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Abstract — We propose a numerical method in order to determining how to place fixed obstacles in
a Stokes flow, for which the inlet constraint force is imposed, so that the flow rate is minimised. To
do this, we study the shape derivative associated to such a Stokes flow, and we propose a descent
algorithm. We first consider the case of spherical obstacles, and then general rigid obstacles for
which the orientation must be taken into account. Numerical simulations complete the study.

1 Introduction

We consider an optimisation problem consisting in finding the position of rigid obstacles in a flow so
that the flow rate is optimal (here we minimise the flow rate), considering that the inlet constraint
force is imposed.

Some of the possible applications of this work can be the detection of risks of blockage in a conduit,
or the design of structures in a river with a view to minimising the risks of natural damage.

As a first approach, we consider in this work that the flow is described by the Stokes system of
equations, with adherence boundary condition on the obstacles as well as on the lateral parts of
the flow. Moreover, we impose the inlet constraint force on one of the entries of the domain and we
assume that this inlet constraint vanishes on the other part.

Although the obstacles are supposed to be rigid, we use some classical shape optimisation tools (see
[7], 18], [13], [18], [20]) to derive an iterative numerical method to find the optimal position.
Several recent research works can be related to the present one, considering « true » shape optimi-
sation problems with deformable boundaries, or inverse problems where the position and shape of
an unknown boundary are sought.

Some of these works consider the case where the underlying differential operator is elliptic, for
example the Bernoulli Problem (see [3], [9], [11], [14], [15]). For this problem, we look for the
position of an unknown boundary of the domain so that the solution of the PDE satisfies some
over-determined boundary conditions on the known part of the boundary.

There are also many works considering the Stokes or the Navier-Stokes problem in the view to
optimise some quantities related to the flows (see for example [19] or [2] where the authors study
the dependence of the drag with respect to the variation of the domain), or to solve some free
boundary problems or inverse problems (see [1|, where the author try to detect the position of an
interior boundary by measuring some data on the known boundary).

In our problem, we consider an original situation with mixed boundary conditions on the fixed
(outer) part of the domain. Moreover, since our obstacles are supposed to be rigid, we adapted the
general shape optimisation techniques in the following way : we first consider general deformation
vector fields, and then impose these vector fields to be constant on the obstacles.

For practical reasons, we use the two-dimensional case although all the calculations can be carried
out in the three-dimensional case.



The paper is organised as follows : the problem is described in Section 2 and the notations are given
there, the Section 3 is devoted to the existence and uniqueness of the solution of the Stokes problem
in a given geometry and then the calculations and mathematical results about the derivation of
the domain are given in Section 4. In section 5 we describe the iterative numerical method that is
successfully tested in Section 6.

We mention that the calculations are detailed for the case of spherical obstacles, for which only
translations need to be considered. We then briefly explain how the method can be adapted to
non-spherical obstacles, for which we also need to consider rotations, and show his efficiency in the
numerical Section.

2 Fluid flow with imposed constraint

Consider a bounded domain D C R? where the boundary D is composed of three distinct parts :
the inlet T'y,, the outlet 'y, and the lateral boundaries I'. Inside D, we place obstacles described by
an open set B (not necessarily connected ; we can think of a collection of N disjoint balls) ensuring
that Q = D\ B is connected. A typical configuration is that shown on Figure 1, which will be
studied more precisely in the Section 6 devoted to numerical applications.
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FIGURE 1 — Configuration where the obstacle B is composed of 3 disjoint balls : B = U B®,
i=1

About the regularity of the domains involved, we assume that there exists s > 0 such that
the boundary components I, Tiy, Tout and 0B are of class C*T11. (1)

We are interested in the flow of a fluid modelled by the Stokes equations in €2 :

(divu =0 in

dive =0 where o = -—pld+2uDu in Q

u=0 on"UOB (2)
o-n=—Fn on I';,

lo-n=20 on 'yt

The unknowns are the velocity field u : £ — R™ and the pressure field p : 2 — R. The stress field
o : ) — R™" being explicitly given with respect to these quantities. The data are the viscosity of
the medium noted p > 0 as well as the force imposed at the input F' > 0. The vector n introduced
in this formulation corresponds to the outgoing unit normal to 2. It is defined almost everywhere
on the boundaries as soon as ) is piecewise C' regular, which will be assumed hereafter. Finally,
the notation Du designates the symmetrical part of the velocity gradient Vu and corresponds, in
physical terms, to the rate of deformation.



