, in
essence de-aliasing the spectral method and ensuring stability. The integral
equation is solved by iteration until the iterates don’t change by more
than 10719.

What is striking about the results is the very high curvature at the
tip of the plunging breaker. It reaches a value of 3.7 x 103. This level of
accuracy is almost impossible to reach with other methods and highlights
the impressive advantages that boundary integral methods can exhibit. It
is also possible to confirm that the very large curvature is associated with a
square root singularity in the complex p-plane.'” The singularity approaches
the real axis of p but does not seem to reach it in finite time.

The plunging tip of the breaker has strong similarities to the falling
spike that occurs during the Rayleigh—Taylor instability. The classical
Rayleigh—Taylor instability occurs when heavy fluid falls into a vacuum,
A = —1, a = —1. For a perturbation with a single mode, a pattern of
falling spikes and rising bubbles®® quickly emerges. The spikes fall freely
under gravity and the bubbles rise with constant speed. Eventually, the
tip of the spike will develop a curvature large enough for surface tension
effects to become important.??>4° Then a drop forms at the tip which
will subsequently detach, but this process cannot be described by the
current boundary integral formulation. The nature of the Rayleigh—Taylor
instability for a fluid layer is discussed in Section 8.5 and provides a typical
example of a falling spike.

8.4.2. Rising bubbles

When a circular bubble of air is released, it rises and deforms into the
shape of a hemispherical cap. Under these circumstances, A = o = 1. The
mathematical nature of the underlying elliptic problem reveals a deficiency
in the dipole representation of the interfacial motion. The elliptic problem
is an exterior one where the solution in the far field must be specified
either as a constant or a logarithmic variation. A constant has no dynamic
significance and may be neglected if there is no fluid motion in the far field.
On the other hand, if the bubble expands as it rises, then there must be a
net outflow of fluid in the far field to maintain conservation of mass. The
outward flux F of fluid on the boundary of a large circle r = R that encases
the bubble at its centre will be

2m
F= / 99 (R, 6) Rd6. (8.96)
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Since the far-field behavior of a dipole is 1/|z|, a dipole distribution cannot
give the correct far-field behavior. Instead, a source term must be added
to complete the representation of the potential; Eq. (8.48) is replaced
with

w ln(z(p)), (8.97)

Cp(p) =2+
7T

where F' is real-valued. As a consequence, Eq. (8.49) must be replaced with

(bp (p) F
zp(p)  2m2(p)’

(8.98)

The only other changes that are necessary occur in Eq. (8.52). A term
must be included to account for the difference between the pressure inside
the bubble P; and the pressure in the far-field P,. Also, the change in
outward flux must be included. As a consequence, Eq. (8.52) becomes
(recalling that A = a =1, so p; = p and py = 0),

ou 1 Ou 24(q)
prihe 23?{% 5@ 2@ - 20) dCI}

— R+ 25 W)+ = {28

Setting aside for the moment that the rate of change of F' is unknown, the
integral equation for the rate of change of the dipole distribution is singular.

P, - P,
}+2 . (8.99)

A uniform rate of change of dipole distribution is a homogeneous solution
to Eq. (8.99). Solutions to Eq. (8.99) exist only if the Fredholm alternative
is satisfied.!

Let 7 satisfy the homogeneous adjoint equation,

zp(p) 7(q) _
7(p) + 2%)%{ o /z(q) 0 dq} =0. (8.100)

Then the application of the Fredholm alternative produces the relation

Pi_Po

%i{_]; (p) lnz(p)|dp=/{ R(p)} 7(p)dp
5 {55

which provides an evolution equation for F'. Equation (8.101) provides
a clear connection between the outward flux and the pressure difference

} 7(p)dp, (8.101)
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between the interior of the bubble and the far-field, modified by
hydrodynamic and hydrostatic effects that appear in the other terms. There
are several ways this connection can be exploited. For example, set P; = P,
and let the bubble rise under the influence of buoyancy effects. As the
bubble rises, the hydrostatic pressure will lead to changes in R(p), causing
the bubble to expand (F(t) will increase). The inside of the bubble may be
regarded as a gas and P; will change according to the equation of state as the
volume of the bubble increases. All of these effects can be accommodated
in Eq. (8.101).

Two examples of this formulation have been considered before. In one,
the initial rise and distortion of the bubble is simulated by both the dipole
and vortex sheet methods for comparison purposes. Here, the expansion of
the bubble is neglected, so F(t) = 0 and P; is allowed to adjust to satisfy
Eq. (8.101) (not explicitly calculated). Equation (8.99) may still be solved
by iteration as long as the undetermined homogeneous solution is specified.
Since it is merely a uniform constant, it has no dynamic consequences.
The iterations converge with the dipole held constant in time at the top
of the bubble. An initially circular bubble of unit radius is released in
the presence of a unit vertical gravity field. The rise and distortion of the
bubble are shown in Fig. 8.2. The bottom of the bubble rises faster than the
top, forming an inward plume. The plume broadens and its sides approach
the sides of the bubble. The appearance of the bubble is now that of a
hemispherical cap with two attached lobes at its sides.

What is also noticeable in these results is the close approach of different
parts of the surface to each other. Indeed, At ¢ = 4.0 the code begins to
fail as the neck of the two side lobes begin to pinch off. From the stand
point of the numerical approximation, difficulties are arising because the

42

denominator in the integrand in Eq. (8.48) is becoming very small for values
of ¢ not close to p leading to large spikes in the integrand. This matter will
be revisited as a future challenge in Section 8.6.

The other example where this formulation is used occurs when a high
external pressure is used to attempt to collapse the bubble. Buoyancy
is neglected because the outside pressure is large enough to force the
bubble to collapse quickly not allowing the bubble enough time to rise.
The inside pressure is allowed to increase according to the equation of state
for gases, and it grows large enough to reverse the pressure gradient at
a later time causing the surface to undergo Rayleigh—Taylor instability.
For the numerical results presented in Ref. 9, the bubble is assumed
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Fig. 8.2. Profiles of a rising bubble at times (a) ¢ = 2.5, (b) t = 3.0 (c) ¢ = 3.5 (d)
t =4.0.

axisymmetric but the derivation of the equations is essentially the same
as the derivation for two-dimensional flow. In either case, Eq. (8.101)
or its axisymmetric version must be used. See Reference 9 for further
details.

8.5. Applications with Two Surfaces

In principle, the addition of more interfaces means simply the addition of
more surface integrals. A good example is the study of triadic resonances
between water waves and internal waves.® But there can be new features.
The acceleration of thin liquid layers in gases requires modifications to the
basic formulation similar to the formulation of external flow outside a single
interface given in Sec. 8.4.

New considerations arise if one of the surfaces is a rigid boundary, as in
shallow water or in the motion of a submerged body. Two specific examples
will illustrate both of the necessary modifications.
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8.5.1. Rayleigh—Taylor instability of a liquid layer
of finite thickness

A liquid layer of density p lies between two horizontal surfaces with gas
of negligible density above and below. If the surfaces are perfectly flat,
then a pressure gradient (P, — P»)/(pgH) can hold the layer in place
against the force of gravity. Here, P, and P» are the pressures below and
above the layer respectively, and H is the mean thickness of the layer.
This layer is unstable to perturbations, an example of the Rayleigh—Taylor
instability. Also, the pressure difference may cause the layer to accelerate,
a possibility that is allowed in the following description of the equations of
motion.*3-44

Let all quantities on the lower and upper surface be designated with a
subscript 1 and 2 respectively. From the assumed form of the layer, A; =
a1 = —1 and A = ap = 1. The flow is assumed 27-periodic and p =
g = 1. The average complex potential at the surfaces induced by the dipole
distributions is

®;(p) = ﬁ > /0 " 4(@) 20.0(0) cot{ M} dg.  (8.102)
k=1

Since the layer may move vertically with speed V(t), a behavior not
represented by dipole distributions, a term —iVz; must be added to
Eq. (8.102). The complex velocity becomes

d.
wi = —LP iy, (8.103)
Zj,p
0z* )
J * * MJ;P
I W = wt — oy B2 104
ot Wj =wj -« Zim (8.104)

The evolution equation for the dipole distributions are modifications of
Eq. (8.52) as done in Eq. (8.99).

a/,l,j 2 1 2m 8,Ufk Z (q) s (p)
E(p) —24; ;%{R /0 W(Q) 2k,q(q) COt{f} dQ}

dVv P;
= Rj (p) + 2Aj E Y; + 2AjVUj (p) + 2Aj ?J

(8.105)
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This coupled system of Fredholm integral equations of the second kind is
singular and solutions exist provided the Fredholm alternative is satisfied.

% iAJ» /0277 yi(p) 75 (p) dp = —iAj /:W {% + ij(p)] 7j(p) dp
_ Z / Zﬂ p) dp, (8.106)

where 7; is a nontrivial solution to the homogeneous adjoint equations,

p) + 24, Z?R{Zkﬁn /:Ter(q) cot{izk(q);zj(p)}dq} =0

(8.107)
The procedure to solve the adjoint equations numerically follow
the methods already described in this chapter. Assume z; and p; are
known at some moment. They can be updated as follows. First, the
integrals in Eq. (8.102) are calculated by either Eq. (8.76) or Eq. (8.77)
after applying the standard treatment for the principal-valued integrals.
Second, the complex velocities are calculated, Eq. (8.103) and Eq. (8.104).
Third, the eigenvector 7; of the adjoint problem Eq. (8.107) is found
by iteration. Fourth, the acceleration of the layer is calculated from
Eq. (8.106) and finally the dipole equations Eq. (8.105) are solved by
iteration. The iterative solution of the integral equations is made slightly
complicated by the presence of two eigenvalues for the iteration matrix,
one being A = 1 which corresponds to the singular nature of the integral
equations and another being A = —1 which prevents convergence of
the iteration. All other eigenvalues are less than 1 in magnitude. By
shifting the eigenvalues and by specifying the unimportant homogeneous
solutions to the dipole equations, the iterations can be made to
converge.*1-43
Results are shown in Fig. 8.3 for a layer located initially at

z1(p) = P +iecos(P),
zo(p) = P+1H,

with
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(b)

Fig. 8.3. Profiles of the layer at (a) t = 2.0, (b) t = 3.0.

The mapping P(p) is a good example of the way to cluster the Lagrangian
points initially for good effect later in the calculation. They are concentrated
in the region which will later become the rising bubble since the markers
there are stretched apart as the bubble rises. The layer is assumed at
rest initially, so p1 = pe = 0. The fourth-order Adams-Bashforth-Moulton
predictor-corrector is used with a time step of 0.005 and 128 markers. The
layer, if perfectly flat, would be in hydrostatic balance, P, = Py + pgH.
Physical scales are set with p =g =1, P, =0, H = 7/2 and ¢ = «/10.
Rather than drawing the location of the surfaces as curves passing through
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the Lagrangian markers, only the positions of the Lagrangian markers are
shown in Fig. 8.3 to highlight the formation of numerical instability on the
lower surface at late times.

The profiles in Fig. 8.3 show the drainage of fluid into falling spikes,
while bubbles rise causing thin regions in the layer. Visible at ¢ = 3.0
is the development of numerical instabilities on the lower surface at the
top of the bubble. This is an example of the loss of accuracy when two
different surfaces come close together causing the denominator z1(q) — 22(p)
in the integrals to become very small. This limitation prevents the numerical
simulation from proceeding and being able to track this thinning region as
it rises. This limitation is unfortunate since it prevents the calculations
from establishing how quickly the region thins and eventually snaps apart
under the influence of van der Waal forces.

8.5.2. Water waves in finite depth

There are many circumstances where fluid interfaces occur in the presence
of rigid boundaries. A good example is the propagation of water waves over
bottom topography. Laplace’s equation for the velocity potential Eq. (8.7)
must now include a boundary condition at the rigid surface. Physically, the
normal velocity of the fluid must match the normal velocity of the rigid
surface. Let the rigid surface by represented in parametric form by z,(p)
and its complex velocity Wy, (p). The downward normal velocity is

UpYb,p — VbTp Wy 2, b,
Dby — ToTbp _ %{7” pl_ Yop (8.108)
Sb,p Sb,p Sb,p

Even if the surface is moving, there is usually no flux through the surface.

This implies that
%{/W;z(w dp} = /1/}1,7,; dp =0. (8.109)

Since there is no mean value to ¥ p, it has a Fourier series of the form
Eq. (8.72), except that F§ = 0. The series may be integrated term-by-
term and the result remains periodic. After integration, ¢, has an arbitrary
constant which may be taken as zero. Note in particular that if W, = 0,
the surface is stationary, and 1, = 0 is the obvious result.

Since v is the harmonic conjugate to ¢, it too satisfies Laplace’s
equation. The Dirichlet boundary condition ¥ = 1, at the rigid surface
can also be solved by a dipole distribution. For a 27-periodic layer between
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a free surface z;(p) and the rigid boundary z;, the complex potential may
be written as

b+ip = — /Ozﬂ 15(q) z£,q4(q) cot{%)_z}dq

47

27 — 2
+ i/o wo(q) 26.4(q) cot{%} dg. (8.110)

The application of the boundary condition ¥ = v at z = 2z, leads to a
Fredholm integral equation also of the second kind for u.

27 —
v (p) + 23{i/0 () 2£,4(q) cot{w} dg

4mi

+%/O () 200(a) cot{M}dq} =¥ (8.111)

As before, the second integral in Eq. (8.111) must be interpreted in the
principal-valued sense. The evolution for uy follows the standard derivation
for the dipole distribution at a free surface Eq. (8.52), except that the second
integral in Eq. (8.110) must be included and leads to a time derivative of .
To complete the set of evolution equations, the time derivative of Eq. (8.111)
must be included, leading to a set of coupled Fredholm integral equations of
the second kind for the time derivatives of both dipole distributions.® These
equations have been used to study water waves in shallow depth® and the
downward acceleration of a rigid bottom that produces Rayleigh-Taylor
instability on the falling free surface.*

A different application of this method calculates the motion of a rigid
body beneath a water surface.6 Here, the flow is not 2m-periodic. Instead,
an infinite wave train is generated. A finite computational domain is chosen
with damping layers attached to absorb the water waves as they leave the
computational domain.

8.6. Some Challenges and Improvements

Spectral accuracy proves very desirable for tracking free surfaces in two-
dimensional flow. The smooth calculation of the surface velocities prevents
unwanted oscillations or instabilities from appearing during the motion.
Unfortunately, in three-dimensional flow the accuracy of the numerical
quadrature is limited, typically to third-order, and can result in numerical
instability. Fortunately, there are accurate ways to treat axisymmetric
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geometry*"4® through special properties of the elliptic functions which
appear in the integrand. The hope is that there might be similar approaches
for the full three-dimensional integrands.

Even for spectral methods in two-dimensional flow, significant accuracy
is lost when two parts of the same surface or two different surfaces approach
each other closely. Good examples are the pinch-off region in the rising
bubble in Fig. 8.2 or the thinning region at the top of the rising bubble in
Fig. 8.3. The culprit for the loss of accuracy is the rapid variation in the
integrand which is nearly singular when the denominator in the integrand
becomes small. To be specific, consider the integral,

_ 1 [ (g) z1,4()
I(p) = 51 / (D) — 220 dg. (8.112)

When z;(q) is very close to za(p), the denominator has large spikes of
opposite sign on either side of the point of closest approach. Unless
integration points are made available to resolve these spikes, large errors
can arise in the numerical calculation of the integral.*’ One way to treat

this difficulty is through interpolation by increasing the local resolution.*!

Another method uses the blob regularization and correction terms.*?

