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Computational Shape Derivatives in Heat Conduction: An
Optimization Approach for Enhanced Thermal Performance

M. Azaiez* A. Doubova' S. Ervedozal F. Jelassi® M. Mint Brahim9
March 28, 2024

Abstract

We analyze an optimization problem of the conductivity in a composite material arising in a heat
conduction energy storage problem. The model is described by the heat equation that specifies the
heat exchange between two types of materials with different conductive properties with Dirichlet-
Neumann boundary conditions on the external part of the domain, and on the interface characterized
by the resisting coefficient between the highly conductive material and the less conductive material.
The main purpose of the paper is to compute a shape gradient of an optimization functional in
order to accurately determine the optimal location of the conductive material using a classical shape
optimization strategy. We also present some numerical experiments to illustrate the efficiency of the
proposed method.

1 Introduction

Thermal energy storage (TES) plays a pivotal role in achieving effective and efficient heat generation and
utilization, especially when there is a spatial and temporal mismatch between heat supply and demand.
Among various heat storage processes, latent heat storage stands out, involving a phase transformation
of storage materials known as phase change materials (PCMs), typically transitioning between solid and
liquid states. Enhancing the thermo-physical properties of PCMs through special additives or composite
development is recognized as a scientific challenge to bridge the gap between TES targets and current
performance levels.

Additives, particularly carrier materials, play a crucial role in improving heat and mass transfer,
enhancing thermo-mechanical stability, preventing undesirable effects like segregation, or undercooling
in PCMs, and improving cyclability. One common experimental approach to boost heat transfer in heat
storage materials is through the addition of extended surfaces or encapsulated phase change materials.
Despite the attractive energy density of PCMs, they often exhibit low thermal conductivity. Therefore,
enhancing energy storage efficiency becomes imperative, and this can be achieved by incorporating
spherical or other shape capsules that improve conductivity properties. Naturally, the key question
revolves around studying the influence of the shape and position of capsules to accelerate the melting
process.

To answer this goal, a suitable optimization problem is considered for which different mathematical
tools can be used, like geometrical and topological shape optimization based on level set method (see
[7]). The main idea of this Eulerian approach is to represent the shape of the composite structure in
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an implicit way within a fixed meshed working domain. The level set function is then advected through
Eikonal Hamilton-Jacobi equation in which the normal velocity is provided by the shape derivative of the
cost function. The difficulties users have to cope with are listed by G. Allaire (see [2, 1] and references
therein). The challenge is, usually, to perform an appropriate interpolation scheme to smoothen the
discontinuous material parameters across the interfaces or to consider diffuse interfaces instead of sharp
ones.

Various techniques have been suggested in the literature, such as density-based methods (we list
essentially the Solid Isotopic Material with Penalization, SIMP, topology optimization method [4] and the
homogenized one [12]). The drawback of such methods is that they are not effective to capture precisely
interfaces unless dense girds at the vicinity of these ones are created. The phase field method (see [17])
is an interesting alternative to deal with diffuse interfaces in multimaterial structural optimization. In
recent years, original approach has been developed combining level set method and Extended Finite
Element Method (XFEM) in structural topology and shape optimization field that further accurate an
efficient issues. G. Allaire proposes a level set based mesh evolution method applied to multimaterials
compliance minimization [1]. The milestone of this approach is to adapt mesh at each stage of the
optimization process, so to obtain an exact meshed description of the shapes while benefiting the whole
flexibility of the level set method. An alternative to geometrical shape optimization is the topological
shape optimization, a recent mathematical technology championed by Sokolowski [16], Masmoudi [11],
etc.

In this article, we propose to take advantage of the spherical shape of the capsule to adopt the
strategy of computing a shape gradient of an optimization functional in order to compute accurately
the optimal location of the conductive material using a classical strategy of shape optimization. We
present an investigation of the optimization of the conductivity in a composite material. We consider the
composite material as the assembly of two or more materials that are not miscible, of a different nature,
and able to combine several mechanical or chemical characteristics specific to each component. Doing so,
the resulting material may have better overall thermo-physical properties than its constituent materials
and allow for a wider range of applications (see [15]). This is why in recent years, composite materials
have established themselves in many cutting-edge sectors such as space, aeronautics, shipbuilding or even
the automotive industry.

Often times the composite consists of a matrix of a given material (for example cement or carbon)
embedded with a second material to enhance a given characteristic such as thermal conductivity or the
resistance to fractures. In such case, when subject to a heat load, a temperature drop at the interface
between components of a composite is observed. We describe this discontinuity in the temperature
field using a thermal resistance which is known as inter-facial thermal resistance and which is the result
of two phenomena. The first is the thermal resistance observed when two components are in contact
as a result of poor mechanical and chemical bounds between the components. The second is when
there is a discontinuity in the thermal property of the components of the material such as the thermal
conductivity [13].

For composites subject to high temperatures, for example in applications for thermal energy storage
which is at the origin of our motivation, arrangements of fibers and their shape play a crucial role in the
effectiveness of the composite. Using experimental means in order to design the position and or optimal
shapes for such materials can become very expensive and time consuming,.

