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Abstract

This paper aims to optimize the shape of a fluid-to-fluid heat exchanger in order to maxi-
mize heat exchange under constraints of energy dissipation and volume. The novelty consists
in taking into account the thin layer separating the two fluids by using Ventcel-type second-
order transmission conditions. The physical model is then a weakly coupled problem between
the steady-state Navier-Stokes equations for the dynamics of the two fluids dynamics and the
convection-diffusion equation for the heat. We provide a shape sensitivity analysis and charac-
terize the shape derivatives involved. Finally, we demonstrate the feasibility and effectiveness
of the proposed method through 3D numerical simulations.
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1 Introduction

Shape optimization is a valuable tool in industrial contexts, with applications ranging from
design to production. The problems considered frequently involve multiphysics and complex ge-
ometries, which can present significant challenges. Numerical resolution of these problems can be
costly and limit the application of shape optimization. Consequently, reducing the cost of opti-
mization is paramount, and one approach is to consider asymptotic models that take into account
small physical or geometric parameters.

This work represents a progress in this direction: it consists in optimizing the geometry of a tube
in a heat exchanger, taking advantage of the property that the wall separating a heat transfer fluid
from a fluid to be heated is thin. The flow of two coupled fluids with different temperatures must
also be considered. To this end, we will employ an approximate model derived from asymptotic
analysis with respect to the small parameter represented by this thickness.

One of the original features of this work lies in the optimization of a surface where the quantity
of interest, the temperature, is discontinuous. Non-standard transmission conditions are satisfied
on this surface at the end of the asymptotic analysis. This problem is original and poses signif-
icant technical challenges, particularly in justifying the sensitivity analysis and implementing an
optimization method.
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Our contributions are twofold: first, a theoretical sensitivity analysis in relation to the transmis-
sion surface, and second, a numerical analysis with the implementation of a method of optimization
of this surface that is both efficient and robust in relation to this small parameter.

Organisation of the paper. The paper is organised as follows. Section[2]is devoted to the intro-
duction of the model problem, the optimization problem we focus on and the functional framework.
In Section [3] the shape sensitivity is performed: we prove the existence of the shape derivatives
and compute them to obtain an expression that can be used to perform numerical simulations.
In Section [ we recall the classical numerical methods required for the shape optimization algo-
rithm and we discuss the numerical difficulties in solving the problem under consideration. Finally,
in Section [5] we perform 3D numerical simulations that highlight the efficiency of the proposed
method.

2 Formulation of the optimal heat exchanger design approx-
imated problem

2.1 Problem setting

A heat exchanger between two liquids is a system where two-fluids, one a heat transfer fluid and
the other to be heated, are separated by a solid wall. This solid wall is often very thin compared
to the size of the system. How to theoretically and numerically address the influence of this solid
interface is a major challenge both for formulating the model as a shape optimization problem
and for its subsequent solution. In this paper, we propose to address this difficulty using second-
order Ventcel-type transmission conditions (see [II] concerning the zero-order approximation, and
see [10] concerning a heat insulation problem). Accordingly, we will work with a domain composed
of two-fluids, where the effect of the solid part appears in the transmission conditions at the
interface.

The geometric setting. Let 2 be an open bounded connected domain of R? (d = 2, 3), divided
into two open bounded subdomains 21,22 which are separated by an interface I' = 9Q; N 0,
that we assume to have non-zero measure in R?~! and to be C'. On part of the boundary of each
subdomain €2;, ¢ = 1, 2, Dirichlet and Neumann boundary conditions are imposed, on I'p ; and I'y ;
respectively, which in fact correspond to the inlet and outlet of each fluid. We also assume that the
inlets are well separated: I'p 1 NI'p 2 = 0. The complementary of the boundary of each subdomain
is an exterior wall denoted I, ;, and we thus have 0Q; = I'p ; UT'UI'y ; UT'¢ ;. Moreover, we assume
that o' C 99. Finally, we assume that the pipe containing the hot fluid exits the heat exchanger
orthogonally to it so that the tangential plane to I'¢ 5 is orthogonal to the tangential plane to I'
on JI'. Figure [} illustrates our configuration.

The physical models. We consider a weak coupling by neglecting the influence of temperature
on the flow and the fluid expansion. On the one hand, the motion of the fluids is described by
the incompressible Navier-Stokes equations. On the other hand, the temperature field is modeled
by the convection-diffusion equation. This simplified model is already used in the literature, for
example in the work of Feppon et al. [16].

Concerning the fluids, we denote by wu; the velocity and p; the pressure in the domain €);,
i =1,2. Let v;, p; > 0 be the kinematic viscosity and the mass density, respectively, that for the
sake of simplicity, we consider constants. The boundary I'p; represents the inlet of the fluid, so
a given inlet velocity up; is given there. On the outlet boundary I'y ;, a homogeneous Neumann



Figure 1: The configuration of the 3D heat exchanger problem where I'c =T'¢ 2, I'e 1 = 0.

boundary condition is imposed. Furthermore, I' and I ; are respectively the wall between the fluids
and the exterior walls and a non-slip boundary condition is therefore imposed on these boundaries.
To summarize, for each i = 1,2, the fluid flow is described by the following equations:

1
—v;Au; + (Vuz)ul + ;Vpi =0 in €,
diviw) =0  inQ,

u; =up,; onlpg (2.1)
o(u;,pi)n =0 on I'n 4,
u;, =0 on'UT;,

where up ; € H(l)[/)2 (Tp,i)* = {v|ry,, v € HY(Q;)4, V|pa\F5; = 0} are the velocities of the fluids at

the inlet, where n denotes the exterior unit normal, and where o(u,p) is the fluid stress tensor
defined by

o(u, p) = 2ve(u) — %1,

with e(u) = & (Vu + Vu') the symmetric gradient and I the identity matrix and where the super-
script ¢ denotes the transpose matrix.

In the sequel, for a piece-wise smooth function ¢ defined on Q, we denote by ¢; = ¢|q, its
restriction to ;, and we define the jump and mean of ¢ at the interface I" by [-] and (-), respectively,
as follows:

b1+ @2

A=vi—6  and (o) =222

Then, in terms of temperature, which we denote as T, a given temperature is imposed at the entry
of the fluids and a homogeneous Neumann boundary condition at the outlet, meanwhile at the
interface there is an effective transmission condition associated to the solid. Then, the associated
thermal diffusivity k1, k2 and ks (ks is the thermal diffusivity of the solid) are assumed to be
constant positive numbers. After asymptotic analysis when the thickness 1 > 0 of the solid wall



separating the fluids tends to 0, we obtain the following asymptotic model to order 1 in 7:

- le(IQVTZ) +u; - VTZ =0 in QZ,Z = 1, 27
Ti = TD,i on FD,Z',Z‘ = 1, 2,
I{i@ =0 OnFNiUFei,i:1,27
on ' ’
T s
(om) =5 enl 22)
aT )
k=—| =ndiv.(ksV(T)) —ksH[T] onT,,
on
T.
,,%,b =0 on OI',i = 1,2,
on

where Tp; € HY/ 2(F D) are the given input temperatures and where u; is the solution of the
Navier-Stokes equations . Here, H denotes the mean curvature of I'; div, is the tangential
divergence and V. is the tangential gradient. Here and in the following, n is the unit normal to I
exterior to {21, that is, n = ny = —no.

