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The goal of this work is to analyse the existence of weak solutions to a coupled nonlinear parabolic—elliptic
system derived from the heating industrial process of a steel workpiece, and whose unknowns are the
electric potential, the magnetic vector potential and the temperature. We introduce the harmonic regime
because of the different time scales related to the electric potential and the magnetic vector potential versus
the temperature. This lead us to a new system of nonlinear partial differential equations.
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1. Introduction

This paper is devoted to study the existence of weak solutions to a system of coupled nonlinear
partial differential equations modelling the industrial process of steel hardening. This process
has been thoroughly analysed along the last years [5,7-11,13-15]. A complete model, including
thermomechanical effects, can be seen, for instance, in [9,10,13].

Our main concern is to investigate the induction—conduction model that describes the heating
industrial process of a car steering rack which is made of steel (Figure 1). Because of its importance
inside an automobile, a 20-year lifetime has to be assured at least by the manufacturer.

The aim of steel heating is to produce martensite, a hard and brittle steel phase transition,
along the toothed part surface, which is going to be highly stressed during its mechanical lifetime,
keeping the rest ductile.

Although there are different hardening surface techniques, we focus our attention on induction
hardening. Thus, a copper inductor is put in contact with the rack as Figure 2 shows, and a high
frequency alternating current is switch on and flows through the coil composed of the cooper
inductor and the workpiece itself, creating an alternating magnetic field which in turn induces
eddy currents generating heat (Joule’s effect) along the toothed part and its surroundings.



Figure 1. Characterization of an automobile steering (modified from original images at http://www.carbibles.com)
(©1994-2012 Christopher J. Longhurst. All rights reserved).
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Figure 2. Domains in the problem.

After 5.5, the required temperature is achieved at those parts where it is needed along the
rack and the supplied electric current is turned off. Then, the workpiece is sprayed by an aqueous
solution to cool it down quickly, a process called aquaquenching.

The whole industrial process are governed by a coupled nonlinear system of partial differential
equations and ordinary differential equations, and a Neumann boundary condition is imposed on
a fictitious cross-section I' in the copper inductor (Figure 2) to model the supplied current flow
density.

Nevertheless, our main concern lies on the mathematical analysis of the industrial heating
process described in terms of the harmonic regime. This problem was studied in [12] under more
restrictive assumptions on data, but now we consider more realistic hypotheses on the electric
conductivity oy, namely oy is non-uniformly elliptic. As a result from the mathematical standpoint,
we have to deal with a much more complex problem.

This work is organized as follows. Section 2 is devoted to set up the mathematical model derived
from the industrial heating procedure. In Section 3, we introduce the harmonic regime associated
with our problem. In Section 4, we establish the notation used along this paper and formulate some
useful results. In Section 5, we give the hypotheses on data and state the existence result. Finally,
in Section 6, the proof of the existence result is evolved,; it is divided into three steps: setting of
the approximate problems, derivation of estimates, and passing to the limit and conclusion.



2. The mathematical model for the heating process

We focus on analysing the existence of weak solutions of a simplified model which does not take
into account mechanical effects.

Let ©, D C R? be bounded, connected, and Lipschitz-continuous open sets such that Q C
D, Q =Q°UQ%US is the set of conductors, Q¢ the copper inductor, 2° the steel workpiece
containing a toothed part to be hardened, Q¢ and Q° being open sets, and § = Q¢ N Q° is the
surface contact between Q¢ and ©°, Q¢ N Q°* = & (Figure 2).

The electric displacement term may be disregarded in the set of Maxwell’s equations since we
deal with high frequency current density of about 80 kHz:

VxE&=-B, (H
VxH=JT, 2
V-B=0, 3)

where & is the electric field, J the current density, { the magnetic field, and B the magnetic
induction. Putting o the electric conductivity and p the magnetic permeability, the constitutive
basic laws are given by

J =o€, “
B=u#H. 4)

Taking into account Equation (3), we introduce the magnetic vector potential A as
B=VxA (6)

In view of Equations (1) and (6), V x (£ + A,) = 0. Hence, there exists a scalar function ¢,
which will be called electric potential, such that

