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FINITE ELEMENT APPROXIMATION OF AN OPTIMAL DESIGN
PROBLEM
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ABSTRACT. This paper investigates shape optimization of complex thermo-fluid phenomena
that occur in welding processes. The linear finite elements dicretization is accomplished. The
existence of the discrete optimal solution is established. Some computational results for our
approach are presented and discussed.
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1. INTRODUCTION

In this paper, we consider a problem modeling analysis of heat transfer in a welding operation.
The aim is to identify the liquid/solid interface and estimate the field temperature in the welded
parts of the plate in order to predict and control the mechanical effects caused by the process
on these parts (residual stresses, distortions...). The considered approach concerned only the
solid part of the plate and it consists to simplify the physical phenomena occurring between the
welding torch and the plate as well as the liquid bath by introducing a temperature condition
imposed on the liquid/solid interface which is unknown. To solve this free boundary problem,
an optimal shape design formulation was proposed in [4]. Our interest is the numerical study
of the approached shape design problem, obtained by using the finite element method and the
parametrization of the liquid/solid interface by Bézier curves. We are interested more precisely
by showing the existence of the optimal discrete solution of this approached problem. The
main difficulty of this work lies in the fact that the state problem is governed by a noncoercive
operator, which complicates the study of existence. At this stage, it must be noted that in the
coercive case we can show easily this result, see [8]. The proposed approach for overcoming this
difficulty is based on the topological degree tools in finite dimensional spaces [6], and a uniform
estimate of discrete solutions norm’s. To show the efficiency of our approach, we give some
numerical results.
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2. SETTING OF THE PROBLEM

We are interest by a numerical realization, using the finite element method, of the optimal
shape design formulation of a welding problem given by
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( find Q* € ©,4 solution of
J(Q*) = inf J(Q)
Q€O,4
where J(Q) = 3 [i, IT(Qz,y)) — To* do
and T'(£2) the solution of (1)
K%:V-(AVT)+finQ
(SP) /\gTZOOHF()UFlUFQUFg
I'=Tyonly, T=T;onl,
where the parameters in (1) are such that:
K is a constant dependent to the material characteristics (density of the plate and heat capac-

ity,...), A is the thermal conductivity, f is a given source term. The quantities Ty, Ty and T are
given temperatures. The solid part of plate ) (see fig. 1), is defined by
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Figure 1. The solid part of the welded workpiece with interface I'.

Q(QD) :]Oa CL[X]O, Ly[U {(.Z', y) € JRQ/O’ S T § bv (,0(1‘) S ) § Ly} U]b> Lw[X]O, Ly[ (2)
where ¢, the parametrisation of the unknowon boundary I', is a Lipschitz function. The set ©,4
is defined by

Oad = {Qp) ¢ € Uaat
and
Uw = {9e€C(a,b])/ Ia,andb, € [a,b], Pllaa,) =05 Pp,p =0and 3 Lo >0/
() — p(a')| < Lo |z — 2| Va,2" €[a,b] , 0< p(z) < LyVr€la,b] }.
In the sequel we suppose that the parameters of our problem are such that: D =|0, L,[x]0, L,|,
(Hy) A € L*°(D) and 3\ > 0 such that A\(z)¢ - &€ > M\olé|? a.e z € D
(Hy) K € L=(D) and f € L(D)
Let I'p = I' UT'y, we define the space H%D Q) ={ue H(Q) / ulr, =0 } where H*(2) is the
Sobolev space. From the surjectivity of the trace operator from H'(D) to H > (0D), we have
v on |b, Ly[x]0, L[
Ty on ]0,b[x]0, Ly,
where v € H'(]b, L;[x]0, L[) such that v = T; on I'y and v = Ty on {b} x [0, L,] .
Then a variational formulation of the state problem (SP) is the following:
{ find u € HllD (Q)
JoAVu- Vo + [o K88 = [y fo = [GAVV -V — [ KdY Wy € HL (Q).

The following existence result is proved in [4].

3V € H(D) suchthat V= {

3)
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Theorem 1. Under assumptions (H;) and (Hz), the problem (1) is well posed and admits
at least one solution in ©,4.

3. NUMERICAL APPROXIMATION OF THE PROBLEM

In this section we give an approximation of (1); we shall discretize both the admissible family
O.q and the state problem (SP). We start with the first one, for this we use the piecewise spline
approximations of I'(¢) locally realized by quadratic Bézier functions [8].

