N
N

N

HAL

open science

About an inverse problem for a free boundary
compressible problem in hydrodynamic lubrication
K. Ait Hadi, Guy Bayada, M. El Alaoui Talibi

» To cite this version:

K. Ait Hadi, Guy Bayada, M. El Alaoui Talibi.
compressible problem in hydrodynamic lubrication. Journal of Inverse and Ill-posed Problems, 2015.

hal-00822388

HAL Id: hal-00822388
https://hal.science/hal-00822388
Submitted on 15 May 2013

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

About an inverse problem for a free boundary


https://hal.science/hal-00822388
https://hal.archives-ouvertes.fr

Noname manuscript No.
(will be inserted by the editor)

About an inverse problem for a free boundary
compressible problem in hydrodynamic lubrication

K. Ait Hadi - G. Bayada -
M. El Alaoui Talibi

Received: date / Accepted: date

Abstract In this paper an inverse problem is considered for a non coercive
partial differential equation, issued from a mass conservation cavitation model
for a slightly compressible fluid. The cavitation phenomenon and compress-
ibility take place and are described by the Elrod model. The existence of an
optimal solution is proven. Optimality conditions are derived and some nu-
merical results are given.
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1 Introduction

The present work comes within the scope of inverse problems in hydrodynamic
lubrication. Numerous works are based upon the computation of the solution
of various forms of the Reynolds partial differential equation established in
1886. This equation enables one to compute the hydrodynamic pressure (P)
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in a lubricated device, from data like the velocities distribution on the surfaces
surrounding the thin film flow, the gap between these surfaces(or equivalently
the shape of one of these surfaces) and the rheological characteristics of the
fluids. However, due to severe operational conditions(the gap between the sur-
faces can be of some micrometers only and the relative velocity of the surfaces
some meters/second), some of these data are not really well known.

This is the case for example of the surfaces which are deformed from an initial
known shape by the hydrodynamic pressure inside the fluid. Experimentally,
the knowledge of this pressure (P) can now be obtained with a good precision.
It becomes then possible to find the real shape (h) of the surfaces by solving an
inverse problem with Reynolds equation as state equation. Such information
is important as if the related gap is too small, it means that some contact is
possible between the two surfaces thus inducing wear and possible failure of
the device.

Two other very similar problems in the lubrication field can be mentioned.
The first one is to find the gap (h) such that the pressure (P) is the greatest
possible. In some specific situation the solution is the Rayleigh-step bearing
[31] in which the optimum gap h is a discontinuous function. More recently,
generalized Reynolds equation for heterogeneous slip/no slip engineered sur-
faces have been proposed [9]. As a consequence, a no-slip condition for the
velocity is valid on some part of the fluid boundary and slip occurs on the
other part. Due to this non homogeneity, the resulting Reynolds equation con-
tains discontinuous coefficients. Finding the best location of the slip/no-slip
regions is mathematically close to the previous optimization problem.
Another difficulty must be considered in these aforementioned identification-
optimization problems. It is due to cavitation, the well-known phenomenon in
fluid mechanics when fluid is no longer homogeneous and takes some diphasic
aspect with the appearance of air bubbles. This phenomenon occurs very often
in lubrication and cannot be ignored, especially as the gap (h) is not constant.
Taking cavitation into account implies considering a new non linear operator
as state equation instead of the classical Reynolds equation. Various models
exist in the mechanical literature. The most common one is based upon a vari-
ational inequality for the pressure [27]. However, as it is not a mass preserving
model, it is often replaced by the Jacobsson Floberg Olssen (JFO) model, in
which a new variable 6 is introduced. This variable describes the local pro-
portion of fluid (or saturation) considering the presence of air bubbles in the
flow [25]. In a widely referenced paper [20] , it has been pointed out that the
(JFO) model is equivalent to a free boundary complementary problem with
two unknowns, pressure P and saturation 6 with

