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REMOVING HOLES IN TOPOLOGICAL SHAPE OPTIMIZATION

PHILIPPE GUILLAUME! AND MAATOUG HASSINE?

Abstract. The gradient based topological optimization tools introduced during the last ten years
tend naturally to modify the topology of a domain by creating small holes inside the domain. Once
these holes have been created, they usually remain unchanged, at least during the topological phase
of the optimization algorithm. In this paper, a new asymptotic expansion is introduced which allows
to decide whether an existing hole must be removed or not for improving the cost function. Then,
two numerical examples are presented: the first one compares topological optimization with standard
shape optimization, and the second one, issued from a lake oxygenation problem, illustrates the use of
the new asymptotic expansion.
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1. INTRODUCTION

Topological optimization is concerned with the variation of a cost function with respect to a topology mod-
ification of a domain. The most simple way of modifying the topology consists in creating a small hole in
the domain. Usually, the cost function involves the solution of a p.d.e. defined on this domain. In the case
of structural shape optimization, creating a hole means simply removing some material. In the case of fluid
dynamics where the domain represents the fluid, creating a hole means inserting a small obstacle. The situation
is similar in electromagnetism. The topological sensitivity tools which have been developed by several authors
[7,8,17,28,30,33,37,38] allow to find the place where creating a small hole will bring the best improvement of
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the cost function. These tools are based on a gradient like expression of the form

3(Qe) = §(Q) + f(e)dj(z) + o(f(€)), (1)
f(e) >0 Ve>0, gii%f(s) =0.

Here €2 is an open and bounded subset of R%, d = 2,3, and, for ¢ > 0 and z € ©, Q. = Q\(z + cw) is the
subset obtained by removing the subset = + cw from Q, where w C R? is a fixed open and bounded subset
containing the origin. Obviously, if we want to minimize j, the “best” place (in the sense of the steepest
descent) where to create an infinitesimal hole is there where §j(x) is the most negative. Starting with this
observation, topological optimization algorithms can then be constructed [13]. The main problem encountered
at this stage is that topological sensitivity only provides information on where to add holes, but not where to
remove already existing holes: once a hole has been introduced in the domain, it will remain there during all
forthcoming iterations. However, it may happen that after creation of other holes, removing this particular hole
would improve the cost function. Hence, there is a need for tools giving an estimate of j(€2) when j(£2.) is known.
An analogy with ordinary differential calculus for a function u is that instead of estimating u(e) ~ u(0) +eu’(0),
we want to estimate u(0) ~ u(e) — eu’(¢). Thus, the goal of this paper is to provide and estimate of the form

3(2) = j(Q) — g(x,€) + o(f(€))

where g(z,¢) is computed by solving a p.d.e. on the current domain )., whereas 0j(z) in (1) was computed
by solving a p.d.e. on the current domain 2. Formula (1) gives us only the behaviour of g with respect to
¢ but cannot be used to compute g. During the optimization process, the variations dj and g are computed
from available data associated to the current domain. A mathematical analysis is given in Section 3.1 for Jj
and in Section 3.2 for g. Concerning the hole shape, the theoretical results presented in this paper are valid for
any bounded domain w C IR¢ containing the origin and having a connected boundary dw piecewise of class C!.
However, in order to get an explicit expression of the boundary integral equation, we will choose a simple
geometry: the unit ball.

Other methods like homogenization have been widely used for topological optimization, although they require
some penalization procedure in order to retrieve a “classical” domain; see for example [2,3,14] for a recent
review on shape optimization. Recently, a new method for modifying the topology has been introduced by
Allaire et al. [4], which consists in using a level set method. In contrast to the topological gradient approach
which naturally leads to the creation of new holes, the level set approach tends to suppress existing holes.
Consequently, the associated optimization algorithm starts with many holes which may gradually disappear (or
migrate) during iterations. The new method which is proposed in this paper is a first step towards a method
which can both create or suppress holes during the optimization process. The proposed approach is general and
can be easily adapted to other partial differential equations like for example elasticity or Helmholtz equations.

The formulation of the problem is presented in Section 2 for the case of Stokes equations with Dirichlet
boundary conditions. In Section 3, we first recall the results concerning the creation of a hole and then describe
our new result concerning the variation of the cost function when removing a hole. The obtained results are
valid for a large class of cost functions and are illustrated in Section 3.4 by two standard examples: the L?
and H' distances to a target function. Finally, two numerical examples are presented in Section 4. The first
example is used to compare topological optimization with standard shape optimization. The second example
illustrates the use of the new topological asymptotic expansion in a shape optimization problem associated to
water eutrophication in a lake. The holes represent air injectors, the position of which must be determined in
order to maximize oxygenation of the lake. We will observe that holes are both created and suppressed during
the optimization process, and will compare the result with an algorithm where no suppression is allowed.
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FIGURE 1. The domain Q. = Q\w;.

2. FORMULATION OF THE PROBLEM

2.1. Variation of the domain and of the associated p.d.e.

Let Q. be a bounded domain of R?, d = 2,3, with smooth boundary I'., obtained from creating a small
hole w, in a fixed and connected domain €2. The hole is of the form w. = zg + cw, where 29 € Q, ¢ > 0 and w
is a given fixed open and bounded domain of IR?, containing the origin, whose boundary dw is connected and
piecewise of class C'. It is supposed that ¢ < gy with g sufficiently small so that w. C Q for all ¢ < g5. The
boundary T, satisfies I'. = I'1 UT'y U Qw, with I'y N dw. = 0 and I's N dw, = (), where I'; and 'y are portions of
09 having both a nonnegative Lebesgue measure and satisfy I'y UTy = 9Q and T'; NTy = 0 (see Fig. 1).

We consider the Stokes equations describing an incompressible fluid flow in Q.. We denote by (u%), p%) the
solution to the problem with a Dirichlet boundary condition on dw,:

—vAuH +Vp, = 0 in €,
divup = 0 in €,
ujp = uq only (2)
vo,up —ppmn = g only
up = 0 on Jwe,

where u%, is the velocity, p, is the pressure, v is the kinematic viscosity of the fluid, u4 is a given velocity field
on I'y, I is the d x d identity matrix, g is a given stress vector on I's, and n is the unit outward normal vector
along the boundary 9€). For simplicity, no volume forces are considered. Note that for ¢ = 0, 0y = Q and
(u®, p°) is solution to

A +Vp? = 0 in Q,
divu® = 0 in Q,
u’ = wug onTy, (3)
vou’ —p°n = ¢ on I's.