The shape optimization problem. We want to optimize the shape of the pipe connecting the
inlet to the outlet of €, in order to maximize the heat exchanged between the fluids under two
constraints: firstly, the volume of the pipe is prescribed, and secondly, the pressure drop seen from
the angle of the energy dissipated by the fluid must remain below a prescribed threshold. To work
with a minimization problem, we define the negative heat exchanged W as

W(F) = / u - VTl dz — / us - VTQ diE, (23)
Q1 Qs

where u; and T;, ¢ = 1,2, denote the respective solutions of the above problems (2.1) and (2.2)).
We consider three constraints: firstly the energy dissipation D;, with a given threshold Dy ; > 0
in the fluid labelled by i, defined as

Di(T) = / wile(u)?de — Doy, i=1,2, (2.4)

i

and secondly the gap between the volume occupied by the hot fluid and a target volume Vy > 0
given by

V(r) :/ 1dz — V. (2.5)
931
The problem that we will consider in this article is the following:

irplf W(I') suchthat D;(I)<0,i=1,2, and V(I')=0. (2.6)

2.2  Functional setting

To keep the notation as light as possible, we define
I'p = FD,l U FD72 and Tp = TD,l]lFD,l + TD’Q]IFD,Q,

where 1 denotes the indicator function. We consider the following affine spaces associated to the
non-homogeneous Dirichlet boundary data up ; € Hy)?(Tp.;)? and Tp,; € HY/2(I'p,):

Vup,: (i) = {w € Hl(Qi)d; w=up;onlp;andw=00onTUT,;},



and

Hrp (1,92) = {éd = (d1,02) € H(Q1,Q); ¢ =Tp on I'p},

where
H* (1, Q) = {¢ = (61, ¢2) € H*(Q1) x H*(Q); (¢) € H¥T)}, ke N*.

The spaces Vo (£2;) and Ho (21, Q) are Hilbert spaces when they are equipped with the respective
norms |[w(ly,(,) = [|wl|u (o, and

2 1/2
10 (021 .00) = (Z IV@ill}20,ya + 1V7 (0) IIf2(rya + ||[¢]|i2(r)> :

i=1
The space Ho(21,Q2) is sometimes called broken Sobolev space. In the following, we also denote
HE(Q;,T) = {¢ € H¥(Q); ¢r € H¥(I)}, keN*

Remark 2.1. Note that the norm || - |3, (0, .0,) 5 equivalent to the norm

9 1/2
1 M3 (@1,00) = <2V~||iz<m)d + V- () ||i2(r)d> ;

i=1

in Ho(Q,Q2), thanks to trace and Poincare’s inequalities.

Firstly, the Navier-Stokes equations (2.1) have the following variational formulation:
Find (w;,p;) € Vup, (%) x L2() such that for all (w,r) € Vo () x L2(£;),

/ (2%5(1@) ce(w) + (Vu)u; - w — b div(w) — r div(ui)> dz =0. 27)
Q Pi Pi

If the viscosity v; is large enough, this problem is well-posed, this is, there exists a unique weak
solution (w;,p;) € Vup, () x L?(;) (see for example [26] for details). As we are interested in
questions of optimal design rather than the existence of solutions to this type of problem, we
place ourselves in this context and assume that we have a unique solution to these Navier-Stokes
equations.

Secondly, for the temperature, the corresponding variational formulation of the approximated
convection-diffusion equation ({2.2)) is given by:

Find T = (T1,T2) € Hrp (21,9Q2) such that for all ¢ = (¢1,¢2) € Ho(Q1,Qa),

; /Q (59 Te Voi+ui VTig) do+ /F <nn5vT (T)- V7 (6) + T (0) + 52 T [aﬂ) ds = 0.

(2.8)
This problem is non-standard. Its well-posedness was proved in our previous work [I0, Theorem 2.1]
under the following additional hypothesis: the fluids leave the domain at the outlet:

u;-n >0 on FNJ', 1=1,2. (29)

Remark 2.2. The assumption up,; € Hééz(FD7i)d permits to ensure that the Dirichlet data belongs
to H1/2(FD7,; U F)d since we have u; =0 on I' and u; = up,; on I'p ;. Notice that, in particular,

fﬂf])’l 7£ 0.



Remark 2.3. Let us emphasize a point regarding the way to derive the previous variational formu-
lation. Let T the strong solution of (2.2)) that we suppose H?(Q1,Q2) and ¢ € Ho(21, Q). Using
Green’s formula on T, we get:

[ @@ ds= [omgords— [ (0191 ra

or

where T is the unit tangent vector to I' normal to 0T, and dl is the (d — 2) dimensional measure
along OU'. In our situation, T corresponds to the normal to I'p on ' NT'p and the normal to T'n
onI'NI'y. Then

| @v.m-ra=o
or

since V. (T) - T = % = <g—;';> and since % =0ondl,i=1,2.

3 Shape sensitivity analysis

We perform a shape sensitivity analysis relying on boundary variations. One novelty in our
work is the computation of the shape derivative of the non-standard equation dealing with
the temperature field. The difficulty comes from the fact that these surface derivatives are involved
in a jump condition on an interface and are coupled with coefficient discontinuities. Since [I]], we
know that in the case of sensitivity with respect to a conductivity discontinuity interface, only the
material derivative (not the shape derivative) exists in the variational space where the solution of
the state problem lives. Therefore, we have to first study material derivatives and then pass to
shape derivatives that will be used for numerical computations.

Admissible deformations. Only the interface I' is subject to variations. For a positive real
number § > 0, and for i = 1,2, we define

) ; ={z € Q; d(2,Tp) < 6}

We assume ¢ small enough to have Q5D 1N 9%72 = (). The set of admissible deformations ©,q is
defined as

Oad = {0 € CH(Q) N W ()% [0l w2(ye <1, 8 =00n0Q, §=0in Q) ;,i = 1,2},
and we consider small perturbations of the interface I', for 8 € ©,4:
M=T+6r and Q=T+0)Q;, i=1,2,

where I is the identity mapping from W2 into W2, Such deformations leave the {) domain
and the vicinity of the inlet and outlet invariant, but allow the shape of the interface between the
hot and cold fluids to be modified.