P>00<6<1,P(1-0)=0

Existence and uniqueness aspects of such models have been mathematically
studied in a lot of papers [2] . However another aspect of the Elrod-Adams pa-
per has been less studied in the mathematical literature: authors try to recover
the somewhat heuristic JFO model by introducing a small compressibility in
the classical (non cavitated) Reynolds equation. They show that the JFO
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model can be obtained as the limit of this compressible model and propose
some numerical procedures to solve it. Although being somewhat heuristic,
this result has been supported by recent rigorous mathematic results [14] for
the asymptotic thin film compressible Navier Stokes system. The interest of
the more physical compressible Elrod-Adams model is that there is only one
unknown (the density of lubricant) instead of two (P and 6) in the JFO model.
The price to pay is that the state equation is a non linear degenerate partial
differential equation. The importance of the choice of a model of cavitation in
the simulation of lubrication devices has often been mentioned [9, 4].
Although these inverse-optimization problems are of permanent interest in the
mechanical literature [3, 12, 15, 17, 19, 21, 29], few mathematical works ex-
ist. One of the first attempts [29] is devoted to the optimum Rayleight step
bearing. In [30] the identification procedure for a gap with known pressure
is studied. However, in these works cavitation is not considered. In [8], varia-
tional inequality is chosen to model the cavitation and optimality problems are
studied by way of penalization. The Elrod-Adams model is considered in [19]
using some regularizations which enables one to gain optimality conditions.
The present study addresses the identification process of the gap for a given
pressure and takes the cavitation into account by way of the slightly compress-
ible model proposed by Elrod-Adams. This model has also the advantage of
preserving the mass flow.

This problem presents many mathematical difficulties essentially bound to the
complexity of the criterion considered as a function of the thickness. It is not
even a locally Lipschitz function. We are lead to consider a more general func-
tional framework which is the space of the functions of bounded variation. To
deal with these difficulties a double regularization is introduced by approach-
ing the degenerate part of the state equation with a particular sequence of
monotonous and continuously differentiable functions. Thus a sequence of reg-
ularized control problems can be obtained.

The paper is organized as follows. Section 2 is devoted to the physical
background, the statement of the problem and the proof of the existence of a
control. In section 3, we formulate the regularized control problem for which
an existence result is proved. Optimality conditions are given in section 4,
and some a priori estimates are obtained, so allowing us to pass to the limit.
The optimality system for the initial problem is derived in the one-dimensional
case. In the last section some numerical results show that the optimality system
associated to an inverse algorithm is efficient.

Finally let us mention that from a mathematical aspect, the problem here
studied is very close to the one of the ”dam problem” [13] with unsaturated
porous media or multiple fluid saturated porous media. In this case, the un-
knowns to be determined are the value of the porosity parameters of the soil
[18] and the measured data is the hydraulic pressure.
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2 Formulation of the problem and existence of control
2.1 Description of the physical problem (Elrod-Adams model)

Let £2 the square ]0,1[x]0, 1] of the (z,y) plane, Iy = {(z,y) € 82, x = 0},
and I' = 0f2\Iy. The lubricant is assumed to be contained in a three dimen-

sional volume between the lower flat surface {2 with horizontal velocity ﬁ and
an upper one describe by z = h(z,y) at rest. If h is small, the pressure is
known to be independent from z and to obey the following Reynolds equation

defined on 2 [23].
div <1277h VP) = div <2 ) on {2, (1)

where P(z,y) is the pressure of the lubricant, h(z,y) is the film thickness, p

is the density of lubricant, 7 is the viscosity, ﬁ is the relative velocity of the
surfaces of the mechanism in which lubricant takes place.

For a slightly compressible fluid like water or oil, the law linking P and p is
usually described by introducing the bulk number 8 with: see [25]

P = pBlog(p), p>1, P >0, (2)

Taking into account the possible existence of a cavitation area where P is zero
and p < 1 lead to generalize (2) in

P = Blog((p—1)* +1), p=0, >0.

in which f* = sup(f,0). Rewriting (1) in term of p, we gain by differentiating
in the distributional sense

div (51};77V(p -1t - ph2ﬁ> =0. (3)

Introducing u = S(p — 1) as the primary unknown, equation (3) becomes

hS 1 h
v | —Vut — (1+=u)— | =0.

In the sequel, we will consider more precisely the case of a journal bear-
ing (see Figure 1) with a supply line located at x = 0. It is a usual lu-
brication device in which a known quantity of fluid ©q is supplied through
Iy = {(z,y) €902, x =0,0 <y < 1} while the pressure is assumed to be
known on I' = 92\ I and equal to zero (the atmospheric pressure).