For all € > 0, we consider the following Hilbert spaces

V. — {9 e HY(Q.)?, div6=0in Q}

Vg:{HGVE,9:Oon6w5and9=00nf‘1},
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the bilinear form
A. V. xV. — R

(u, w) »—>A6(u,w)zu/ VuVwdez,
Q.

and the linear form
b : V. — 1R

w »—>b€(w):/ g - wds.
s

We have VO € V. € H'(Q.)?, A. is a bilinear, symmetric, continuous and coercive form on V. and b, is a linear
and continuous form on V.

2.1.1. Direct problem

Let I'f =Ty U Ow.. We denote by 14 the given boundary data on I'{:

i = uqg on 'y,
477 0 on Ows.

From the weak formulation of the problem (2), we deduce that u3, € Ve is solution to
{ AE(UEDvw):bE(w)a VU}EVS;

€ o
’U,D‘Fi = Ug-

2.2. Topological optimization problem

Consider now a cost function j(e) of the form

where J. is defined on H'(£2.)¢ and satisfies the following hypothesis.

Hypothesis 2.1. There exist a linear and continuous form L. defined on V. and a real number 0J (independent
of €) such that

Je(uy) = Je(up) = Le(uly — up) + f(€)dJ + o(f(e)), (6)

where u%; € Ve is the solution to the Stokes equations with a Neumann boundary condition on Jwe:

—vAuy +Vpy = 0 in Q¢

divuy = 0 mn Q.
uy = ug only (7)
vopuyy —pyn = g on I'y
vouyy —pyn = 0 on Owe,

the scalar function f is defined in R™ by
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Remark 2.1. When the function J.(u) is differentiable with respect to w, the form L. coincides with its
derivative DJ.(u%,). The variation §J is the leading term of the asymptotic expansion of J(u%) — J=(u5,) —

L. (u5 — u5,) with respect to e. Some examples are given in Section 3.4 where the form L. and the variation
dJ are computed explicitly.

Our aim is to derive an estimate of the cost function j when ¢ tends to zero.

2.2.1. Adjoint problem

We denote by v%, the solution to the adjoint problem associated to (4), that is, v$, € V0 is the solution to

Ac(w, v%) = —L.(w), Yw e VY.

Moreover, due to Rham lemma [18] there exists ¢, € LZ() such that

—vAvH +V¢p = —L. inQ.
divevp = 0 in Q
v = 0 on Iy 9)
v vy —gpn = 0 on I'y
v, = 0 on Ow,.

Note that for ¢ = 0, (v°, ¢°) € V§ x L3(Q) is solution to

— A +Ve® = —Ly inQ
dive? = 0 in
W o= 0 on I'y (10)
v, —¢°n = 0 on I's.

3. VARIATION OF THE COST FUNCTION WITH RESPECT TO A TOPOLOGICAL PERTURBATION

As mentioned earlier, the aim of this work is to build a new topological optimization algorithm providing
the possibility of creating or suppressing holes during the optimization process. Creation of holes with Dirichlet
boundary condition was considered in [22] for the Laplace equation, in [23] for Stokes equations and in [25] for
quasi-Stokes equations. For the sake of completeness, we recall in Section 3.1 the results concerning the case
where the asymptotic expression of j(g) is obtained via computations done on the unperturbed domain .

The main result of this paper is presented in Section 3.3. It concerns the variation of j(g) with respect to the
suppression of an existing hole. Here, an asymptotic expression for j(0) is obtained via computations done on
the perturbed domain €).. In order to prove this result we give in Section 3.2 a topological sensitivity analysis for
the Stokes equations using Neumann boundary condition on the hole, which is also a new result. A topological
sensitivity analysis using Neumann boundary condition has already been obtained for the elasticity equations
in [17], for Helmholtz equations in [5] and for Maxwell equations in [29]. Here, rather than using a truncation
technique, we derive in Section 3.2 a simplified mathematical topological analysis for the Stokes equations.

The results obtained in the two Sections 3.1 and 3.3 will be the basis of a numerical optimization algorithm
described in Section 4 and will be used to determine the locations of the holes that will be inserted in or removed
from the domain. Finally, we discuss Hypothesis 2.1 in Section 3.4, and we compute the variation of the cost
function for two standards examples: the L? and H' distances to a given target function.
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3.1. Creating a small hole using Dirichlet condition

The topological sensitivity analysis for the Stokes equations when creating a small hole inside the domain
with a Dirichlet boundary condition is considred in [23]. We recall here the main results of this case. We
distinguish the cases d = 2 and d = 3, this is due to the fact that the fundamental solutions to the Stokes
equations in IR? and IR® have an essentially different asymptotic behavior at infinity. It is proved in [23] that
fle)=cif d=3 and f(e) = —1/log(e) if d = 2.

3.1.1. The three dimensional case

Theorem 3.1. If Hypothesis 2.1 holds, then the function j given in (5) has the following asymptotic expansion
i) =i+ (= [ 1) ast) -+*(w0) +67] + ofe). (1)

The function T is a density associated to a single layer potential representation (see e.g. [16]), of an exterior
Stokes problem solution defined in IR?’\G. Then, T € H=Y/2(dw)? is solution to the following boundary integral
equation, for more detail one can see [23] or [25]

/6 E(z —y)T(y) ds(y) = —u(xo), Vz € dw. (12)

The function v° is the solution to the adjoint problem (10), and the function (E, P) is the fundamental solution
to the Stokes equations in 3D

1 y
Ely) = (I . T), Ply) =2, 13
) 8mur tener () 473 (13)
with r = ||y||, e, = y/r and el is the transposed vector of e,.
In the particular case where w is the unit ball B(0,1), we have
2
/ E(x —y)ds(y) = —1I, V€ dw.
Ow 3v
Hence, the density T is given explicitly
3
T(y) = Su'(wo), Wy € Ow.
Corollary 3.1. Let zg € Q and w = B(0,1). Under the hypotheses of Theorem 3.1, we have
je)=740)+¢ [67w u®(z0) - v°(20) + 0J | + o(e). (14)
3.1.2. The two dimensional case
In this case the fundamental solution (E, P) of the Stokes equations is given by
Bly) = o~ 10T +erel), Ply) = 52 (15)
Yy) = e oglr erep ), Yy) = oy
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Theorem 3.2. Under the same hypotheses of Theorem 3.1, the function j has the following asymptotic expan-
sion

Jj(e) =34(0) — 1/ log(e) [47w u®(z0) - v°(x0) + 8J| 4 o(—1/log(e)). (16)

3.2. Creating a small hole using Neumann condition

We establish in this section an asymptotic expansion of the cost function j associated to the Stokes equations
with a Neumann condition on the boundary of the hole. Here j is defined by

(&) = Je(uy) (17)
where u$; is solution to (7).