Assumptions and notations. To compute the shape derivatives for this equation, we assume I"
at least C3. We use the following overcharged notations. Let A be a matrix, A~', A* and A~* are
respectively its inverse, its transpose and the inverse of its transpose. Let dg, be the signed distance
function to the domain ;. We set

n=Vdg, and H = Adg, in a neighborhood of T'. (3.1)



These functions are defined in the volume and not only on the surface I'. On the surface I, they
coincide respectively with the outer unit normal vector and of the mean curvature of I". Notice
that derivation with respect to a shape of terms involving a Laplace-Beltrami operator gives rise
to derivatives of curvature, which we can conveniently be expressed using these two functions. In
particular, writing g—g makes sense with these definitions, even if it can be confusing at first sight.

In the following, we introduce (ug.i,pgi) € Vup,(?) x L?(Q9) and To € H1,(29,Q9) the
perturbed solutions, i.e. the solution of the Navier-Stokes equations defined in Q¢ (instead of ;)
and the approximated convection-diffusion equations defined in Q¢ UQ§ (instead of Q; UQy).

3.1 Shape sensitivity of the velocity and pressure

The shape calculus is well known for the solutions of the Stokes and Navier-Stokes equations: the
interested reader can refer to [6] for first order derivatives and [12], 9] for second-order derivatives.
Let us recall the expression of the material and shape derivatives of velocity and pressure.

Proposition 3.1 (Shape derivative of the Navier-Stokes equations). For each i = 1,2, the material
derivative (d;,p;) € Vo(Q4) x L2(%) of the solution (wi,p;) € Vuy.i(Q:) x L2() of the Navier-
Stokes equations ([2.1)) exists and solves the following problem: Find (u;,p;) € Vo(Qs) x L2(€2;)
such that for all (w;, ¢;) € Vo (%) x L2(),

2uie(;) : e(w;) + (Va)u; - w; + (Vug)w; - w; — & div(w;) — @ div(w;) | dx
/. )

pi pi

- /Q — diV(O)(O'(Ui,pi) :Vw; + (vuz)qu . ,wl) de
+/Q‘ (o(ui,pi) : (Vw;VO) + o(wi, ¢;) : (Vu;VO) + (Vu; VO)u; - w;) dz.  (3.2)

Furthermore, assuming that (w;,p;) belongs to H2(Q;)% x HY(Q;), it is differentiable with respect
to the domain and the shape derivatives (u},p;) € HY(Q;)% x L2(;) are characterized by

1
—viAu; + (Vug)u; + (Vuj)u; + —Vp; = 0 in €,
div(u;) = 0 in Q;,
v = 0 onT'p,; UL, (3.3)
o(uj,p))n = 0 on I'n ;,
u, = —881:: (6-n) onT.

3.2 Sensitivity of the temperature
3.2.1 Material derivative

We follow the usual procedure given in the book [21]: transport on a fixed domain, obtain the
differentiability by applying the implicit function theorem and then derive the material derivative.

Notice that, in the class ©,q of deformations, the domain Q‘SDJ is untouched by the deformation.
Then, we consider a lifting F' of the Dirichlet data Tp, independent of the deformation field 6,
such that

FeH'(Q), F=TponTp and F=0inQ\(Q),UQ},). (3.4)



Such a lifting exists by considering, for instance, considering the solutions of the two following
problems, for i = 1,2,

—AF, = in Q2
F; =Tp; onlpy,
F, = on 909 \ 99,
OF;
o on 999 N (IQ\ T} ),

where Q2 = {x € Q; d(x,T'p,;) < §} is a subset of Q that contains Q‘SDJ. Then extending F; by 0
to 2, which extension we continue calling F; and we define F' := F; 4+ F5.

Finally, for 8 € ©,4, we recall that Tg is the solution of in Hr, (2¢,0Q9) and we introduce
its correction by the lifting F' of the Dirichlet boundary conditions:

Rg =Tg—F € Ho(Q?,Qg)

Proposition 3.2 (Material derivative of the approximated convection-diffusion equation). The
applications

0 € 0.4 ’—)ﬁg =Rgo (I+0) € HQ(Ql,Qg) and 6 € O,q ’—)Te =Tgo (I+0) € Hl(Ql,QQ>

are C' in a neighborhood of 0. Furthermore, the derivative of the last mapping at 0, in the direc-
tion 0 is called the material derivative of T € Ht,(Q1,Qs), is denoted by T, and is the solution of
the following variational problem:

Find T € Ho(Q1,Q3) such that for all ¢ € Ho(Q, ),

i/ﬂ (mVTi Vo, + (uZ VT + i - VTl—) ¢i) da

Ks

1ol as

N / (msvT (T) V2 (8) +m, HT) () +

2
= Z/ (ki (VO + V0" —div(0)I) VT, - Vg, + (VO) u; — div(0)u;) - VT;) ¢;) da
i=1 7

i

+ / NKs ((VTH + VTOt — divT(H)I) V- <T>) -V, <¢> ds
I
- / (1uH div (0)[T] (6) — ralhr (6 - 1)[T) (9) + KV H - 6[T}(6)) ds

- /F %divT(O)[T}[(;S] ds. (3.5)

Proof. Step 1: transport on a fixred domain with o fized interface. Let @ € ©,4. We define the
transported solution of the Navier-Stokes equations (2.1) @ ; := ug ;0 (I +6) € VuD’i(QZ—). Given
® € Ho(21,), we define g9 = po (I+80)~1 € Ho(29,0Q9). One starts from the weak formulation
of the convection-diffusion equation on the perturbed domain:

2
Z /e(ﬁiVTe,i Voo, +ug;-VTeipe;)dx
=1 Qi

+ /re (Uﬁsvm (To) - Vo (00) + ks Ho[To] (¢0) + ?[Te][¢e]) ds =0,



and Rg satisfies,

2

Z /Q(HiVRa,i Vo, +ug- VRe ide,:)dx
Qi

i=1

+ /1“9 <77’€sv're (Re) - Vo (00) + ks Ha[Re] (¢a) + I;S[RB]MO]) ds

2
=— Z/ﬁ (ki VF V¢, +ug,; - VF¢;)do — / sV F -V, ($) ds,
=1 QD,i I

29098
noxy, |

where we have used that the lifting F' is independent of @, satisfies [F] = 0 on I'’, FF = 0 in
Q\(Q2), , UQY ,) and that the deformation field 6 € © verifies, 8 = 0 in Qf, ; U, ,.
After a change of variables to the reference configuration, one gets:

2
> [ (5AO) VR0, - Vo, + B(O)n, - VRoio) da
i=1 Qi
+/nn80(9) (I+VO) 1 (I+VO) 'V (Re)) -V (¢) ds
T
- /FWSC(Q) (I+V6O)'V(Rg) - mgo(I+0)) (1+V) *V(p) -ngo(I+8))ds

o (ﬁsc(e)He o (I +0)[Ro] (6) + " C(0)Ro] [</>]) s

n
2
+Z/ (niVF-V¢i+u9,i-VF¢i)dx+/ NV F -V (¢) ds =0, (3.6)
i=1 91631 FOBQ%J
where

A(B) = |det(I+V8)| (I+VO)~ (1+Ve)~,
B(O) = |det(I+VO)| 1+VO) 1,
C0) = |det(I+VO)| |(I+VO) 'n|pa,

where | - |ga is the usual Eucledian norm in R.
Step 2: going for the implicit function theorem. Define F : ©,q X Ho(Q1, Q) — (Ho(Q1, Q2))’
by: for all ¢ € Ho(21,Q2),

2
FO.0).0) =3 [ (5A@)V:Tor+ BOo - Vi) da
+ /F nksC(0) (((I + V@)_l(l + VH)‘tV <1/1>) -V (o)
(1400 o (1+6)) ((L+ V0)“Ve) o (1+6) )
+ [ (mC@Ho o (1 +0)101 () + @) ds

2
+3 [VF Vortues VEo) ot [ geV.FV, (9) ds
=1 Q]53,1’ r

naQy |

Let us check the assumptions of the implicit function theorem.



e By construction

F(0,T—-F) =0,
where T is the solution of the convection-diffusion problem (2.8) (with 8 = 0).

e We now study the regularity of F. Let us first recall that 8 € ©,q + ng o (I +8) € C}(I')?
and @ € ©,q — Hgo (I +8) e COT) are C* (see , [21, Proposition 5.4.14, Lemma 5.4.15]).
Also, 0 € Ouq — g, € Vo(£2;) is C! in a neighborhood of 0 as proven in [9] and @g; = ue,;
in Qf ;. Moreover, from [2I, Theorem 5.5.1], 8 € Onq — A(8) € L>®(Q,M,), 0 € O, —
B(0) € L>®(Q, M), 0 € ©,q — C(0) € CH(T") are C*°, where M, is the space of d x d square
matrices. Finally, for every 8* € ©,4, the mapping

F(07,-) : Ho(1, Q) = (Ho(Q21,Q))’

is linear continuous and then C*°. By chain rule, we conclude that F is C! in a neighborhood
of 0.

e Finally, we check that the operator Dy F(0, T — F') is an isomorphism from #o(€4,{22) into
(Ho(,Q2)). Indeed for all S, S € Ho(Q,Qs), we compute

2
i=1 7%

Ks

18] [S]) ds.

This leads to a well-posed problem when the right hand side of the variational problem
belongs to (Ho(£21,£22))’, thanks to the Lax-Milgram theorem. The proof is analogous to the
well-posedness of problem (2.8). Indeed, let us consider ¢ € (Ho(Q1,9Q2))". The coercivity
of the bilinear form at the left hand-side was already proved in [I0, Theorem 2.1|. The only
difference is that we do not have necessarily the integral structure at the right hand-side,
but the continuity is straightforward since £ € (Ho(21,22))". By virtue of the Lax-Milgram
theorem, there exists a unique Sy € Ho(£21,22) such that for all S e Ho(Q1,Q2),

+/F (nﬁsvT (S) - Vo(8) + ko H[S][S] +

2
;/ﬂ (mVSi.VSi + VS, 'uiSi) da
st

+ /F <msvT (S) - V(8 + ks H[S][S] + n[S][S‘]) ds = <e,§>(HO(Q1792))/,HU(QLQ2).

By virtue of the implicit function theorem, there exists a C! function
0 c ead —> 1/}(9) S Ho(Ql,Qg)

in a neighborhood of 0 such that, F(8,(0)) = 0. By uniqueness of the solution Rg € Ho(02¢,09)
and from , we deduce that Rg = 1(8), then, 8 € ©,4 — Rg € H(Q1,s) is C! in a neighbor-
hood of 0. Since F is independent of 6, we also obtain that @ € ©,q — Tg € HY(Q, Q) isClin a
neighborhood of 0.

Step 3: characterization of the material derivative. To prove that the material derivative
satisfies (3.5)), we proceeded as in [2, Proposition 6.30]. First, we write the variational problem
that solves Ty after having performed the pull-back on the reference domain:

2
/ (KjiA(e)VTg’i -V + B(a)ﬂg,i . VTG’Z'(%) dz
— Ja,

K2

10



+ / 15.C(6) (((1 VO (14 VOV (To)) - V (0) (3.7)
r
—(I+VO)'V(Te) -mgo(I+8)) ((I+VO)'V(p) -ngo(I+ 0))> ds
+ [ (wc® o (1 0)Tal (6) + “=COTolfe]) as 0.
r n
Then, differentiating at @ = 0 in the direction 8 and using the following derivatives:

DA(0)(9) = div(8)I— V6 — (Vo)
DB(0)(8) = div(0)I— V8,
DC(0)(8) = div-(8),
n = —-V.(0-n)+(Vn)o,
H = —-A.(6-n)+VH-8,

where 7 and H are the material derivative of the extension of the normal and mean curvature.
Finally, we get (3.5 by means of chain rule.
O

3.2.2 Shape derivative of the temperature

We now characterize the shape derivative of the temperature. We begin by proving the following
lemma, which is useful for the following proof.

Lemma 3.3. Let 0 € ©,q. Given u,¢ € H*(T'), we have
f/ ((div, ()T — V.0 — V.0')V,u- Ve + V(0 - Vo) - Ve — Au(0- V,0)) ds
r
= / div, (H(@ -n)V,u—2(0-n)(V,n)V,u)pds.
r

Proof. The proof is based on integration by parts on the boundary together with the decomposition
of the deformation vector: @ = 0, +(0-n)n onI'. A key point is that, by definition both 8 = 0 and
0n0@ =0 on OI'. As a consequence the boundary terms on OI" disappear. We have the relations:

/div.,-(@)VTu V,pds = / (H(0 - n)V,u- Voo — Vo (Vou-Vid) - 0) ds
r r
= / (H(0 -n)V,u- Voo — (V(V,ru)tv.rqﬁ) -0, — (V(VT(;S)tVTu) . 97) ds,
r
/(VTHVTU) -V,ypds = / ((VO,V,u) Vo4 (0 -n)VnV, u-V.¢) ds
r r

= / ((0-n)V,nV,u+ VO,V u) V. pds,
r

/(vTetv,u) V. pds :/ ((6-n)V.nV,u+(V60,)'V u) - V ¢ds,
r r
/ —A;u(0-V,d)ds = / V,u-V(0, - V. ¢)ds,
I r