3.1. Discretization of the shape optimal problem. Let us consider a uniform partition
(a;)e_, of [a,b], such that a = ag < a1 < ... < aqg="b, a; =ip+a, p= (b—a)/d,i=0,..,d;
and a; /o be the midpoint of [a;, a;1]. Further let A; = (a;, i), @i € IR, i =0, ...,d, be design
nodes and A2+1/2 = l(A + A;+1) be midpoint of the segment A;A; 1,7 =0,...,d—1. In addition
let a_ i= =a— 2a ad+1 =b+5 2 A -1 = (a_ 1 2(900+901>) Ad+1 = (ad+ 72(‘1061 1+©4)).

Remark 1. The trlple {A,_ 1 Ais A 1} is termed the control pomts of the Bézier function.

For a partition (al)fzo we assomate the set Qﬁd C U,q of continuous, piecewise linear functions
over (a;)%q:

de = {(10# € C([CL, b]) | @M“ai_l,ai} € Pl([aifhai]) Vi = 17 ey d} N Uad' (4)
The family of admissible discretized design domains is now represented by
Ohy =1 Qsp) /s €Uk, } (5)

where
Uk ={s,= Sulfap) € C(la — g0+ 5]/ §u|[ai7%7ai+%] is a quadratic Bézier
function determined by {4, 1, A;, A, 1}, (6)
2 2
where A; = (ai, pu(a;)),i=0,...,d, and ¢, € de. }

Now, we start the approximation of the state problem (SP). We use the finite element
method with continuous piecewise linear polynomials over a triangulation of the computational
domain (an appropriate approximation of {)(s,) € ©,4). We introduce another family of regular
partition (b;)]_, of [a,b], such that: a = by < by < ... < by = b (not necessary equidistant),
whose norm well be denoted by h. We suppose that h — 0 if 4 — 0F. Let 735, be the
piecewise linear Lagrange interpolate of s, on (b;)7_g:

Th8u(bi) = su(bi) and rpsulp,_ b, € Pr([bi-1,bi]) Vi=0,--,¢;
Then the computational domain of €2(s,) is represented by €(rps,). The system of all Q(r5,),
sy € UL, will be denoted by ©% g in what follows:

@ZZ = {Q(rpsu) | s, € UL (7)

Since Q(rys,,) is already polygonal, one can construct its triangulation 7 (h, s,,) with the h > 0
and depending on s, € U, (l;d' We shall suppose that for h > 0 fixed, triangulations 7 (h,s,,)
are topologically equivalent for all s, € UY,. The domain Q(rs,) with a given triangulation
T (h,s,) will be denoted by €24(s,) and the approximate of I' is noted by I'j,. Let

Hp(Qn(s)) = {vn € C(Qn) | valr € A(T), T € T(h,su)}
and
Ht (0 (s,) = {vn € Hu(Q(s,)) | onlrp, = 0}
be the finite dimensional spaces associated respectively to H'(Q) and HllD (€2). We note that
the finite element method used here is the conforming one [11]. Then for any s, € U the
approximation uy = up(s,) € H#D(Qh(su)) of u € Hlld(Q) is given by: up = Ei\il up (bi)1s,
where N is the number of the nodes of 7 (h,s,) lying in Qx(s,), (bi)i1<i<n is a vertex of the
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triangulation and (v))Y; is a basis function of H{iD (Qn(s4)). Let F (rn(sy)) = D\ Qrn(su)), we
construct another family {7€(h,s,)} of triangulations of F (r4(s,)). The union of 7 (h,s,) and
TE(h, s,) define a regular triangulation of D. Let Vj, be a piecewise lineair Lagrange interpolant

of Vin D.
The discrete state problem reads

Find uy, € H#D(Qh(s#)) such that Yoy, € HI@D(Qh(s#))
Ouy,

MM Vuy, -V, + / Ky vp—— =
/wsu) (51 Oz (8)

/ fop —/ AV Vi -V, —/ Ky vp——,
Qn(su) Qn(sp) Qn(sp) Oz

where K, (resp \p) is an approximation of K (resp A) such that K} (resp Ap) is uniformly
bounded, converges to K (resp A), almost every where and satisfies the following equation:

X >0 independent of i such that A,(z)¢ - € > Xl a.e x € D. 9)

We approach the cost functional by the following discrete one:
1
Tulown(51)) = Tu(O(s,)) = 5 /h Th(s,) = Tol2d, o (10)
1_‘O

where T} (s,) = un(s,) + Vi and up(s,) € HI@D(Qh(sM)).
We state our discrete optimal shape problem as follows
inf - Jp(un(su)),
SueU”, ! (11)
where uy(s,,) is solution of (8) on Q4 (s,),
where N is the number of the nodes of 7 (h, s,) lying in Qx(s,). In the following we prove the
existence of a solution of (11).