From the weak formulation of (7) one can show that u%, € V. is solution to

£ _ 0,e
{ A;(“Niw)*bE(w)a Yw € Vy (18)
UN|r, = Ud
where V¥ = {6 € V., O, =0}.
Next, we suppose that J. satisfies the following hypothesis.
Hypothesis 3.1. For all € > 0, there exist a linear form LS, on V. and a real number 0Jy such that
Jo(usy) — Jo(u®) = Ly (uy — u°) + % 0.Jx + o(e?). (19)

For more detail concerning this hypothesis one can see [5]. We denote by v% the solution to the associated

adjoint problem
c 0,e
e 0 (20)
Ac(w, vyy) = =Ly (w), Yw e Vy".

Moreover, using Rham lemma [18] one can prove that there exists ¢5, € LZ(€e) such that

—vAvy +Vey = —-L% in €,
divoy, = 0 in Q.
vy = 0 on I'y (21)
vo, vy —qgyn = 0 on I'y
vop vy —qy n = 0 on Ows.

Our aim is to derive the behavior of j with respect to e.

From (17), we have
J(e) = j(0) = Jo(ufy) — Jo(u®)
Using hypothesis 3.1, we obtain

g(e) = 7(0) = Ly (ufy — u®) + e 6Jn + o(e?).
Using (20), we derive
j(e) = 3(0) = Ac(u” — uy , viy) + 0N + o(e?).
In the following section, we give an estimate of the term A.(u® — u%; , v%). To this end, we need to complete
the hypothesis 3.1 by the following assumption.



REMOVING HOLES IN TOPOLOGICAL SHAPE OPTIMIZATION 167

Hypothesis 3.2. There exist a function Ly of reqularity C° N H' in a neighborhood of xqo such that for all
u € HY(Q) and all e > 0,

Lo(u) = Ly (uq.) +/ Lyu dz.

We

Note that using this hypothesis and equation (10) one can prove that (v°, ¢°) (weakly) satisfies the following
system:

A0 o _ _ .
{7 @
3.2.1. Preliminary estimates
From (3) and (7), we have
Ac(ul =y, vy) = V/Q V(u® —uy) Voiy do = /6 (v9,u’ — p° n) - v ds
= /a (v0,u® —p° n) - 0% ds —l—/a (v0,u’ —p° n) - (v —v°)ds. (23)

In the following, we give an estimate of each term. The following lemma gives an estimate for the first one.

Lemma 3.1. We have

o < ias= [ o o o) (w0 10w0) ds 4 (@) 4 ale), (20)

with  pi(e) = /6 ) ((yanvo —¢® n) — (vd° — ¢° n)(:co)> : (uo _ uo(xo)> ds,

p2(e) = —/w LN<uO—uO(:c0))d:c.

Proof. Using Green formula, from (3) we have
/ (v0,u’ —p° n) - 0% ds = y/ Vulvel dz = V/ V(uo - uo(:vo))VvO dz.
Owe We We
Using equation (22) we deduce

V/w V(uo - uo(x0)> Vol dz = /8 (v0° — ¢° n) - (uo - uo(:co)) ds — / Ly (uo - uo(x0)> da.

e We We

O

We now examine the second term of (23). Let w. = v5, — v and & = ¢5; — ¢°. Using Hypothesis 3.2, from (21)
we deduce that (we , &) is solution to

—vAw.+VE = 0 in €.
divw, = 0 in €.

w, = 0 on I'y

vo,we —é.n = 0 on I'y

vowe — & n —(wd,v° — ¢ n)  on Owe.
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Due to the regularity of v and ¢° one can approximate (w. , &) by (e , f;) solution to the same system with
a constant right hand side

—VAD. +VE = 0 in Q.

divw, = 0 in Q.

we = 0 on I'y

VO —&cn = 0 on Ty
vOpWe — §~€ n = —(wo—¢q° n)(zyg) on dw..

Let the change of variable

0(x) = 1/ew(ex), E&(x) = &(ex), Vo e RA\w.

It is easy to see that (w, £) is a solution to

—VAG+VE = 0 in R)\@
divw = 0 in RN\
vo,w—§&n = —(v9,v° —q° n)(zg) on dw.

The function w is the leading term with respect to € of the variation v§, —v°. Using the regularity of v° and ¢"
one can prove that v (z) — v0(x) = cw(x/e) + o(e).
Using the simple layer potential [16], (w, £) can be written as

w(y) = g By — x)n(z)ds(z), E(y) = ; Py —z)-n(z)ds(z), yeR"\w (25)

where E, P is the fundamental solution of the Stokes equations (see (13) and (15)).
The function n € H~/2(dw)? is the solution to the boundary integral equation (see e.g. [16])

I [ (9B ypala) — Pl =) 1(e)) - 0ly) ds(2) = ~(00” o ) (w0, ¥y € D, (20
ow

subscript y in V,, denoting a differentiation with respect to y.

Next, for all ¢ € H'/?(dw.), such that / ¢ -n ds = 0, we denote by (h¢,£¢) € H'(we) x L(w:) the
Owe
—VvAR? +VES = 0 inw.
divhf = 0 inwe (27)
h¢ @ on Owe.

solution to

Denoting
pae) = [ (v0ue = HE) = (€2 — ) m) - () = u(0)) s,
pae) = = [ ) (10 + e) = (o) = Vaa0) 1) ds().

We have the following result.
Lemma 3.2.