/VT(G'VTu)~Vf¢ds:/V(97~V7u)'VT¢ds:/(VTOtVTu—i—V(VTu)tBT) - V.éds.
N T r
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Summing up the above equations, we get
/(diVT(G)I - V.0 — VTat)VTu Vo0 +V(0-Vou) Vo —Aru(0-V,¢)ds
r
_ / (H(O-n)Vru-Vod— (V(V,0)'V,0) - 0, + (V(V,6)'V,u) - 0,) ds
r
— / 2(0 -n)(V,nV.u)-V,o+ (VO + VO )V, u- -V, ods
r
+ / Viu- ((VO)'Vig+ V(V,0)0,) ds +/ (VO V. u+V(V,u'),) -V, ¢ds
r r
= /(H(0 -n)V,ou—2(0-n)V.nV,u) -V, pds
r
= / div, (H(@ -n)V,u—2(0-n)(V.n)V,u) dds.
r

O

Proposition 3.4 (Shape derivative of the temperature). For eachi = 1,2, there exists an extension
:lt_gvi € HY(Q) of Te.i such that application @ € Ouq :lt_gvi € L2(Q) is C! at 0 and the derivative,
denoted T/, is called the shape derivative of T;. Moreover, if in addition T € H*(Q1,T) x H3(Q,T)
and w; € H?(Q;)?, then the shape derivative

T = (T}, Th) € Ho(Q1, Qo) is characterized by,

- le(I{zVT;) +u; - VT; = —’U,; . VTZ m Qi,i = 1, 2,
T, = 0 onlp,i=12,
T
Iiia Lt o= 0 onIn;Ulg;i=1,2,
on
T s
oT’ . , ,
Kon | = Ndivy (ks VA (T)) =k H[T' |+ &(T,0-n)  onT,
T
Hia t = 0 ondl,i=1,2,
on
with
. Ks oT
&(T,0-n)=div.((0-n)(kV,T)) — mn H[T|+ n (6-n),

&(T,0-n) =div,((6 - n) [kV,T]) — ks (HQ[T} +H [gﬂ + ((ZZ[T]) (0 -n) + Ks[T]AL(O - 1)

i divo (H (6 - n)V,(T) = 26 - n)(V0) Vo (T)) + iy A ((0 n) <§l>) |

Proof. Let us introduce two linear continuous extensions E; : H'(Q;) — HY(Q), i = 1,2. We
define Tg; = Ei(Tg,) o (I +60)~" € HY(Q) and since § € O,q — Tp,; € H(Q;) is C* in a
neighborhood of 0, by chain rule, we get that @ € ©,q — E;(Tg,;) € HY(Q) is C* in a neighborhood
of 0. By using [2I, Lemma 5.3.3], we deduce that 8 € ©,q — E;(Tg,)o (I +8)~! € L2(Q2) is C! in
a neighborhood of 0.
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If in addition, T; is H2(£2;,T), then using the relationship between the material and the shape
derivative T) = T, = VT;-0,i = 1,2 and (T)' = (T)—V (T)-0, yield that T’ belongs to Ho (2, ).
Similarly for the velocity, we have that u, = u;, — (Vu;)0, i = 1,2. Then, for any ¢ € Ho(21,2),
we split the expression:

2
Z/ (K VT,V + (u; - VT, +ul - VT,) ¢;) dz
=1 2

+ ~/].“ <77’€sv'r <T/> : v'r <¢> + HSH[T/] <¢> + %[T,] [Qﬂ) ds = Il + I2 + I3 + 147

where
L= > /Q | (m (VO — div(9)VT; — (V?T,)0) - Vo,
— (le(O)’U,z . VTz + (VZTi)’U/i -0+ (Vuz)O : VTz) ¢z> dl‘,
o= =2 [ i @)T)ol + 6 [VT]e]) ds.
Is = —ks /F (H div.(0)[T] (¢) — A7(6 - n)[T] (¢) + (VH - 0)[T] (¢) + H[VT] - 6(9)) ds,

L = s / (V10 + V8" — div,(0))V+ (T)) - V- (6) — Vs (V(T) - 0) - V- (6)) d.

We treat each term separately. Let us first focus on I3. Using the identity

and that the solution of the convection-diffusion equation (2.2)) satisfies k;AT; = VT, - u; in €,
we obtain

L = 22: /Q (/si div (8 - V) VT — (VT -V)0) —u; - VT(0 - V)
B (div(@)u; - VT + (V2Ti)u; - 0 + (V)0 - VT;) ¢>i) dz
= 22:/9 (ki div((0 - V) VT; — (VT; - V;)0) — div(e:(VT; - u;)0)) du.
o1 Y
Then, by the divergence theorem, we get

fi= [ ([<500-90) ~ R(VT-¥6)0 1) ~ 6T -] (0-m) ) as

Pl
n
and using that w; = 0 on I" and the gradient decomposition V¢ = V..¢ + g%n,

oT
L= /1“ |:I<Jan(0 -V.0)—(0-n)kV,T- VT¢:| ds.

Moreover, integrating by parts on I' and using the identity [ab] = [a] (b) + (a)[b], we have

/F[KVTT-VT(;S](@-n) ds = —/F[divT ((0-n)kV,T)¢] ds

_ / (div, (8- n) (£9, TH[6] + div, (8 -n)[KV,T) (6))) ds.

13



Thus, integrating by parts appropriately on I' and using the boundary conditions

oT K AN
< 8n> —?[T] and [Kan} =nrsAr (T) — ks H[T) on T,

we treat the first term
L _/q Z,TJ" V. (¢) + <Kgl>0~VT[¢]) ds
[ (e 0 ) (9T + v (0 e T] ) s

_ /F ((WSVT (T) = ko H[T])V, () -0 — %VTM ~0> ds

+/F(divr((9 ‘1) (V- T))[¢] + div,((0 - n)[xV-T]) (¢)) ds

-/ (diwsH[T]e) (@) = w2 [TIO ) () + 2 v (TIO)6) - 2 H[T) 0 n>[¢]) s
+ /F (div (0 1) (59, T)[6] + div, (0 )V, T)) (6) + A, (T) Vs (9) - 0) ds.