E+ A, =-V9,

and therefore
V.[o(@)Ve]=-V-[0(0)A,]

In practice, the right-hand side of this equation is neglected. Thus,
V.-[o(0)Ve] =0. (N

Using Equations (2), (4)-(6) and £ + A, = —V ¢, the next equation is derived:
1
o0(@)A; +V x (—V X A) —8V(V-A) +00(@)Vp =0 inDy=Dx (0, T), (8
7

where
o(x,s) ifxe Q,

0 otherwise.

op(x,s) = {

In [13], it is assumed the Coulomb gauge condition for the magnetic vector potential, namely,
V - A = 0. Instead, we include a penalty term in this equation of the form —3V(V - A), where &
is a small constant.



As far as the boundary conditions are concerned, we consider for the magnetic vector potential

A=0 ondD x (0,T). 9)
For the electric potential,
¢
0(9)8— =0 ondQ2x(0,7), (10)
n
Lo .
[0(9)—} =js onl x(0,7), (11)
A

where jg is the external source current density, [-]; denotes the jump across the inner surface I',
and v is a unit normal vector on I'.

Finally, the combined effect of both conduction and induction gives rise to a production term
in the energy balance equation, namely Joule’s heating:

ocO)IEP? =a@)|A, + VoI

Here we add a source term G coming from phase transitions and mechanical deformation. In our
analysis, the density of the workpiece, p, and the specific heat capacity at constant strain, c, are
taken to be constant values, and without loss of generality, we assume that pc = 1. Then, the
initial conditions problem for the energy balance reads as follows:

6, —V-k@O)VO =0@)|A, +Vo|*+G inQpr=Qx(0,T), (12)
30

— =0 ondx (0,7), (13)
on

6(-,0) =6, ingQ, (14)

where k is the thermal conductivity, which also depends on the temperature of the steel workpiece.

3. The harmonic regime

Electromagnetic fields generated by high frequency currents are sinusoidal in time. Consequently,
both the electric potential, ¢, and the magnetic vector potential, A, take the form [2,3,16,18]
F(x,1) = Re[exp(iwt)F (x)], where F is a complex-valued function or vector field, and w = 2 f
is the angular frequency, f being the electric current frequency. In general, F also depends on ,
but at a time scale much greater than 1/w. In this way, we may introduce the complex-valued
fields ¢, A andj as

¢ = Re[exp(iowt)p(x)], A = Rel[exp(iwt)A(x)], Jjs = Re[exp(iwt)j(x,1)]. (15)

As a far as the numerical simulation of a system like Equations (7)—(14) is concerned (see [9]),
the introduction of these new variables is quite convenient since the time scale describing the
evolution of both ¢ and A is much smaller than that of the temperature 6. In the case of steel heat
treating, f is of about 80 kHz.

Nevertheless, the fields ¢ and A still depend on time. This dependence comes from the term
o (0), with 6 = 0(x, ), and from j(x, ). Moreover, the change of variables (15) is carried out by
most authors (see [2,3,16,18] among others) in order to perform numerical simulations. Here we
analyse the existence of a solution of the model derived in this way.



Taking into account the time dependence in the complex-valued functions, we define
¢ = Re[exp(iwn)g(x,1)], A =Rel[exp(iwnA(x,n)], js=Relexp(iwt)j(x,n)].  (16)

Using Equation (16) in Equations (7)-(14), we obtain the so-called harmonic regime given by

V.-(0)Ve) =0 inQ7, 17
dp
— =0 ondQx(0,7), (18)
on
de .
[0(9)—] =j onTl x (0,7), (19)
v p
1
iwoy(0)A + V x (—V xA) —68V(V-A)+09(@)Ve =0 in Dy, (20)
n
A=0 ondD x (0,7), 21
o). 2 .
0, —V-(k(©O)VO) = > liwA + V|~ + G in Q7, (22)
a0
— =0 ondQ2x(0,7), (23)
on
6(.0) =6 inQ 24)

where the unknowns ¢, the electric potential, and A, the magnetic vector potential, are complex-
valued.