A new method currently under development is the removal of the
presence of the nearby pole singularity in the complex g plane of the
integrand.®® Seek the complex point @ such that 21(Q) = z2(p). This means

that @ is a function of p. Then rewrite

(8.113)

1 / (ul(q) - m(Q)) 1,4(q) m(Q)

)= 5 z1(q) — z2(p) ="y

The sign of the additional term is determined by whether z1(q) lies below
z2(p) (+) or above (—). Tests on a thin annulus reveal that spectral accuracy
is restored more or less independently of the spacing between the surfaces.
Unfortunately, the method relies on the ability to analytically continue both
z1(q) and p1(q) into the complex ¢ plane. Analytic continuation by means
of the Fourier series is possible,”® but other methods are currently being
tested. Ultimately, the method must demonstrate success for free surface
flows such as shown in Fig. 8.3.

There remain challenges for BITs when surfaces reconnect, for example
when the tip of the plunging breaker shown in Fig. 8.1 reaches the surface
below, or when the lobes of air pinch-off from the sides of the bubble in
Fig. 8.2. There is no mathematical reason why these surfaces can’t meet in
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finite time, but when they do, the boundary integral formulation becomes
invalid. One might expect the surfaces to reconnect, but how? It is not
just a matter of mathematics but also of physics since the processes by
which reconnection occurs are not fully understood and probably occur on
microscopic scales. There are methods, contour surgery in front tracking
or level set methods which allow reconnection. There might be ways to
use those techniques to design reconnection methods in boundary integral
techniques.
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Chapter 9

SIMULATION OF CAVITATING AND FREE
SURFACE FLOWS USING BEM

Spyros A. Kinnas*
Ocean Engineering Group, ECJ 8.604
Civil, Architectural and Environmental Engineering Department-EWRE
Austin, TX 78712-0280, U.S.A.
kinnas@mail.utezas. edu’

Boundary Element Methods (BEMs) have been applied extensively in the
past for the prediction of steady or unsteady flows around or inside bodies,
including the modelling of cavities and/or free-surfaces. The major advantage
of the BEM is that they are computationally very efficient, and thus are
well suited for design. On the other hand, their major disadvantage is that
they ignore the effects of viscosity. However, in the case where the effects of
viscosity are limited in a thin boundary layer close to the body, the BEM
coupled with boundary layer analysis can still provide a viable alternative
to viscous flow solvers. The latter include Reynolds Averaged Navier—Stokes
(RANS) solvers, Large-Eddy Simulations (LES), or Detached Eddy Simulations
(DES), and most of them implement finite volume methods for the numerical
solution of the Navier—Stokes equations in the whole flow domain, and use
some type of turbulence model, given the fact that Direct Navier—Stokes (DNS)
solvers still require enormous computer resources (especially when applied in
three dimensions). In this chapter, the author will present recent applications
of BEM in three cases: (a) cavitating flows around hydrofoils and propeller
blades, (b) free-surface flows and (c) flows around hydrofoils or propeller blades
entering (or exiting) a free-surface, which can be considered as a combination
of cases (a) and (b). In all these cases there are flow boundaries of unknown
shape (cavities, free-surfaces and ventilated surfaces) on which the pressure is
a known constant, which is either equal to the vapour pressure® for case (a),
or equal to the atmospheric pressure for cases (b) and (c). All the mentioned

*Professor, Department of Civil, Architectural and Environmental Engineering.

fThe University of Texas at Austin.

2In the case of ventilated hydrofoils or propellers the pressure inside the cavity
(or ventilated surface) is also constant and equal to the pressure of the air injected
through slits on the body surface.
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problems are inherently non-linear since they involve boundaries of which the
shape must also be determined as part of the solution, and thus require the
application of an iterative process. Linearized formulations have been developed
in the past, but will not be addressed in this chapter.

9.1. Introduction

Sheet cavitation, the type of cavitation which is characterized by a
‘continuous’ liquid/vapour interface which is ‘attached’ to the body, can
often occur during the operation of hydraulic or hydrodynamic devices,
some of which are shown in Fig. 9.1. Despite its undesirable nature, some
sheet (or other types of) cavitation often has to be accepted, especially
in the case of high-speed and/or high displacement hull applications, so
that the efficiency of these devices is not excessively low. The prediction of
cavitation therefore becomes a very crucial aspect during the hydrodynamic
design and assessment stage.

Experiments on models of these devices that simulate the conditions of
sheet cavitation are also very common despite the fact that scale effects can

%

(a) (b)

sheet cavities

() (d)

Fig. 9.1. Schematic of some applications in which sheet cavitation often occurs: (a)
liquid pump, (b) hydrofoil, (¢) marine propeller, and (d) supercavitating propeller.
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seriously affect the cavitation inception stage. Some photographs from sheet
cavitation experiments which were performed at MIT’s variable pressure
Marine Hydrodynamics Water Tunnel are shown in Fig. 9.2. Other types
of cavitation on a marine propeller are shown schematically in Fig. 9.3.
A general description of the different types of cavitation may be found in
Kato.! In general, sheet cavitation is of an unsteady nature, i.e. the cavity
extent and volume varies with time, and this is due to either inflow non-
uniformity (in the case of marine propellers) or unsteady motion of the body
(in the case of hydrofoil boats). In the laboratory steady sheet cavitation can
be produced, although due to the turbulence in the inflow, small variations

Fig. 9.2. Photos from experiments at MIT’s Marine Hydrodynamics Water Tunnel
showing a sheet cavity on top of a hydrofoil (top), from;® and a propeller with sheet
cavities cavities® at blade angles (from left to right) —30°, 6°, +30° (bottom). Flow
goes from left to right.
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Tip Vortex Cavitation
(developed)

Sheet Cavitation

Cloud Cavitation

Leading Edge

Detachment
Bubble Cavitation
MIDCHORD /
Detachment

Hub vortex cavitation

Tip Vortex Cavitation
(inception, desinence)

Root Cavitation

Face Sheet Cavitation

Fig. 9.3. Different types of cavitation on a marine propeller.

in the cavity shape are always present. Applications of sheet cavitation on
hydrofoils and propellers will be emphasized in this paper, even though
the formulation and the involved methods are general enough to deal with
arbitrary geometries (e.g. bluff bodies or bodies of revolution).

According to observations and measurements,? ¢ the flow around a
2-D hydrofoil with a sheet cavity is depicted in the top portion of Fig. 9.4
with the corresponding pressure distribution on the suction side shown on
the bottom portion of the figure. The following things are worth noting:
(a) the cavity pressure is constant and equal to the vapour pressure over
a large part of the cavity, (b) the cavity detaches at a point upstream of
which pressures can be smaller than vapour pressure, (c) there is a pressure
recovery region in the vicinity of the cavity end and (d) there is a viscous
wake region downstream of the cavity end.

Cavitating or free-streamline flows were first addressed in non-
linear theory via the hodograph technique as introduced by Helmholtz,
Kirchoff and Levi-Civita.” The cavity surface in steady flow was taken
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K/‘ P=Pv

pressure (suction side)

chordwise coordinate

Fig. 9.4. Depiction of the actual sheet cavity (top) and the utilized model with its main
parameters (bottom). Adapted from Kato.!

re-entrant jet

end plate
LT, LTTF e

(a) Riabouchinsky model (b) Re-entrant jet model
i @ boundary layer
(c) Open model (d) Viscous wake model

Fig. 9.5. Some of the existing cavity termination models.

as a free streamline with constant pressure (thus, constant velocity).
The formulation of the cavitating flow around bodies created a lot of
diversity on the cavity termination models. Some of the first known models
were the Riabouchinsky end-plate model and the re-entrant jet model. Some
of the existing cavity termination models are shown in Fig. 9.5.

Due to the difficulty of the hodograph technique in dealing with general
body shapes, very few cases have been treated analytically.
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The linearized cavity theory was introduced by Tulin® and became
quickly very popular, as proven by the vast number of publications” which
made use of it. Linearized cavity theory is actually an extension of the
classical hydrofoil theory, where the hydrofoil (and cavity) is replaced with
a zero thickness segment, essentially a ‘branch cut’, on which the boundary
conditions are applied.

Unfortunately, based on the results of non-linear cavity theories,
the linearized theory for partially cavitating hydrofoils predicts that, by
increasing the thickness of a hydrofoil, the extent and size of the cavity,
for constant flow conditions, also increases, which is opposite to the trend
predicted by non-linear cavity theories. In addition, the linear cavity theory
overpredicts the extent and amount of cavitation.'?

A non-linear numerical method was employed to analyse cavitating
hydrofoils by using surface vorticity techniques and by applying the exact
boundary conditions on the cavity and on the hydrofoil.'®:'* An end-plate
cavity termination model was implemented. A reduction in the size of the
cavity as the foil thickness increased was predicted. A surface vorticity
technique to deal with thick foil sections which employed an open cavity
model was developed by Yamaguchi & Kato.'® Similar BEM techniques
were developed by Lemonnier & Rowe!'® and by Rowe & Blottiaux.!”
Potential-based BEMs were finally applied by Kinnas & Fine'2:'® and by
Lee et al.'?

Numerical BEMs within non-linear cavity theory were naturally
extended to treat super-cavitating 3-D hydrofoils?® and 3-D hydrofoils
with partial cavities'? or cavities with mixed (partial and super-cavities)
planforms.?! Similar methods were also developed by Kim et al??2 and
Pellone & Peallat.??

Non-linear potential-based BEMs were first applied to cavitating
propellers in non-uniform flows by Kinnas & Fine,?* Fine & Kinnas,?® and
then by Kim & Lee.?6

The inviscid cavity flow method was coupled with a boundary layer
solver in the case of partial and super-cavitating 2-D hydrofoils by Kinnas
127 and Brewer & Kinnas.% This allowed for the inclusion of the viscous
boundary layer in the wake of the cavity and for determining the cavity

et a

detachment point based on the viscous flow upstream of the cavity.

b An extended list of which may be found in Tulin & Hsu'® or Kinnas.!!
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RANS solvers have also been applied for the prediction of attached
sheet cavitation on 2-D hydrofoils?®:29
Rhee et al.,?0 where a two-phase model has been implemented.

In the present chapter, non-linear methods for the prediction of steady
and unsteady sheet cavitation will be summarized, and some comparisons
with experiments will be presented.

and, more recently on propellers by

9.2. 2-D Hydrofoil
9.2.1. Formulation

Consider the 2-D partially cavitating hydrofoil, as shown in Fig. 9.6.
Assuming inviscid and irrotational flow, the governing equation everywhere
inside the fluid region is given by<:

Vi =0 (9.1)
where ¢ is the the perturbation potential, defined from:
q=U,+ V¢ (9.2)

where q is the total velocity vector in the flow. In order to uniquely
determine ¢, the following boundary conditions are imposed:

e On the foil surface, the following kinematic boundary condition is
applied, which requires the fluid flow to be tangent to the surface of

Dynamic Boundary Condition
(cavity pressure condition)
Cavity Closure Condition

Kutta Condition

Uw

Kinematic Boundary Condition
(flow tangency condition)

Fig. 9.6. Formulation of the inviscid cavitating flow problem

°The flow around partially cavitating hydrofoils will be addressed in this work. The
extension to super-cavitating hydrofoils is straight-forward and the reader can find more
details in the sited references.

dThe cavity is assumed to start at a known location on the foil. A criterion for
determining this location will be discussed in a later section.
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the foil. Therefore,

where n is the surface unit normal vector.
e At infinity, the perturbation velocities should go to zero:

Vo — 0 (9.4)

e The Kutta condition requires finite velocities at the trailing edge of the
foil:

V¢ = finite (9.5)

e The dynamic boundary condition specifies constant pressure on the
cavity, or (via the Bernoulli equation applied far upstream and on the
cavity) constant cavity velocity g.:

g =UsV1l+o (9.6)
where the cavitation number, o, is defined as:

Poo — Do
0=— (9.7)
i
where po, is the pressure corresponding to a point in the free-stream and
Dy is the cavity pressure (vapour pressure of water).
e Kinnas & Fine!® assumed a viscous wake model as shown in part (d) of
Fig. 9.4. Under this model, the following conditions apply:

(1) The cavity closes at its trailing edge. The inclusion of the viscous
wake downstream of the cavity will be addressed in a later section.

(2) Near the trailing edge of the cavity, the pressure recovery termination
model renders for the cavity velocity, q.., over a region A:

G = UnV/TH 0 [1— f(2)], (0.8)

where f(z) is an algebraic function defined in Kinnas & Fine.!?

The problem of finding the cavitation number for given cavity extent
I will be addressed first. A method for determining the cavity extent for a
given cavitation number will be described in Sec. 9.2.3.
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9.2.2. The boundary element method

Uhlman'3-'4 applied a numerical non-linear BEM based on the surface
vorticity formulation. Equations (9.1) to (9.6) were satisfied numerically,
while the Riabouchinsky cavity termination model was employed. The
shape of the cavity was determined in an iterative manner. The relatively
slow convergence of the method with number of iterations made it
prohibitively expensive to apply in three dimensions.

A potential-based boundary element method was applied'® for the
analysis of partially and super-cavitating hydrofoils. This method was
applied first for the analysis of non-cavitating flows.?! The perturbation
potential on the combined foil and cavity surface satisfies the following
integral equation (Green’s third identity):

B 0¢ OlnR OlnR
7r¢p—/SB [%lnR—qb o ]dS— SWAng o ds (9.9)

where n is a unit vector normal to the foil or cavity surface, Sp is the foil
and cavity surface, Sy is the trailing wake surface, and R is the distance
between a point, P, and the point of integration over the foil or wake
surface.

The foil and cavity surface are discretized into flat panels, as shown in
Fig. 9.7. The source and dipole strengths are assumed to be constant over
each panel. On the foil surface, the source strengths, which are proportional

Fig. 9.7. Panel arrangement on the cavity and foil in numerical non-linear cavity theory.
Details show dense panelling at the foil leading edge and cavity end.
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to O¢/0n, are given by the kinematic boundary condition, equation (9.3).
On the cavity, the dipole strengths, which are proportional to ¢, are
determined by first expressing the dynamic boundary condition (9.6) and
(9.8). For simplicity A is zero for the rest of this paper; the complete
derivation is given in Kinnas & Fine.'? It should be noted that the length of
the transition region A has been found to affect the results only locally. In
the case of A = 0 and when a large number of panels is used the beginning

of a re-entrant jet structure can be captured, as shown in Krishnaswamy
et al. (2001)32:

qC:UOO'S+(;_f:UOOV1+U (9.10)

where s is the arclength along the cavity surface (measured from the cavity
detachment point), and s is the unit vector tangent to the cavity surface.
Integration of equation (9.10) renders the potential on the cavity surface:

#(s) = 9(0) = Uy - s + sUxV1 + 0o, (9.11)

where ¢(0) is the potential at the leading edge of the cavity. In the numerical
scheme, ¢(0) is expressed in terms of the (unknown) potentials on the
wetted part of the foil in front of the cavity.

The Kutta condition is enforced via the Morino condition®!:

Apy = ¢ — o7 (9.12)

where A¢,, is the potential jump in the wake of the foil and cavity and
d)JTr and ¢ are the potentials at the upper and lower trailing edge panels,
respectively. In two dimensions, the effect of the trailing wake surface (in the
case of partial cavitation) is equivalent to the effect of a concentrated vortex
at the foil trailing edge with strength equal to Ag,,.

The cavity closure condition requires the thickness at the cavity trailing
edge, h(sr), to be equal to zero. This is enforced by the following equation:

SL

_ 1 9| . _
h(sL)_ao/ [Um~n+%} ds =0 (9.13)

where sy, is the total arclength along the cavity surface.