For I, and I3, we decompose the gradient, which yields to

o= = [ (dv @i+ @ m |52 1+ 6 (7T ) s
= ——/ div, ([T _~_7(0 n)> ds
and
o [ (v, 0T + 1019, T1(0) + 10 m) [ ST 6)
+< A(6-m) +— @-n)+6-V H) [T]<¢>>)ds
F(HdwT T)6) + H BH 0-n)— A-(0-n)[T] + %5(9 )T +6- VTH[T}) () ds
— . [ (o o)+ 1 [ 5] (0 - 8,0 im + G0 im0 s

Finally, for I, thanks to Lemma [3.3] we have

I, = 1k, / ((vfe +V.0' — div, (0))V, (T) =V, (8-V(T)) -V, <¢>> ds
Iy

—nns/rv ((0 n)<§l>) V1 (g) ds

ULT /1“ (diVT (H(O- n)VT<T> —2(6- n)(an)vT<T>) (¢) — A(T)(O - Vr<¢>)) ds

—mes/FVT ((G-n) <ZZ>) V() ds

= e [ (div, (H(O m)¥,(T) = 206 m)(V,m)9(T)) 6) = A, T)(O- V. (6))) s
N

s [ A (020 (50) ) 0 as.

We conclude by adding I, Is, I3 and Iy. O
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3.3 Shape derivative of the objective functionals

The volume. We recall that the shape derivative of the volume V is given, for all 8 € ©,4 by
V/(1)(8) = / 0. nds. (3.9)
r

The dissipated energy. We obtain the expression of the shape derivative of the dissipated
energy (2.4) using Proposition and the chain rule (see also [0, 22 [12] for details). In the
following, to simplify the writing, we define the region sign s; as

1 if i=1,
S; =
-1 if i=2.
Proposition 3.5 (Shape derivative of the dissipation energy). Let 6 € O.q and, for i = 1,2, let

(vi,qi) € Vo(4) x L2(Q;) be the solution of the following adjoint equation of the Navier-Stokes
equations associated to the dissipation energy:

1
71/1'A’Ui + (Vul-)tvi - (V'vl)ul + qul = 72V¢Aui m Qi,
div(v;) =0 in Q;, , (3.10)
v, = 0 on FDJ @] Fe,i U F,
o(vi, ¢i)n+ (u; -n)v;, =4dve(u;)n  on I'ng,.

If (ui, p;), (v, q;) € H2()% x HY(Q;), then the shape derivative of the dissipation energy is given
by
Di(T")(8) = 21/2-/ si(e(u;) @ e(v;) — |e(wy)|*)(0 - m) ds. (3.11)
r

Heat exchanged. We define the two following mappings f; € (H'(£;))" and g, € (H'(Q;)?),
given by:

<fi; S>(H1(QI))’,H1(S21) = /Q siu; - VS;dx, VS € Hl(Qi),

<gi7w>(H1(Qi)d)/7H1(Qi)d = A siw-VT;dx, Yw € H! (Qi)d,

i

where u; and T, are the respective solutions of (2.1)) and (2.2)).

Proposition 3.6 (Shape derivative of the exchanged heat). Let @ € ©.q and let introduce
R = (R1,R2) € Ho(Q1,Q2) the adjoint of the approximated-convection diffusion equation (2.1))
associated to the heat exchanged:

- le(K,ZVRz + RL’U,l) = f’i mn Qul = 17 2,
Ri = O on FDJ‘,Z': 1,27
OR; .
Ki— = 0onI'Nn;jUlc;,2=1,2,
on ’ ’
RN _"RI_sHR) onT 3.12
ma—n = ? ksH (R) on T, (3.12)
OR
[Kan] = ndiv,(ksV-(R)) on T,
OR; .
kKi— = 0ondli=1,2,
on
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and (vi,q;) € Vo(Q) x L2(;) the adjoint of the Navier-Stokes equations (2.1) associated to the
heat exchanged:

1
7V¢A’UZ’ + (Vui)tvi — (Vvi)uz + quz = 7RZVT1 + g, m Qi,
div(v;) = 0 inQ, (3.13)
v; = 0on FDJ' Jr'u Fe,i,
o(vi,¢i)n = 0 on Iy,

for each i =1,2.

The heat exchanged W defined in ([2.3)) is shape differentiable and if T = (T, T2) € H2(Q4,T) x
H%(Q,T), R = (Ry,Re) € H2(Q,T) x H2(Q2,T) and (u;, p;), (vs,q;) € H2(;)% x HL(€Y;), then the
shape derivative W'(T')(0) can be expressed in the following surface shape derivative form:

W’(F)(H):/F<2[z/5(u):5( | = kYT - VR]+2[ ZT gR]>(0-n)ds

—/F (nnS(HI— 2V, m)V, (T) -V, (R) + ’;SH[T][R]) 0 -n)ds

—K 2 - a—H -mn)ds
(MR - acmiR) + SITR) € mds. (314

Remark 3.7. Both adjoint equations (3.12)) and (3.13) are well-posed. The adjoint of the approz-
imated convection-diffusion equation is well-posed by Laxz-Milgram, analogously to (2.2) (see [10)]).

The equation (3.10) is a linearization of the Navier-Stokes (transposed) and the proof is an adap-
tation of the Navier-Stokes case (see [19, Chapter IV] or [9] for details).

Proof. Step 1 :7di[ferentiability The crucial point is the differentiability in a neighborhood of 0,
of @ € O,q — T € HY(Q1,Q2) and 0 € O,q — g, € H! (Q) 1 = 1,2. The first one was proved
in Proposition and the second one in [9]. Then, recalling that

2
w(r?) = Z /Qe siug,; - Vg dx,
=1 i

and doing a change of variables (similarly to the proof of Proposition , we obtain
W(rf) = Z/ 14+ V0) '@y, - VTo,| det(I+ VO)|dz. (3.15)

Using the chain rule (the differentiability of the other terms is classical, though it was discussed in
the proof of Proposition , we conclude that W is shape differentiable.

Step 2: shape derivative computation. Since u; € H*(Q;)? and T; € H3(Q;,T), i = 1,2, then
thanks to Proposition u, € H'(Q;)? and T} € H'(;,T). Differentiating (2.3), using the
classical formulas of shape derivatives of integral functionals and by chain rule,

2 2
=1 Q; i=1 r

where n; is the unitary normal at I', exterior to §2;. Using that u; =0 on I', we obtain:
2
= Z/ si(u; - VT, + - VT;) da. (3.16)
i=1 "
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Then, we proceed as it is standard, this is, we multiply each equation of the shape derivative of
the states by its respective adjoint, and then we integrate by parts using the boundary conditions
that satisfy each solution. Conversely, we multiply the adjoint equation by the corresponding shape

derivative and then we integrate. Hence, multiplying (3.8) by R, (3.3) by v, (3.12) by T, (3.13)
by u} and integrating in Q (or §2; in the Navier-Stokes case), we get

2
Z/ (kiVT; - VR; + Rju; - VT, + Ry, - VT;) dz
- (nKsVr (T') -V, (R) + ko H[T] (R) + [T’HR]) s
- / (6(T.0-m)[R] +&(T,0-n) (R)) ds, (3.17)