For simplicity sake we assume n = %, ﬁ == ((1)) so that the weak formula-
tion of the state problem reads :
Find u € L?(§2) verifying u™ € V, (1 + %u) >0
(Pr)  Jo hVut - Vo dady — [oh (1+ Su) 52 dedy = [, @06 dy Vo € V
Oy € L>®(I}), O >0
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with V := {p € H'(22), ¢;r =0} .

¥
1
r
I'o £2 I
[ r x

Figure 1: Geometry of a cylindrical journal bearing.

For a given pressure P; in L?(§2), we define the following optimal control
problem that will be studied in the sequel

2
Min J(h) = §|P(h) = Pall2a( = 3 Hmog (1 + %wh)) - pd‘

h € Uyq

M)

L2(£2)

in which u(h) denotes the solution of (Py,) for a given h. U,q wil be defined
later.

2.2 About the state equation

Problem (P},) has been studied in [1] and existence and uniqueness have been
obtained for h = h(z) lipschitz continuous function satisfying the condition

(h3(x)) — =

min Cy ||h|| 7 oo > 0, 4
min LGl @

with C,, the constant imbedding of H{(£2) into L?(£2).

However, as it was detailed in the introduction, discontinuous function h(z,y)
could be solutions of some optimization-identification process. The set U,q in
(M) is then defined in a more general way by:

Upg ={h € BV(2)NL>®(2) /0<a<h<baein 2 and ||Dh| (2) <C*}

where C* is a given constant and in which BV ({2) denotes the space of func-
tions of bounded variations in {2:

BV(2) = {f € L'(%2), [IDf||(£2) < +oo},
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with
1D (2) = sup{/ 1 dive dudy | ¢ € CL (2,R2) ; [p] < 1}.
(]

It is known that BV ({2) is a Banach space for the following norm

1By = IllLi) + IDFI(2).

Some properties of BV spaces are given in Appendix A [Lemma A3-A4].

A close examination of the proof of existence of the solution of (P}) shows that
it is valid without any change for h(x,y) in U,q and not only for h(z) lipschitz
continuous so that theorems Th. 2.14 and Th.3.4 in [1] can be generalized as:

Theorem 1 With the assumption
1
p

For any h € Uyq and any Oy, Oy € L (1), Oy > 0, there exists at least a
solution u of (Pp) such that

a® > —Cyb. (5)

lullp2(0) < Ch,

IVu™ (L2022 < Ca,
where C1 and Cy are two positives constants which don’t depend on B.

Regarding the uniqueness of the solution of the state problem, the lack of
regularity of the coefficients cannot be easily overcome and we cannot gain
this property.

So, the optimal control problem is slightly modified and defined as a two
unknowns problem in which the state equation is considered as a constraint:

~ 2
Min J(h,u) = L ||P = Pall2ei = 1 Hmog (1 + %m) _ Pd’ e

subject to
~ hely={heBV(2)NL®(2)/0<a<h<baein 2 and |Dh| (2) < C*}
and

u € L2(02) verifying ut €'V, (1 + %u) >0
[ B3Vt -V dudy — [, h (1 n %u) % dvdy = [y, Ood dy Vo €V

Theorem 2 There exists at least one solution (h*,u*) for the problem (M).

Proof Let (hp, Un)nen C Ugax L?(£2) be a minimizing sequence for the problem
(/\;l) According to the Proposition 7, there exists h* € U,q and a subsequence
hy, such that h,, tends to h* in LA(£2) for any A € [1, +oo].

By Theorem 1, |Vuj;k H < Cy and ||uy, || < Cs, so that u,, converges weakly

(for a subsequence) to u* in L?*(2), u} tends to @ in H'(f2) weakly and
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strongly in L?(£2) strongly, with @ > 0. Let us define u,, = u} — tp,, we
immediatly get the weak convergence in L*(£2) of u,, towards w = @ — u*.
Let x be the characteristic function of {(z,y) € 2, w(z,y) < 0}, we have

0< lim/ Xty,, drdy = / xwdxdy <0
9] 2
So that w > 0 a.e

As
hm/ unk nkdmdy = /Qﬁwdxdy =0,w>0,u>0

We gain w = u* and @ = u*
Let us now prove that u* is a solution of the problem (P ).