/ (10 u’—p° n)w. ds = —Equo(xo)/
Owe

(v920°—q° ) (o) (u~u(20) ) ds-+ps(e)+pa(2):
ow

(28)

n(y)y dS(y)—/

Owe
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Proof. From (3), we have

/ (v0,u® —p° n) - w. ds = V/ V(uo(ac) - uo(aco))Vh;"f dz.
Owe w

€

Using the fact that (h¥=, £<) is solution to
—vARYs +VEYs = 0 in w,
divhys = 0 in we

h¥s = w. on Jw,

we obtain

169

/6 00 =5 ) ds = /8 5 (vou(hes = nZe) = (g2 = 7)) - (@) = u(20)) ds

+/aw (z/anhj}s e n) . (uo(m) B uo(mo)) e,

Observe that (h™, £7) is solution to

—VAR® + VEY =

0 inw
B div~hﬂ’ = 0 inw
VO hY — €% n = —(wd,v° —¢" n)(xg) on dw,

and satisfies the relations

Ve ew, h¥x)=(1/¢)h% (ex), and (VVhﬂ). n(z) — ¥ n(m))(a@) = (Vth}E. n(ex) —

Taking into account that the density 7 is the stress tensor jump on dw, we have

n(z) = —(wdav° — ¢° n)(xo) — (VOA® — ¥ n), Yz € w.

Then, the second term of (29) can be expressed as

/6% (l/anhg’s _ 52_715 n) . (uo(x) _ uo(xo)) ds

(29)

@e n(zsm)) (ex).

- /a (/) (u°() = ueo) ) ds()

_ /8% (v9,0° — ¢° n)(z0) - (uo(fﬂ) — uo(mo)) ds(z)

- —gd/a n(y) - Vu(xo) y ds(y) + pa(e)

— /&UE (v9,0° — ¢° n)(x0) - (uo(lﬂ) - UO(ZO)) ds(z).

Finally, substituting the last equation in (29) and using Lemma 3.1, we obtain the wanted result. g

Proposition 3.1. The bilinear form A, has the following expansion

Ae(uo —uyy, Vy) = fsd/a n(y) - VUO(%)ZJ ds(y) + Z pj(€)-

j=14
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3.2.2. Asymptotic expansion

The asymptotic expansion of j for Stokes equations with Neumann condition on the boundary of the hole is
given for a large class of cost functions by the following theorem.

Theorem 3.3. Let j(c) = J.(uS) a cost function satisfying the Hypothesis 3.1. Then, under the assump-
tions 3.2, the function j has the following asymptotic expansion:

je) =j(0) + & (— /6 n(y) - Vu®(zo)y ds(y) + 5JN> +o(%). (31)

Proof. From Lemma 3.1, Lemma 3.2 and Proposition 3.1, it is sufficient to show that
pi(e) =o(e?), forallj=1,...,4.

Such estimates can be proved using a change of variable, a Taylor expansion around xy and the regularity of u°,
p°, v? and ¢° near zy. For a similar technique, we refer to [5]. Il

3.3. Variation of the cost function when removing a small hole

We are now in position to compute the variation of the cost function when removing a small hole w.. The
main result is presented in Theorem 3.4. The principal term of the variation is described by an integral on the
boundary of the hole w,. It has naturally the same behavior with respect to ¢ than the variation issued from
the creation of a hole. Using the same technique as in [22,23,25], one can prove that this term is of order ¢ in
the three dimensional case and of order —1/log(e) in the two dimensional case.

The expression in Theorem 3.4 involves the normal derivative of the Dirichlet adjoint solution v$, (see Eq. (8))
and the solution u3; to the Stokes problem with a Neumann boundary condition on dw. (see Eq. (7)). The latter
was introduced as an auxiliary problem. Using Green’s formula, one can show that it is also possible to write
the same term by using the normal derivative of u%, and the adjoint solution v§; associated to the Neumann
Stokes problem.

Theorem 3.4. If Hypothesis 2.1 holds, then we have the following estimate:

J(0) = j(e) + /6 (W05 — 45 1) -y ds + F(E)5T + o(F(£)). (32)

Proof. Using the asymptotic expansion of j established in the previous section and the fact that €4 = o(f(e))
and j(0) = j(0) we derive a first estimate of the variation of j:

30) =jle) = €)= ile) +o(f(e)),
= Je(uy) = Je(up) + o(f(e)).

Due to Hypothesis 2.1, we have
3(0) = j(e) = Le(uly — up) + f(€)0J + o(f(e)). (33)

Using (9) and the fact that up,,,, =0, we deduce

L.(uy —up) = V/Q VopV(up — ufy) dz —i—/a (VO vp — qp m) - ufy ds. (34)

We
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Taking into account v%‘rl =0 and V519w, = 0, from (2), we have

u/ VU%VUEDde/ g - vpds.
Q. s

From (7), we obtain

1// VUEDVu‘deacz/ g - v ds.
Q. I

Then,
Efu) (e =) = [ (v~ g )iy ds (35)
Hence, we derive
0 -0 [ (v g ) uiyda + S5 +o(1(2). (36)
O

3.4. Cost function examples

We now discuss Hypothesis 2.1, we present two standards examples of cost function satisfying this hypothesis
and we compute their variations ¢.J.

3.4.1. Flirst example

Proposition 3.2. Consider the cost function
T (u) :/ lu— U da, (37)
Q.
where U € HY (). Then, Hypothesis 2.1 holds with

Le(w):2/Q (up —U) -wdz, YweV., and §J =0.

Proof. We have

T(uS) — J(u5) = /|u§v—u|2dx—/ S, — U2 da,
Q. Q.

2 / (W% —U) - (uy — u5) dz + |uh — w2, (38)
Q

€

The triangular inequality yields
lup = uilloo, < llup =g 0, + luiv = u"lloq,
It is proved in [23] that

lup = [l 0. = O(/(E))-
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By an adaptation of the technique described in [17] one can prove that
lue =[]y o, = O) = o (£))-

Thus, we have

g

llup —

b, =o(f(e)), (39)

and it follows from (38) and (39) that

T () 2[;up U) - (uy — ) dz + o(f(€)).

€

Consequently, we have §J = 0 and L (w) = 2 / -wdx, Yw € V.. O

3.4.2. Second example

Proposition 3.3. Consider the cost function

Jo(u) = u/ |Vu — VU|? dz, (40)

€

where U € HY (). Then, Hypothesis 2.1 holds with

—2/ V(u U)Vwdx Yw €,

(f/“T@MAm)m%m> ifd=3
0J = Ow
d7v|u®(z0)|? if d = 2.
For d =3, if w is the unit ball B(0,1), we have

§J = 6mv|u’(z0))?.