Note that the term 0 (6)A , has been neglected in Equation (20) since it is expected to be a lower
order term in front of iwao (6)A. Also, in Equation (22), the production term in the energy equation
|A, + V¢|? is replaced by |iwA + Vg|?/2, which represents the effective Joule’s heating. This
is an approximation of the average of |.A, + V¢|* over a time period, that is,

1 Hw 1
—/ A+ Vo|* ~ ~liwA + Vo|*.
w J; 2

Also, this last expression becomes an equality if A = A (x).

4. Some preliminary results

From now on, for a normed space V, we denote V = V3. Also, let H'(Q) = {v € LZ(Q)/VV €
L*(2)} be the complex-valued usual Sobolev space and consider the Hilbert space H& (D)y={ve
H'(D)/v = 0 on Q}. For these spaces, we have the next respective useful results.

Lemma 1 If Q is a bounded, connected and Lipschitz-continuous open set, the quotient space
H'(Q)/C provided with the norm

it g1 @)yc = inf ullg ) (25)
ueu

is a Hilbert space. Moreover, the seminorm it € H' ()/C — |ulp (o) is equivalent to norm (25),
that is, there are two constant values ¢y, ¢, > 0 such that, for any i € H! ()/C and u € u, one
has

12
~ 2 ~
cllillg@yc < (/ [Vul ) < e2llull g @) c-
Q



THEOREM 1 Forallv € H(l)(D), we have that
2 2 2
|v|H1(D) = ”V X v||L2(D) + ”V . v”Lz(D)'

This result can be found in [1].

Forany 1 < p < oo, we consider the Banach space W' (£2) equipped with their standard norm,
and (W' ())’ its dual (topological and algebraic) space.

If X is a Banach space, we write L?(X) = L?(0,T; X) and WP (X) = W'P(0,T; X), in other
words,

WX) ={ve ’X) /v, € "X},

where the derivative v, is taken in the sense of distributions in (0, T'). Both, L”(X) and WP (X) are
Banach spaces, and W'#(X) < C([0, T]; X) with continuous embedding. The following result
is very well known (see [17]).

LEMMA 2 Let X, B, and Y be three Banach spaces such that X < B < Y, every embedding
being continuous and the inclusion X — B compact. For 1 < p, q < 400, let VWV be the Banach
space defined as

W={vellX)/v, € L'(V)}.
Then, the inclusion VW — LP(B) holds and is compact.
Finally, let V be a close subspace of H' (2) so that Hé () c Vc H' () and write V = L*(V) and

V' = L?(V'). Throughout this paper, C stands for a generic positive constant value independent
of the subscript k associated with the approximate problems stated below.

5. Hypotheses on data and the existence result

We consider the following hypotheses on data of system (17)—(24):
(H.1) 09 : D x R — R is given by
os(s) ifxe Q) seR,

op(x,s) = Jo.(s) if x € Q° s eR,
0 ifxeD\Q, seR,

where 0 = og|axRr,0s, 0c € C(R), and there exist some constant values Cy, Cp, K;, K, > 0
such that, for some 0 < o < % and for all s € R,

Ci
0 < 0(s) < (o, 26
<1+|S|a_a‘(s)_ P} (26)
0 <Kj <oc(s) < K. (27)

(H.2) k : 2 x R+ R is a Carathéodory function and there exist some constant values k;, k»
such that, almost everywhere x € 2 and for all s € R,

0<kr k(x5 <Ky

(H.3) j e L*(H~'2(T")) and (j(¢), 1)1 = 0, almost everywhere ¢ € (0, T), where (-, -)r = 0 stands
for the duality pair between H'/?(I") and H~/2(T").



(H.4) wn € L*°(D) and there is a constant value w, so that 0 < pu, < winD.
(H.5) G e LY(Qr).
(H.6) 6y € L'(Q).

Remark 1 In view of Equation (26), we cannot expect in general the regularity ¢(-,1) € H'(Q).
Furthermore, this hypothesis on oy has effect on A as well.

In spite of the difficulties in the analysis of system (17)—(24) derived from this assumption,
we are interested in dealing with this problem because it corresponds to real cases and numerical
simulations as o = 2.