It is therefore interesting to develop a theoretical argument to optimize the fiber placements within
the material without any modification of the topology, and this is precisely our goal. In Section 2, we
give the mathematical formalism for the unsteady heat conduction problem in a composite media with
thermal contact resistance at the interface between the components, and develop the theoretical approach
for the shape optimization problem in this context. Then in Section 3, numerical examples illustrate the
efficiency of the proposed method in the 2d setting when prescribing the shape of the fiber to be a disk
of prescribed radius.



2 Mathematical setting and results

In this section we will present the optimization problem we are going to analyze and then introduce
the main result, the computation of the shape gradient of the optimization functional. In addition, we
consider the particular case in which the domain O is a ball. We will also give the proof of the main
result.

2.1 Statement of the problem

We consider the domain
Q=(0,1)?

and we decompose its boundary as follows:
8Q:FOUF”, FO = (0,1) X {0}7 Fn :3Q\F0

Let k > 1 be a (large) positive constant corresponding to the conductivity of the highly conductive
material, and R > 0 denotes a resisting coefficient between the highly conductive material and the less
conductive material, supposed to be of conductivity one.

Given a smooth open subset O of Q2 with O € Q, we set

S§=0\0 (1)

and we consider the solution u = (us, ue) of the following problem:

Ous — Aug = 0, in (0,7) x S,

Orup — kAup =0, in (0,7) x O,

Ohus = KOpUE, on (0,7T) x 00,

Royus = up — us, on (0,T) x 00, (2)
Onus =0, on (0,T) x Ty,

us = Upr, on (0,T) x T'g,

(us(0,-),un(0,-)) = (0,0), inS x O.

Here, us = us(t,x) denotes the temperature in the less conductive material, which fills the set S,
uo = up(t,z) denotes the temperature in the highly conductive material, which fills the set O, n
denotes the outward normal to S, and Uj; denotes a positive constant temperature.

To analyze the well-posedness issues for (2), it is useful to remark that the system can be fit into an

abstract form as
v+ Lov=0, te(0,7T), v(0) = Uy, (3)

where v corresponds to u by the relation v = (vs,v0) = (us — Up,uo — Unr), and where Lo is the
operator on L?(S) x L?(0) with the scalar product

((vs,v0), (ws, wo)) L2(s)x12(0) = (Vs, Ws)12(s) + (VO, WO) L2(0),
(which of course can be identified with L?(2) with its usual scalar product) with domain

D (Lo) = {(vs,v0) € LX(S) x LA(0), with (Avs, Avo) € LA(S) x L(0),
and O,vs = kKOpvo and RO,vs = vo — vs on 00, and d,vs =0on Ty, vs =0o0n Ty}, (4)
defined by
ﬁo(vg, Uo) = (7A’U5, 7I€A”U(9). (5)

One then easily checks that Le is positive self-adjoint: for all (vs,ve) and (ws, we) in Z(Lp),

1

7 [, [lluldo

<£(9(’U3,Uo),(wS,wO)>L2(3)XL2(@) :/Vvs-Vdex+m/ V’Uo-vwo dx +
S @



where [v] = vo — vs and [w] = wo — ws denote the jumps at the interface 0O.

Accordingly, the well-posedness of (3) can be derived through standard arguments, see for instance
[6, Section 7.4], and we will not give more details about it here.

On the other hand, it is convenient to rewrite problem (2) in a variational form. In order to do this,
we introduce the space

H5H(Q) = {v = (vs,v0) € L*(Q) such that (vs,vo) € H(S) x H'(0), wvs=0o0n Ty},

and we rewrite the problem (2) in its variational form as follows: find u = (us, ue) such that uw — Uys €
L2(0,T; H5 () N HY(0,T; (HH(2))') and for all z € HS (), we have (equality in L2(0,T))

% (<('LLS,UO)7(ZS,ZO)>L2(S)XL2(O)) —l—/SVuS -Vng.T—i—Ii/OVuO -VZ@ d.%‘—l-% 8O[u][z] do=0 (6)
with
(us(0), uo(0)) = (0,0). (7)

It is also observed, since the unique non-trivial datum is Ujs, which is a positive constant temperature,
the solution u = (us,ue) of (2) will be smooth in the following sense: us € €<(S), uo € €*(0).
This can be checked using classical PDE arguments, for instance by constructing a smooth lifting @, of
Uy, compactly supported in a neighborhood of (0,T) x 'y not intersecting O, thus yielding u — @y as
the solution of (2) with homogeneous Dirichlet boundary conditions on (0,7) x I'g and a smooth source
term localized in § and away from the interface 0. Classical strategies then apply immediately, see for

instance [8, Section 7.1.3].