3.2. Existence of the discrete optimal domain. The basic step in the existence analysis
of a solution of (11) consists in showing that solutions of (8) depend continuously on shape
variations for all A > 0. This is based on the following lemma.

Lemma 1l. 3C >0 ,V s,€U! andV h>0 lun(su)lly 0,5,y < C-

Proof. The main difficulty of this work is to show that |Jup(s,) ||17Qh(5,u) is uniformly bounded
with respect to ,(s,). For this we use the two following inequalities (see [1, 2, 9])
- There exists Cy > 0 independent of Qj,(s,,) such that Vuy, € H%D (Qn(s))

Colun(s)l e < [ [Vuns)P (12)

Qh(su)

- There exists C' > 0 independent of §2,(s,,) such that

1
Huh(su)”m(gh(su)) < Ol (sp)|7 ||Uh(5u)||H1(Qh(su)) :

Then we define the set Ay = {(x,y) € Qu(sy), |up(x)| > k}, the functions
hi(up) = max(—k, min(up(s,), k)) and Yg(up(sy)) = un(sy) — he(un(sy)). First we show the
following uniform estimation of ¢y (up(s,)):
1
(Co — ClAx|7) Hqﬁk(uh(su))ﬂzl(gh(%)) < | <L hp(un(su)) > ((HE () HE () |
To show tlhat the constant
(Co — C|Ag|%) is positive. We start by showing the uniform control of Lebesgue measure of Ay,

using Tchebychev inequality and the uniform estimate of In(1 + |u|), i.e. there exists Cy > 0
independent of Qj(s,) such that

Akl = | {(z,y) € Qn(sp)/ In(1 + |w])? >
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>I(1+k)%} | < c

1
1 2 A el 60 = ma e (13)

Then there exists kg € N*, such that Vk > kg C’|Ak\i < % Taking k = kg, we show that there
exists C3 > 0 independent of Qj(s,,) such that

”kao(“h(su))”Hl(ﬂh(su)) < Cs.
Finally, using the fact that hg, (un(su))un(sy) > (hro(un(s,)))?, Vi, (un(sy)) = XAy, VUn(Sp)

and inequality (12), we show the existence of Cy > 0 independent of €j(s,) such that
Hhko(uh(slt))HHl(Qh(su)) < Cy.

We can now prove the follwing theorem.

Theorem 2. Under the assumptions (9), the problem (11) admits a solution on U, for all
h >0 and p > 0.

Proof. for s, € U”, fixed and h > 0, we define the operator F, Vt € [0,1], by

Fy o+ HE (Qn(sp) — HE (Q(s0)),
Up, > Up,

where uy, is the unique solution of,

/ A Vuy, - Vo, = / fop—
Qh(su) Qh(su)

—t/ K, vy 220 —/ )\hVVh-Vvh—/ Ky o, (14)
QU (530) 9 Jay(s,) Qn(5,0) Oz

The a priori estimate ||uh||1»Qh(5u) < C, with C > 0, allows as to build an open ball B, such
that there is no fixed point of F; on the boundary of B. Thus deg[l — F, B,0] is defined
and independent of ¢, where 'deg’ is the topological degree [6] and I the identity mapping in
Hl’lD(Qh(sM)). Since Fj is trivial, we conclude that 1 = deg[l — Fy, B,0] = deg[I — F1, B,0].
Therefore, F} admits a fixed point in the interior of B which is solution of (8). For the uniqueness
of the discrete solution, since the second member of (8) is linear, we show that equation (8) with
second member zero, has no solution other than zero. This means that the problem is well
posed. It remains to show that that solutions of (8) depend continuously on shape variations
for all h > 0.

Let (sﬂ)j C U, we can extract a subsequence denoted again (sﬂ)j such that S{L — s, in vl

and Qh(sﬂ) — Qp(s},) as j — oo. According to Lemma 1, 3C' >0

[un(si)ll 1 g, sy < € (15)

From Chenais’s uniform extension result [3], there exist ﬂh(sﬂ) a uniform extension of uh(sﬂ)
from Q,(s7,) to D, such that

IM>0 Vi |lan(s))ll, p < M.