Remark 2 In practice, the magnetic permeability is given by

w(x) = pixes + H2xee + HU3xXD\Q>

where w;, 1 <i < 3, are constant values such that 0 < p, < w3 < u.

Now we state the main result.

THEOREM 2 Under the assumptions (H.1)—-(H.6), there exist three measurable functions ¢,0 :
Qr > R,A : Dy — R3, and a Radon measure € M(27) such that

p e L'WY(Q), a(©)/*Vep e LI (Q)), (28)
/ c(@)Ve -Vv+ (j,vir =0, forallve HI(SZ)/(C andae. t € (0,T); (29)
Q
A € L*(H}(D)), (30)
ia)/ 0(6)A~17+/ lv xA -V x17+8/ V-Av-v+f o (0)Ve - v =0,
Q D M D Q
forallv € H)(D) and a.e. t € (0,T); (31)
0 € LP(W'"P(2)) N C0,T); (W' (RQ))), forallp e [1, 2) , (32)
0(-,0) =6 in L, (33)
—f ec,t+/ “(O)VOVE =/ [a(e)liwA+V¢|2+G}C+/ ;du+/ B (0)¢ (x, 0),
Qr Qr o L 2 Qr Q
forall ¢ € D(Qr) such that ¢(,T)=0in Q. (34)

6. Proof of the main result

Along this section, we develop the proof of the existence result given in Theorem 2. To do so, we
first introduce a sequence of approximate problems, then derive some estimates and finally pass
to the limit.



6.1 Approximate problems

For each k € N, we define the approximate function of oy as

1
os(s) + % ifx e Q5 seR,

) =5 () if x € Q°, seR,
0 ifxeD\Q, seR.
We also consider a sequence (j,) C C([0,T], H~'/>(I")) such that
Jr — J strongly in L>*(H™V2(I)). (35)
Then, the approximate problem of Equations (17)—(24) is given by
V- (0k (@) Vo) =0 in Qr, (36)
d
% —0 onaQ x (0,T), (37)
on
d
[ak(euﬁ] =j, onT x (0.T), (38)
o |r
1
iwo (6 A + V x <—V X Ak> —6V(V-Ap) + 0x(6r) Ve =0 in Dy, 39)
m
Ay =0 ondD x (0,7), (40)
Os — V- (k(@)VO) = F,  inQrp, (41)
00,
— =0 ondQ x (0,T), (42)
on
0c(-,0) = Ty (6y) in L, 43)

where the sequence of functions (Fy) C L>(R2r) is defined as
Fi = Ti(50:(00) liwAy + Vi *) + T(G).

The variational formulation of the approximate problem (36)—(43) is

/ ok (0 Ve - Vi + /jk ¥ =0, forallyy € H(Q)/Candae.r e (0,7), (44)
Q I

1
ia)/ok(ek)Ak-ﬁ—i—/—VxAk~Vx17+6/V~AkV~17+/Uk(9k)V<pk-f::O,
Q D M D Q

for allv € H{(D) and a.e. t € (0,T), (45)
t t t
[ (Qk,t,v>v, v +/ / k(@) VOV = / / Fyv, forallveVandt e [0,T], (46)
0 ? 0 JQ 0 JQ
60k (-, 0) = T(6o). 47)

It can be seen in [12] that there exists a weak solution (¢y,Ay, 6¢) to the system (36)—(43) such
that

o € L (H'(Q)/C),  0x(B)Ver € L= L7 (),
Ay € L*(H{(D)),
6, € VNC(0, T LA (), 6, € V.



6.2 A priori estimates

Choosing ¢y = ¢ as a test function in Equation (36) and taking into account Equation (26), we
have, almost everywhere ¢ € (0, T), that

/ o O)IVer* = —(Gide) < lilla-ealedlmeey < Clidla-remlledn @ e
Q

1/2
= C”jk”H*‘/Z(F) </ |V(ﬂk|2>
QC

1/2
= Cljillu-1mr) ( / ak(ekwok(eknwkﬁ)
QC

12
= Clljella-12a) ([ Uc(ek)_lﬂc(ek)|vwk|2>
QC

C 12
< — a2 </ Uk(ek)|v¢k|2>
K, Q

C2 . 12 1 2
=< 2_K1||.]k||H71/2(r) + E o ICAINA

Thus, using Equation (35) and taking into account that C([0, T], H~'/>(T")) ¢ L®(H~'/2(I")), it
yields that
(0% (0) ">V is bounded in L (L*(R)). (48)