The optimization problem we would like to address consists in studying the following functional:

T
J(0) = /0 /8 lus(t, ) — Unt|? dtdz, (8)

where us satisfies (2) is depending on O through the definition of the sets O and S = Q\ O (see (1))
and Uy is the positive constant temperature appearing in the boundary condition on Iy in (2). In some
sense, this functional can be seen as an evaluation of the time needed for solutions of (2) to reach the
equilibrium (us,vwo) = (Unm, Unr).
Therefore, the optimization problem we would like to establish is the following: find O € U,4 such
that
J(0) < J(O) VO € Uaa, (9)

where U, is suitable admissible set of domains for O.

Remark 2.1 Before going further, let us note that there could be many different functionals which
may be interpreted as an evaluation of the time needed for solutions of (2) to reach the equilibrium
(US, UO) = (UM, UM).

For instance, since L is positive self-adjoint with compact resolvent, its spectrum is composed of a
sequence of eigenvalues A;(0) < --- < X;(O) < -+ — oo and corresponding eigenvectors (®,;(0));en,
which form an orthonormal basis of L?(S) x L?(O). One easily checks that for all + > 0 we have

le™ 0|2 z2(5)x L2(0y) = €.
Therefore, another optimization problem of interest could be the minimization of the first eigenvalue
A1(O) with respect to @ in a suitable class of admissible domains. We did not explore this way so far,
since this is certainly a more intricate study that the one we propose here.

Additionally, let us remark that, for the application in mind, a change of phase appears when the
temperature gets close to the temperature Uj;, which yields to a non-linear parabolic model instead of
(2). With such non-linear equations, the above interpretation of the time needed to reach the equilibrium
in terms of the eigenvalue of the operator is not so evident. ]



2.2 Computation of the shape derivative: main result

For numerical approximation of the optimization problem (9), we compute the gradient of the functional
J at some open set Oy € ). Following the classical strategy of shape optimization, see e.g. [10], we
somehow embed a differential structure on the set of all open sets. This can be done as follows.

Given a smooth vector field f :  — R? such that f vanishes in a neighborhood of 02, we introduce
Xy as the flow corresponding to f, that is the solution of the following ordinary differential equations:

dX;
ds
Xs(0,2) =z, x € Q.

(s,2) = f(Xy(s,2)), seRzeQ, (10)

We then consider the family of open sets given by s — Oy, = X;(s,Op) and the following quantity:

(01 oo, (1)

which, in some sense, corresponds to the derivative of J at Oy in the direction of (the deformation given

by) f.

Remark 2.2 Note that another possibility could be to set Oy = (Id+ sf)(Op) for s in a neighborhood
of 0 and to analyze the derivability of s — J(Osf) at 0, corresponding to X¢(s,z) = z + sf(x) in a
neighborhood of 00y. Note that the two computations yield the same result for the derivative, since

what matters is the first order variation of Qg under the vector field f, see for instance [10, Remark
5.2.9]. [ ]
According to the structure theorem [10, Proposition 5.9.1], we know that, if s — J(Oy ;) is differen-
tiable at s = 0 for all f, then we should have:
d
75 (J(Or15)) ls=0 = £(f - nloo), (12)

where / is a linear form.
Our goal is to identify this linear form. More precisely, we show the following result:

Theorem 2.3 Let Oy be a smooth open domain of Q0 with Oy € Q, and f be a smooth vector field
vanishing in a neighborhood of . For convenience, we next denote Oy and Sy = Q\ O simply by O
and S.

Let us denote by u = (us,up) the solution of (2), and introduce g = (gs,go) the solution of the
adjoint problem

—0tgs — Ags = (us — Unr), in (0,T) x S,

—0go — kAgo =0, in (0,T) x O,

Ongs = KOngo, on (0,T) x 0O,

ROngs = go — gs, on (0,T) x 9O, (13)
Ongs = 0, on (0,T) x Ty,

g9s =0, on (0,T) x [y,

(9s(T,-),90(T,-)) = (0,0), inS x 0.

We also introduce the smooth vector field T : 9O — R? which is such that for all x € 0O, 7(z) is a
unit tangent vector of 00 at x (the orientation is arbitrary).

Then we have the following formula:

k—1

T
SO0 = [ pon | ((US = U +2("2) (g0 — 95) (o — us)

—27-Va —2adivgo T+ 2.D*uon - ngo — 2D*ugn - ngg> dtdo, (14)



where a is given by

a=gsT-Vus — kgoT - Vuo  on (0,T) x 00, (15)

and divge is the tangential divergence of the vector field T, i.e. if T is an extension of T in a neighborhood
of 00, divgp T =div 7 — Din -n = divgp 7.

We will give the proof of Theorem 2.3 in Section 2.4.

Remark 2.4 The tangential divergence of 7 does not depend on the extension 7 chosen to extend 7 in
a neighborhood of 90O and is intrinsic (see [10, Definition 5.4.6]). |

Let us note that in the formula (14), the term

/OT ((us - Un)* + Q(HT_I)%(QO — gs)(uo — us)

— 927 -Va—2adivgo 7+ 26D?*upn - ngo — 2D%ugn - ngg> dt

can be interpreted as the gradient of J in the following sense: if one starts from a smooth open domain
O included in €2, to make the functional J decays, one should choose a small perturbation of O of the
form X (s, O) for s small (or (Id+ sf)(O)) for f chosen such that

fon=- /OT <<u5 — U +2("2) 7500 — g5) o — us)

— 27 -Va —2adivgo 7+ 26D*uen - ngo — 2D?ugn - ngs) dt,

with a as in (15).