By substracting the right hand side of (Py,, ) and [(,(h*)*VufVe— [, h* (1 + %u*) 9o
for some ¢ € V', we obtain

/o hf;kvunk Vo~ John, (14 Suny ) 52 = [o(h)Vur Vo + [ b (1+ Su.) 52
S ’f_Q ng (vuik V’LL:_) V¢‘ + |f.Q V’LL:_ (hik - ( * 3) V¢‘

+ ‘f(z %h’”k (unk - u* 67 ( + lU’*) (h f[) ng gi

As hy,,, € Ugqg, using (7 ) and the weak convergence of Vunk, each term of the

right hand side of the above inequality tends to zero, so we have :

3 Uyt Voo 1. Y9 3Tyt Voo [ 1.9
/thkVunk.V¢> /thk <1+5unk> 9 —>/Q(h )°Vu] Vo /Qh (1+Bu*> o

From the definition of the state equation (P}), we immediately get that u*
is a solution associated with the gap h*. The next thing to prove is that

Hm J(hp,, un,) = J(B*,u*)

As, ut(h,,) — uf in L?(£2), an application of the Lebesgue’s dominated
convergence theorem implies:

Blog (1 + ;u:k)> — Slog (1 + ;uj) in L?(0).

So that (h*,u*) is a solution of the problem (M).

3 Approached state equation

It has been proved in [1] that a convenient way to obtain an existence theorem
for (Py) is to consider an approached problem (Pp,),e depending on two small
parameters € > 0, 77 > 0 so that the solution of (Pp,),e tends to the one of (Py)
as € and 7 tend to zero. More precisely, € and 7 are related to two continuous
approximations of the Heaviside graph namely g.(u) and H,(u) such that:

1 if u>0,

ge(u) = —(1—%)u+1if—e§u§0,
€ if u< —e.
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0ifu<O,
H,(u) = %if()gugn,
lifu>n.

and the following approached problem is defined by:

Let 0y € L (), 0 <6y <1, find u" € V such that
(Page 3 Jio 12 9ene) Vin V6 drdy — [ by (14 S ) (14 Suge) 52 dady
= fFo Gop dy Vo e V.
(6)
Let us define G(t) = fot ge(2) dz, G
This is a continuous, increasing function so that a reciprocal function G !
exists. Using the classical Kirchoff transformation, (6) is rewritten as:

Jo 3V G(une) V6 dady — [ hHy (1+ Sune) (14 Suye) 52 dudy
= [, Bod dy Vo € V.

Let vye = Ge(uye). A sequence of approached problems (P,)ye is defined as:

Let ©y € L>*(I}), ©p > 0, find v, € V such that:
Pr)ne { [ B3V Vb dady — [ hTye(vye) 92 dady
= Jp, God dy Vo€ V.

where

1 1
1) = iy (14 3670)) (14 367 0)) )
Remark 1 [1, Th. 2.14] : If (4) is satisfied, then (Pp,),e admits a unique solution
Upe such that

||U776||H1((2) <C, (8)

where C' is a constant which does not depend on (3,7, €). There exists v in
L?(£2) such that v, converges weakly to u™ in H'(£2) and G_'(v;) tends
strongly to u in L%(£2) so that

u = limw,, (9)
ne

un = —lm G (v (10)
Moreover u is a solution of (Py,).

Remark 2 The two parameters € and 7 have different meanings. The first one
is a regularization parameter and the second one a penalization parameter.
Moreover, the proof of convergence in [1] is such that 7 tends to zero first and
then e. So that one cannot choose 1 = €. Numerical results (5) showed that
optimal choice are obtained by choosing n < e.
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Remark 8 As from (1) , v, tends to u™ in H'(£2), it is always possible to
choose € and 7 so that the condition :

1
1+ ane(h) >v>0aein 2. (11)

is fulfilled for a given v, 0 < v < 1. This condition will be used in the sequel.
Let Fy,. be the application defined from V x L>(§2) to H~'(£2) by

9 (hTye(v))

Fye(v, h) = —div (h*Vv) + I

where T)(v) := H,, (1 + %G;l(v)) (1 + %Ge—l(v)> .