The quantity to be optimised is the flow rate through the domain. This can be defined by

Qz_/rmu.n. (3)

Remark 1 The incompressibility condition divua = 0 and the homogeneous boundary conditions on
the lateral bound I' show that this flow rate is the same if we choose as definition

Q= u-n. (4)
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3 Existence, uniqueness and regularity of flow

In the following, we use the classical notations for the Lebesgue and Sobolev spaces L?(f2) and
H'(€), and use bold fonts for the spaces of vector valued functions (such as H(2)).

Following the work of [10], we know that for any value of F, there exists a unique weak solution (u, p)
to (2) as soon as the boundaries I' U 9B and I'j, U gyt are non-empty.

More precisely, a weak solution is defined as a pair (u, p) € H*(Q) x L%(Q) such that

(divu =0 in Q
/a:ch:/ Fn-p Ve W(Q)
Q Tin (5)
o=—pld+ 2uDu in
u=20 on 'UOB

where W(Q) = {¢ € H(Q), ¢ = 0on ' UdB}, and where for two 2-tensors A and B, the
notation A : B corresponds to the real A : B = Z” Ai;Bji.

In the following study, we will need a more regular notion of solution, for a little more general
problem.

Theorem 1 Under the Assumption (1), if e € H*TYHQ), £ € H(Q), g € HSJF%(F U 0B) and
h e Hs+%(f‘in UTLout) then the unique weak solution (w,q) of the problem

divw =e n

divr =f where ™= —qlId+ 2uDw in §2 (6)
w=g onT"UOB

T7-n=h on Tip U T qut

is reqular : for every subset w € Q not containing the points of I N (Tiy U Tout), that is the points
where the boundary condition changes, we have

wecH(Q)NH(wNQ) and ¢ L*(Q)NH T wnQ).

Proof :

Step 1 - The non-zero divergence condition is raised, for example using Bogovski’s operator (see [4,
6]) : there exists W € H**2(2) such that div w = e in Q and W = g on I' U dB. The velocity
W = w — W satisfies

divw =0 in Q

divr =f —puAw where 7= —pld+ 2uDwW in Q

w=0 on "'UOB (™)
7 n=h-Dw-n on I'in Uout



As indicated in the introduction to this section, the work of [10] indicates that this system admits
a unique weak solution (W, p) € H(Q2) x L*(Q).

Step 2 - The method of differential quotients due to Niremberg (see for example [16]) leads to the
following interior regularity result

VweQ weH™(w) and pe H*M(w). (8)

Using the same method, which is based on the method of translations, we can establish the regularity
of solutions at any point x € 02 on which the condition imposed is either of the Dirichlet type
(x € T UOB), or of the Neumann type (x € T'j U Toyy).

Note - On the other hand, for any point x € I'N(Ti, UTout), the technique used is inoperative since
the method of translations does not give sufficient information. We even know that the solution of
such a problem can be irregular at these points (for more details, see [17]). O

Applying the Theorem 1 with e = 0, f = 0, g = 0 and h = —Fnlp, we deduce the following

result :

Corollary 1 Under the Assumption (1), there exists a unique solution (u,p) to (2) such that
Vwe uceH'QNBE(wNQ) and pe LX(Q)NHTHwnQ).

4 Dependence of the solution with respect to the obstacle

In order to determine the dependence of this solution with respect to the obstacle, we will slightly
perturb this system using a vector field chosen from the following set :

S ={veC>®{D,R? ; Supp(v) C D}.

Thus, given v € S, for t € R sufficiently small, the transformation F; = id + tv is a diffeomorphism
of D onto itself. For such values of t, we note ; = F¢(2) and B; = F(B), see the Figure 2.
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FI1GURE 2 — Effect of the deformation F; on the domain .

Remark 2 The only constraints we will impose on the vector fields v € S used hereafter are that
they must be constant over each connected component of the obstacle, see the Section 5.1. It is
therefore sufficient to work with regular vector fields. On the other hand, if we had worked with
deformable obstacles, the reqularity of v would have been linked to that of the obstacles.