When a large number of degrees of freedom is allowed to parametrize the shape of O, the formula (14),
which requires only the computation of the solution of (2) and of the solution of the adjoint equation
(13), is then much more efficient than doing a derivative free optimization of J, which can become very
costly for high number of parameters.

The drawback is that the derivative (14) requires the computation of the traces of D?us and D?ue
on the interface (0,7) x 0O, which are delicate to compute and may require a highe order numerical
method to be computed properly.

2.3 Shape derivative when imposing that O is a ball

Let us consider the particular case of the shape derivative given by the formula (14) when we impose
that the set O is a ball of prescribed radius r > 0. We show below that the expression of the shape
derivative in (14) can be slightly simplified. We will use it in our numerical experiments presented in
Section 3.

Indeed, when O = B(zo,r) is the ball of the center xy = (29,1, %0,2) and radius r, we can choose on
O as tangential and normal vector fields to O the following vectors, whose formula can be extended in
a neighborhood of 0O as follows:

(z) 1( re e )W na) = ——1 (”“%»1) _ =)

7|x—m0\ —(1‘1—1‘071) B |.7;‘—$0|7 ‘.’E—.’L‘0| T2 — T0,2 7|.’L‘—$C()|’

so that



divr=0, Dm-n=0, divgp 7=0, DTT:L.
|z — 2o

Accordingly, for
a=1"-(9sVus — kgoVup),

we get

7-Va=(7-Vygs)(T-Vus) — k(1T - Vgo)(r - Vup) + !

;(gsanus — KgoOnuo)

+ 93D2’LL3T ST — /{goD2uoT T
1
= (7:Vgs)(t - Vus) — k(1 - Vgo)(1 - Vuo) + E(gs —go)(uo — us)

+ 93D2u$7' ST — /{goD2uoT - T

Since for a square matrix A € R2%2, A7 -7+ An -n = tr (A), it follows that

/OT ((us — Un)? +2<K; 1)%(9@ —gs)(uo — us)

—27-Va —2adivgo T+ 2kD*uon - ngo — 2D%*ugn - ngg> dt

T J—
-/ <(Us — U +2( 0+ =) (g0 — g5) (o — us) (16)

+ 26(7 - Vgo) (1 - Vup) — 2(1 - Vgs)(7 - Vus) + 2Aupgo — 2Aus gg> dt.

Clearly, to compute it efficiently, even for balls, this requires the computation of traces of Laplacian for
solutions (up,us) and thus a refined precision close to the interface 0O.

2.4 Proof of Theorem 2.3
The computation of the derivative (11) is done in several steps, that we briefly explain below.

For convenience, we fix a smooth vector field f € W*°°(Q2) vanishing in a neighborhood of 9. To
do the computations, we express all the quantities J(X (s, O)), where X;(s,-) is the diffeomorphism in
(10), in the fixed domain O. For simplifying the notation, we will also simply denote Xy by X. We thus
express J(X(s,0)) in terms of

v (t,y) =u’(t, X (s,y)), ye€O, orequivalently u°(t,xz)=0(t,X(—s,z)), =z¢€ X(s,0),

where u® denotes the solution of (2) with O5 = X (s,0). This gives

J(XCS’O)):/o/X( s u®(t, 2) — Un|* dtda a7
T

:/0/S|u3(t,X(8,y))—UM|2|detDX(s,y)\dtdy (18)

:/0/S|v5(t,y)—UM|2|detDX(s7y)\dtdy. (19)

Accordingly, it will be important to compute v* and its derivative at s = 0, which will be the next steps.



Step 1: Approach 1. Direct computation of v* from the variational formulation (6)—(7).

We start by remarking that for all s small enough, (u%, ug,) satisfies: for all z* € Hj, (), we have

d S
dat (((ugﬁu%)v (Zgh zb)>L2(Ss)><L2((95))

1
+ / Vus - Vzsdr + n/ Vuy - Vzy de + = [u®][z*] dos = 0. (20)
s o R Jso,

s s

Accordingly, for z € H (), since 2°(z) = z(X(—s,z)) belongs to H} (), the change of variable
formula gives (still in L%(0,7))

% (/Q v (ty)2(y) 1 (y) dy)

1
+/As(y)Vv§-st dy+f~€/ As(y)Vop - Vzo dy+*/ [v*][2] J*(y)do = 0, (21)
S @] R o0

where
Js(y) =det DX(s,y), y €Q,
Asly) = Js(y)DX (s,y)" (DX (s,9)") 7", y €, (22)
I (y) = JyI(DX(s,9)") " nyl, y € 00,

see [10, Proposition 5.4.3] for the last formula.