Proof. From the definition (40) we derive

Je(uyy) — Je(ul) = u/ |w‘;‘v—vu|2dx—u/ |Vus, — VU|* dx
QE Qa

2V/ (Vup — VU)(Vuy — Vup)de + 1// |Vus, — Vuyy | da. (41)
Qe Qe

To estimate the term / |Vus, — Vusy|> dz, we need to distinguish the 2D case from the 3D case. We only

discuss the 3D case, the aapproach for the 2D case being similar.
First, we consider the following decomposition:

u/ [Vup — Vuy [P de = v |up — v’ g, + v]uy —u’f g, — 21// (Vus — Vu?)(Vusy — Vu®)dz.  (42)

€ €
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Next, we derive an asymptotic expansion with respect to € for each term of the last equality.
e Estimate of the first term viug, — u°f3 o :
We split u$, — u® into ul 4+ u2 and their associated pressure p5, — p° into pl + p? such that

P — 2 2 =
9 . 3y divu: = 0
divu, = 0 in IR°\@¢ W=
I'=0 t e = e
Zi = —u’(x) znoaow vOwuz —pzn = —(vOnus —pzn)
z 0 e w2 = —u® +u(zo)
We consider the change of variable,
U(z) = ul(ex), P(x)=epl(ex).
Then (U, P) is the solution to the Stokes exterior problem
—VvAU+VP = 0 in R*\@
divU = 0 in R*\@
U =20 at oo
U = —u%z0) ondw.
Using the potential simple layer [16], (U, P) can be written as
V) = [ By-T@as@), Pu)= [ Pl-2)T@as@), W eR\w.

From the previous decomposition, we have

v |ug —u® iﬂa = I//Q VulVauldr + 21//Q VulVu?de + Z//Q VuZVu? dz.

€

Due to Green Formula and the change of variable, from (43) we derive

u/ VulVulde = / (vOpul —pl n)-ulds = —5/ (v, U — P n) - u®(x0) ds.
Qe Owe ow

By jump relation (see [16]), we have v9,,U — P n(x) = T(xz), Vz € dw.
Then,

u/ VulVulde = —E(/ T(x) ds) -u®(z0).
Qe Ow

To estimate the second and the third term of (44), we need the following lemma.

Lemma 3.3 ([17]). For ¢ € H‘l/Q(@w):g; let z, s be the solution to the Stokes exterior problem

—vAz+Vs = 0 inR*\@
divz: = 0 inR*\@
z = 0 atinfinity
z = ¢ onldw.

in Q.
in Q.
on Fl
on Fg
on Jwe.

173

(44)



174 P. GUILLAUME AND M. HASSINE

There exists a constant ¢ > 0, independent of ¢ and €, such that

Izlo.ciry@erey < & 219l /200
2l1.c(r/e),Rye) < ce'/? 1211 /2,60 -
with R > 0, such that w. C B(0, R) and B(0, R) C Q. O

Then due to this Lemma and a change of variable, we deduce that

[uell, 0, < co- (46)
By elliptic regularity and trace theorem, we have
2|y, < ef bl o, + 0wt =phml Ly, b < ey, - (47)

Finally, using Holder’s inequality, from (45), (46) and (47) we obtain
v |up — u0|i 0 = —5(/ T(x) ds) (o) + ofe). (48)
bl € 6w

e Estimate of the second term viug —u[} g :
We split us, — u® into w! + w? and their associated pressure p§, — p® into sl + s2 such that

2 2 :
1 1 . 3\ —vAw. +Vs, = 0 in Q.
—vAw, + Vs, 0 in IR3\uJ6 divw? — 0 o Q
divw! = 0 in R°\wz 5 1 g
i _ 9 w: = —w; on I'y
e = at oo vow?—s2n = —(wowl—sln) onT
vowt —stn = —(wo,u’ —p® n) on dw,, e e nte e 2
e e vo,wi —s;n = 0 on Owe.

We consider the change of variable,
We.(z) = wl(ex), S.(z)=esl(ex).

Then (We, S.) is the solution to the Stokes exterior problem

—vAW, + VS, 0 in R*\w
divW. = 0 in R*\w
W. = 0 at 0o
VO W. —S.n = —ed,u’ —p°n) on dw.

The same technique described in previous section can be adapted for the Neumann case. One can prove here
that

R 2
v |ufy —u° Lo = o(e). (49)

Fore a similar work, one can see [17] where some estimates are derived in the elasticity equations case.
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e Estimate of the third term 1// (Vus, — Vu®)(Vusy — Vu®) da:
Q.
Using Holder’s inequality, it follow from (48) and (49) that

I//Q (Vus, — Vu?)(Vusy — Vu®) dz = o(e). (50)

Finally from (41), (48), (49) and (50), we deduce the required result.
In the particular case where w is the unit ball B(0,1), we have T'(y) = 3—21/u0(:£0), Yy € Ow.

Hence, 6.J = 6mv|u’(xo)|>.

4. NUMERICAL RESULTS

This section presents two numerical examples. The first one compares topological optimization with standard
shape optimization, whereas the second one illustrates the new topological asymptotic expansion.

4.1. Example 1: comparison between classical and topological gradient methods

The problem which is here considered consists in finding in the domain €2 the optimal location of a small
hole w, in order to reach a given target flow Uf;. The optimization problem that we consider can be formulated
as follows.

Optimization problem (P):

For a given ¢ > 0, find the position of w. in {2 minimizing the cost function

(e, O\B.) :/ i — U, 2 da, (51)
0N\@.

where (ue, pc) is solution to the Stokes equations in 2, = Q\w,

—vAu:+Vp. = 0 in Q.,

divu. = 0 in €,
U = Ug on 0, (52)
Us = Uipj ON Owe,

and uq and u;,; are given boundary data.

We will treat this problem using two different numerical approaches. The first approach is presented in
Section 4.1.1. It considers (P) as a classical shape optimization problem. The second approach is the topological
gradient method. It is presented in Section 4.1.2. For the numerical computation, we will use the following
data.

The given data: We consider a small circular hole w. = Xy 4+ ¢B(0,1) with B(0,1) is the unit ball and
¢ = 0.02. The computational domain 2 is a square with edge length equal to one. On the top edge a
constant positive horizontal velocity is prescribed (uqg = (0.1,0)). The other edges are regarded as walls with
homogeneous Dirichlet boundary conditions. On the variable boundary Ow. a constant vertical velocity is
imposed (uin; = (0,0.5)). The wanted flow U, is chosen as the solution to system (52) with w. centered at the
point X = (0.3,0.4) (see Fig. 2).
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FIGURE 2. The wanted flow U,.

MUIIENN

176

\
0.0573 0.1146 0.1719 0.2292

.794E-18

=

&

FIGURE 3. The cost function J to be minimized.