The theorem 1 applies to the problem (2) defined in €. More precisely, we denote (u,p;) the
solution of the following problem :

(divu; =0 in
dive; =0 where o, = —p;Id+ 2uDu, in
u =0 on I'U OB (9)
o,-n=—Fn on I'i,
o;-n=20 on Fout




The idea is to compare the solution (u, p) of the system (2) with the solution (uy, p¢) of the system (9)
when ¢ is small, and more precisely to calculate the following Eulerian derivatives :

u —u

/ : / . Pbt—Pp
u'(Q,v) = %1_{1(1) ; and  p'(Qv)= %1_{% T (10)
These limits (more simply noted u’ and p’) are not immediately evaluable since they involve two
quantities, for example u; and u for velocity, which are not defined on the same set (on €2 for the
first and on € for the second). Initially, we will use the change of variable F; :  — Q; and note,

for all x € Q :

u'(x) = w(Fy(x)) and p'(x) = pi(Fi(x)). (11)
With this change of variable, the system (9) is rewritten
(A, :Vul =0 in Q
A;:Vo'=0 where o' = —p'Id+ pu(A;- Vu' + (Vu')T- (A)T) in
u'=0 on TUOB (12)
ol n=—Fn on I'in
ol n=0 on Loyt

where we have introduced the Jacobian matrix A; = (VF;)~!. Note that when A is a 2-tensor and B

is a 3-tensor (like Vo' here), the notation A : B corresponds to the vector whose the coordinates
are (A : B)k = Zi,j AZJB]Zk

Proposition 1 For small values of t, the application t — (u’,p') is reqular.

Proof :
The proof uses the ideas as the proof of Theorem 4.2 in [5], adapted to the regular solutions.
Let (u,p) be the regular solution of the system (2) (see the Corollary 1), and consider the mapping

H:IxE — HTHQ) x H*(Q)
(t,(w,q)) — (A¢:V(W+u),A;: Vr(u+w,p+4q))

where 7(w,q) = —qId + u(As - Vw 4+ (Vw)T - (A4)T), I is an open interval of R containing 0, that
we will choose during the proof, and E the following functional space

E = {(W,q) € Hl(Q) X L2(Q) i YweQ (w,q) e Hs+2(w) y HS“(w)
w=0 onI'UOB and 7(w,q) n=0 oanUFout}.

Note that (uf, p') is solution of (12) is equivalent to H(¢, (u* — u,p! — p)) = (0,0). The aim is to
apply the implicit function theorem to this function H in the neighbourhood of t = 0.

Step 1 - The function # is clearly well defined and with values in H*T1(Q) x H*(Q). It is regular
since t — A; = (Id 4+ tVv)~! is regular (for ¢ small enough) and since the function  is affine
with respect to the variables w and g.

Step 2 - For ¢ = 0, by definition of the regular solution (u,p) of (2), we have #(0, (0,0)) = (0,0).

Step 3 - Using the fact that H is affine with respect to the variables w and ¢, it is easy to evaluate
its differential with respect to these variables :

dwH(t, (W, q) : E — o B (Q)
(0w, dq) — (Ay: V(0w), Ay : VT(dw,dq))
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The theorem 1, used in the case g = 0 and h = 0, exactly indicates that the application d(y 4 (0, (0,0))
is invertible.

Conclusion - Invoking the implicit function theorem, we deduce that in the neighbourhood of
t =0, u’ = u and p' = p there exists a regular function ¢ : I — E such that
H(t, (0" —up' —p)=(0,0) <= (u'p')=09(),
which corresponds to the announced result. ]
To determine the derivatives of this application at ¢ = 0, we derive the system (12) with respect
to t and then evaluate it at ¢ = 0. Since VF; = Id + tVv, we use the following Taylor expansion :
A; =1d -t Vv + O(t?). (13)