This variational formulation can be interpreted as follows:

Js(y)0pvg — div (As(y)Vug) =0, in (0,7) xS,

Js(y)0d — rdiv (As(y)Vog) =0, in (0,7) x O,

As(y)Vos -n = kAs(y) Vg - n, on (0,7) x 00,

RA(y)Vvg - n = (v —vE)J*(y), on (0,T) x 90, (23)
Opvs =0, on (0,7) x Ty,

vé =Upn, on (0,T) x T'g,

(v%(0,-),v5(0,-)) = (0,0), in S xO.

Step 2: Approach 2. Direct computations of v* from the equation (2).
We have that

Vb (t,x) = Dy X (—5,2)'Vvi(t, X (—s, ) (Zaykv (t, X(—5,2))0z, Xi(—s x)) .

Then, we can write

A (t, @) = tr (De X (—s,2) Div’(t, X (—s,2))Dp X (=5, 2)) + A X (—s,2) - Vo' (t, X (—s, )

= Zaym (t, X(—8,7))0p, Xi(—8, )0z, Xe(—s, —|—23ka (t, X(—5,7))00,2; Xr(—5, )

7.k, 2 7,k
and

D, X(—s,X(s,y))'n,
|Dx X (=5, X(s,9))ny]

with y = X(—s, ) for x € 00,

Ny =



where, for a matrix A, A’ denotes its transpose. Note that the last identity is standard and can be
deduced for instance from [10, Proposition 5.4.15].

Accordingly, the equations on u® read as follows on v® = (v, v§)):

Oy = ((tr (Do X (=5, X (5,))' D305 (£, ) Do X (=5, X (5,)) + As X (=5, X (5,9)) - Vyu3(ty) ) = 0
n (0,7) xS,
0, —K;(tr (DIX(—S,X(S,y))tDzv%(t,y)DmX(—s,X(s,y))) + A X(—s,X(s,9)) - Vyvfg(ty)) =0
n (0,7) x O,
DxX(f& X(57 y))tny ' D:EX(fsa X(Sv y))tvyﬂg(t7 y)
= kD, X (=8, X(5,9))'ny - Dy X(—8,X(5,9)) V,05(t,y) on (0,T) x 90,
DiX(fsaX(Say))tny t s _ 1 s s
|DwX(_S,X(S,y))tny‘ DTX( S5X(57y)) vy”s(tvy) - R(UO US) on (O?T) X aoa
Onvs =0, on (0,T) x Ty,
ve = Upn, on (0,T) x T,
(Ug(()? ')7’0?9(0? )) = (an)a inS x O.
(24)

Remark 2.5 It is not clear at first glance that both equations (23) and (24) coincide, but this is in fact
the case. Indeed, writing A,(y) = DX (s,y) (DX (s,y)!)~!, and remarking that it coincides with the
matrix DX (—s, X(s,y))DX(—s, X (s,y))!, tedious computations yield that for all j € {1,2},

2

5 (At + 22 0., ) = A, X0

Pt Js(y)
From this identity, writing the space operator in (23) under the form + div (JoA V), it is easily seen
that both equations (23) and (24) are identical. [ |

Step 3: Derivation of v® at s = 0.

Under the form (23), it is easy to adapt the classical argument of implicit function theorem to prove
that v® is C! in a neighborhood of s = 0 in L(0,T; HL(2)) N HY(0,T; (H5(2))'), see for instance [10,
Proof of Theorem 5.3.2] for a similar argument.

We then compute its derivative w = (ws,wep) at s = 0. In order to do that, we simply perform a
Taylor expansion of the quantities appearing in (22):

Js(y) =1+ sdiv f+0(52),
As(y) = Js(y)(I = s(Df + Df') + O(s)),

J*(y) = Js(y)(1 = sDfn-n+ O(s?)),

where O(s?) are functions which are bounded by Cs? as s — 0.
Accordingly, w solves the variational formulation (always in L2(0,T)): for all z € H}(£2), we have

% (/ wz + udiV(f)zdy) +/(sz - Vzs + (div (f)Vus — (Df + DfY)Vus) - Vzs) dy
Q S

+ Iﬁ:/ (Vwo - Vzo + (div (f)Vue — (Df + th)Vuo) -Vzo)dy (25)
o

+% ([w] + (div (f) — Dfn-n)[u])[z] do = 0.
o0



Thus, subtracting the variational formulation (6) satisfied by u and applied to div (f)z, we get, for all
z € Hp(Q),

— (/ wz dy) + / (Vws - Vzs)dy — /(Vugv div (f)zs + (Df + Df")Vus - Vzs) dy
Q s s

+ /1/ (Vwe - Vzo)dy — H/ (VuoVdiv (f)zo + (Df + Df")Vue - Vzo) dy
o @]

1 1
+ = 8O[w] [2] do — & ao(Dfn -n)[u][z]de =0. (26)

It is then easy to check that w satisfies the following:

Ows — Aws + 2D%*us : Df + Vus - Af =0, in (0,7) x S,

Owo — kAwe + 26D%*up : Df + kVup - Af =0, in (0,7) x O,

Opws — (Df + DfY)Vus - n = k0,wo — k(Df + Df)Vue - n, on (0,T) x 0,

Oaws — (Df + Df')Vus -n = %(wo —ws) — Df;'”(uo —ug),  on(0,T)x80,  (27)
Onpws = 0, on (0,T) x Ty,

wg =0, on (0,T) x Ty,
(ws(0,-),we(0,-)) = (0,0), inS x O.