Using the previous data, we have computed the cost function J at each mesh node X;:

'—Ug

(3
=

? da,

w

X;+¢eB(0,1) and u?

where w

The obtained result is plotted in Figure 3.

X2
e

is the solution to (52) with w,
One can see that J has several local minima (near the top and bottom edges) and of course a global minimum

K2
€

2
€

(0.3,0.4).

at the point X
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4.1.1. Shape optimization gradient method

The problem (P) can be viewed as a classical domain optimization problem where the unknown is the
position of dw,, a part of the boundary of the computational domain €2.. Domain optimization for the Stokes
equations were studied, for example, by Pironneau [31] who computed the shape of body with minimum drag.
Gunzburger and Kim [24] showed existence of an optimal shape for a minimum drag problem in a channel flow.
Simon et al. [6] proved differentiability of the drag with respect to domain variations in Navier-Stokes flow.
We also refer to [20,21,32] where derivatives (first, second and higher order) of a function with respect to the
variation of the domain are analyzed for different operators.

The modified low domain Q is of the form
QZ = Q\w_év Wﬁ = (I +tV)(we),

with V€ Wh(Q,IR?) and t € R. It is supposed that V(z) = 0 for 2 € 9Q. As we here consider only
translations of w., V() is constant on dw.. Then, using the Lagrangian method, the first order derivative of .J
with respect to the domain variation V' is given by

Ous  Ov,
on On

DJ(u., QOV = f/

Owe

V -nds,

where u. is solution to (52) and v, is solution to the associated adjoint problem (for more details we refer to
[20,35,36]).

Obtained results: We have used a minimization algorithm based on the quasi-Newton method. Table 1
summarizes the results obtained by using six different initial positions X}, 1 < k < 6. We describe in this table,
for each case, the obtained position, the iterations and simulations number and the cost function values. One
can observe that the algorithm converges to the exact solution when the initial position Xy € {X2, X3, X§}.
When Xj € {XJ, X5, XS}, it converges to a local minimum.

We present in Figure 4, for each initial position choice, the position obtained during the optimization process.
Figure 5 gives the values of the cost function in the three cases Xy € {X2, X3, X3} where we have convergence
to the exact solution.

4.1.2. Topological optimization gradient method

The topological gradient method provides an asymptotic expansion of the cost function with respect to a
small topological perturbation of the domain. Taking into account that we consider here the Stokes equations
with non homogeneous boundary condition on Ow (ts = W;n;), we deduce from Theorem 3.2 and Proposition 3.2
the following expansion of the function j(g) = J(ue, Q\w,):

[4m/ (W2 () — win;) ~v0(:c)} +o< ! > :

log(e)

B 1
log(e)

j(e) = 4(0)

where u° and v° are respectively solution to

—vAu +Vp? =0 inQ,
{ divu® =0 1in Q, (53)
and
—vA + V¢ =-2(u’-U,) inQ, (54)
dive® =0 in Q.
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TABLE 1. Obtained results for each initial position X%, k = 1, ..,6.

Initial position Obtained position Iterations and Initial value | Final value
simulations number of J of J
X! =1(0.1,0.8) | converge to local minimum 3 iterations, 0.92968E-01 | 0.73337E-01
Y1 = (0.02999,0.97000) 14 simulations
Xg =(0.2,0.7) | converge to exact solution 10 iterations, 0.82249E-01 | 0.95734E-05
Y2 = (0.29999, 0.40007) 19 simulations
X8 =1(0.3,0.1) | converge to exact solution 5 iterations, 0.69252E-01 | 0.86717E-05
Y3 = (0.29999, 0.40006) 14 simulations
X§ =(0.5,0.6) | converge to exact solution 9 iterations, 0.13931E4-00 | 0.89545E-05
Y4 = (0.30000,0.40007) 15 simulations
X$ = (0.75,0.4) | converge to local minimum 4 iterations, 0.22156E+4-00 | 0.68282FE-01
Y5 = (0.32816,0.02999) 46 simulations
X¢ =(0.8,0.6) | converge to local minimum 3 iterations, 0.21347E400 | 0.74261E-01
Y% = (0.97000,0.97010) 43 simulations
1
30 82 2 3
08
14
20 3
06 - TRV
. i
04 7“%24.‘%05 5
;‘BG
02
3 4 2

FIGURE 4. Positions obtained during optimization process for each initial position X%, k = 1, ..., 6.

We recall here the topological optimization algorithm introduced by Céa, Gioan and Michel [12] and presented
in the topological asymptotic context in [5,13,17,22,23,25].
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(a) case Xo = (0.2,0.7). (b) case Xo = (0.3,0.1). (c) case Xy = (0.5,0.6).
FIGURE 5. Values of the cost function J.

Algorithm 1.
e Initialization: choose 2y and set k = 0.

e Repeat until target is reached:
— solve (53) and (54) in Qy;
— compute the topological sensitivity ¢ j;
—set Q1 = {z € Qk, 0jx(x) > ¢} where ¢k is chosen in such a way that the cost function
decreases;
— k+—FLk+1.

This algorithm can be used in shape optimization as well as for identification in inverse problems. The initial-
ization of the domain gives the possibility to impose the zone where one wants to create holes or insert some
obstacles.

Here we chose as initial guess the whole square )y = ). Figure 6 shows the values of the topological
gradient §j computed on 2:
5j(z) = (u’(@) — wing) -0%(z), Vo e
In the present example, we encounter the most favourable situation: the lowest value of the topological gradient
coincides with the exact position of the optimal hole centre Xy = (0.3,0.4), and consequently the solution to
problem (P) is obtained at the first iteration of Algorithm 1.

4.1.3. Conclusion

o Initial guess: a first difference between the two approaches described in Sections 4.1.1 and 4.1.2 is the
initial guess. Unlike the classical shape optimization method (Sect. 4.1.1), the topological optimization method
(Sect. 4.1.2) needs no initial guess. This property brings an interesting advantage to the second approach:
it avoids the difficulties caused by the initial guess choice and its influence on the obtained results. Table 1
illustrates the dependence of the final result on the initial guess choice (see also Fig. 4).

e [terations number: the second difference concerns the number of iterations. Table 1 gives the iterations
and simulations numbers required by the first approach to obtain a good approximation of the solution. In the
second approach, only one iteration was required. Of course, this is a particular example and we could not prove
a general result concerning convergence rate comparison. However, fast convergence has been often observed
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in topological optimization and more particularly in topological identification of a finite number of holes; for
other such examples, we refer the reader to [13,17,23,25].

e Computational domain: this is a technical point which concerns implementation difficulties. In the first
approach, the domain derivative and the associated systems (direct and adjoint problems) are computed in the
perturbed domain €).. In the second approach all computations are done in a fixed domain. It is well known
that working in a variable domain needs introducing elaborated tools in order to take into account the domain
shape and its deformations.

e Convergence: like all numerical approach, the topological gradient method has its own drawbacks. We
have no convergence result for the numerical algorithm. Theoretically, the natural optimality condition is

dj(x) >0, forall ze .