The integral equation (9.9) is applied at the panel midpoints, together
with equations (9.12) and (9.13). The resulting linear system of equations
is inverted in order to provide the unknowns: (a) ¢ on the wetted foil,
(b) 0¢/0n on the cavity, and (c) the corresponding cavitation number o.
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Fig. 9.8. Convergence of predicted cavity shape (top left) and cavitation number with

number of iterations (bottom right), at given cavity lengths. Predicted cavity trailing
edge thickness (top right) and cavity shape for various cavity lengths (bottom right) at
given o = 1.097 (corresponding to I = 0.4). From Kinnas & Fine.?

The cavity shape is determined in an iterative manner. In the first iteration
the panels representing the cavity are placed on the foil surface directly
under the cavity. In subsequent iterations the cavity shape is updated by
an amount h(s) (applied normal to the cavity surface) which is determined
by integrating the following ordinary differential equation:

dh 0
QC_:Uoo'n+_¢

ds on (9-14)

The history of predicted cavity shapes and cavitation numbers with
number of iterations is shown in Fig. 9.8. Notice the remarkable convergence
with number of iterations. In fact, even the predicted shape and cavitation
number from the first iteration (when the cavity panels are placed on the
foil surface) are very close to the converged values. This particular feature of
the presented method makes it very attractive for 3-D applications, where
carrying more than one iterations would increase the computation time
substantially. The extension of the method in three dimensions is presented
in the next sections.
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9.2.3. Cavity extent for given cavitation number

In the previous sections the cavity length is assumed to be known. For given
(fized) cavitation numbers the BEM can still be applied for various cavity
lengths. In this case though, due to the fact that the cavitation number is
given (instead of being determined), the cavity closure condition, equation
(9.13), will not be satisfied. Instead the thickness at the cavity end, 4, will
be given from the expression:

SL

5(1:0) = h(sz) = i/ {Um o+ g—ﬂ ds (9.15)

dc

This is shown in Fig. 9.8 where the predicted § and the cavity shapes
for fixed o and different values of cavity length are shown. An iterative
scheme has been developed!? for determining the cavity extent for given o
by searching for the cavity length, I, for which®:

0(l;o)=0 (9.16)

In Fig. 9.9, the cavity shapes are predicted, for the same cavitation
number, from applying the fully converged method versus the method
in which the first iteration has only been applied, i.e. when the panels
representing the cavity are placed on the foil under the cavity. The latter
method is also called the thin cavity theory. It is essential to see that the
differences are not significant. In the extensions of this method to 3-D
hydrofoils and propellers (to be addressed later), the thin cavity theory
is applied.

9.2.4. Effects of flow unsteadiness

In order to understand the importance of the flow unsteadiness on the
boundary conditions and the cavity dynamics, an unsteady two-dimensional
model of a partially cavitating hydrofoil is studied, wherein the cavitation
number is allowed to vary harmonically around a mean value, i.e. o(t) =
0o+04 cos(wt), while the inflow is steady and uniform.! This model allows us

¢An open cavity model can be readily implemented within this method by requiring the
right-hand side of equation (9.16) to be equal to a specified thickness at the cavity end.
fThis is equivalent to applying a small sinusoidal disturbance either on the ambient
pressure or on the vapour pressure. In the case of propellers, to be addressed later, the
unsteadiness is due the variation of the inflow to which the blade is subject to, when in
the presence of a non-axisymmetric ship wake.
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Fig. 9.9. Comparison of cavity shapes predicted from thin cavity theories (in which
the cavity panels are placed on the hydrofoil surface, underneath the cavity), and fully
non-linear cavity theories, at the same cavitation number. From Sun.33

to see the effects of the unsteady terms on the solution. Bernoulli’s equation
will render, in this case:

U2 0¢ q?
o+ P=2 = p== 4 py 4 p— 1
D = P o +py+p 5 (9.17)
or equivalently,
B 99 \/ , 500
ge(s,t) =Uqo - s+ s = 1+o@®)U2 — 2_81? (9.18)

where ¢.(s,t) is the cavity velocity which, instead of being constant (as in
the case of steady flow), now varies with time and location along the cavity
surface. As in the case of steady cavity flow, equation (9.18) renders:

o9 ¢

which, when integrated along s, provides an expression for ¢(s,t) along the
cavity. Note that the right-hand side of equation (9.19) now involves d¢/0t
which is not known and may be determined via a fourth order accurate
backward finite difference scheme.?* The cavity height, h(s, t), is determined

by inverting the following partial differential equation3*:

oh  Oh 0
qc(s,t)% + E =Usx  -n+ a—j; (920)
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Cavity Area vs. Theta for all iterations
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Fig. 9.10. Predicted unsteady cavity area (left), maximum and minimum cavity shapes
from quasi-steady (top right) and fully unsteady solution (bottom right); oo, = 0.928,
og = 0.06, and k = 0.25.

Equations (9.9) and (9.12) are applied at each time step. Due to the
smallness of the introduced disturbance, the effect of the shed vorticity
from the foil trailing edge on the solution is ignored, i.e. the wake dipole
strength, Ag,,, is assumed to only change with time and not with location
along the wake. In addition, a cavity closure condition is applied at the
instantaneous cavity trailing edge:

h(sp,t) =0 (9.21)

The time history of the cavity length on an NACA16006 hydrofoil
operating at an angle of attack of 4° and with a time-dependent cavitation
number equal to o(t) = 0.928 4+ 0.06 coswt at a reduced frequency of
k = we/(2Us) = 0.25 was computed. Fig. 9.10 shows the time history of
the cavity volume (area) with time, and the predicted cavity shapes from
a ‘quasi-steady’ and the fully unsteady solution. As expected, the fully
unsteady solution is shifted to the right, i.e. the growth stage lasts longer
than the collapse stage, a well known characteristic of unsteady cavitation.
Note the substantial change in the cavity characteristics due to a small
change in the cavitation number. In experiments, the unsteadiness in the
inflow (due to turbulence) causes fluctuations of the cavity extent, leading
to the well known instability in the flow as the cavities transition from
partial to supercavitation.

9.2.5. Effects of viscosity

The effects of viscosity on the inviscid cavitating solution can be included
via coupling with a boundary layer solver,?® as shown in Fig. 9.11. This
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on

Fig. 9.11. The boundary layer displacement thickness (6*) is shown together with the
cavity and the hydrofoil.

is accomplished by adding ‘blowing’ sources to the inviscid cavity flow
problem,%36 in the right hand side of the Green’s third identity, equation
(9.9), as follows:

0¢ OlnR OlnR
= —InR - — A
Ty /SB [an nR—¢ n }dS - ow o ds
+/ o In RdS (9.22)
SpUSw
The strength of these sources is given as:
. d(U.0%)
=" 2

G A (9.23)

where s is the arclength along the foil, U, is the velocity at the edge of the
boundary layer, and 0* is the displacement thickness.

The terms in equation (9.22) can be rearranged to produce the following
equation:

U, = U 4+ £{U.6"} (9.24)

where U™ is the value of the inviscid velocity on the hydrofoil surface.

Equation (9.24) gives the edge velocity at each panel in terms of the
inviscid edge velocity and a mass defect term, m = U.d0*. £ is a geometry-
dependent operator, the discretized version of which is given in Hufford
et al.*” and Drela.?®

The boundary layer equations
distribution given from the inviscid cavity theory. Once 6* is found, U, is
updated via equation (9.24). This process continues until convergence is
achieved. It should be noted that a zero friction condition is applied on

35 are solved first with the edge velocity

the cavity surface.® In addition, an iterative method has been developed to
ensure that the viscous pressure distribution over the cavity is constant.33:36
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This viscous/inviscid interactive coupling has also been extended in the case
of propeller blades.33:38

At the top of Fig. 9.12, the predicted cavity shapes for the same
cavitation number, with or without the effects of viscosity, are shown. It can
be seen that the method predicts a significantly smaller cavity, when the
effects of viscosity are included. To verify the current method, a hydrofoil
and the predicted cavity (with the effects of viscosity included in the

¢ =0.811
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Fig. 9.12. The cavity for given cavitation number predicted by using the present BEM
with and without the effects of viscosity included (top). The cells in the finite volume
method (Fluent) used to solve for the viscous flow applied on the cavity, as predicted
by the current BEM, after coupling with the boundary layer solver (bottom left), and
the resulting pressures from the BEM method and Fluent (bottom right). The Reynolds
number based on chord is 106. From Sun.33
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BEM) are analyzed via the commercial RANS solver, FLUENT, and the
predicted pressures from the BEM and FLUENT are shown together at
the bottom right of Fig. 9.12. The required cell arrangement in FLUENT
is shown on the bottom left of Fig. 9.12. The pressures distributions from
the two methods are remarkably close to each other. It should be noted
that FLUENT required about 200,000 cells and about 8 hours of CPU on
a SUN BLADE 2,000 (2 x 1.2 GHz, 8GRAM) workstation. To produce the
same answer with the BEM takes only 1-2 minutes!

9.2.6. The cavity detachment point

The cavity detachment location can be determined using the smooth
detachment criterion (or the Villat-Brillouin condition) which is equivalent
to requiring the following conditions: (a) the cavity has non-negative
thickness at its leading edge, and (b) the pressure in front of the cavity
is no smaller than the vapour pressure. The detachment criterion has been
applied in the case of 2-D or 3-D hydrofoils as well as propeller blades
in Young & Kinnas,?® where cavities are searched for on both sides of
the blade. The effect of the cavity detachment location on the predicted
cavity extent and shape is shown in Fig. 9.13. It should be noted that
experimental evidence?%? has shown that the cavity detachment occurs
behind a point of laminar separation. This criterion has been implemented
in the inviscid /viscous cavity formulation.®

Figure 9.13 demonstrates the significance of determining the cavity
detachment points through an iterative procedure, as opposed to simply
picking the points where the non-cavitating pressure is equal to vapour
pressure.

9.3. 3-D Hydrofoil

Consider now a 3-D hydrofoil which is subject to a uniform inflow Uy
as shown in Fig. 9.14. The cavity surface is denoted by S¢, the wetted
hydrofoil surface by Sw s, and the trailing wake surface by Sy . The total
flow velocity field q(z,y,2) can be written in terms of the perturbation
potential ¢(x,y, z), as follows:

a(z,y,2) = Us + Vo(2,y, 2). (9.25)

In the next four sections the necessary equations and conditions for
determining ¢(z, y, z), as well as the cavity planform and shape are outlined.
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Fig. 9.13. Effect of the detachment location on the predicted cavity extent and shape
via BEM. The cavity on the left has been predicted by assuming that the cavity on
either side of the hydrofoil starts at the points where the wetted pressure distribution
(shown) becomes equal to the vapour pressure (e.g. —Cp yetted = ). Note that the
predicted cavity on the upper (‘back’) side has negative thickness (a mathematically
correct solution has produced a non-physical cavity!), due to the ‘wrong’ location of the
cavity detachment. The cavity on the right, on the other hand, has been predicted by
determining, in an iterative manner,3? the location of the cavity detachment on either
side of the hydrofoil based on the smooth detachment condition. Note that the predicted
cavities on the right have positive thickness and that the pressures on the wetted part
of the hydrofoil (ahead of the cavity detachment points) are larger than vapour pressure
(e.g. —Cp < o). From Kinnas et al.*!

9.3.1. The green’s third identity

As in the case of 2-D hydrofoil Green’s third identity renders the following
integral equation for ¢(z,y, z) as

2 = oG 8—¢] dS+/ Aow 2Cas (9.26)
Sw on

67— G
SWSUSC|: 677/ 871
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/ Discrete Cavity Planform

Fig. 9.14. Definition of the ‘exact’ (top left), the approximate (top right), and the
discretized 3-D cavity and foil surface (bottom right).

where n is the unit vector normal to the foil wetted surface, the cavity
surface or the wake surface; A¢ is the potential jump across the wake sheet
and G = 1/R is the Green’s function, where R is the distance between a
point P and the point of integration along the foil and cavity surface.
Equation (9.26) should be applied on the ‘exact’ cavity surface as shown
in Fig. 9.14. Based on the fast convergence of the BEM with number
of iterations in 2-D (as described in the previous section), only the first
iteration non-linear solution is carried out. This is equivalent to applying
Green’s formula on an approximate surface, as shown in Fig. 9.14. This
surface is comprises the foil surface and the trailing wake surface. The
treatment of a supercavity within this scheme is discussed in detail in Fine &
Kinnas.?® For simplicity, only the partially cavitating 3-D hydrofoil problem
will be described here. The approximate surface is discretized as shown at
the bottom part of Fig. 9.14. Constant strength dipoles and sources are
distributed on each of the wetted or cavitating flow panels. The strength
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of the source distribution on the wetted foil surface is expressed via the
kinematic boundary condition:

9¢ _
on

In the case of partial cavitation the trailing wake, Sy, is treated the

—Ug -n; on Swsg (9.27)

same way as in the case of fully wetted flows.?! In other words, A¢y is
only a function of the spanwise location, y, given as:

Adw (y) = ¢5(y) — ¢r(y) =L (y) (9.28)

where ¢ (y) and ¢ (y) are the values of the potential at the upper (suction
side) and lower (pressure side) foil trailing edge, respectively. The difference
in those potentials is also equal to the circulation I' at a spanwise location y.

9.3.2. The dynamic boundary condition

The dynamic boundary condition (DBC) requires that the pressure
everywhere inside and on the cavity be constant and equal to the known
cavity pressure, p,. As in the case of 2-D hydrofoil, Bernoulli’s equation
will give:

ge = UscV1+o0, (929)

where ¢, is the magnitude of the cavity velocity q.. Note that for simplicity
the hydrostatic terms, which would be important in the case of a vertical
3-D foil, have not been included. The cavity velocity vector, q., may also
be expressed as follows!?:

Vsls—(s-v)v]+V, [v—(s-v)s]
Is < 2

qde = (9.30)

where s and v are the curvilinear coordinates® along the cavity surface

(as shown in Fig. 9.14); s and v are the corresponding unit vectors. V, and
V, are given as follows:

¢ o¢

© 0Os + S Ov + M (0:31)

Equations (9.29) and (9.30) may then be combined to form an equation

which is quadratic in the unknown chordwise perturbation velocity, 9¢/0s.

&In general non-orthogonal.
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The solution to this quadratic! renders 9¢/0s in terms of the cavitation
number, the inflow velocity, and the unknown crossflow d¢/dv:

% = Uy s+ V,cos0 +sinfy/q2 — V2, (9.32)

with 0 is the angle between s and v, and ¢. is given by equation (9.29).
Equation (9.32) is integrated once to form a Dirichlet boundary condition

on ¢:
o(s) = ¢(0) + /[right—hand side of equation (9.32)]ds (9.33)
0

The value of ¢(0) in equation (9.33) at each strip is determined (as in the

case of 2-D hydrofoil) via a cubic extrapolation in terms of the unknown

potentials on the wetted panels on the same strip in front of the cavity.
The crossflow term, d¢/0v, in equation (9.33) is included in an iterative

sense. 12

9.3.3. The cavity thickness distribution

The kinematic boundary condition on the cavity requires that the velocity
normal to the cavity is zero (in the case of steady flows) or, more generally
(also valid in the case of unsteady flows), that the following substantial
derivative is zero:

D 0
(=1 = (g +a-7) (=1 =0 (9.31)
where n is the coordinate normal to the foil surface under the cavity (with
unit vector n) and h(s,v,t) is the thickness of the cavity normal to the foil
surface at the point (s,v) at time ¢t. Expressing the gradient in terms of the
local directional derivatives

R R )
s x V|2 M (9:35)

v:

and performing the dot product with q. (as defined in equation (9.30)) and
finally substituting the result in equation (9.34) yields the following partial

hThe root which corresponds to cavity velocity vectors pointing downstream is selected.
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differential equation for the cavity thickness:

oh oh o oh
75 [Vs — cos OV, ] + 0 [V, — cosOV,] = sin“ 0 <Vn - E) (9.36)
where
¢

The partial differential equation (9.36) can be integrated over the entire
cavity planform in order to provide the cavity thickness. In the case of
steady flow (as considered in the beginning of this section), dh/0t = 0.