Note that, denoting by 7 a tangential vector field to 9O, using the interface conditions satisfied by u on
00, the interface conditions in (27) can be rewritten as

{ Opws — ((Df + DY) -n)1 - Vus = kdpwo — ((Df + Df*)1 - n)7 - Vup, on (0,T) x 00,

Opws — ((Df + DfY)7T-n)T - Vus — Opus(Dfn -n) = %(wo —ws), on (0,T) x 00.
(28)

Step 4: Computing the derivative of s — J(X(s,0)) at s =0.
Recalling (19), we have

T T
%(J(X(S’Om:2/0/SWS(US*UM)dtdy+/O/5|us—UM\2 div (f) dt dy
T T
:2/0/S(ws—f-Vus)(us—UM)dtdy+A/Sdiv (f(us — Unr)?) dtdy

T T
:2/0/S(ws—f-Vus)(us—UM)dtdy+/0 wf'”(us—UM)thda. (29)

Using the solution g = (gs,go) of the adjoint equation (13), the first term in the derivative of s +—

10



J(X(s,0)) at s = 0 can be rewritten as follows:
T
/0 _/S(us —Uum)(ws — f - Vus)dtdy
r T
- / /(*&gs —Ags)(ws — f - Vugs) dtdy + / / (—0rg0 — KAgo)(wo — f - Vue) dtdy
078 0Jo
T T
= /0 /SQS((& —A)(ws — f - Vus)) dtdy +/0 /Ogo((@t — kA)(wo — f - Vup)) dtdy
T
- /0 /ao ((Ongs(ws — f - Vus) — £0ngo(wo — f - Vuo))) dtdo (30)

T
- / / ((kOp(wo — f - Vuo)go — On(ws — f - Vus)gs)) dtdo.
0 Joo

We next compute explicitly each term and simplify the terms in the right hand side of the identity in
(30) as much as possible.
First, we observe that (27) implies that

(0 — A)(ws — f-Vus)=0 in (0,7) xS, (0 — kA)(wo — f - Vup) =0 in (0,T) x O. (31)

We should thus focus on the interface terms (IT in the following). Using the boundary conditions
Ongs = kOngo = (go — gs)/ R on the interface (0,T) x 00, we get:

IT = — (Opgs(ws — - Vus) + k0ngo(wo — f - Vuo))
— (kOn(wo — f - Vuo)go + On(ws — f - Vus)gs)

1

:E(g(’) —9gs) (wo — f - Vup) — (ws — f - Vus))

— KOpwo + Opwsgs + KO (f - Vuo)go — On(f - Vus)gs.
On one hand, recalling that

Dfn-n
R

1
Onws — (Df + Df")Vus -n = k,wo — k(Df + Df*)Vue -n = E(wo —ws) — (uo — us),

we have

— KOpwogo + Opwsgs

1 Dfn-n

= —E(go—gs)(wo—wSH R

(90—9s)(uo—us)—r(Df+Df")Vuo-ngo+(Df+Df*)Vus-ngs.

On the other hand, computations also show that

K0n(f - Vuo)go — On(f - Vus)gs
= kD f'Vup -ngo — Df'Vus -ngs + kD*uof - ngo — D*usf -ngs.
Accordingly, we obtain

1 Dfn-n

ITZ—E(go—gs) (f-Vuo — f-Vus)) + R (90 — gs)(uo — us)

+ DfVus -ngs — kDfVuo -ngo + kD*uof -ngo — D*usf -ngs.

11



Introducing a tangential vector field 7 to 00O, and writing Vu = no,u + 70, u, we get
DfVus-ngs — kD fVup -ngo = Dfn-n(Oyusgs — k0nuogo) + D f7-n(0-usgs — k0;uogo)

Dfn-n
= - fR (uvo —us)(go — gs) + D f1-n(0rusgs — KO- u0go),

so that

1
IT = *E(go —9s) ([ -Vuo — f-Vus) + Df1 - n(0rusgs — k0-uogo)
+ kD*upf -ngo — D*usf -ngs. (32)

Using the convention of implicit summation, and setting a as in (15), we get from [10, Theorem
5.4.13] (here, H denotes the mean curvature of 00, and we choose an extension 7 of 7 in a neighborhood
of O that we still denote 7 for simplicity) that