We deduce, denoting = 9;(u’)|;—o (with the same notations for the pressure p and the stress o) :
—Vv:Vu+diva =0 in
—Vv:Vo+dive =0

where & = —plId + 2puDu — u(Vv-Vu+ (Vu)T - (Vv)7) in Q

) (14)
u=0 on "UOB

- n=0 on I'y,

CrnZO Onrout

In order to make the link with the Eulerian derivative of u’, i.e. u/, see the definition (10), we derive
with respect to ¢ the relations (11). Using the fact that F; = id +¢v, we also have (we write it for u
but we have similar relation for p) :

dpa’(z) = (Opur) (Fe(2)) + v(@) - (Vug) (Fe(2)). (15)
Thus, evaluating for t = 0, we deduce
u=u+v-Vu (16)
The system (14) can then be rewritten as a system of unknowns (u’,p’) :

Proposition 2 The derivative (u/,p') is the solution of

(divu =0 in Q
dive’ =0 where o' = —p'Id + 2uDu’ in Q
u =—-v-Vu on'UOB (17)
o -n=0 on I'in

\a'-n:0 on Iout

Remark 3 According to the definition of shape derivatives, see definition (10), the derivatives de-
pend on the vector field v. In practice, Proposition 2 indicates that these derivatives depend only on
the value of the vector field v on the boundaries of the obstacle OB (v always being zero on T').

Proposition 3 Under the assumption (1), the problem (17) admits a unique solution (u',p’) such
that
VweD o eHQNBETwNQ) and p € LAQ)N H (wNQ). (18)

Proof : We apply the Theorem 1 with e =0, f =0, g = —v - Vu and h = 0. All we need to know
is the regularity of v-Vuon I' N 9B :

From Corollary 1 we know that the velocity field u arising from the problem (2) has regularity H*+2,
except close to the boundary dD. Since Supp(v) C D, we therefore know that v - Vu € H¥"!(w)

where w is a neighbourhood of B. A trace theorem implies that v - Vu € Hst 3 (I'NoB). g



5 Optimising the position of the obstacles

In this section, we will use the previous theoretical results to set up a numerical method for opti-
mising the flow rate @ through Q according to the position of rigid spherical obstacles.

We assume that the obstacle B is made up of a family of N disjoint balls of the same radius
R > 0 (this assumption can also easily be omitted and we could consider balls of different radii, or
non-spherical obstacles, see the subsection 5.2 for examples) :

N
B=|JB" where BY = B(x", R).
=1

To ensure that the balls are disjoint and all included in D, we must assume that their centers satisfy
certain constraints. More precisely, let Dg be the open set defined by

DN = {X = (xW,..,xM) e DV c R,
Vie{l,..,N} dist(x®),0D) > R and (19)
V(i,7) € {1,...N}? i#j= dist(x?,xV) > 2R},
the objective is to find a position X € Dg so that the flow Q resulting from the calculation of

the Stokes problem is optimal. We can write the flow rate as a function of the positions of the N

centers :
Q : DN — R

/ (20)
X — - u-n.
Fin
and the question is then to determine X, € Dg such that
Q(X,) = min 9(X). (21)

XeDy

Remark 4 Since the set Dg s not a compact set, it is not clear that the minimum s reached. From
a numerical point of view, the constraints imposed in Dg will be imposed to the nearest mesh dx.
Thus dist(x?),9D) > R will be written as dist(x), D) > R + 6z and dist(xD,x9)) > 2R will be
written as dist(x(i),x(j)) > 2R + dx. In this context, at a fized dx, at least one minimum will exist
and the aim of the following section is to propose an algorithm for approaching such a minimum.

5.1 Numerical approach

The aim of this section is to explain who to use the previous calculations to set up a descent
algorithm, that is how to build a sequence (Xy)ren of elements of DY such that the values of Q(X)y
decrease. More precisely, the iteration is written as follows

Xgt+1 = Xk + V. (22)
In order to approach a minimum for the function Q, the Taylor expansion
1
QX + agvy) = Q(Xy) + ardy, Q(Xy) + iaiﬁﬁkQ(X;@) +0(af) (23)

indicates that we can choose
vy such that 0y, Q(Xj) < 0.