9.3.4. The cavity planform

The extent (planform) of the 3-D cavity is not known and has to be
determined as a part of the solution. This is accomplished by finding the
appropriate [(y) (cavity length at each spanwise location y) which satisfies
the cavity closure condition for the given cavitation number, o:

6(y;0) = h(l(y),y) =0 (9.38)

9.3.5. Numerical aspects

The objective of the numerical analysis is to invert equation (9.26) subject
to the conditions (9.27), (9.33) and (9.28). The numerical implementation
is described in detail in Kinnas & Fine'?''® and Fine & Kinnas.?! In brief,
for a given cavity planform, equation (9.26) is solved with respect to the
unknown ¢ on the wetted foil and for the unknown 9¢/9n on the cavity.
The cavity height at the trailing edge of the used cavity planform is then
determined by integrating equation (9.36). The cavity planform is adjusted
accordingly and the solution is carried over again until the corresponding
heights at the cavity end are equal to zero within some given tolerance.
The numerics of the method have been extensively validated in Kinnas &
Fine'? and Fine & Kinnas.?!

9.3.6. The split panel technique

A very crucial issue in the numerical implementation was found to be related
to the treatment of panels which were intersected by the cavity trailing edge.
In order to avoid recomputing influence coefficients a technique was devised,

namely the split panel technique,'?:3* in which the intersected panel is
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Fig. 9.15. The split panel technique applied to the cavity trailing edge in three
dimensions. The extrapolated values for 0¢/0n into the two parts of the split panel
are also shown.

treated as one panel with each of the ¢ and d¢/dn being determined as
the weighted average of the values on the wetted and the cavitating part
of the panel. This technique, as depicted in Fig. 9.15, provided substantial
savings on computer time since the same panel discretization can handle
arbitrary cavity planforms.

9.3.7. Multiplicity of solutions

Equation (9.38) may accept more than one solutions, i.e. produce more
than one cavity planform for a given value of cavitation number. This is a
very well known fact in two dimensions, where for some cavitation numbers
there are three solutions (two partial cavities and one supercavity). The
present method has also been found to predict multiple solutions in three
dimensions,?!'?* as can be seen in Fig. 9.16. Note that for ¢ = 0.85, two
cavity planforms are predicted: one partial cavity and one mixed cavity
(slightly supercavity at midspan). The partial cavity was produced when
the initial guess was a partial cavity and the mixed cavity when the initial
guess was a supercavity. The cavity length at midchord vs a;/o is also shown
at the bottom part of Fig. 9.16. Note the striking similarity of this curve
to the well known characteristic curve for a two-dimensional cavitating flat
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Fig. 9.16. Multiple solutions in 3-D for ¢ = 0.85. The predicted cavity shapes are shown
over half of the span at the top and the lyaz/c vs. a/o curve is shown at the bottom.

plate (not shown in the Figure). This multiplicity of solutions in 3-D can
also be confirmed from the observed instability on the cavity extent during
experiments on cavitating 3-D foils, as the cavity transitions from partial
to super-cavitation.

9.4. Propellers

Consider a cavitating propeller subject to a non-uniform wake inflow,
Uw (zs,7s,0s), as shown in Fig. 9.17. The wake inflow is referenced with
respect to the ship fixed system of coordinates (zs, ys, z5) or (zs,rs, 05) and
is assumed to include the propeller/inflow interaction, i.e. it is the effective
wake. The propeller is often immersed in the boundary layer of the ship’s
hull, and thus, its inflow is non-axisymmetric and carries strong vorticity in
it. The actual (or effective) propeller inflow can be determined by coupling
the presented BEM, in an iterative manner, with a Euler solver or a RANS
solver which models the global flow around the propeller and hull. The
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Fig. 9.17. Cavitating propeller subject to non-axisymmetric wake inflow. The surface
of a developed tip vortex cavity, St, is also shown.

propeller is represented with body forces (also called source terms) within
the global flow Euler or RANS solver.4%:43

The propeller flow is considered with respect to the propeller fixed
system [(z,y, z) or (z,r, )], which rotates with an angular velocity w with
respect to the ship fixed system. The inflow, with respect to the propeller
rotating system will thus bel:

Uin(z,y,2,t) = Uy (z,7,0 — wit) + w X X (9.39)

Equation (9.26) still applies in the time domain while the perturbation
potential ¢(x,y, z,t) is defined from:

a=U;, +Vé (9.40)

where q is the total velocity vector of the flow with respect to the propeller
fixed system.

The treatment of the time-dependent sheet cavity Sc(t) on the
propeller blades is very similar to that in the case of 3-D hydrofoils,
described in the previous section. Equations (9.26), (9.27), (9.28), (9.33),

iDetails of the application of the BEM on cavitating propellers may be found in Kinnas
& Fine.24
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(9.36) and (9.38) now apply at every time step in the numerical solution.
The main differences, according to Kinnas & Fine?* and Fine,?* consist of:

e Replacing Uy with Uy,
e Replacing ¢. in the right-hand side of equation (9.32) with:

0
ge = \/nQDQO'n +|Uinl? — 29ys — 28_(1?’ (9.41)
where D is the propeller diameter, n the revolutions per second, g the
acceleration of gravity and o, the cavitation number defined as:

Psh — Pv

7= (/2 D?

(9.42)
with psp being the hydrostatic pressure at the centre of the shaft of the
propeller. Note that the hydrostatic terms (—2gys) are included in the
pressure calculation.

The g—f term in equation (9.41) is not known, and is determined in an
iterative manner by using the value when the blade is at the same angle in
the previous revolution (or period).?*

Other important issues, which were not addressed in this chapter, are
(a) the location of the trailing wake sheet, which is not known a priori and
must be determined from applying a force-free condition in the wake, (b) the
values of the dipoles in the wake are known from previous time-steps, and
(c) the sectional shape of the developed tip vortex cavity, which is modelled
with panels in the presented approach, is not known and can be determined
from applying a constant pressure condition (dynamic condition) on the tip
vortex cavity surface. The reader is referred to Kinnas & Hsin** for (b),
Lee & Kinnas® for (a), and Lee & Kinnas®® for (c).

Finally, when comparing with experiments, which often take place
inside confined spaces, the tunnel walls must also be modelled in the BEM.*7
A similar approach was recently applied for the prediction of the cavitating
flow through a water-jet pump.32

9.4.1. Super-cavitating propellers

The method has also been extended in the case of super-cavitating
hydrofoils and propellers, of which the blade sections have a sharp leading
edge and a non-zero thickness trailing edge.*® It should be noted that
in predicting the performance of these propellers correctly, it is essential
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Fig. 9.18. Rate of convergence of predicted circulation distribution on a super-cavitating
propeller, of which the predicted cavity shapes are shown on the right; from Young &
Kinnas.*®

that cavities be allowed on both sides of the blade, and that the cavity
detachment is searched for. Fig. 9.18 shows the rate of convergence of
the results of the BEM and the predicted cavities in the case of a super-
cavitating propeller.

9.5. Comparisons with Experiments

Several comparisons of results from the presented BEM, applied on 3-D
hydrofoils or propellers, with experimental measurements or observations
are provided in Figs. 9.19 to 9.22.

Fig. 9.19. 4990 propeller hydrofoil observed in experiment performed at the 36 inch
cavitation tunnel at NSWC-CD (left), and predicted (right). The effects of the tunnel
walls have been modelled in the BEM.
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Fig. 9.20. Comparison of observed developed tip vortex cavity in experiment (left)*°
and predicted (right) by the BEM of Lee & Kinnas.6

6=-30"

Fig. 9.21. Inflow wake (effective) for DTMB4148 (top) and predicted cavity patterns
(bottom) by the BEM of Lee & Kinnas,?® which includes the effects of the tunnel walls,
also modelled in the BEM. The shown cavity patterns should be compared directly to
those shown at the bottom of Fig. 9.2.

9.6. Surface-Piercing Flows
9.6.1. Surface-piercing propellers

The effect of freesurface on submerged cavitating hydrofoils or propellers
may be determined by modelling the free-surface via the BEM, as was
done in Bal et al.,’! Bal & Kinnas.??
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08 Propeller 4383, skew=72"

Experiment (wetted)

£ O Experiment (cavitating)
PROPCAV

Fig. 9.22. Predicted by the BEM of Kinnas et al.*! and measured thrust and torque
on propeller DTMB4383 (panelled geometry shown on the right) versus advance ratio
Ja (Ja = V4 /nD; V4 is the uniform inflow velocity), at various cavitation numbers.
Note significant loss of the thrust and torque at lower J4, due to the presence of super-
cavitation. PROPCAYV is the name of the corresponding source code.

Fig. 9.23. Propeller model 841-B from Olofsson®® with the corresponding BEM model
on the right (from Young & Kinnas®).

In the case of surface-piercing (also called partially submerged)
propellers, special consideration must be given to the treatment of the
flow as the blade enters into or exits from the free-surface. The actual
geometry of a surface-piercing propeller is shown in Fig. 9.23, together
with the geometry used within a BEM model.

Young® and Young & Kinnas® modified the BEM for submerged
propellers (as presented in the previous sections) by making the
fundamental assumption that the free-surface is a flat surface, thus
neglecting the influence of the free-surface jets and spray formed as a part of
the ventilated surface. The free-surface boundary conditions are linearized
and their validity is ensured via the negative image method, as depicted
in Fig. 9.24. The model is based on that developed for surface-piercing
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Fig. 9.24. Surface-piercing propeller model using a linearized free-surface condition:
discretized propeller geometry in BEM (left), and depiction of the utilized ‘negative’
image model (right).

=0, 0%, 180" B=30°, 120°, 210°

Fig. 9.25. Ventilated patterns on surface-piercing propeller: observed (top) and
predicted by BEM (bottom).

v_

JoD > 4, where

hydrofoils,?® and applies for large Froude numbers, F,,p =
V is the ship speed and D is the propeller diameter.
Comparisons of the predicted ventilated surfaces with those observed in
Olofsson,’% are presented in Fig. 9.25. As reported in Young®? and Young &
Kinnas,”® even though the mean performance of a surface-piercing propeller
can be predicted within reasonable accuracy, the time history of the blade

forces at the entry and exit stages seem to be inaccurate, and that has been
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attributed to the lack of the modelling of the jets during those stages. A
BEM to model the effects of the jets is presented in the next section.

Finally, as shown in the measurements of Olofsson,”® the effects of
hydro-elasticity can be significant, and should be included by coupling the
present BEM with a method for the structural analysis of the blade, by
using a similar approach to that presented by Young & Liu®7 in the case of
super-cavitating propellers.

9.6.2. Surface-piercing 2-D hydrofoils: entry stage

This section presents a BEM to model the water entry of a surface-piercing
hydrofoil by employing the non-linear free-surface boundary conditions.
The BEM scheme used here was developed initially in the context of the
roll-motion of Floating-Production-Storage-Offloading vessel hull-sections,
as described in Vinayan et al.® and Vinayan & Kinnas.®® Only a brief
summary of the mathematical and numerical formulation is presented here
and the complete details of the scheme can be found in Vinayan & Kinnas.%°
The approach combines the mixed Eulerian-Lagrangian method of Longuet-
Higgins & Cokelet,%! for tracking the free-surface, with the solution of a
Boundary Integral Equation (BIE) at each time-step, and is similar to to
that presented by Young®® and Young & Kinnas,%? and to that developed
by Zhao & Faltinsen%® for the study of the vertical entry of two-dimensional
wedge shaped hulls at small angles of deadrise.

9.6.2.1. Formulation

Consider a rigid, 2-D hydrofoil entering an initially calm domain with a
constant velocity V and an angle of attack «, as shown in Fig. 9.26. An ideal
fluid is considered and the flow is assumed to be irrotational. A fized
(non-rotating) Cartesian coordinate system is chosen to represent the flow
with its origin at the undisturbed water level. The flow is represented
in terms of a harmonic function ¢(x,t) commonly referred to as the
velocity potential. Also, the local fluid velocity is given as ¢(x,t) = V¢ =
(¢pa, Py) = (u,v). Here, x = (z,y) represents the spatial location with
respect to the fixed coordinate system, with x being the horizontal measure
and y the vertical measure positive upward. The fluid domain and the
corresponding boundary surfaces are shown in Fig. 9.26. Swg(t) represents
the ‘wetted’ part of the hydrofoil surface, Sg(t) is the free-surface that
also includes a part of the ventilated surface on the suction side of the
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Fig. 9.26. Entry of a surface-piercing hydrofoil: fluid domain and boundaries.

hydrofoil and S is the far-field boundary placed far enough to minimize
interference.

A BIE is solved at each time-step of a higher-order time-stepping
scheme in order to obtain the velocity potential. Once the solution is
obtained for a particular time, the time-dependent boundary conditions
are updated and the solution scheme progresses onto the next one.

The boundary value problem for the velocity potential is converted
into a BIE by introducing a two-dimensional Green’s function G(p,q) =
—% Inrpq (satistying the Laplace equation), where rpq = [p—q|, p = p(x)
is the field point and q = q(x) is the source point. The BIE obtained by
applying Green’s third identity to ¢(x,t) and G(p,q) is

a(®)6(p) + [ H(@Cn(pra) Ty = [ Glpa)on(a) dlg, (943

r

where 27a(p) is the internal angle formed at the boundaries. G, (p,q) =
VG(p,q) - iq and ¢ (p,q) = Vo(p, q) - fiq and 7iq is the normal vector at
q, positive out of the fluid.

The above BIE is solved via a BEM which employs linear elements
(straight segments) with linear dipole and source distributions over each
element. The numerical implementation of this BEM is described in more
detail in Vinayan & Kinnas,?® Vinayan & Kinnas®® and Vinayan.%*
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Free-surface,Sg(t):F(x,t) =0

[ Wz, 1)
T N e Lagrangian particle

Fig. 9.27. Free-surface schematic

e Kinematic Boundary Condition (KBC) on Sg(t):

The KBC is obtained by assuming Sg(t) to be a bounding surface, i.e. no
material passes across the free-surface.%> Based on the schematic shown in
Fig. 9.27, if we represent the free-surface as F(x,t) = y — n(z,t) = 0, the

KBC on the free-surface is given as%? 66
D
—F(x,t) = 44
2 F(x1) =0, (9.44)
where % = % + V¢ - V is the material derivative. § = V¢ = (¢, py)

is the fluid velocity on the free-surface, and y = n(z,t) is the free-surface
elevation.
For any particle P(z,y) on the free-surface, the KBC is given as

Dz

61,65,66

Dx  _. . i LT
D—t_v¢_q or @_U_QS x € Sp(t) (9.45)
Dt Y

The DBC is obtained from the Bernoulli’s equation and assuming the
pressure to be continuous across the free-surface. It is assumed that the
wavelength of the free-surface elevation is long enough to neglect the effects
of surface tension. Thus, the pressure underneath the free-surface must
equal the atmospheric pressure above, giving the most general form of the
free-surface DBC

9 1. ., P
- i A 4
5t + 2|V<;5| +gn+ 5 0, xe€5p(t) (9.46)

where ¢ is the acceleration due to gravity. The common form of the DBC
is obtained by expressing the pressure as gage pressure, in which case the
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pressure on the free-surface, Py = P — Py, = 0. For a Lagrangian particle
P(z,y), the DBC can be rewritten as
D¢y 1o 09 Lo
LY _ 2 —an==¢% — Sp(t 9.47
i = 5l Vel —gn=5a" —gn, x €51 (9.47)
where ¢ = |q] = [V¢|
e Boundary Condition on Hydrofoil Swg(t)
On the ‘wetted’ part of the hydrofoil surface Swg(t),

—

V¢ -1 = V(t) . ’ﬁ:7 X € SW]B(t) (948)
where V(t) is the prescribed velocity of the hydrofoil.

e Boundary Condition on Far-field Boundary Soo
The far-field boundary S is assumed to be a no-flux surface with

Vé-ii=0; xE€Su (9.49)

Special attention is paid in placing the boundary far away from the body
to avoid reflection of the waves generated by its motion.