. !
/ (2% ;) + (V) u; - v; + (Vu)u! - v; — L div(u)) — 2 div(vi)> de =0, (3.18)
Q;

i Pi

2
Z/ (kiVR; - VT) + Ryu; - VT)) da
i=1" %

2
+/F (nmsvT (R) - V- (T") + k H[R](T') + ;S[R] [T’]) ds = 12_/91 s VT, -u;dz, (3.19)

and

/

/ <21/,-5('ui) ce(ul) + (Vuh)u; - v + (Vu;)u) — kd div(u}) — B div(vi)> dx
Q;

Pi Pi

2
Q r on =1 Y

i

Using the above identities in (3.16]), we obtain

w(m)6) = [ (oto.an G20 m]+6(T.0-mIR + &(T.0-0)R)) ds

Integrating by parts and using that la(v, qmn - 2—2(0 : n)] = 2[e(u) : e(v)], we get
/ f(0-n)ds
r
where
f=2[ve(u) : e(v)] — [kV,.T-V.R] = nrs(HI =2V, n)V.(T) - V. (R) + %H[T][R]
= e (FPTL R = Ac(ITHR) + G 1R ) + A (RD {50
Ks oT oT
R ] et ]
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Since R is the solution of the adjoint of the convection-diffusion equation ((3.13)),

ks AL ((R)) <g;|;> - %[R] B;I—J — ks H (R) B;I—J = [Kzgig:;}

leading to the same expression as in ((3.14)). O

4 Numerical methods used to solve the involved problems

4.1 Shape optimization framework

The level-set method. In the context of shape optimization, the level set evolution method
was introduced by Allaire et al. in [4]. The domain € is fixed, we describe each subdomain Q; by
means of a level set function ¢ : 2 — R to track the interface I' that we aim to optimize. Then,
the mesh on 2 is done based on the level-set ¢, identifying I" to the zero level set of ¢:

r€eQ <<= o(z) <0,
zel < ¢(x)=0,
z€N << ¢(x)>0.

After initialization, at the step n of the shape optimization process, we compute the level set ¢"
by solving the following equation,
O™ "
W+0V¢ =0, O<t<T, xeq,
),

(4.1)
¢"(0,2) = ¢" !z

T €,

where 7 > 0 is the descent step in the shape optimization algorithm and @ is an appropriate velocity
field, such that 7(|@||1,« ) is of the order of mesh size h. Numerically speaking, Equation (4.1)
can be computed by ADVECT (see [7]) and the remeshing step by MMG (see [13]).

Null space optimization method. As constrained optimization algorithm, we rely on the
null space algorithm introduced in [I7] under the implementation of Feppon [I5]. This method
first decreases the violation of the constraint in order to be feasible, then minimizes the objective
function. The used descent direction @ is obtained by an extension-regularization procedure: find
0 €O ={p e H(Q) p=00n 00 ¢ =0in 0%, U ,}, such that for all ¢ € O,

/ 100A*V : Vip + 0 -apdx = J'(T)(v), (4.2)
Q

where h is the mesh size and J(I') is a linear combination between the functionals involved in the
problem: W(T'), D1(T"), Do(T") and V(T'), which weights are given by the optimization algorithm.
The output deformation field is such that [|@||, (g« is of the order of the mesh size scale h and
the the optimization step 7 can be chosen as 1.

4.2 Numerical resolution with FEM

Navier-Stokes equations. We use the augmented Lagrangian preconditionner proposed by [24]
to solve the Navier-Stokes equations . In this method, one penalizes the divergence and uses
a Newton iteration method with a field split structure. We also penalize the divergence for the
adjoint equation (3.13). We use the softwares FreeFem++ (see [20]) and PETSc (see [5]).
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Nitsche extended finite element method for a Ventcel transmission problem with
discontinuities at the interface The approximate convection-diffusion and its adjoint
equations can not be implemented directly due to the use of the broken Sobolev spaces such
as Ho(21,82). Allaire et al proposed a method in [3] to approximate this kind of equations in
order to use any finite element software with spaces of continuous functions. However this method
involves to duplicate the degrees of freedom, which we do not want for our 3D simulations. Indeed,
it becomes very expensive in our context. In the case of the variational formulation of the
convection-diffusion problem , the associated bilinear form, denoted by a(,-), can be split as
a(+,-) =b(-,-) +c(-,-), where

0.5 = = / [6][S] ds,

defined for any ¢,S € H'(Q1,2). In our the case, the model comes from an asymptotic develop-
ment and the parameter 7 is takes small values. The term ¢(T,S) then produces poor conditioning
and the resolution based on this formulation is then slow and unprecise.

We hence use instead the Nitsche approach [25] introduced in [8] to stabilize our formulation
with respect to 17 by improving the conditioning of the matrix. Since this is a dedicated method,
we briefly present it. For the sake of simplicity, in this part, we suppose Tp to be a P! function
(defined in all ©).

Let 7}, be a regular simplicial mesh of €2 and let 7}, be the set of faces of T}, Fj 1 the set of
faces situated on I' and 7, 1 the set of elements which have one face on I'. Let hr be the diameter
of the face F' € F}, r. We consider the polynomial spaces

P} = {S, € C() x C(Q22);Sh|x € PL,VK € Tp,} and Pj o =Py N Ho(Q, Q).
Then, we define the following mesh-depending bilinear form, for any Tj,S, € P},

vynh oT Ks oS Ks
on(Thsn) atsn = 52 00 (50 )+ S (o320 ) + )

FeFn,r K

where v > 0 is a stabilization parameter, that it chosen small enough in order to guarantee the
coercivity of ap. To approximate the solution of ([2.2), we consider the Nitsche type formulation:

Find Ty, € P,ll with Ty, = Tp on I'p, such that

4.3
ah(Th,Sh) =0, VSje¢€ P%L70. ( )

By adapting the arguments of [8, Theorem 4.6]), we can easily provide error estimates stated as
usually in Nitsche method in the mesh-dependent norm on P} defined by:

Rs

2
2 1/2
-l = D 1532V - Raanya + 1(56m) 2V () [Rarya + D -~ IEIIE> (-
i=1

Ksh
FeFn r YRsNF

Theorem 4.1 (Error estimate in energy norm). Let T € Hr, (Q1,Q2) the solution of the continu-
ous convection-diffusion equation and Ty, the solution of the (discrete) Nitsche problem .
If in addition T € H%(Q1,Qs), for v sufficiently small, there exists a constant C > 0 independent
of h and n such that:

2 1/2
1/2 Ks
T = Tall, < €0 ( 32 161 2(T: = TolRa + N (M By + 3 S Tecey)
=1 FG]'-)L[‘

We proceed in a similar way concerning the adjoint equation (3.12).
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Numerical computation of the curvature terms. We conclude this part by highlighting
some original features and difficulties in computing the shape derivatives involved in the problem
under consideration. In particular, we recall how to compute numerically a regularized version of
the discretized unit normal and a discretized version of the mean curvature. Finally, the term 0,, H
in the shape derivative expressions is delicate to treat: consequently, we now explain how we
deal with it. The issue comes when we use the level formalism and in particular P! finite elements
as discretization of the signed distance function dg, .