We then choose the descent step aj in order to minimize the polynomial of degree 2 given by
a— Q(Xy) + ady, Q(Xk) + %Oz?@?,kQ(Xk). We obtain the following theoretical expression :

. — 8‘2,kQ(Xk) . (24)

Remark 5 As explained in remark 4, from a theoretical point of view we do not know how to justify
the existence of a unique minimum. We do not even know if the sequence (Xy) thus constructed
remains in DY, nor if the proposed algorithm can be implemented (for example if ngQ(Xk) =0).
This is partly due to the fact that the functional Q is not convex. Nevertheless, we will see from the
examples that the descent method is efficient and provides local minima.

The continuation of this part consists of explaining how to explicitly evaluate the direction of
descent vi as well as the descent step ay.

Directional derivatives of Q it is possible to establish a link between the directional deriva-
tive 9y Q according to a vector v € RV and the derivative of form u/(2,v) by a vector field v € S
introduced by the formula (10).

In fact, each vector v € RZV is associated with a vector field, again denoted v € S, such that

Vie{l,.,N} vxeBY v(x)=v; (25)

To this vector field v, and to any parameter ¢ € R small enough, we can associate the solution u;
of the problem (9). From the definition of the flow Q, we thus have

QX + tv) — 9(X) :_/ w-—u
Fin

" ; (26)

From the remark 3, the shape derivative u’(Q2,v) depends only on the values of v on the bounda-
ries 9B i € {1,..., N}, and therefore only on the value of the vector v € R*¥. When ¢ tends to 0,
we get

QX)) =— /F u'(Q,v) - n. (27)

Remark 6 The equation (27) can not be used to compute the descent direction, since u’ is not
available and depends on v. The aim of the next calculations is to get an expression which will allow
us to choose v such that 0y, Q is negative.

Let us now assume that the step k£ has been completed, i.e. that we know Xy € Dg .We are therefore
working in the domain Q; = D \ By, where By = UY. | B (x,(;), R) corresponds to the union of the N
balls centered in the N pairs of the vector X.

Since v - Vu is regular (see the proof of the proposition 3), it is possible to choose ¢ = u’'+v-Vu €
W (Qy) as the test function in the weak formulation (5). We deduce

/U:Vu’—i—/ U:V(V~Vu)——/ Fn-u’—/ Fn-(v-Vu). (28)
Qp Qg Cin Fin

I I I3 Iy

Since o = —pId + 2puDu and div u’ = 0, owe have

I = / 2uDu : Du'. (29)
Qp
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Integrating by parts the term I, using div o = 0 and Suppv C D we obtain
12:/ (v-Vu): (o -n). (30)
0By,
The contribution I, vanishes since v = 0 on I'j,. The equation (28) then becomes

/Qk2uDu’:Du+/aBk(v~Vu)-(a-n):—F/ u - n. (31)

[Cin

Similarly, taking u € W(€y), the solution to the equation (2), as the test function in the weak
formulation of the second equation (17), we obtain

/ 2puDu : Du’ = 0. (32)
Qp
The combination of the two relations (31) and (32) allows us to write

OVQ(Xk):—/ u’-n:l v-(Vu o n). (33)
Tin F Jop,

Remark 7 Note that we observe that 0, Q(Xy) depends only on the normal component of v on OBy,
this is a consequence of the well known structure theorem of Hadamard (see for example [15]).

Since 0By, = Ui]\ilaB(x,(;), R), this quantity is negative as soon as we choose v = v = (v,gl), ey VISN)) IS
(RN such that for all i € {1,..., N} we have
@0 _ 1
vV, = ——5 Vu-o-n. (34)

2 .
F2 Jopx" R)

Remark 8 The coefficient % gives vy, independent of F, i.e. without units, and (34) is equivalent
with : )
Vi = —va(Xk)- (35)

In practice, solving the problem (2) on Q. yields u and o and therefore allows us to propose a
direction of descent vy, defined by (34).
We then have :

00, Q(Xs) = — V(X < 0. (36)

Descent step We first observe that the descent step must be small enough to make sure that
the configuration at iteration k + 1 is admissible, more precisely we must ensure that Xpi1 =
Xy, 4+ agpvy, € DY (see (19) and Remark 4).