9.6.2.2. Algorithm of marching free-surface in time

A fourth-order Runge-Kutta scheme is employed in order to integrate
equations (9.45) and (9.47) in time, and determine the free-surface location,
Z(t) and the corresponding potential ¢(t). The following steps start after
the end of time step ¢t and end at the next time step ¢+ At. Please note that
each time the free-surface location is updated, the BEM, equation (9.43),
is solved.

Step 1: Solve the BEM on Z(t) with known ¢(¢) to find (%)1, and! .

T = f(t) + (ﬁ% (950)
o= o) + |yt — an(0)| 5 (9.51)

IThe derivative (g—f) is determined by using ¢(¢) and the arc-length s along the free

surface.
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Step 2: Solve the BEM on Z; with known ¢; to find (g—f;) , and @s.
2

> = 3(t) + q}% (9.52)
¢2 = ¢(t) + [%qS - gm} % (9.53)

Step 3: Solve the BEM on &5 with known ¢5 to find <g—£> , and 3.
3

73 = Z(t) + G AL (9.54)
¢3 = ¢(t) + Bﬁ - gm} At (9.55)

Step 4: Solve the BEM on #3 with known ¢3 to find (%) , and @j.
4

Then determine the location of the free surface at ¢t + At and the
corresponding potential by using the following equations:

S S At S Y -
Z(t+ At) = Z(t) + 5 [ + 23> + 245 + Gu)

At
Ot + At) = o(t) + T [af +243 + 265 + ]

At
e n(t) + 2m1 + 2n2 + 73] (9.56)

9.6.2.3. Results

The detailed numerical implementation, including the initial conditions and
the treatment of the free-surface jets, is given in Vinayan & Kinnas.5%

Some results from the present BEM are shown in Fig. 9.28, together
with those from using the commercial RANS solver, FLUENT, and those
observed in the experiment of Cox.5” The specifics of the FLUENT run are
given in Vinayan & Kinnas.%°

It is worth noting that the ventilated surfaces and the jets predicted
from the BEM and from FLUENT are very close to each other, and also
quite close to those observed. The total CPU time for the BEM on a single
processor is about 16 minutes. In comparison, the FLUENT simulations
take about 36 hours (wall-time), run parallel on six processors (processor:
64-bit 1.6GHz AMD Opteron ).
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- - BEM
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FLUENT (VOF!

a1 a1

018

Fig. 9.28. Predicted ventilated surface free-surface elevations for a surface-piercing
hydrofoil by using a BEM%Y and a commercial viscous flow solver, Fluent, with the
effects of gravity excluded (left) or included (middle). The observed ventilated surface,
free-surface elevations, and hydrofoil®” are shown on the right, with the surfaces predicted
by Fluent, superimposed. The wedge-shaped 6-inch long hydrofoil enters the free-
surface at an angle of 10° with respect to the vertical, and with the vertical speed of
2.45m/sec.

9.7. Concluding Remarks

BEMs, as applied in the case of steady and unsteady cavitating flows around
hydrofoils and propellers, were presented. Only the modelling of sheet and
developed tip vortex cavitation was addressed in this chapter. The effects of
viscosity can be incorporated by coupling the BEM with a boundary layer
solver in the case the flows are attached. The interaction with the viscous
inflow and adjacent boundaries (hulls, pods, ducts, rudders), was only
briefly addressed in this chapter, and can be accounted for via coupling of
the BEM with RANS solvers.58 7! Coupling techniques for isolated bubbles
(modelled via a BEM) with the viscous inflow have also been developed by
Chahine™ and Hsiao & Chahine.™

Finally, the effects of the free-surface can also be modelled via BEM,
by solving for the location of the free-surface. In the case of surface-piercing
hydrofoils, BEM can predict the flow as accurately as viscous flow solvers,
by using limited computer resources and by requiring only a very small
fraction of the required CPU for the viscous flow calculations.
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Chapter 10

CONDITION NUMBERS AND LOCAL ERRORS
IN THE BOUNDARY ELEMENT METHOD
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In this chapter we investigate local errors and condition numbers in the BEM.
The results of these investigations are important in guiding adaptive meshing
strategies and the solvability of linear systems in the BEM. We show that the
local error for the BEM with constant or linear elements decreases quadratically
with the boundary element mesh size. We also investigate better ways of
treating boundary conditions to reduce the local errors. The results of our
numerical experiments confirm the theory. The values of the condition numbers
of the matrices that appear in the BEM depend on the shape and size of
the domain on which a problem is defined. For certain critical domains, these
condition numbers can even become infinitely large. We show that this holds for
several classes of boundary value problems and propose a number of strategies
to guarantee moderate condition numbers.

10.1. Introduction

The subject of errors in the boundary element method (BEM) is still a
very interesting one and some aspects have not yet been as explored as
they have been in other numerical methods like the finite element method
(FEM) and the finite difference method. Errors in BEM solutions may be
due to discretization or to inaccuracies in the solver that involves the use
of BEM matrices with high condition numbers. For a given discretization,
there are several ways to implement the BEM because of the choice in
collocation and nodal points. These will all influence the resulting error
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in the solution. In most cases where error measurement has been performed,
like in adaptive refinement, the main focus has been a measure of the
error rather than a fundamental analysis of the error and its behaviour.
This chapter presents recent results on such fundamental analysis on
local errors in BEM solutions. The results presented will not only be
helpful in choosing an implementation strategy but also in guiding adaptive
refinement techniques.

Several techniques have been used to measure BEM errors in the
area of adaptive refinement. For instance, the discretization error is
estimated by the difference between two solutions obtained using different
collocation points but the same discretization.® Another technique uses
the first (singular integral equation) and the second (hypersingular integral
equation) kinds of formulation to provide an error estimate.? Data from
the first kind of equation is substituted into the second kind to obtain
a residual which is then used to estimate the error. Some authors have
used a posteriori error estimation in FEM as a guiding tool to develop
error estimates for the BEM.? Unfortunately, such techniques are usually
restricted to the Galerkin BEM. In our case, we would like to start from
the basics of the boundary integral equation (BIE) discretization to develop
error analyses for collocation BEM for potential problems. Though the ideas
could easily be adapted to 3-D, we will discuss 2D problems and the Laplace
equation in particular.

It is well known that the Laplace equation in differential form with
either Dirichlet or mixed boundary conditions has a unique solution.
However, when the Laplace equation is transformed to a BIE it is not
straightforward that this carries over to the BIE. It is noted that the BIE for
the Dirichlet Laplace equation does not always have a unique solution.* "
Certain domains can be distinguished on which the BIE becomes singular
and a non-trivial solution of the homogeneous equations can be found.
A multiple of this solution can be added to the solution of the non-
homogeneous equations, which is then no longer unique. For each domain
there exists exactly one rescaled version of this domain for which the BIE
becomes singular. This introduces an extraordinary phenomenon for the
BIEs; uniqueness of the solutions depends on the scale of the domain.

After discretization of the boundary of the domain, the BIE transforms
into a linear system of equations. When the BIE is singular, one may
expect that the linear system is also singular, or at least ill-conditioned.
This is reflected by the condition number of the system matrix. If this
condition number is infinitely large, then the linear system is singular.
As a consequence, the linear system does not have a unique solution. If the
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condition number is not infinitely large, but still large, the linear system
is ill-conditioned and difficult to solve. Hence the condition number also
greatly affects the local error in the BEM solution. Note that it is a matter
of taste to decide what ‘large’ means in the context of condition numbers.

The domains on which the BIE does not have a unique solution are
related to the so-called logarithmic capacity. The logarithmic capacity is a
real positive number being a function of the domain. This concept originates
from the field of measure theory, but it also appears in potential theory. The
concept of a capacity applied to a single domain may be a bit confusing,
as usually the electrical capacity is defined as a charge difference between
two conducting objects. The logarithmic capacity, however, is related to a
single domain.

In potential theory, it is shown that when the logarithmic capacity of a
domain is equal to one, then the homogeneous BIE for the Dirichlet Laplace
equation on the boundary of that domain has a non-trivial solution.® 1°
This allows us to a priori detect whether a BIE will become singular on a
certain domain. Namely, we have to compute the logarithmic capacity and
verify whether it is equal to one. Additionally, the logarithmic capacity also
enables us to modify the BIE such that it does not become singular. We can
scale the domain in such a way that its logarithmic capacity is not equal
to one. The BIE on the corresponding boundary will then be nonsingular.

The BIE for the Laplace equation with mixed boundary conditions did
not receive much attention until now.!! However, a similar phenomenon as
for the Dirichlet case takes place for mixed conditions. For each domain,
there exists exactly one rescaled version of this domain for which the BIE
becomes singular. In this chapter, we investigate both the BIE for the
Laplace equation with Dirichlet conditions and mixed conditions and the
related linear systems. We also extend the research to flow problems in
particular to BEM solutions of the Stokes equations.

This chapter is outlined as follows. Section 10.2 gives a recapitulation
of the BEM formulation. An outline of the integral equation formulation
for a Laplace problem and its discretization is presented. In Section 10.3,
we present a discussion on local errors in the BEM and give the theory
for the expected convergence rates of the local error for both constant and
linear elements. Numerical examples and results for a Dirichlet and mixed
problem are presented to illustrate the theory. Then a general insight into
the various ways to implement the BEM on a circle is presented.

In Section 10.4, we give a number of illustrative examples of BEM
matrices with large condition numbers. This motivates us to study the
condition numbers of BEM matrices in potential problems in Section 10.5.
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It is shown that these condition numbers may become infinitely large under
certain conditions. This is also true for the condition numbers of BEM
matrices in flow problems, which is the topic of Section 10.6. The chapter
is concluded with a discussion of the results presented.

10.2. BEM Formulation for Potential Problems

In this section, we briefly present a BEM formulation. This, we do here
only for potential problems but we will generalize it to Stokes equations
in a later section. The BEM is used to approximate solutions of boundary
value problems that can be formulated as integral equations. For the sake
of clarity, we consider potential problems governed by the Laplace equation
on a simply connected domain €2 in 2D with boundary I'. That is

Viu(r) =0, recQ. (10.1)

We will consider problems for which either the function u (Dirichlet) or its
outward normal derivative ¢ := du/In (Neumann) is given on I', or the
mixed problem where on one part of the boundary u is given and on the
other ¢ is given. The integral equation formulation of (10.1) reads

cu+Kiu=Ksq rel (10.2)

Here, K* and K% are the single and double layer operator, defined as

(Koq)(r) : = / 4(+")G(r; #')dT,

r
(Klu)(r) : = /Fu(r')%G(r;r’)dFT(, (10.3)

where r and 7’ are points at the boundary and n’ is the unit outward
normal at ' at I'. The function G,
1 1
G(r;7r') = —log ———,
() = g o8
is the fundamental solution for the Laplace equation in 2D. The constant
e(r) = 1/2 if T is a smooth boundary at r. Thus (10.2) expresses the
potential at any point 7 in terms of its values u(r’) and the values of its
outward normal derivatives ¢(7') on the boundary. Some of this information
will be given as boundary conditions and the rest has to be solved for. We
note that the most important step of BEM is to approximate the missing
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p_o_j

S;
r; S——

Fig. 10.1. A BEM discretization in which a polygon of rectilinear elements is used to
represent a circular boundary.

boundary data as accurately as possible since the final step of computing
the unknown function in €2 is merely a case of post-processing.

In a BEM discretization, the boundary I' is divided into N partitions I';
such that U;-Vzll"j =TI'. EachT'; is then represented by a numerical boundary
S; (see Fig. 10.1 for a two-dimensional case of rectilinear elements). Then
on each S;, the functions u(r’) and ¢(r’) are assumed to vary as the
so-called shape functions. Let us denote these shape functions by f.,(£)
and f, (&), respectively, where ¢ is a local coordinate on S;. For instance,
fu(§) and fqy(€) are constant functions in the case of constant elements and
linear functions in the case of linear elements. Thus, the discretized integral
equation is

c(ri)u(ri)+z/s fu(r’)%(ri;r’)dS = Z/S G(ri;7") fu(r') dS.
(10.4)

where 7; is a node on the i-th element.

At this stage we would like to note two important sources of numerical
error. First, replacing the physical boundary by a numerical boundary and
second, representing the unknown functions by shape functions. The local
error should be a measure of how well the solution satisfies the original
integral equation on each element. In some geometries or discretization
S; =T';, thus eliminating one inherent source of error. The size of the local
error will be small depending on how well f,(¢) and f;(§) represent the
original functions. Errors may also be due to integration and discontinuities
at element boundaries but these can be reduced to negligible amounts by
using suitable techniques. The integral equation (10.4) is written for N
collocation points r; and boundary conditions are appropriately applied to
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obtain a linear system of equations
Ax = b, (10.5)

where x is a vector of the unknown values of either u or ¢ at the boundary.

10.3. Local Errors in Potential Problems

Consider a Dirichlet problem given by,

{Vzu(r) =0, 1€,

u(r)=g(r), rel. (10.6)

The unknown in this case is the outward normal derivative g(r’). Thus,
what we want to solve for using BEM are the values of the normal flux at
the boundary I'; That is, x = q = (¢1 g2 -~ qN)T, a vector of the unknown
values of ¢(r') at the boundary. Here we have introduced the notation

w(r)) =1u; and q(r}) =: q.

2

Let q:= (g1 G2 --- ch)T be the corresponding BEM solution and let q* :=
(¢ g5 - q}*V)T denote the exact solution at the corresponding nodes. The
global error e is defined as

e:=q"—q, (10.7)
that is, pointwise,
e =q; — qj-

In order to advance our error investigations, let us define the exact values
of the integrals on the j-th element from source node ¢ as

w . n9G
L = /Fj u(r )871’ (ri;r')dl, (10.8a)
1L = | G(ryr)g(r’)dl. (10.8b)

Ty

Let us also define the corresponding numerical estimates of (10.8) in the
BEM as

= oG
Lij = /sj fu(rl)%(ri;rl) ds, (10.9a)

L = /S G(rir’) fo(r') dS. (10.9b)
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We then define the two contributions to the local error on element j due to
source node ¢ as

q ._ 719 74
df, =1% — I, (10.10a)

Zj’

= [Z.uj — I;*j. (10.10Db)
The total local error on element j due to source node 7 is

The cumulative local error for the i-th equation due to contributions from
all the elements is therefore given by

Zd +Zd (10.12)

Consider the right-hand side of the system (10.5); if we were to compute
the vector b exactly, then the i-th component would be

bE = —ciu Z/ a—G (ri; ") dr.

The one we actually use in the BEM is

bi = —ciu Z/ Fu(r)==(r"; ") dS.