Let us first explain how to compute the extensions of the unit normal and the mean curvature.
As we said earlier in , we have that

n=Vdg, and H=Adg, onl.

Numerically, we compute dg, by using MSHDIST [14], discretized as a P! function denoted dj in
the following. Then, we follow the work [I8] that proposes a variational method to regularize and
approximate the mean curvature in the following two steps. Firstly, we solve the following problem:

Find g, € (HY(Q)NPYHY? such that,
Ve, € (H'(Q)NPYH?, / gn, - ppde = / Vdy - ¢y, .
Q Q

The output g, is a regularized version of mj, = Vdp, since it is P! instead of P?. Similarly, we
compute a discretized version of the mean curvature H to be P!, denoted by Hj by solving the
problem:

Find Hy, € HY(Q) N P! such that,
Von € HY(Q) NP, / (10h*VHy, - Vo, + Hpop) da = / div(gn)op dz.
Q Q

To compute O, H, we use the identity O, H = —||Vn|/%, where || - || denotes the Frobenius norm
of a matrix. Hence we use the previous formula, also used in [23], with g, as discretization of n.
For the sake of completeness, we detail the proof this relation: n = Vdgq, is an extension of the
unit normal to 9§y, unitary in a neighborhood of 9 ||n||? = ||[Vdg,||?> = 1 in a neighborhood of
99, . Differentiating this identity, in particular we get A(||n||?) = 0 on 92, and using the identity
A(u-v) =TAu - v+ IAv - u + 2Vu : Vv with u = v = n, we obtain:

2[1ANn - n + 2||Vn||; = 0.

4.3 Summary: brief description of the algorithm used

To summarize the complete shape optimization procedure, we present below each step with the
associated computational code or library we use in Algorithm

5 Numerical results

In this final section, we present the numerical simulations that we have performed in the
three-dimensional case. We will focus on two typical situations in heat exchangers: crossflow
and co-current flow. The purpose of these simulations is to illustrate our results and prove the
feasibility and effectiveness of the proposed method. We performed medium/large scale numerical
simulations, ranging from 100 to 500 thousand vertices and 1 to 2.5 million tetrahedra. In this way,
we illustrate the ability of the method studied to provide new designs that increase the performance
of the initial design of the heat exchanger while verifying the constraints.
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Algorithm 1 Level-set mesh evolution method

Require an initial split domain Q9,Q9 C Q.

for n =0,..., Nmaxiter dO
Current subdomains QF, Q4 represented by the mesh Ton C Tq, i =1,2.
Solve ([2.1)): the Navier-Stokes equations. > FreeFem++
Solve %D the adjoint equation of the Navier-Stokes equations
associated to the dissipation energy. > FreeFem++

Solve ([2.2)): the convection-diffusion equation, using Nitsche method. > C++ in-house code
Solve (3.12)): the adjoint equation of the convection-diffusion equation

associated to the heat exchanged, using Nitsche method. > C++ in-house code
Solve : the adjoint equation of the Navier-Stokes equations

associated to the heat exchanged. > FreeFem-++
Compute the gradients by extension-regularization. > FreeFem++
Compute the deformation field 6. > Null-space algorithm
Update the level-set function ¢™*! by advection. > mshdist and advect
Remesh thanks to ¢"*1. > mmg

end for

We will solve the problem for two different test cases where we choose Dy , i =1,2 as k
times (k € N*) the initial dissipation of the fluid ¢ and Vj as the initial volume of the hot fluid.
In the following, we consider the box © = [0,1] x [0,1] x [0,1]. Moreover, we fix some constants
71,72, Ye, Yo > 0 (described below for each case) and we then define

FD,l = {(xayvo) € Q,($—05)2+(y—y5)2 :T%}v
FN,l = {(l’,y71) € Q;($—0.5)2 + (y_YC)2 :T%}7
I'pas = {(z,0,2) € Q(z—0.5)?+ (2 — 0.5)? = r3},
I've = {(z,1,2) € Q(z—05)?+ (2 — 0.5)* =3
Additionally, we consider the following inlet velocity
upy = (0,0,(rf — (z—0.5)> = (y — y)*)/r}),
ups = (0,(r3 —(z—0.5)%—(2—0.5)?)/r3,0),

that follows a parabolic profile, and the inlet temperature Tp; = 10, Tp 2 = 0. Finally, we use
the parameters given in Table

kK1 | 4x1073 m2s T [ ko [ 1073 mZs T [ ks | 1072 mis T

121 2 m2s~1 12 1 m2s~1 n 102

Table 1: Values of the physical parameters

5.1 First example: Crossflow cylinder case

In this case, we choose y. =Y, = 0.5, r1 =72 = 0.25 and Dy, i = 1,2 to be k = 5 times the
initial dissipation value of the respective fluid, which gives in the presented simulation Dy ; = 60,
Dgo = 25 and Vy = 7r? &~ 0.194. It should be noted that the most time-consuming part is the
resolution of the Navier-Stokes equations, since the degrees of freedom are about 2 and 4 millions
for the cold and hot Navier-Stokes equations, respectively.

The obtained results are shown in Figures 2] The convergence history for the functionals is
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(a) Initial domain . (b) Final domain 2.

Figure 2: Initial and final domain €2 for the first example.
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Figure 3: Convergence history for the first example.

depicted on Figure 3] where the exchanged heat improved is about 135%.

We observe that there is a change in the topology. This can be explained by the fact that, since
we are considering a co-current flow, the cold fluid has to ’pass through’ the thermal fluid instead
of ’avoiding’ it to increase the heat exchanged. In addition, the contact surface has increased,
which makes sense because it allows more exchange zones.

5.2 Second example: Co-current flow tube case

In this case, we consider y. = 0.25, Y, = 0.75, r; = 0.1,r, = 0.1 and Dy ;, i = 1,2 to be 5 times
the initial dissipation value of the respective value, which gives in the presented simulations Dy ; =
85, Dy = 5, and Vy ~ 0.0456. We consider here a more complicated initial configuration and
thinner hot domain. Here, the hot and cold Navier-Stokes equations have about 0.5 and 1.5
millions degrees of freedom, respectively. The obtained results are shown in Figures [4] and The
convergence history is depicted on Figure [6] where the exchanged heat improved in about 50%.
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(a) Initial domain . (b) Final domain .

Figure 4: Initial and final domain €2 for the second example.

(a) Left view. (b) Right view.

Figure 5: Lateral views of the tube at the last performed iteration.
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