To do this, we compute the positive real number M}, defined by :

My, = sup{to € Ry, Xy + tvy € DR Vt € [0, 0]} (37)

The descent step aj must be chosen smaller than M. To avoid grid effects, we impose ay < %Mk
To approximate the optimal descent step oy, given by (24), we need to evaluate the value of 07, Q(X).
We would then need to compute the second order domain derivative (u”,p”), which is the solution
of a problem similar as (17) with terms in the right hand side involving second order derivatives in
space of u and first order derivatives in space of u’.



These second order terms being difficult to evaluate with consistency, we turn to another approach,
noting that the method suggested by (23) is actually equivalent to looking for «y, satisfying :

8ka(Xk + akvk) =0, (38)

the expression of oy in (24) corresponding to the step of the Newton method to solve (38).

Thus, we first compute 0y, Q(X}) and 0y, Q(Xj, + Axvy) (the choice of Ay will be explained later).
—A0v, Q(Xy)
Xk +ApvE)—0v, Q(

Looking for ay, satisfying (38) by linear interpolation would give 5 ol X0 thus we
Vi

choose :

(39)

oy, = min <;Mk, —Aw0y, Q(Xx) > '

Ov;, QX + Apvy) — Oy, Q(X})
_Akavk Q(Xk)

Xk+Aka)73ka
Since we can not prove the convezity of the function Q, we can not be sure that the value of oy

given by (39) is positive. Actually, we can even not be sure that oy, is defined (see also remark 5).
Nevertheless, in all the numerical tests presented in the next section, we got positive values for ay.

Remark 9 The expression 5—o o) for A, — 0 is consistent with (24).
VEk

We now explain the choice of Ay :
e For the iteration 0, we chose Ag = %MO.

e For the next iterations, we chose Ay = min(%Mk, Q—1).

5.2 Non-spherical rigid obstacles

It is possible to extend the results obtained in the previous sections to the case of non-spherical
obstacles. The position of each obstacle B() is characterised by the position of its center of-inertia
x(® ¢ R? and by an orientation ) € S!. Without going into detail, we define ngv as the set of
positions {(x(®,0%)), 1 <i < N} for which the obstacles B(®) are disjoint two by two and entirely
included in D. The flow Q : Dév — R is then seen as a function of 3N variables which must be
minimised.

We know that a transformation of the form id + tv does not deform a solid B® if and only if
Dv = 0 in B, this last property being characterised by

Jv; eR? 30, eR ; VxeBY v(x)=v;+0;(x —xD)*L,

Thus, to each element (w,8) € DY we can associate a vector field v € S such that id + tv does
not deform any solid B(). This field is defined by

Vie{l,.,N} VxeBY v(x)=w;+0;(x—x?)"L (40)

and regularly extended outside obstacles.

From the remark 3, and using the same approach as in the previous sections (see equations (27)
and (33)), we deduce that the derivative of the flow Q in the (w, @) direction is related to this vector
field.

More precisely, at a point X € Dév , we obtain the velocities u and stresses o from the problem (2)
in Q =D\ B. We then have

a(w,g)Q(X):;/ v-(Vu-o - n)
| -~ (41)
:F;(wi- Vu‘a-n+0i/ (x —x') -(Vu-a-n)).

oB() o8B
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In the descent method, if we want the gradient to be negative at iteration k, we choose wj =
(ngl), ...,W]iN)) € (RN and 0, = (9]9), ...,QIE:N)) € (SHY such that for all i € {1,..., N}

o __ L o 6 __ 1 %V (Vu. o
Wi = 73 - Vu-o-n and 0, = 2R, /BBIEZ,)(X x;')” - (Vu-o-n). (42)

where R; is the diameter of Bl(j). The coefficient % has been added for the reason explained in
Remark 8, and the coefficient R; in the formula defining 0,(;) has been added in order to have
homogeneous coordinates in (wyg, 0%).

The descent step is optimised in exactly the same way as for spherical obstacles.

6 Numerical results

We present in this section some numerical tests, showing the efficiency of the proposed method.
The tests have been performed with FreeFem++ (see [12]), based on the weak formulation of the
differential problem. We use P2/P1 element for the Stokes problem, with about 15000 to 20000
triangles. The mesh is refined near the obstacles, more precisely to distance between two grid points
on the obstacles OB is 10 times smaller than the distance between two grid points on the fixed part
of the boundary 0D.