With regard to the magnetic vector potential, multiplying Equation (45) by 1 — i, one has
_ 1 _ _ _
wf Gk(ek)Ak'v+/ -V XAk~V XV+8f VAkVV+/ ok(é?k)Vgok~v
Q D M D Q
1
+1<a)/ ak(Gk)Ak-f)—/ —V xA;-V Xl7—8/ V-Aka?)
Q D M D
—i (f 0 (6r)Voy - 17> =0, aete(0,7).
Q
Takingv = Ay € L*(H, (')(D)) as a test function, one has, almost everywhere ¢ € (0,7T),

1 _
R=w/ok(ek>|Ak|2+/ —|VXAk|2+8/ |V-Ak|2+/ak<ek>wk-Ak
Q D M D Q

. 1 _
+1(w/ok(9k)mk|2—[ —|V><Ak|2—8/ |V-Ak|2—/ok<9k)V<pk~Ak) = 0;
Q D M D Q

whence Re(R) = 0, that is,

1
a)/ak(Ok)Mk|2+/ —|Vv xAk|2+8/ IV - Ay |2
Q DM Dr

+/ok(ek)[Re(wk-Ak)+1m(wk-[1k)]=0, ae.te(0,7).
Q



Owing to (H.1) and (H.3) and applying Young’s inequality, we have, almost everywhere in (0, T),

wfak(ek>|Ak|2+||u||z;(D,>/ |V><Ak|2+8/ VAL
Q D D
2 1 2 2
<o [ aoon+ [ Livxat+s [ 1v-ay
Q D M D
S / 0100 Re(Vey - Ay) + Im(Vey - Ap)]
Q
< 2/ 0100 |V el JAx] =2f 0100 1AL 0180 2V |
Q Q

w 2
- 5/ ok(ek)lAk|2+—/ 01 (60 Ve 2.
Q w Jo

Defining K = min(w/2, ||u||£olc(DT), 8), we finally deduce that

[aosii+ [ 1vxa+ [1v-ap = = [ w@ivar acieoD.
Q D D oK Jo
wherefrom, according to Equation (48), it yields
(A;) is bounded in L™ (H}(D)). (49)
From Equations (48) and (49), it is straightforward that
(Fy) is bounded in L*®(L'(2)). (50)

As far as the temperature is concerned, owing to Equation (50) and (H.5), we may show that
. o 5
(6x) is bounded in L7 (W' (Q2)), forallp € |1, 1) (51

Remark 3 A proof of Equation (51) can be found in [4] for homogeneous Dirichlet boundary
conditions. Later, Clain [6] extended this result to the case of homogeneous Neumann boundary
conditions. Using the same procedures attained in these works, it can be shown that Equation (51)
also holds in our context.

Owing to (H.2) and Equation (51), (k(6;)V6;) is bounded in L?(LF(S2)), wherefrom (V -
(k(6)V6y)) is bounded in L' (W'? ())"). Since N = 3, the Sobolev embedding implies that
LY(Q) C (W"(Q))', for all ¢ > 3. Moreover, p < 2 implies p’ > 5. Specifically, L'() C
(W' (Q)) forall p € [1, %), and the next continuous embedding holds:

LY(Q) + (W' (Q) — (WY (Q)), withl <p < Z,

and then

da : >
(d_tk> is bounded in L' (W' (Q))), forallp [1, Z) . (52)



6.3 Passing to the limit

Let 1 <g<p"=3p/3—p) and put X = W'?(Q), B=LI(RQ), and ¥ = (W' (Q))". The
embeddings X < B and B — Y are compact and continuous, respectively, so Lemma 2 implies
that the Banach space