Let us define

5bl = blE ‘ Z/ 7"17 (T/)dr
Iy
oG N
/ roo . u
n Z}/S R G rir )45 = =3 (10

The local error in (10.12) can therefore be expressed as

N
di = 6b; + Y _dl,. (10.14)
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If the right-hand side is evaluated exactly, then §b; = 0 and the error (10.12)
would be

N
di = di. (10.15)
j=1

Now, we will asses further the behaviour of these local errors.

Theorem 10.1. The error in constant elements BEM is second order with
respect to grid size.

Proof. We need to show that the local error is third order in grid size.
Take the case of an element with a Dirichlet boundary condition where the
unknown is ¢(r’). Consider the integral (10.8b), that is

12 = /F Gl )a(r) (10.16)

Let I; be the length of S; and £ be a local coordinate on .S; such that
—1;/2 <€ <1;/2.

Then (10.16) is transformed and evaluated in terms of &. Let §; be the
midpoint of S;. Suppose we have a Taylor series expansion of ¢(§) about
&;, that is,

"¢ 3) (¢,
0&) = a(6) + (&)~ &) + Lot g2y T gy
(10.17)
Then, if we use (10.17) in (10.16), we have
1j/2 1;/2
T 9 — nlr . n /(¢ _ .
oty = [ @ de+ [ mir©ld€)E - g
lj/2 1"(¢
[ e T e - g e (10.18)
—1;/2
where
r(§) = llri = ' (II-
In constant elements BEM, we only use the first term, that is,
1 /2
I =~ o Infr(&)]q(&;) de. (10.19)

2m J 12
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So we have a truncation error whose principal term is the second term on
the right of (10.18). Let us consider the following integral of this term,

1;/2
L= / ¢ (&) Wr(©)](€ — &) d. (10.20)

—l;/2
We note that
r = 'r'(f = —lj/2) < T’(E) < ry:= T({ = lj/?). (10.21)

We assume that r; is far enough such that r(§) remains nonzero. The
distance r(§) can be expanded about the point §; as

r(€) = (&) +r'(§)(€ — &) + O((€ — &)?)- (10.22)

We introduce the definitions

pPo = r(&])a
P+ (&),

so that we can write (10.22) as
(€)= po (1 - sj>) 1O - &)).
Then
Infr(€)] = In(po) + %(5 — &) +O((E - &)?).

The integral I3 can now be evaluated as

1;/2 15/2
B= [ mir©le - &= [ | mleoE &) de

—1;/2

v e - 2 _
i // L‘O(f — &) +0(E-&) >] (€-&)de.  (10.23)

Since we use the midpoint as &;, the first integral on the right of (10.23) is
zero so that we remain with

B[ Pe-gPacole - ) (1024)
—1;/2 PO

Then using the mean value theorem,

B -6 CE (/2 L/2). (10.25)
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For &; a midpoint of S}

€ =&l <1;/2. (10.26)
Putting (10.25) and (10.26) together we have
3

I3
|Ia] < Z|Pl/Po\,

which is third order in grid size. This shows that constant elements BEM
can be expected to be of second order. O

Theorem 10.2. The error in linear elements BEM is second order with
respect to grid size.

Proof. Likewise, we need to show that the local error is third order in grid
size. In linear elements, the unknown function is assumed to vary linearly
on the element, that is,

q(§) = p1(§) = ag + 1§,

where og and a; are constants and £ a local coordinate on .S;. The error in
this case is due to the error when we interpolate by an order one polynomial
which is given by!?

q¢"(n)
2

q(€) —pi(§) = (€ =8)(E—&1), ne€ (6o,&1)

Using this result, the local error in BEM will be

Eq In[r(§)lq" () (€ — &)(§ — &) dg, (10.27)

Cdn —1i/2

where & and & are the interpolation coordinates. Again using the second
mean value theorem, we have

_In[r(B)g"(n) [17
E, =~ S — /—zj/z(g —&0)(§ —&1)dE
;

= — 5= Infr(8)lg" (), (10.25)

where §y = —1;/2, & = 1;/2 and (3 is an intermediate point. This result
shows that linear elements BEM can be expected to be of second order. (]



Condition Numbers and Local Errors in the Boundary Element Method 375

10.3.1. Numerical examples

In this section we will perform numerical experiments to illustrate the above
claims about the error. Results show that indeed we obtain second order
convergence of the error. Our experiments are performed on a circle which
rules out the errors caused by discontinuities at corners in other geometries
like a square. It would be a natural choice to work on a unit circle but in
our examples we avoid this choice for reasons that will become clear in later
sections.

Example 10.3.1. Consider the boundary value problem

{v2u(r) =0, reQ:={reR:|r|| <12},

u(r) =g(r'), rerl. (10.29)

The boundary condition function g(r’) is chosen such that the exact
solution is
(r'—ry) -n()

) = , 10.30
o) = (10.30)
where the source point 7, = (0.36, 1.8) is a fixed point outside 2 and n(r’)

is the outward normal at '

We will use this example to verify the results of theorems 10.1 and 10.2.
Since we have the analytic expression for the unknown ¢(r’) we can compute
the global error in (10.7). As we see in Tables 10.1 and 10.2, the results show
that indeed the error for both constant and linear elements exhibits second
order behaviour.

In Table 10.1, we discretize as in Fig. 10.1 using an inscribed regular
polygon of N sides. We refine by a factor of three because we are using
constant elements with the midpoints as nodes and we would like to
compute the pointwise error as shown in the second column. For a better

Table 10.1. Errors to the Dirichlet problem (10.29) using
constant elements BEM with rectilinear elements.

N ej = laj — 4l llell2/VN €j(N)/ej(3N)
5 6.57E-02 2.80E-01 8.66
15 7.58E-03 3.53E-02 9.43
45 8.04E-04 5.40E-03 9.12
135 8.82E-05 6.58E-04 9.04
405 9.76E-06 7.53E-05 9.01
1,215 1.08E-06 8.45E-06 9.00

3,645 1.20E-07 9.42E-07 —




376 W. Dijkstra et al.

Table 10.2. Errors to the Dirichlet problem (10.29)
using linear elements BEM.

N ej=lg; —ql llell2/VN  ¢;j(N)/e;(3N)

5 1.39E-02 1.29E-01 70.1

15 1.98E-04 2.11E-02 12.9

45 1.53E-05 4.89E-03 10.7

135 1.42E-06 6.07E-04 9.6

405 1.47E-07 7.00E-05 9.2

1,215 1.59E-08 7.88E-06 9.2
3,645 1.72E-09 8.79E-07 —

comparison, we use the same refinement factor for linear elements as well.
Both the pointwise error and the median 2-norm of the error show the same
trend of error convergence. The pointwise error is computed at the point
r’ = (—0.370820, —1.141268) on the circle. As we can see from the ratios of
consecutive errors, the convergence is second order.

A discretization using arcs instead of rectilinear elements as shown in
Fig. 10.2 gives similar results, see Table 10.3.

p_o_j

L

Fig. 10.2. A BEM discretisation of a circle using circular arcs.

Table 10.3. Errors to Dirichlet problem (10.29) when we
use constant elements BEM with circular arc elements.

N lejl =la; — a1 llell2/vV'N  ej(N)/e;(3N)
5 5.54E-03 1.44E-001 13.6
15 4.06E-04 1.25E-002 10.8
45 3.77TE-05 2.55E-003 9.6
135 3.94E-06 3.55E-004 9.2
405 4.28E-07 4.21E-005 9.1
1,215 4.72E-08 4.78E-006 9.0

3,645 5.23E-09 5.34E-007 —
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Example 10.3.2. Consider the Neumann boundary value problem

{VQu(r) =0, reQ:={relk?:|r|| <12},

g(r)=h(r"), breT. (10.31)

The boundary condition function h(r’) is chosen such that the exact
solution is

u(r’) = log (|lr' — r.]I), (10.32)

where the source point 75 = (0.36, 1.8) is a fixed point outside Q and n(r’)
is the outward normal at =’. In the implementation, a Dirichlet boundary
condition is prescribed at the last node j = N as a remedy to obtain a well
posed problem. So, in actual sense, we solve a mixed boundary problem.
We also compute the pointwise and median 2-norm errors and the results
are shown in Table 10.4. The convergence behaviour is the same as that for
the Dirichlet problem. Both errors show a second order convergence as we
can see from the ratios of consecutive errors.

10.3.2. A detailed study of local errors

As mentioned earlier, the freedom to choose collocation points for a given
discretization suggests that there are several ways to implement the BEM.
In this section we survey the possibilities but restrict ourselves to a circular
domain.

Suppose we use rectilinear elements to discretize the circle such that the
numerical boundary is a polygon like the one shown in Fig. 10.3. Besides,
the way we treat the boundary conditions is also very important as we will
see in the survey that follows.

In the usual constant elements formulation, the nodes are the midpoints
of the elements and also function as the collocation points. For the

Table 10.4. Errors to the mixed (one Neumann boundary
node) problem using constant elements BEM.

N el =luj —a;l  lell2/VN  j(N)/e;(3N)
5 1.39E-01 4.66E-01 23.5
15 5.92E-03 2.25E-02 13.0
45 4.55E-04 2.88E-03 8.7
135 5.24E-05 3.27E-04 8.9
405 5.89E-06 3.65E-05 9.0
1,215 6.57E-07 4.07E-06 9.0

3,645 7.31E-08 4.52E-07 —
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po_j
S~

Fig. 10.3. Discretizsation of a circle by a six element polygon.

. on S

r, on Fi

Fig. 10.4. Numerical representation of boundary points;  the exact point and 7 its
numerical representation.

discretization shown in Fig. 10.3, the numerical boundary does not coincide
with the physical boundary and therefore we can talk of exact points 7/
and their numerical representations 7, as shown in Fig. 10.4. Since our
goal is to come up with a proper understanding of (local) errors for the
BEM, we would like to explore the various possibilities we have to choose
the collocation points and nodes. These possibilities are summarized in
Table 10.5.

As mentioned earlier, it is important to differentiate between nodal
points (the points used to approximate the functions) and the collocation
points (the points where the integral equation is applied). Nevertheless, the
boundary condition on S; shown in Fig. 10.4 is u(r}). We consider again the
Dirichlet problem, (10.29), and compute errors for some of the numbered
cases in the table. Similar to the examples of the previous section, the
pointwise error is computed at the point (—0.370820, —1.141267).
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Table 10.5. Summary of possibilities on implements of constant elements BEM on a
circle.

Collocation on S;  w constant integration of bon S;  integration of A on S; (1)
integration of A on I';
integration of b on I';  integration of A on S;  (2)
integration of A on I';
u exact integration of b on S;  integration of A on S;  (3)
integration of A on I';
integration of b on I';  integration of A on S;  (4)
integration of A on I';

Collocation on I';  u constant integration of b on S; —
integration of bon I';  —
integration of AonT';  (5)
u exact integration of b on S; —
integration of bon I';  —
integration of AonT';  (6)

Case (1) in Table 10.5 is the traditional constant elements BEM, that
is, on Sj, u is constant and given by u; := u(r’;). For the linear system of
equations, we have,

N
_ _0G ,_
by = —ci; — j§:1 /Sj UJW(TQ;T/)dS,

Aij = —/ G('f‘;;’f‘/) ds.
Sj

In case (3) in the table, we have the ‘exact’ right-hand side. But it is not
yet really exact because we integrate on S;, and not I'; thus the boundary
function is evaluated on the numerical boundary. The difference now is that
we make no assumptions on the given boundary function u. That is,

b; = —ciu( Z/ (7;7")dS,

—/ G(7;r")dS.
S

Case (5) is like the traditional BEM but with the integrations carried
out on the arcs. The fixed point ¢ is on the arc and the functions u(r) and
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q(r) are assumed constant on each element j.

N
_ _0G
bi = —citii — ]221 /Fj U5 (rir’) dS,

f/ G(ri;r')dS.
r

J

In case (6) we integrate the exact boundary function wu(r) as given.
Thus we use 'the exact right-hand side’

a oG
= —cu(r)) — E N (p' -y
bl Clu(rz) = /Fj U(T' )an/ (’I"“ r )dsa

Aij —/ G(T’;;’I"/) ds.
Ly

We expect that the results of case (3) are better than those of case (1)
since case (3) should capture the variation of the boundary function better.
For the same reasons, the results of case (6) are expected to be better
than those of case (5). Since in cases (5) and (6) the numerical boundary
coincides with the physical boundary, the corresponding results should be
better than those of cases (1) and (3).

Comparing the results in Tables 10.6 and 10.7, we see that indeed we
obtain better results in case (3) than in case (1). The gain is not much in
this example and this is because of the smooth variation of the boundary
condition function on the large part of the boundary. This also explains
the small difference between the results in Tables 10.8 and 10.9. As we
expected, the results of cases (5) and (6) are better than those of cases (1)
and (3) respectively. We see that the pointwise errors in Table 10.8 are at
least one order smaller than those in Table 10.6.

Table 10.6. Errors for case (1) in Table 10.5.

N lej| = la§ — 4j llell2/vVN

5 6.57E-02 2.81E-01

15 7.58E-03 3.53E-02
45 8.04E-04 5.40E-03
135 8.82E-05 6.58E-04
405 9.76E-06 7.53E-05
1,215 1.08E-06 8.45E-06

3,645 1.20E-07 9.42E-07
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Table 10.7. Errors for case (3) in Table 10.5.

N lejl = lg5 — 45l llell2/vV'N
5 3.01E-01 4.57E-01
15 4.5TE-03 2.17E-02
45 4.76E-04 3.70E-03
135 5.20E-05 4.73E-04
405 5.74E-06 5.49E-05
1,215 6.37E-07 6.19E-06
3,645 7.07E-08 6.91E-07

Table 10.8. Errors for case (5) in Table 10.5.

N lejl = lg5 — 4;l llell2/v'N

5 5.54E-03 1.44E-01

15 4.06E-04 1.25E-02
45 3.77E-05 2.55E-03
135 3.94E-06 3.55E-04
405 4.28E-07 4.21E-05
1,215 4.72E-08 4.78E-06
3,645 5.23E-09 5.34E-07
Table 10.9. Errors for case (6) in Table 10.5.
N lejl = la§ — d;l llellz/vV'N

5 2.96E-02 1.59E-01

15 4.05E-04 1.24E-02
45 3.62E-05 2.40E-03
135 3.88E-06 3.49E-04
405 4.26E-07 4.19E-05
1,215 4.31E-08 4.77E-06
3,645 1.66E-08 5.34E-07

10.4. Large Condition Numbers

In all practical applications of the BEM, a linear system needs to be solved
eventually. In most cases it is assumed that the condition number of the
system matrix is moderate, i.e. the linear system has a unique solution and
can be solved accurately. However, it is not very clear if this is always true.

It is known that the condition number of the BEM matrix in potential
problems with Dirichlet conditions depends on the size and shape of the
domain on which the potential problem is defined.* 7 On most domains
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the condition number is moderate, but on certain domains the condition
number becomes infinitely large.

When the BEM is applied to the Laplace equation with Dirichlet
conditions on a circular domain, the condition number of the BEM matrix
can be computed analytically.'®:14 Here, rectilinear elements are used and
a constant approximation of the functions at each element. It can be shown
that the condition number depends on the radius R of the circle and the
number of boundary elements N according to

max (%, | log R|)

cond(G) = (10.33)

min (4, [log R|)
This leads to the observation that the condition number is infinitely large
when the radius of the circle is equal to one. Hence, the size of the domain
affects the condition number of the BEM matrix and, consequently, it also
affects the solvability of the linear system. This introduces a remarkable
phenomenon: the solvability of a linear system in the BEM depends on the
size of the domain.