The stop criterion has been chosen in order the handle small oscillations. We then consider that the
limit of the sequence (Xj)gen is reached for k = kg > 3 satisfying :

[ Xks — Xyl <0 (43)

for all j € {ks —3,ks — 2, ks — 1}, where § denoted the distance between two grid points on dB.
Before presenting numerical tests of the proposed algorithm, we present the behaviour of the func-
tion Q in a simple configuration.

6.1 A spherical obstacle in a right channel

We consider in this section a rectangular domain D = (0,5) x (0,1) and an obstacle consisting of
only one ball centered at (x,2) : B = BY = {x € D, ||x — (z, 2)|| < R} of radius R = 0.1, where ||.||
denotes here the usual Euclidean norm in R?, see the figure 3.
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FIGURE 3 — Notations and geometric situation for one ball.
Before trying to minimise the flow Q, it may be interesting to see how it behaves as a function of

the position of the center (z,z) of the ball, at least in this simple geometrical case. This is why we
have made a preliminary study of two cases :
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1. The location of the ball is given by (z,2) = (2.5,2) with z € (2R,1 — 2R);
2. The location of the ball is given by (z,z) = (z,0.5) with € (2R,5 — 2R).

For such configurations, we denote by Q(z, z) the value of the flux obtained after resolving a simple
Stokes problem in D\ B. The aim is to check some physical intuitions : the horizontal position x of
the ball has a much smaller influence on Q(z, z) than the horizontal position z.

More precisely, the dependence on the vertical variable z, see the figure 4 is in line with what is
physically expected : the flux O seems lower when the ball is at the middle of the channel and
larger when the ball is close to one of the walls. Actually, the optimum solution which minimises the
flow Q is obtained when the ball is exactly in the middle of the channel, corresponding to z = 0.5.

0.0140
0.0135
0.0130

—_

N 0.0125

7o)

N o.01201

0.0115 4

0.0110 4

0.0105

T T T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8

FIGURE 4 — Effect of the vertical position z of the obstacle on the flow Q.

The figure 5 shows the flux as a function of the horizontal variable z. There is little dependence
on z except when the ball is close to the boundary of the domain, i.e. when z is close to 0 or close
to 5. These effects, which remain relatively small, are due to the boundary conditions. Note also
that the graph is not convex, which indicates that the solution will probably not always be unique.
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0.0111 4

0.0110 4
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> 0.0109 4

—
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FIGURE 5 — Effect of the horizontal position x of the obstacle on the flow Q.
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However, the dependence almost entirely on the variable x means that we can only show what
happens near the area where the ball is located. This is why, in the following figures, we will only
show the zone of interest around the ball (the calculations are always carried out in the complete
domain), see the so called "area of interest" introduced on figure 3.

For example, using the minimisation algorithm introduced in the previous sections, we can see (see
the figure 6) how the position of the ball evolves over the iterations denoted by k towards the
optimum position z = 0.5.

k=0 . k=1 . k=2 k=5

FIGURE 6 — Convergence to a position minimising the flow in the spherical case.

6.2 A non-spherical obstacle in a right channel

Having observed that, in the spherical case, the preferred position of the obstacle to minimise the
flow was, as expected, a central position, the aim of this new test is to verify the behaviour of a
non-spherical obstacle. The question of the orientation of the obstacle will therefore be interesting
to understand.

In this test, we always consider the same rectangular domain D = (0, 5) x (0, 1) but we assume that
the obstacle B is an ellipsoid of radii 0.1 and 0.05.

Starting the minimisation algorithm with the position of the center of the ellipsoid given by
(z0,y0) = (2.5,0.2) and an angle with the horizontal direction equals to 17.1°, we observe that,
as expected, the obstacle moves to the center of the tube, in an vertical direction.

In fact, the algorithm converges after 12 iterations, we present the first 6 positions, the next ones
(for k =7 to 12) are very close to the sixth one, see the figure 7. The value y; = 0.50 obtained for
k > 4 indicates that the we use the round-off with 2 digits, that is 0.495 < y, < 0.505. We add to
these results that we got 65 € (89.55°,90.45°) for k € {9,10,11,12}.