DfT-nada:/ 0; fitjnjado
00 00

= —/ fi0;(tjn;a) do —|—/ (On(fiTjnia) + H fiTjn;a) nj do
o0 00

= f-n(=0;(tja) + Dtn-na)do — Dnrt - fado
00 o0

= f-n(—T-Va—a(diVT—DTn-n))dcr—/ Dnrt - fado.
80 0

Note that div 7— D7tn-n = divge 7 is the tangential divergence of 7 and is independent of the extension
chosen for 7 (recall Remark 2.4 and [10, Definition 5.4.6]).
From this identity, we deduce that

1
/ ITdU:/ (—(go—gs)f-(Vus—Vuo)+f-n(—T~Va—adivao T)—Dnt-fa
00 o0 \R

+ kD?*uo f -ngo —D2usf-ngs>da
1 .
= / (fn<ﬁ(go —gs)(uo —us)(1—1/k) = 7-Va—adivgo 7 — Dnt -na
o0

+ kD*upn - ngo — D*usn - ngg>)da

1
+ / f-r (R(go —9s)7 - (Vus — Vup) — Dnt - 7a + kD*uoT - ngo — D*usT - ngs> do.
80

Before going further, let us also immediately point out that
n|?
Dnrt-n=0n;Tin; =7V TN =0.
It is then interesting to consider the term involving f - 7, as this term should vanish for structural

reasons.
In order to do so, we differentiate the identity

1
Onus = KOpup = E(uo —us), on (0,T)x 00,
in the direction of 7, yielding the following identity

1
Dnrt - Vus 4+ D?*ust - n = k(Dnt - Vue + D*upt -n) = o (Vuo — Vus).

12



Therefore, recalling the definition of @ in (15), we have

1

E(go —gs)7 - (Vus = Vup) — Dnt-17a+ kD*uoT -ngo — D*usT - ngs

1
=90 (RT - (Vus — Vup) + (Dnt - 7)k7 - Vuo + kD*upT - n)

1
+gs (RT - (Vuo — Vus) — (Dnt - 7)1 - Vus — D*usT - n)
= Kjgo(—DnT . n)@nuo + gs(DnT . Tl)anus =0.

Accordingly the expression of the interface term simplifies and we get:

1 .
/ ITda:/ f'?l(ﬁ(g()795)(7107U5)(171//€)7T'VG7(1(211V3@T
00 00
+ kD?*uon - ngo — D?ugn - ngg)da.

Combining (29), (30), (31) and the above identity, we conclude

d r 1
0O o= [ [ fen{(us = Ui +2( 5000 - 95) w0 — us)(1 = 1/x)
ds o Joo R
—7-Va—adivpo 7+ kD*uon - ngo — D*ugn - ng5>> dtdo.

as announced in the Theorem 2.3. [ |

3 Numerical results

In this section we test the theoretical result of Theorem 2.3. Therefore, we will consider along our
numerical study a geometry composed of a less conductive homogeneous material in a unit square sample
containing a disc filled with a more conductive material that acts like a catalyst to speed up the heat
conduction process.

A gradient algorithm based on the shape derivative adapted for the ball case and presented in Sec-
tion 2.3 will be used to obtain an optimal geometric layout. For all our test cases, the state problem
and the adjoint problem are solved using mixed finite element method with the first order finite Raviart-
Thomas finite elements for the heat flux and a piece-wise constant finite elements for the temperature
field (see [3, 5, 14]). The first order Euler backward method is used for time stepping. The presented
results are obtained using the free finite element software Freefem++ (see [J]).

Since we are imposing that O is a ball of prescribed radius, we will use the computations in Section 2.3.
Also note that, to guarantee that O stays a ball at each step of the optimization process, we will choose
X under the form of translations, that is f a constant vector close to 0. Note that here, rotations are
irrelevant since rotation a ball does not modify its shape. Mathematically, this correspond to a vector
field f for which f-n =0.

Accordingly, at each step of the optimization process, we will use the formula (16), in which we will
use Aug = drus and kKAup = dyue on (0,T) x 0O, which is true by taking the traces of the equations
of us and up in (2) on the interface (0,7") x 90, and which seems to give more precise results in our
simulations.

13



3.1 A validation case

The purpose of the first test case is to validate the implementation of the method. For this we will
consider a fabricated desired solution that we aim to reproduce thanks to our algorithm. This strategy
requires to consider a desired temperature state which depending on the time and space coordinates.
Although this case is outside the mathematical framework of Theorem 2.3, the proof of Theorem 2.3 can
be adapted to this test case easily, and this test case is good to validate our algorithm.

More precisely, we consider a desired geometrical layout with the disc at the top of the square
where the center coordinates of the disc are xp = 0.5 and yp = 0.75 and the radius is r = 0.2. The
corresponding temperature field at different time step is calculated by solving (2) with k = 100, R = 1072,
Uy =500 and T' = 0.5 duration of the simulation. This information is stored as up (¢, z) and passed on
into the optimization problem: Minimize, among the sets O which are disks of radius r, the functional

T
J(O) = / lus(t,z) — up(t,z)|? dtdz,
0Js

where us(t,z) is depending on O through the definition of the sets O and S = Q\ O.