It coincides with the one obtained by Buttazzo and Dal Maso [10] for the Laplace equation using homogenization
theory. But this condition has limited numerical application. In practice, some stop criterion can be successfully
implemented, such as the material volume to be removed [13,17,22], the holes number to be inserted [25] or the
obstacles number to be detected [23].

4.2. Example 2: an improved version of topological gradient algorithm

In this section we propose an improved version of the topological gradient Algorithm 1 presented in Sec-
tion 4.1.2 (see also [5,13,17,22,23,25]). The new Algorithm 2 is based on the result given in Sections 3.1 and
3.3. It gives the possibility to create or to suppress holes during the optimization process. The numerical appli-
cation that we consider is the water eutrophication problem [1], where several holes need to be inserted. In order
to emphasize the efficiency of the new algorithm, we have compared the results obtained by using Algorithm 2
to those obtained by using Algorithm 1. In the first part of this section we describe the eutrophication problem
and we introduce the mathematical model. Next, we present the three steps of the new algorithm. Numerical
results are presented at the end of this section.
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FIGURE 7. (a): Structure of a stratified lake; (b): average temperature curve during summer.

Eutrophication is a complex phenomena involving many physico-chemical parameters. Specifically in some
climatic areas, the thermic factors combined to the biological and to the biochemical ones are dominant in the
behavior of the aquatic ecosystems. Consequently, they generate important bio-climatology variations creating
in lakes an unsteady dynamic process that decreases progressively water quality. Practically, the eutrophication
in a water basin is characterized mainly by a poor dissolved oxygen concentration in water. Furthermore, this
phenomena is accompanied by a stratification process dividing the water volume, during a large period of the
year, into three distinct layers as depicted in Figure 7.

Three zones constitute this stratification:

(i) at the top, the epilimnion, a layer of around 7 m depth, well mixed by the effect of drafting wind and
consequently well aerated;

(ii) in the middle, the thermocline, a zone with a quick decrease of temperature (27 °C to 18 °C) and of
5 m depth. This area is weakly affected by the wind action and consequently a medium rate of oxygen
concentration is observed;

(iii) at the bottom, the hypolimnion, a deeper layer beyond 12 m, having a temperature varying from 18 °C
to 14 °C. This region is characterized by a low rate of oxygen and a high concentration of toxic gas
(H2S, ammoniac, carbonic gas, etc.)

The dynamic aeration process seems to be the most promising remedial technique to treat the water eutroph-
ication phenomena. This technique consists in inserting air by the means of injectors located at the bottom of
the lake in order to generate a vertical motion mixing up the water of the bottom with that in the top, thus
oxygenating the lower part by bringing it in contact with the surface air.

Theoretically, the bubble flow is a multi-phase flow where the presence of free interfaces raises difficulties in
the physical modelling as well as in the mathematical one. Hence, to obtain a physical and significant resolution
by numerical simulation of the air injection phenomena in an eutrophised lake, one should consider a two-phase
model: water-air bubble. This kind of modelling involves large systems of PDE’s and variables in a multi-scale
frame as well as closure conditions through turbulence model and phases interface interaction. Moreover, the
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FIGURE 8. The geometry of the lake.

FIGURE 9. The wanted flow U,.

domain mesh size should be “small” in order to capture the significant variations of the spectrum. Therefore,
the issue of the computational cost should be also addressed.

For all these reasons, we consider here, as a first approximation, only the liquid phase, which is the dominant
one. The flow is described by a simplified model based on incompressible Stokes equations. The injected air is
taken into account through local boundary conditions for the velocity on the injectors holes. We aim to optimize
the injectors location in order to generate the best motion in the fluid with respect to the aeration purpose.
The main idea is to compute the asymptotic topological expansion with respect to the insertion of an injector.
In order to apply the theoretical previous results, each injector is modeled as a small hole w,. around a point zg,
having an injection velocity U, ;. The best locations and orientations are the ones for which the cost function
decrease most, i.e. the sensitivity is as negative as possible.

Let Q be a two dimensional flow domain representing the eutrophized water basin. The boundary I' of
consists in two parts (see Fig. 8): I' =T, UT's; where

e I', is the bottom of the lake and/or eventually an open flow boundary (water entrance or exit),
e I, is the surface in contact with the atmosphere.

We suppose that a “good” lake oxygenation can be described by a target velocity U,. Then, the cost
function J which is here considered reads

J(u):/ i — U, 2 da,
Qm

where Q,,, C 2 is the measurement domain (the top layer, see Fig. 8). We aim to determine the optimal location
in Q; (the bottom of the lake, see Fig. 8) of some injector holes wy, in order to minimize function J.
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FIGURE 10. The initial flow u°.

Recall that we consider Stokes equations with a non homogeneous boundary condition on Ow, (uED‘ o, =
Uin;). In this case, the topological sensitivity Jj is given by

5j(z) = (u(@) — Uipy) - 0°(x) Yz €Q, (55)
where u° and v° are respectively solution to

vAu’ +Vp? = 0 in Q

divu® = 0 in
W = w, inD, (56)
u’ = 0 in I'y,
vA + V" = -2 (u® —Uy) xq,, inQ
divo® = 0 in
W =0 in Iy (57)
W =0 in I'y,.

Here u,, is a given velocity (wind velocity) and xq,, is the characteristic function of the measurement domain.

Numerical implementation: We use a fixed triangular mesh. The topological gradient 5 is computed at
each mesh node. The center g of the hole w, = xg + ew which will be created is deduced as the node where
67 is the most negative. The numerical algorithm is based on the result given in Sections 3.1 and 3.3. A new
optimization algorithm is proposed, giving the possibility to create or to suppress holes during the optimization
process. It proceeds by iterations. At the k—th iteration, 6% denotes the topological gradient and €, denotes
the current domain. We denote by x’;, p = 1,2,..., the local minimum of §j*. The set of holes which are
candidates to be inserted in Q is given by

BE — {wg(x) =z +ew, € Ck};

where Cj, = {x’; € i, 1 < p < nyi}is the set of the negative local minimum of §5* in €, and ny is their
number (supposed to be finite, which is the case for the discrete problem). An alternative to this choice would
be to consider instead a set of the form Cj, = {z € Q, §j%(z) < Ly} where the level Ly, is such that mes(Cy)
is a given fraction of the total volume. The holes are ordered in such a way that ¢ jk(x’;) <9 jk(ac’;,) for all
1<p<p <ng.