W = {v e LP(WY(Q) /v, € Ll((WLP’(Q))’)}
is such that the embedding W — LP(L?(£2)) holds and is compact. On the other hand, if 1 < p <
f—w thenl < g < %, and consequently, owing to Equations (51) and (52),
. . . 5 15
(6) is relatively compact in LP(L9(2)) foralll <p < 7 l<g< - (53)
whereof there exists a function 6 € LP(L9(£2)) such that, up to a subsequence,
6, — 6 strongly in LP(L9(2)) and a.e. in Q7. 54)
Moreover, Equations (51) and (52) lead us to
0 € C([0,T]; (W' (Q))). (55)

and the initial condition (24) makes sense at least in the space (W'*' (Q))’.
On the other hand, (0% (6;)) is bounded in L>°(£27), so from (H.1) and Equation (54) there is a
subsequence, denoted in the same way, such that

0 (0r) — o (0) weakly—x in L*°(Q27) and a.e. in Q7. (56)
Also, (H.1) and Equation (53) imply that
(0% (B)™") is bounded in L (L9* (2)). (57)

Furthermore, by virtue of the continuity of the functions 1/0g and 1/0, and Equation (54), we
obtain that

010" > 0 (0) " ae. in Q7. (58)
Consequently, choosing o < g and m < min(p, g/«), we deduce, up to a subsequence,
0k = ()7} strongly in L™ (Q27). 59)

Now we establish an estimate on (¢;) in L (W' (Q)), for some 1 < r < 2. Indeed, in view of
Equations (26), (27), and (48), and applying Holder’s inequality, one has

/ Vel = / o (0) "o (0 V|
Q Q

(2-r)/2 r/2 2—-r)/2
< ( / akwk)’/“‘—”) ( / ak<9k)|wk|2) < c( / okwk)’/"—”)
Q Q Q
@-np
c( / o (O + / ok(ek)"/<’—2>)

1 2-r)/2
W/ (14 16*)7@" 4 Q8K ]/
c o

2-nr/2
<C|1+ (f |9k|°”/<2’>) :
Q

IA
a



In view of Equation (53), we can choose 1 <r <2and0 < o < %, and one holds that
(@) is bounded in L (W' (Q)), (60)
which implies the existence of a function ¢ € L" (W' (2)) such that, up to a subsequence,
o — @ weakly in L' (W' (Q)). (61)
Owing to Equation (48), there is a function ® € L®(L?(2)) so that, for some subsequence,
01(01)* Vo — & weakly— in L (L*(R2)). (62)
But Equations (56) and (61) also implies that
01(0)*Vr — 0(0)/*Vy weakly in L™ (L' (), (63)

and so ® = 0(0)'/?Vep € L*(L*(Q)).
On the other hand, making k — oo in Equation (44), one has that, almost everywhere ¢t € (0, T),

/QU/((Qk)VsOk VY — /QU(Q)V(P VY,
/ Job — / v,
r r

/o(e)w VY = —/jlﬁ, a.e.t € (0,T) and for all v € H'()/C. (64)
Q r

wherefrom

From Equation (49) there exists a functionA € L*°(H (1) (D)) such that, for suitable subsequences,
01 (0A;y — o (0)A weakly-x in L™ (LZ(Q)), (65)
Ay — A weakly-* in L (H}(D)). (66)

Making k — oo in Equation (45), we obtain

1
ia)[cf(@)A-17+/—VxA-Vx17+6/V-AV-17+/0(9)V<p-17:0,
Q D M D Q

forallv € Hy(D) and a.e. t € (0,T). (67)
Finally, from the convergences achieved till now we cannot assure the strong convergence of
Equation (50), and it is only known that there exists a Radon measure u € M (27) such that, up
to a subsequence,
Fy = Ty (30000 li0Ax + Vor?) + T (G) — S0 (0)]iwA + VeI
+ G + p weakly-* in M(Q27). (68)

Using the convergences (54), (56), (61), (62), (65), (66), and (68), we deduce the existence of ¢,
A, 0, and p satisfying Equations (28)—(34). This ends the proof of Theorem 2.

Remark 4 Inthis work, we have stated an existence result of weak solutions to system (17)—(24).
Nevertheless, the assumption (26) on the electric conductivity is so weak that we cannot assure
that the Radon measure is g = 0.
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