&

k=0 G k=1: k=2 k=3 k=4: i k=5: k=6:
xo = 2.50 x1 = 2.50 xo = 2.50 r3 = 2.50 xq = 2.50 x5 = 2.50 xg = 2.50
1o = 0.20 y1 = 0.53 y2 = 0.50 y3 = 0.51 y4 = 0.50 y5 = 0.50 ye = 0.50
Oy = 17.1° 01 = 22.5° 0, =27.9° 0, =T72.9° 0, =T77.4° 0, = 84.6° 0, = 86.4°

FIGURE 7 — Convergence to a minimising position in the non-spherical case.

13



6.3 Several obstacles in a right channel

The purpose of this section is to see how several obstacles are organised to minimise the flow.

As in section 6.1, we take again D = (0,5) x (0, 1) but we consider eight obstacles whose geometries
and positions are described in Figure 8 (see k = 0).

Over the iterations, we observed the formation of clusters which seem to be independent since they
are quite far one from each other. It is interesting to state that the obstacle on the right joined the
three closer ones. On the left part, one obstacle remains isolated since it was to far from the left
cluster at the beginning of the test. We can guess that the local minimum reached at the final state
does not correspond to a global minimum, since the flow rate would be much smaller if we put the
eight obstacle in one only cluster.
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) ")
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> - ]
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o 4
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k=5 - :
&
c 9
0 0
0
= 0 ('
k=82 0
’ 0

F1GURE 8 — Convergence to a minimising position for several obstacles.

6.4 A non-spherical obstacles in a non-right channel

In this section, we propose a test to determine the optimum position of an obstacle in a convergent-
divergent channel. The domain D is no longer a rectangle but is given by the figure 9 (see the top
figure k = 0 corresponding to the initial position in the algorithm).

Once again, we observe that the algorithm converges towards the solution that seems to be expected
from a physical point of view : the obstacle minimises the flow as soon as it is placed at the thinnest
point of the flow, and in a vertical position, see figure 9 and the converged solution obtained after 37
iterations.
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FIGURE 9 — Convergence to a minimising position of an obstacle in a convergent-divergent channel.

6.5 Several non-spherical obstacles in a non-right channel

In this last test, we are trying to determine the optimum position of two obstacles in a curved
channel.

This configuration combines all the difficulties that can be found in this type of problem : non-
rectilinear domain with no particular invariance, several obstacles that have to self-organise, non-
spherical shape of the obstacles that have to orientate themselves correctly.

In the end, the optimal configuration obtained seems consistent with what might be expected : the
two obstacles try to obstruct the channel as much as possible, see the figure 10.

Note that the figures show only the curved part of the domain, but to avoid edge effects, the channel
in which the simulations were carried out is longer on the left and at the bottom.

7 Conclusion and perspectives

In this article, we studied the effect of the position of rigid obstacles in a flow. Indeed, if a flow
through a domain is imposed by a constraint at the entrance to the domain, its rate depends
essentially on the geometry and therefore on any obstacles.

Initially, we modelled the problem and showed that it is well posed whatever the position of the
obstacles. Secondly, we studied the dependence of the solution on the position of the obstacles.
Thanks to this study, we were able to set up a minimisation algorithm that determines how to
place the obstacles in order to minimise the flow rate. Note in particular that we are dealing with
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FI1GURE 10 — Convergence to a minimising position of two obstacles in curved channel.

both spherical obstacles (for which the position of the centers must be optimised) and non-spherical
obstacles, for which the angles must also be optimised. Finally, we carried out numerical simulations
to validate our study and visualise the results. Although most of the simulations confirm intuitive
results (to minimise the flow, the obstacle must be in the middle of the domain and oriented in the
direction transverse to the flow), this work can provide ideas for more complex situations.

On the other hand, we can imagine extensions of this work, such as taking an interest in non-laminar
flows by taking into account inertial effects (and therefore the Navier-Stokes model instead of the
Stokes model), non-Newtonian flows with various rheologies, etc. With a view to applications, it
could also be interesting to understand what happens when the number of obstacles is very large,
each of which is small. The role of clustering will probably be important, as we have already seen
in simulations with height obstacles.
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