For the potential problem with Neumann conditions the corresponding
BEM matrix is always infinitely large, since this problem is ill-posed,
regardless of the size and shape of the domain. The question then arises
whether we may expect infinitely large condition numbers when solving
potential problems with mixed boundary conditions. In this case, the BEM
matrix is a composite matrix, consisting of a number of columns from the
Dirichlet BEM matrix, and a number of columns from the Neumann BEM
matrix. The first matrix is ill-conditioned on some domains, the latter is
ill-conditioned always. It is not clear how this affects the condition number
of the composite matrix.

For the Laplace equation with mixed conditions on a circular domain,
it is possible to give an estimate for the BEM matrix.'® Again, it shows
that for the unit circle the condition number is infinitely large. Hence, the
mixed problem seems to inherit the solvability problem from the Dirichlet
problem.

Figures 10.5 and 10.6 correspond to solving the Laplace equation
on a triangular domain and an ellipsoidal domain, respectively. The size
of the triangle is characterized by its side length [, whereas the ellipse
is characterized by the lengths of the semi-axes a and a/2. We show
the condition numbers for the Dirichlet BEM matrix (squares) and the
mixed BEM matrix (circles). For the mixed problem, we set the number
of boundary elements with Dirichlet conditions equal to the number of
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Fig. 10.5. The condition number of the matrices A (circles) and G (squares),
corresponding to the Laplace equation with mixed boundary conditions and Dirichlet
boundary conditions, respectively, for a triangular domain.
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Fig. 10.6. The condition number of the matrices A (circles) and G (squares),
corresponding to the Laplace equation with mixed boundary conditions and Dirichlet
boundary conditions, respectively, for an ellipsoidal domain.

boundary elements with Neumann conditions. Again, we see that the
condition numbers are infinitely large for certain sizes of the domains.
Hence, again the size of the domain influences the solvability of the linear
systems in the BEM.

In the next section, we present the theory behind this remarkable
phenomenon by studying the boundary integral equations that lay the
foundations of the BEM. We show that, regardless of the shape of
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the domain, there always exists a particular size of that domain for which
the boundary integral equation becomes singular. We also propose a number
of strategies to avoid these singularities.

10.5. Condition Numbers in Potential Problems

This section investigates the condition numbers of the system matrices
that appear in the BEM when applied to potential problems. We analyse
potential problems with Dirichlet and mixed boundary conditions and show
that these problems do not always have a unique solution. This happens
when the domains on which the potential problems are defined have a
logarithmic capacity that is equal to one. We will proceed by introducing
the concept of logarithmic capacity.

10.5.1. Logarithmic capacity

To study the uniqueness properties of the Dirichlet and the mixed problem,
we need to introduce the notion of logarithmic capacity. We define the
energy integral I by a double integral over a contour T,

1
I(q) = / / log ———=q(r)q(r')dl".dl+, (10.34)
rJr |7 — /||
and the logarithmic capacity C;(T") is related to this integral by
—log Cy(T) := inf I(q). (10.35)
q

Here, the infimum is taken over all functions ¢, with the restriction that

/ q(r)dl, = 1. (10.36)
r

Let us give a physical interpretation of the logarithmic capacity. For
simplicity, let the domain Q2 be contained in the disc with radius 1/2. In that
case, it can be shown that the integral I(q) is positive. The function ¢
can be seen as a charge distribution over a conducting domain (2. Faraday
demonstrated that this charge will only reside at the exterior boundary of
the domain (‘cage’), in our case at I'. We normalize ¢ in such a way that
the total amount of charge at I' is equal to one, cf. condition (10.36). The
function

1 1 , s
N /F 08 e )T = (K0)(r) (10.37)
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is identified as the potential due to the charge distribution q. Note that the
integral I can also be written as

@) =27 [ (Ca))atr)ar. (10.38)

Hence, I can be seen as the energy of the charge distribution ¢. The charge

will distribute itself over I' in such a way that the energy I is minimized,

so the quantity —log C;(T") is the minimal amount of energy. Hence, the
logarithmic capacity C;(I") is a measure for the capability of the boundary

T" to support a unit amount of charge.

For most boundaries the logarithmic capacity is not known explicitly.

It is only for a few elementary domains that the logarithmic capacity can

be calculated analytically”; we have listed some in Table 10.10.

There are also some useful properties that help us to determine or
estimate the logarithmic capacity.®>16

(1) If T is the outer boundary of a closed bounded domain Q, then C;(T") =
C1(Q). This agrees with the idea of Faraday’s cage, mentioned above.

(2) Denote by dr the Euclidean diameter of Q, then Cj(I") < dr. Hence,
the radius of the smallest circle in which I' is contained is an upper
bound for the logarithmic capacity of I'.

(3) IfT' = ¢+ al'y, then C;(T") = aC;(T'1). Hence, the logarithmic capacity
behaves linearly with respect to scaling and is invariant with respect to
translation.

(4) IfQ C QQ, then Cl(Ql) < CZ(QQ)

(5) For a convex domain £,

%(Q))W.

Q) > ( - (10.39)

Table 10.10. The logarithmic capacity of some domains. Note
that I'(-) represents the gamma-function.

Boundary I' Logarithmic capacity
circle with radius R R

12
square with side L l;fr%/)2 L ~0.59017 - L

ellipse with semi-axes a and b (a+b)/2
interval of length a %a

33/41(1/4)2
37/2 7372

isosceles right-angled triangle side [ 1~ 0.476 1
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If the properties from the list above do not supply accurate enough
estimates, the logarithmic capacity can also be approximated numerically
with the help of linear programming!” or using the BEM-matrices
explicitly.18

10.5.2. D:airichlet problem

We consider the Laplace equation (10.1) with Dirichlet boundary
conditions, with corresponding BIE (10.2). For the single layer operator
K? in this BIE we have the following result.

Theorem 10.3. There erists a nonzero q. such that
1
(K*ge)(r) = —5-log u(L), 7T (10.40)

Sketch of proof. In the following, we briefly present the major steps
in the proof of the theorem.®19:20 We observe that the energy integral
(10.34) takes values —oo < I(q) < oo. If the infimum of the energy integral
is infinitely large, then by definition the logarithmic capacity is equal to
zero. Suppose that Cj(I') > 0 and thus —oo < I(g) < oo. It is proven in
Hille® (p. 282) that for each boundary I, there exists a unique minimizer
ge of I(q), i.e.

I(g.) = iI;fI(q) = —log C;(T") with /qe(’r)dFr =1 (10.41)

r
For the minimizer ¢., the following result in Hille® (p. 287) is proven. Let
T" be the boundary of a closed bounded domain with positive logarithmic
capacity and a connected complement. Then 27K*g. < —log Cj(T") in the
whole plane and 27K?q. = —log Cj(T") at T, except possibly for a subset
which has zero logarithmic capacity. ]

Theorem 10.3 leads to the following result.

Corollary 10.1. If C)(T') = 1, there exists a nonzero g. such that
Kfqe = 0.

Thus in the specific case that C;(I") = 1, the single layer operator ¢ admits
an eigenfunction ¢, with zero eigenvalue. Hence, K® is not positive definite
and the Dirichlet problem does not have a unique solution.

If the BIE does not have a unique solution, we may expect that its
discrete counterpart, the linear system, also does not have a unique solution.
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That is, the linear system is singular, or at least ill-conditioned. This
is reflected by the condition number of the system matrix, as shown in
Figs. 10.5 and 10.6. Here, the condition number of the BEM matrix is
plotted for two problems: the Laplace equation with Dirichlet conditions
on a triangular and an ellipsoidal domain. The triangle is an isosceles right-
angled triangle with sides of length [. For such a triangle the logarithmic
capacity is given by

33/4T2(1/4)

C(triangle) = 57/3,5/2

I~ 0.476 1. (10.42)

This implies that the condition number will be large when the scaling
parameter [ is close to the critical scaling [* := 1/0.476 ~ 2.1. The ellipse
has semi-axes of length a and a/2, which has a logarithmic capacity equal
to 3a/4. Hence, we may expect a large condition number when the scaling
parameter a is close to a* := 4/3. We observe that the condition number for
the Dirichlet case (solid line) is indeed infinitely large for these two critical
scalings.

If we rescale the domain such that the Euclidean diameter is smaller
than one, then the second property in Section 10.5.1 shows us that the
logarithmic capacity will also be smaller than one. In this way we can
guarantee a unique solution of the BIE and thus a low condition number.

Recall that the non-trivial solution ¢, of the homogeneous BIE K°¢ = 0
has a contour integral equal to 1. At the same time we realize that a solution
q of K?q = 0 has to satisfy

/qu‘ = / Aud) =0, (10.43)
r Q

where we make use of Gauss’ theorem. By supplementing this requirement
for ¢ to the BIE, we exclude the possibility that g. is a solution of
the homogeneous BIE. This provides a second strategy to ensure unique
solutions of the BIE.
A third option to guarantee a unique solution is to adjust the integral
operator KC°. Note that the function G,
Go(r;r') = a €RT, (10.44)

1 8]
N
Sl —r

1
27
is also a fundamental solution for the Laplace operator. The corresponding

single layer potential reads

) 1 o X log o
Kiq:i=— [ log———q(r)dl'} = K* — dr. 10.45
aq 27_[_/1; Og H"'*T/Hq(r) T q+ 27{' Fq ( )
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For the minimizer q. we get

1 1
Kige = K¢e —|——/ dI‘——2—logCl( )+2—loga

1 «

This is only equal to zero if & = C;(T"). We may choose for « any positive real
number unequal to Cj(I") and obtain KCZ,g. # 0. In that case, g, is no longer
an eigenfunction of the single layer potential operator with zero eigenvalue.
Hence, the BIE (10.2) with Dirichlet conditions is uniquely solvable if K*
is replaced by KC2.19:2! The advantage of this procedure is that we do not
need to rescale the domain or add an extra equation. Furthermore, we do
not need to know the logarithmic capacity explicitly: a rough estimate of
the capacity suffices to choose « such that o # Cj(T).

There are also ways to ensure a unique solution of the BIE for the
Laplace equation that can be used without having to know the logarithmic
capacity. For instance, adding an extra collocation node at the interior
or exterior of the domain can change the BIE in such a way that it is not
singular any longer??; although this does depend on the location of the extra
collocation node. Another option is to use the hypersingular formulation of
the BIE.?? The hypersingular BIE is the normal derivative of the standard
BIE and does not involve the single layer operator. As a consequence, the
BIE does not become singular at certain domains.

10.5.3. Mixed problem
We consider the Laplace equation with mixed boundary conditions,
Viu=0, reQ,
u = ﬁ, r e Fl,

q=q, reTy, (10.47)

where I' = T'; UT';. To investigate this boundary value problem we have to
rewrite the BIE in (10.2). For ¢ = 1,2, we introduce the functions u; := u|r,
and ¢; := q|r, and the boundary integral operators

(Kiq)(r) := G(r )q(r')dl,, T €T, (10.48a)

/ 8—nyG ;v u(r')dl,, reTl. (10.48b)
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Note that the boundary conditions in (10.47) provide u; = @ and g2 = ¢. By
distinguishing r € T'; and r € 'y, we write (10.2) as a system of two BIEs,

1

Kdug — K5q1 = K5 — e Kla, reTy, (10.49a)
1

U2+ Kbuy — Kiq1 = K5G — Kia, reTly. (10.49b)

In this system, all prescribed boundary data are at the right-hand side of
the equations.

Theorem 10.4. If C;(T') = 1, the homogeneous equations of (10.49a) and
(10.49b) have a non-trivial solution pair (q1,uz).

Sketch of proof. We have to find a non-trivial pair of functions (g;, u2)
such that the left-hand sides of (10.49a) and (10.49b) are equal to zero
when Cj(I') = 1. It can be shown that such a pair of functions exists by
using information from the Dirichlet problem.!! |

Theorem 10.4 tells us that the BIE for the mixed problem does not
have a unique solution when C;(T') = 1, i.e. the BIE is singular. Moreover
the division of I' into a part I'y with Dirichlet conditions and a part I's
with Neumann conditions does not play a role in this. It does not make a
difference whether we take I'y very small or very large; the singular BIE
relates solely to the whole boundary T'.

In Figs. 10.5 and 10.6, we observe that indeed the condition number for
the mixed problems is infinitely large at (almost) the same scalings as for
the Dirichlet problems, agreeing with the theory. The small difference that
is present is caused by numerical inaccuracies due to the discretization.

To guarantee a unique solution for the mixed problem, we have the same
options as for the Dirichlet problem. The simplest remedy is to rescale the
domain, thus avoiding a unit logarithmic capacity. A second option is to
demand that the function ¢ have a zero contour integral. Since part of ¢
is already prescribed, this yields the following condition for the unknown
part of g,

/ qldI‘:—/ gdr. (10.50)
Fl F2

As a last option to obtain nonsingular BIEs, we can also replace the single
layer operator C° by K (see Section 10.5.2).
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10.6. Condition Numbers in Flow Problems

The Laplace equation and the Stokes equations have at least one thing in
common: the Laplace operator appears in both equations. As we have seen
in the previous section, the Laplace equation may lead to a singular BIE for
certain critical domains. The question arises whether this is also the case for
the equations in viscous flow problems: can the corresponding BIEs become
singular on certain critical domains?

In this section, we study the BIEs following from the Stokes equations.
In particular, we focus on the eigenvalues of the integral operators. It is
shown that for certain critical domains these integral operators admit zero
eigenvalues. Hence, again we find that the BIEs become singular for a
number of critical domains.

For the Laplace equation, it is possible to a priori determine the critical
domains. For a number of simple domains, the logarithmic capacity can
be used to exactly compute the critical size. For more involved domains,
the logarithmic capacity can be used to estimate the critical size of the
domain. Unfortunately, the critical domains for the Stokes equations do
not coincide with the critical domains for the Laplace equations. Hence,
we cannot use the logarithmic capacity to a priori determine the critical
domains on which the BIEs for Stokes equations become singular. It
is only by numerical experiments that we can distinguish the critical
domains.

Let  be a two-dimensional simply-connected domain with a piece-wise
smooth boundary I'. The Stokes equations for a viscous flow in {2 read

Viv - Vp =0,

V.o =0, (10.51)
where v is the velocity field of the fluid and p its pressure. Let I be divided
into a part I'y on which the velocity v is prescribed, and a part I'y on which
the pressure p is prescribed, I' = I'; |JI's. Hence, the Stokes equations are
subject to the boundary conditions

v=v, rely,
p=p, rels. (10.52)

Either Iy or 'y can be empty, leading to a purely Neumann or Dirichlet
problem, respectively. The Stokes equations in differential form can be
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transformed to a set of two BIEs:5:24:25

1
51)1-(7“)—1—/qij(rm’)vj(r’)df‘r/
r

= / wij(r, v )b;(r)dly, reT, i=1,2. (10.53)
r

Here, a repeated index means summation over all possible values of that
index. The vector function b is the normal stress at the fluid boundary,

b:=o(p,v)n, (10.54)

with n being the outward unit normal at the boundary and the stress tensor
o being defined by

&vj + 8:51

Ovi , 9 ) (10.55)

0ij(p,v) := —pdi; + (

Hence, the boundary integral formulation involves two variables: the
velocity v and the normal stress b. In correspondence to (10.52), at each
point of the boundary either v or b is prescribed:

V=" rely
’ ’ 10.56
b=-pn, recls. ( )
The kernels u;; and ¢;; in the integral operators are defined as
L (z; —yi) (25 — ;) (@ — yr)nn
- A i~ Y
) =g e |
1 1 (i — yi) (x5 — yj)
ij(r,r') = —— 481 - L 10.57
ot = g o ton Lo + B, qos
for i,j = 1,2. We introduce boundary integral operators,
(@)r) = [ vy ()l
(Hi(r) = [ asira)y "), (10.58)
r
which enables us to write (10.53) as
1
<§z+ H) v = Gb. (10.59)

The operators G and H are called the single and double layer operator
for the Stokes equations. For the Dirichlet problem, the velocity v at the
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boundary is given (I'y; = @) and we would like to reconstruct the normal
stress b at the boundary. To this end, we need to invert the operator G.
This can only be done when all eigenvalues of G are unequal to zero. In
this section we investigate the conditions under which G admits a zero
eigenvalue.