Notice, that the proof of Theorem 2.3 can be adapted to calculate the gradient of this type of
functionals. The derivative is then calculated by replacing Ujps by up in all the formulas in Theorem 2.3.
Consequently, the right hand side of the adjoint state problem (13) is modified and replaced by us — up
and the first part of the shape derivative in (14) is replaced by (us — up)?.

The gradient is initialized with an initial geometry with the disc at the bottom of the square with
center coordinates xg = 0.5 and yo = 0.2. At each step, first the state u is calculated with the current
geometrical layout by solving (2), next the adjoint state g is obtained by solving (13) using the state
data in the right hand side. Both problems are solved using the same values for k, R, Up; and T used to
calculate the temperature up with the desired geometrical layout. Then the shape derivative is calculated
using the formula (16) and Aus = dyus and Aup = due on the interface. This choice reduces the
error on the shape derivative by replacing second order space derivatives with first order time derivative,
which is approximated with a first order Euler scheme. The shape derivative is then used to update the
current values of the coordinates of the center of the disc with respect to the constraints that require the
disc to stay within the square domain.

The progress of the positions of the disc can be seen in Figure 1 with the initial position of the disc
in the left figure, an intermediate position in the middle figure and the position at convergence in the
right figure which corresponds to the desired position of the disc.
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Figure 1: Initial (left), intermediate (center) and final geometry (right) that corresponds to the desired
geometry.

The choice of the initial position with xy = xp requires the gradient to move the position in the
y direction only. This is reported in Figure 2 where in the left side are presented the values of the y
component of the disc’s center with respect to the number of iterations and in the right side is the error
on the desired position at each iteration of the gradient. We can see that the gradient based on the shape
derivative presented in this paper is very effective and allows to obtain a desired geometry knowing the
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associated temperature field solution to (2) with very few iterations (less than 10) and with fairly good
accuracy with an error at convergence around 10~2.

Yp

0.6 —

Error 0.1

04—

02 \ \ \ \ \ \ \ 001 | \ \ | \ |

1 2 3 4 5 6 7 0 1 2 3 4 5 6
Iterations Iterations

Figure 2: Values of y component of the disc’s center versus number of iterations (left), error on the
desired position at each iteration of the gradient (right).

3.2 An optimization test case

We consider the heat conduction problem described by equation (2) where O is a disc and Uy, is a known
constant temperature imposed at the lower side of the squared domain €2 containing O. The values for
the thermal conductivity k, the thermal contact resistance R and the simulation time T are taken the
same as in the above test case. We consider solving the optimization problem consisting of identifying
the optimal position of the disc O inside the square that allows to minimize the fitness function J(O)
given in (8), i.e.

T
J(O):// lus (t, ©) — Upr|? dtdz,
0JS

where ugs satisfies (2) is depending on O through the definition of the sets O and S = Q \ O. Note
that the Dirichlet boundary condition on the temperature in (2) is identical to the positive constant
temperature Uys taken in the definition of J(O).

In contrast to the validation test case, the optimal position of the disc is not known in advance. The
optimization process is the same as in the validation test case described in the previous section, where at
each iteration we first solve the equation (2), and then the adjoint state equation (13). Next, the shape
derivative is calculated using the formula (16) from Section 2.3 and is used to update the coordinates
of the disc’s center. As in the validation case, the approximation Aus ~ Oius and Aup ~ Oiup is
used. The fitness function is reevaluated using (8) and the process is repeated several times. It is also
noted that we have taken the length of the square is greater than the diameter of the disc which is kept
constant and corresponds to a volume of the disc equals to 10% of the total volume.

We plot in Figure 3 the iterations corresponding to two symmetric initial positions for the disc, one
on the top left corner, the other on the top right corner. Both test converge to the disc localized on
the bottom and centered. This symmetry could have been expected in view of the symmetry of the
problem, but we do not see any theoretical reasons to justify this property rigorously. Let us also notice
that there is no guarantee that our method converges to a global optimal/minimizer, since we have not
investigated the existence of a global optimal. However, in the ball class, we are minimizing a continuous
function dependent on parameters (position) in a compact set, and so there is a global minimum, even
if we do not know a priori whether our method converges to this global minimum. Nevertheless, when
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t is reasonable to believe that it is a global

ing, i

several distinct configurations all converge to the same th

The obtained numerical results attest of the capabilities of the proposed method that allowed to

minimauin.

1

situation will correspond to the disc O closer to the border of the square at which the Dirichlet boundary

condition is imposed.

1Ca.

tial guess. They also suggest that an optimal geometr
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obtain an optimal solution regardless of the
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disc O inside the square to minimize the quantity

(33)

J(0) = /0 ' /8 lus (t, 2)[2 dda,

where ug satisfies (2) is depending on O through the definition of the sets O. This can be seen as the

mean temperature in S over time.

Again, the computation of the derivative of the function J in (33) can be done as in the proof of

Theorem 2.3, as we have mentioned in Section 3.1.
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