Thus there exists a subsequence ﬂh(sﬂ) and an element @y, € H'(D),
in(sl) = @y, in HY(D).
Let us show that up = ah|Qh(st) solves (8). It’s easy to see that up|r, = 0 and using the

compactness of the trace operator from H!(D) into L*(T), we show that uy, € HllD (Qn(s},))-
It remains to show that wuy solve (8). Let ¢y, € Hl’iD (Qn(s};)) and ¢ € H'(D) be an extension of
1y, defined by
b= Y in Qp(sy)
0 in D\ Qun(s)).
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Then we can construct a sequence (1, )n, ¥n € D(D), such that,
dist(supp 1, Tp) >0 Yne N and o, — ¢ in H(D),n — .
Let n € NV, since Qh(s“) — Qp(s},), there exists jo such that Yh = wh@bnlgh(si) € H%D(Qh(si)),Vj >
jo, where 1y, is the piecewise linear interpolation of ¢, on 7 (h, s},). For all j > jo, we have
T Xy, gy MVTR(SD) - VUE+ [, o En i, =
= Ip X g TV = Ip Xy, g TRV (5h) - VUl = [ X Wyt

Passing to the limit first with n — oo, then with j — oo in (16), we obtain that wuy is solution
to the (8).

(16)

Q(sh) Q(s9)

3.3. Numerical algorithms. To solve the welding problem, we developed a numerical algo-
rithm based on a genetic algorithm procedure [10] for solving our discrete optimal shape problem
(11). Genetic algorithms (GA), primarily developed by Holland [7], have been successfully ap-
plied to various optimizations problems. It is essentially a searching method based on the
Darwinian principles of biological evolution. In GA a new generation of individuals is produced
using the simulated genetic operations crossover and mutation. The probability of survival of
generated individuals depends of their fitness: the best ones survive with the high probability,
the worst die rapidly. This procedure can be summarized in the following algorithm see [10].

(1) Iteration k = 0, Generate randomly an admissible population.
(2) Solve (8) for each individual of population.
(3) Evaluate the fitness (10) for each individual of population.
(4) If the termination criteria is hold J, <e, then  stop.
Else  set k =k + 1 and go to step 5.
(5) Roulette wheel selection
(6) Applied to the selected individuals, the barycenter crossover procedure.
(7) Select randomly some individual, and applied to them the mutation.
(8) Go to step 2.

4. NUMERICAL RESULTS

In the following, we solve the welding problem considering the workpiece D as the square
L,=1, L,=1.

4.1. Validation of the method against a design model. Consider our model example (1)
with the following physical data (corresponding to the aluminium variante),

A=0.221 kJ(Km.S)™ Y, K =pCupren, p=2.37x103 kg.m™3
C =0.124 kJ.(kg.K)™Y,  woren = =30 mm.s™t,  f(x, y) =0,
Zf =0 on ToululbU's and T;=659.25C, T;=20C
The exact boundary is taken as the Bézier curve defined by the following control point :
bp = (0.35,0), by = (0.35,15), be = (0.65,0.285), b3 = (0.65,0)

We solve the direct problem (SP) using finite element, the obtained solution on I'y is then
specified as the desired temperature Tj.

Fig. 2 illustrates the iterative convergence process as the initial guess for the free boundary
moves towards the exact boundary I', for various numbers of iterations performed. From this
figure, it can be seen that the numerically retrieved boundary is a very good approximation of
the exact one.
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5. CONCLUSIONS

This paper is concerned with the approximation of the welding problem formulated as a PDE
optimization problem where the shape of the interface serves as the control variable. To avoid
the shape differential calculus needed in a gradient like method for solving a shape optimization
problem, we used a numerical algorithm based on genetic algorithm procedure, Bézier curve
parametrization of the free boundary and finite element discretization of the state problem.
We proved the existence of the discrete optimal solution. Our computational example confirms
the efficiency of the proposed approach. The convergence can be accelerated by the parallel
computation procedure.

It can be stressed that the presented method admits a straightforward generalization to three
dimensions. Our future work in this class of problems will involve extensions of the present
method to a time-dependent problem.

exact front 1
—— initial front 10
03k —&— generation 50
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> 3107
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Figure 2. The cost functional decreasing. And the iterative convergence process for the unknown boundary.
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