For the mixed problem, the velocity at I'y is prescribed and the normal
stress at I'q is prescribed. We would like to reconstruct the unknown velocity
at I'; and the unknown normal stress at I';. After rearranging known and
unknown terms (see Section 10.6.2) we again need to invert a boundary
integral operator. This can only be done when all eigenvalues of the operator
are unequal to zero. We will show that zero eigenvalues occur under the
same conditions as for the Dirichlet problem.

10.6.1. Flow problems with dirichlet boundary conditions

In this subsection, we study the solvability of the BIE (10.59) with Dirichlet
conditions on a piece-wise smooth closed boundary I'. We search for
eigenfunctions b of the boundary integral operator G with zero eigenvalue,
hence Gb = 0. If such eigenfunctions exist, the boundary integral operator G
is not invertible and the integral equation (10.59) is not uniquely solvable.
First, we show that at least one such eigenfunction with zero eigenvalue
exists.

Theorem 10.5. For any smooth boundary I', the outward unit normal
n(r) is an eigenfunction of the boundary integral operator G with eigen-
value zero.

Proof. The i-th component of Gn equals
(Gn)s = [ wirrn )t
r
1 1 i =)z — v
/ |:6z] log || 4 (Z‘ Y )(zj y]):| TLj(T/)dFr/

T I = Ir— 2
1 9 1 (i —yi)(x; — ;)
0;:1 J 221 d0
G / oz { A P [ B v
7/ %uédﬂy:f/ V.uldQ = 0. (10.60)
Q 7 Q

Here, the vector u' is the velocity due to a Stokeslet,?* i.e. the velocity field
induced by a point force in the e;-direction. This velocity field satisfies the
incompressibility condition V.u® = 0. O
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In the sequel to this section, we assume that the solutions of the
Dirichlet problem (10.59) are sought in a function space that excludes
the normal. Hence, the eigenfunctions b of G we are looking for are
perpendicular to n.

We now show that for each boundary I' there exist (at most) two critical
scalings of the boundary such that the operator G in the Dirichlet problem
(10.59) is not invertible. This phenomenon has been observed and proven?®
and we will partly present the analysis here. The scaling for which the
operator G is not invertible is called a critical scaling, and the corresponding
boundary a critical boundary. The domain that is enclosed by the critical
boundary is referred to as the critical domain.

Theorem 10.6. For all given functions f and constant vectors d the
system of equations

{gb+c: 7 (10.61)

Ji.bdl = d,

has a unique solution pair (b, c), where b is a function and c is a constant
vector.

Sketch of proof. The main idea is to show that the operator that maps
the pair (b, ¢) to the left-hand side of (10.61) is an isomorphism.2° [ ]

We proceed by introducing the two unit vectors e; = [1,0]7 and ey =
[0,1]7. Theorem 10.6 guarantees that two pairs (b', ') and (b*, ¢?) exist
that are the unique solutions to the two systems

le—i—cl:O, Qb2—|—c2:07
{ Jpbldl = ey, [ b%dl = es. (10.62)
We define the matrix Cr as Cr := [¢!|c?].

Theorem 10.7. If det(Cr) = 0, then the operator G is not invertible.

Proof. Suppose that det(Cr) = 0, then the columns ¢! and ¢? are
dependent, say ¢! = ac? for some o € R, a # 0. In that case

0= (le + cl) -« (gb2 + 02)
— g(b1 — abz) + ac® — ac?
=g(b' — ab?). (10.63)
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The function b' — ab? cannot be equal to zero, since this requires
Jr (b' — ab®)dI to be equal to zero, while we have

/(b1 —ab®)dl' = e; — aey # 0. (10.64)
r

So b' —ab? is an eigenfunction of G with zero eigenvalue. This eigenfunction
cannot be equal to the normal n, since n also requires fr ndl’ = 0. (]

Corollary 10.2. There are (at most) two critical scalings of the domain
I' for which the operator G is not invertible.

Proof. We rescale the domain I' by a factor a, i.e. I' — al'. With the
definition of the operator G, it can be shown that

1
Gb — G := ——/ aloga bdl' + aGb. (10.65)
4 T

Then the two systems in (10.62) change into

. o -
agb3+chEfFalogabde—0, ' (10.66)
afrb al' =ej, j=1,2.
In defining bz := ab’ for j = 1,2, we obtain
Gb) + ¢/ — 1= [ loga bldl" = 0, (10.67)
Jpbldl =e;, j=1,2. '
Substituting the second equation into the first equation, we get
Gbl + ¢/ — Llogae; =0
@ 4 . ’ 10.
{ Jrbldl =e;, j=1,2. (10.68)

These systems have the same form as the original systems in (10.62), except

for the change ¢/ — ¢/ — % loga e; for j = 1,2. Define the new matrix
Uy

CaF by

1
Cur :=Cpr — —loga I, (10.69)
47

then G® is not invertible when det(Cyr) = 0. Hence, when - loga is an
eigenvalue of Cr, the operator G* is not invertible. This implies that when
Cr has two distinct eigenvalues, there are two critical scalings a for which
G° is not invertible. If Cr has one eigenvalue with double multiplicity these
critical scalings coincide. (I
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The result of corollary 10.2 shows that the BIEs for the Dirichlet Stokes
equations become singular for certain sizes of the domain. As a consequence,
the equations are not uniquely solvable. This solvability problem is an
artifact of the boundary integral formulation: the Stokes equations in
differential form always have a unique solution. In the previous section, a
similar phenomenon was observed for the Laplace equation with Dirichlet
conditions; in its differential form, the problem is well-posed, while the
corresponding BIE is not solvable at critical boundaries.

For the Laplace equation, the critical scaling is related to the
logarithmic capacity of the domain. By calculating or estimating the
logarithmic capacity one can determine or estimate the critical domains
without computing BEM matrices and evaluating their condition numbers.
It is this a priori information that allows us to modify the standard BEM
formulation such that the BIE becomes uniquely solvable.

For the Stokes equations, there does not exist an equivalent to the
logarithmic capacity. Hence we cannot a priori determine the critical
domains. One way to determine the critical domains is by computing the
BEM-matrices and evaluating their condition numbers. If the condition
number jumps to infinity for a certain domain, then this domain is a
critical domain. Hence, this strategy requires the solution of many BEM
problems.

Another possibility for determining the critical domains is by solving
the systems in (10.62). This yields the matrix Cr and, subsequently, the
matrix C,r. By calculating the eigenvalues of the latter matrix, the critical
scalings can be found. Again, we have to solve two non-standard BEM
problems to compute the critical scalings.

Remark. The BIEs for the Stokes flow in 2D are similar to the equations
for plane elasticity. Hence, the BIEs for the latter equations suffer from
the same solvability problems as the Stokes equations. A proof of this
phenomenon for plane elasticity is found in the literature?” and is similar
to the proof sketched above.

10.6.2. Flow problems with mixed boundary conditions

In the previous subsection, we showed that the boundary integral operator
G for the Dirichlet Stokes equations is not invertible for all domains. In this
subsection, we will show that this phenomenon extends to the Stokes
equations with mixed boundary conditions.
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The starting point is again the BIE for the Stokes equations,
1
51} +Hv =Gb, at I (10.70)

Suppose that the boundary T is split into two parts, ' = T'; |JT'2. On Ty,
we prescribe the velocity v! while the normal stress b' is unknown. On I's,
we prescribe the normal stress b® while the velocity v? is unknown. The
boundary integral operators G and H are split accordingly,

[gb]i:/Fuijbjdrz/F uijb;dr+/F uiib5dl =: [G'b']; + [G°b7];,
1 2

[H'UL = / qijvde = / qz]vjldF +/ qszJQdF = [Hlvl]i + [HQ’UQ]i.
T I s
(10.71)

With these notations, the BIE is written in the following way:

1
51;’“ + H'wt + H2? = G + G2, at Ty, k=1,2. (10.72)

We arrange the terms in such a way that all unknowns are at the left-hand
side and all knowns are at the right-hand side,

1
H2U2_g1b1:g2b2_H1 1_51}1’ at 1‘\1’

1

51;2 + H2? - G = G%b* — Hw!, at Ts. (10.73)

Now we can define an operator A that assigns to the pair (bl, v?) the two
functions at the left-hand side of (10.73),

bl H2v2 — Glb'
K

1

5,UZ + HQ,UQ _ glbl
To study the invertibility of this operator, we need to study the
homogeneous version of the eqs in (10.73),

A (10.74)

H20? —G'ot =0, at Ty,
1
51;2 +H*v% - G'v' =0, atTly. (10.75)

Theorem 10.8. There are (at most) two scalings of T' such that the
homogeneous egs in (10.75) have a non-triwvial solution, i.e. A is not
invertible.



Condition Numbers and Local Errors in the Boundary Element Method 397

Sketch of proof. We have to find a non-trivial pair of functions (b;,vs)
such that the left-hand sides of (10.75) are equal to zero when Cy(T") = 1.
Similar to the Laplacian case, it can be shown that such a pair of functions
exists by using information from the Dirichlet problem.?® ]

This result shows that the BIE for the Stokes equations with mixed
boundary conditions may also become singular. This happens for the same
critical boundaries as for the Stokes equations with Dirichlet boundary
conditions. Hence, the mixed problem inherits the singularities from the
Dirichlet problem. The division of the boundary into a Dirichlet and a
Neumann part does not play a role in this.

Note that the Laplace equation exhibits the same behaviour. The
boundary integral equation for the Laplace equation with mixed boundary
conditions also inherits the solvability problems from the BIE for the

Dirichlet case.l!

10.6.3. Numerical examples

To solve the BIEs (10.59), the boundary I' is discretized into a set of N
linear elements. At each element, the velocity v and normal stress b are
approximated linearly. In this way, the BIEs are transformed into a linear
system of algebraic equations. (For details about the discretization, refer
to any BEM handbook.?:3%) We introduce vectors v and b of length 2N
containing the coefficients of v and b at the nodal points. Then the system
of equations can be written in short-hand notation as

1
Gb = (51 + H> v. (10.76)

Here, G and H are the discrete counterparts of the single and double layer
operator.

If the boundary integral operator G is not invertible, then its discrete
counterpart, the matrix G, is ill-conditioned. To visualize this, we compute
the condition number of G: if the condition number is infinitely large, then
the matrix is not invertible. As a consequence, the linear system (10.76) is
singular and cannot be solved for arbitrary right-hand side vectors. If the
condition number is bounded but very large, then the problem (10.76) is
still difficult to solve accurately.

In the following examples, we construct the matrix G for a certain
boundary T' and compute the condition number of this matrix. Then
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we rescale the boundary T' by a factor a, i.e. I' — al'. Again, we
compute the condition number of the matrix G. We do this for several
values of the scaling parameter a. According to the theory in the previous
sections, there are two critical scalings for which the integral operator G is
not invertible. For these two scalings the matrix G is not invertible, or at
least very ill-conditioned. Hence, we expect that the condition number of
G will jump to infinity at these two scalings. The scaling for which such
large condition numbers appear is called a critical scaling and has, ideally,
the same value as the critical scaling defined for the BIE in the previous
section. However, due to the discretization of the equations, the critical
scaling for the discrete problem may be slightly different from the critical
scaling for the BIE. In the limit N — oo these differences vanish.

As the results for the Dirichlet and mixed problems are similar, we do
not present any examples for the mixed case here.

Example 10.6.1. In Fig. 10.7, we show the condition number as a
function of the scale a. We do this for an ellipse (ellipse 1) with aspect
ratio 0.4 and for an ellipse (ellipse 2) with aspect ratio 0.7. We observe that
for both cases two critical scalings exist for which the condition number
goes to infinity. Moreover, these critical scalings differ significantly for the
two ellipses. For ellipse 1, we find critical scalings 1.9 and 2.9 approximately,
while for ellipse 2 we find 1.8 and 2.1. Hence the shape of the ellipse, i.e.
its aspect ratio, greatly influences the values of the critical scalings.
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Fig. 10.7. Condition number of G for an ellipsoidal domain with aspect ratios 0.4 and
0.7 as a function of scaling parameter a.
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Fig. 10.8. The critical sizes of an ellipse for which the condition number of G is very
large.

Figure 10.8 visualizes all ellipses for which the condition number of
G is very large, i.e. all critical ellipses with different aspect ratios. At the
horizontal axis is the length a of the horizontal semi-axis of the ellipse, at
the vertical axis is the length b of the vertical semi-axis of the ellipse. We
compute the condition number of G for several values of a and b. We call the
values of a and b for which the condition number goes to infinity the critical
sizes and the corresponding ellipse the critical ellipse. At the critical sizes
we plot a dot in the (a, b)-plane of Fig. 10.8. We see that the critical sizes
lie on two curved lines, which are symmetric around the line a = b. It can
be concluded that for an ellipse with fixed aspect ratio d := a/b # 1, two
critical sizes exist. For a circle, where d = 1, only one critical size exists. The
values corresponding to this critical size are approximately a = b = 1.65,
which agrees with the critical scale exp(1/2) ~ 1.649 that can be derived
analytically.?®

10.7. Discussion

In this chapter, we have looked at the fundamental causes of error in the
BEM and provided expressions for local errors. A proper definition of error
will be at the core of any adaptive grid refinement strategy. We have shown
that the local error for both constant and linear elements is of quadratic
order. This is confirmed by the results in Tables 10.1 to 10.3. These results
plus those in Table 10.4 show that this error behaviour holds for Dirichlet
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as well as Neumann problems. These findings provide an informed guide for
choosing meshing strategies. Comparing the results of Tables 10.6 and 10.7
and those of Tables 10.8 and 10.9 shows that the exact treatment of
boundary conditions as we explained leads to more accurate results. This
will be particularly important in problems with localized regions of high
variations in the boundary condition where we need to capture the high
activity.

The value of the condition number of BEM matrices, apart from the
number of boundary elements and problem type, depends on the size and
shape of the domain. Critical domains exist for which the condition numbers
are infinitely large. For such domains, the corresponding linear systems are
singular and any resulting BEM solution is not unique. This phenomenon,
whereby the size and shape of the domain affect the solvability, is a typical
two-dimensional problem. In three dimensions this does not occur. The core
of the phenomenon is the logarithmic term in the 2D fundamental solution
for the differential operators that transforms a scaling of the domain into
an additive term. In three dimensions, such a logarithmic term does not
appear in the fundamental solution.

We have presented a number of strategies to avoid critical domains,
which can be implemented easily in existing BEM codes. This will guarantee
the uniqueness of the BEM solutions for domains of all sizes and shapes.

For potential problems, one can a priori determine or estimate the
critical domains on which the condition number of the BEM matrix is
infinitely large. This is achieved by exploiting the concept of logarithmic
capacity. Unfortunately, we cannot use this strategy to determine or
estimate the critical domains for flow problems, since an equivalent concept
of the logarithmic capacity for flow problems does not yet exist.

In this chapter, we have shown that critical domains exist for potential
problems and flow problems, and at the same time critical domains occur
when solving the biharmonic equation with the BEM.3' 33 The question
arises whether critical domains exist for a broader class of boundary value
problems. To the authors’ knowledge this is still an open question.
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