Let H” be the set of Nj, holes inserted during all previous iterations:

H* = {Wa(ylk) =y +ew, 1<I< Nk}-
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The variation of the cost function with respect to suppression of hole ylk + ew is denoted by glk = gk(yl’“) and
the set {ylk, 1 <1< Ng} is supposed to be arranged in such a way that gl’“ < gl’? ifl<1.

The proposed algorithm is based on three steps. The first step solves the partial differential equations (56)—
(57), computes the topological gradient and derives the set of holes which are candidate to be inserted.

The second step introduces the possibility of suppressing existing holes and inserting new ones. Consequently,
the cost function can be decreased without changing the number of holes. For this, the variation 5% of the cost
function when creating a new hole w. (z¥) is compared to the variation g¥ of the cost function when removing
an existing hole w.(y¥). In order to decrease the cost function, one suppresses we(y¥) and inserts we(z¥) only
when the variation § jf + gf is negative.

The last step inserts some new holes. The number of holes added at the k-th iteration is denoted my.

Algorithm 2.

e Initialization: choose Qg = 4, and set k = 0.
e Repeat until §5% > 0 in Q:
— Step 1: preparation phase
* solve (56) and (57) in Qp;
* compute the topological sensitivity §5%;
* determine the set h* = {w(x}) = 2f +ew, 1 <p <ny}.
— Step 2: exchange phase
* compute the variations {gF = ¢*(yf), 1 <1< Ny};
* set ¢ =1;
* while the variation §5%(z%) + g* (y%) < 0:
- remove the hole we (y%) = y¥ + ew and add the hole w.(z
- increment g,
— Step 3: insertion phase
% creation of the holes {:cf;ﬂ- +ew, 1 < i < my}, where ¢ is the number of the holes changed
during the second step;

* set Qpy1 = Qg U (Uf=1 wa(yf)>\( Ut wa(xf)> where {w.(y¥), 1 < i < ¢} are the holes
removed during the second step,
— increment k.

k

7) :x’; + ew;

In the above algorithm, the systems (56) and (57) are discretized by a finite element method [9,15]. The
computation of the approximate solution is achieved by Uzawa algorithm.

In the context of water eutrophication, each hole w.(x;) = z; + ew is replaced by an injector located at the
point z;. A constant number of injectors were added at each iteration (one or five at each iteration).

In order to test the advantage of this approach, we have compared the results issued from this technique to
those obtained by using a classical version as described in [17,22,23,25], that is, without the second step. The
obtained results are presented in Figures 11-16. Figure 11 describes the variation of the cost function during
the optimization process when adding one injector at each iteration. We compare the values of J obtained using
Algorithm 1 (dashed line) to those obtained using Algorithm 2 (continuous line). One can remark that the
value of J is smaller when using Algorithm 2, which can be interpreted by the good distribution of the obtained
injectors locations. Figure 12 illustrates the variation of the same function when adding five injectors at each
iteration. The injectors locations obtained during the optimization process are presented in Figure 13 when
adding one injector at each iteration and in Figure 14 when adding five injectors at each iteration. Both figures
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FIGURE 11. Variation of the cost function when adding one injector at each iteration; without
removing injectors (top), with removing (bottom).
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FIGURE 12. Variation of the cost function when adding five injectors at each iteration; without
removing injectors (top), with removing (bottom).

show the locations obtained when removing injectors (right) and those obtained without removing injectors
(left). Figure 15 presents the wanted velocity U, and the obtained velocities in the measurement (2, when the
optimization process is achieved. The given velocities are denoted as follow:

e u; is the velocity obtained by using a classical algorithm (without removing phase) and adding one
injector at each iteration;

e uy is the velocity obtained by using the new approach and adding one injector at each iteration;

e u3 is the velocity obtained by using a classical algorithm (without removing phase) and adding five
injectors at each iteration;

e uy is the velocity obtained by using the new approach and adding five injector at each iteration.

To facilitate the comparison with the wanted velocity Uy, we illustrate in Figure 16 the isolines of ||u; — Uy ||,
1 <1 < 4. Isolines 1, 2, 3, and 4 correspond respectively to isovalues 0, 0.001, 0.01 and 0.1. In the two considered
cases (when adding one injector (Figs. 16a and 16b) or five injectors (Figs. 16¢ and 16d), one can observe that
the obtained velocities using Algorithm 2 are more close to the wanted velocity U, than those obtained using
Algorithm 1. Such a comparison between the results computed with (Algorithm 2) and without (Algorithm 1)
removing injectors show clearly the important effect of the exchange step (second step).
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iteration 5.

iteration 10.

iteration 15.

iteration 20.

iteration 25.

iteration 30.

(a) Without removing injectors (Algorithm 1). (b) With removing injectors (Algorithm 2).

FI1GURE 13. Injectors locations obtained during the optimization process by adding one injector
at each iteration.
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iteration 1.

iteration 2.

iteration 3.

iteration 4.

iteration 5.

iteration 6.

(a) Without removing injectors (Algorithm 1). (b) With removing injectors (Algorithm 2).

FIGURE 14. Injectors locations obtained during the optimization process by adding five injec-
tors at each iteration.
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(d) The obtained velocity u1|q,, (with removing, adding five injectors at each iteration)

FIGURE 15. Velocities fields obtained in ,, (measurement domain) at the end of the opti-

mization process.
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(a) Iso-lignes of ||ur — Uy|| (without removing, adding one injector at each iteration).

(b) Iso-lignes of |juz — Uy || (with removing, adding one injector at each iteration).

(c) Iso-lignes of ||us —Uy|| (without removing, adding five injectors at each iteration).

(d) Iso-lignes of ||us —Uy|| (with removing, adding five injectors at each iteration).

FIGURE 16. Iso-lignes of |Ju; —Uy||, 1 < i < 4 (1 = isoline 0.0, 2 = isoline 0.001, 3 = isoline
0.01 and 4 = isoline 0.02).
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