Proposition 1 : The mapping (v,h) — Fy(v,h) is continuously differen-
tiable from V x L®(£2) to H~1($2)

Proof Let (w,g) € V x L*®(£2), with (w, g) # 0,
let us define
Fnﬁ(” + w, h + g) - an(vv h) — (Lne(v7 h)7wag)

o(w,g) =
|wlly + ”.‘]HLOO(Q)

b

where L, is the application defined from V' x L>°(£2) to L(V x L>({2), H-1(2))
by
(Lye(v, h),w, g) = —div (3h2gVv) + 2Taclv)

—div (h#Vw) + AT 0)

so that

_ 1 0(9(Tye (v+w) =Ty (v)))
0(w:9) = (T lalomen) ( e
—div (((h+ g)° — h® — 3h%g)Vv) — div(((h + g)® — h¥)Vw)
N a(h<Tne<v+w>—Tm<v>—T'ng<v>w>))
ox ’
and

< 1 3 _ 13 _ 2
H(s(wﬂg)”H*l(Q) — (‘le‘v+‘|g|‘Lm(Q)) (||(h+g) h 3h gHLoo(_Q) ||UHV

+ ||(h + 9)3 - hSHLOO(_Q) ”wHV
+ HQHLOO(Q) [The(v +w) — Tnf(”)”m(())
Lz(m) ’

1l ey | e (0 0) = Toe(0) = Tyl

as
(h+ g)® — h® — 3h%g = ¢° + 3hg?,

then
[+ 9)* = 1* = 30%]| .. ) < O (gl ) 19l ey

[+ 0 1] ) < O (9l o)-
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As T, is Lipschitz and using the Poincare inequality, we get
[Te (v + w) — Tm(”)”m(g) <O ([[wlly) .
As T, is continuously differentiable, there exists T776 such that

[T+ ) = Toe(w) = Trew)u O (llwlly)*

L2 (n)
it follows that
1860, )1y < O (llolly + 9l =)

So, differentiability of F is gained with VF,.(v, h) = Lye(v, h).
In the same way, it can be proved that VF,. is continuous from V' x L*({2)
to L(V x L*>(2), H~1(2)).

Proposition 2 : The mapping h — v,c(h) which defines the solution of
(Ph)ne is continuously differentiable from Uqq to V.

Proof The proof is based upon the implicit function theorem for the equation
Fre(vge(h),h) =0. (12)

It is already known from Proposition 1 that F;. is continuously differentiable.
The only thing to prove now is that

V1 (Eye(vye(h), b)) is an isomorphism from V' to H™'(£2) (13)

where Vi denotes the derivative with respect to the first variable.
To do that, it is sufficient to prove that the linear problem

zye € Hy(£2) _ (14)
(W3 ze) + 20T ndme) iy 1)

with f € H=1(£2), admits a unique solution.

Uniqueness:
Let z = z%s — z%e in which zrllé and zge are two solutions for (14) and v > 0 is a

real given parameter. Multiplying the difference of the two equations satisfied

by the test function —='_ which belongs to HE(£2), we get

byz and z2 T

ne’
+

0 2t
h3V i - hTe ne
0 ZV(V+Z+) Q ne(vne)z o <7+Z+>

using the fact that
2zt Vzt
() e
2T+ (2t +7)

we get as h belongs to Uy,q

vzt HT ) / 2zt
ol|7+ 2t _a3 T L) Jo |y + 2]
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It follows, from the Poincaré inequality, that

(- 2)) s

where C' a constant that doesn’t depend on ~.
Letting ~ tend to zero, we obtain z < 0 a.e in {2. Substituting z for —z we get
z > 0 a.e in (2. The uniqueness is proved.

Existence:
Let A2 be the application defined from Hg(£2)to H~'(£2) by:
o 0 (thE (vne)v)
A2 (v) = oIv — div(h”Vv) + —

In which the operator I : Hi () — H~1({2) is defined by

<Iv,w>:/QUw.

We can choose ¢ > 0 so that A¢, is coercive, and hence so that (A?,e)_l exists
and is continuous .
Let us remark that z,. is a solution of (14) if and only if

e — 0(A2) o Tz = (A2) 7 S,

As H}(£2) is compactly embedded in L?({2), then I is completely continu-

ous. On the other hand o (Age)_l is continuous, so o (A,QIE) “'olis completely
continuous. Applying the Fredholm’s alternative [11] allows us to conclude.

4 Approximate cost function and necessary optimality conditions

To cope with the possible non uniqueness of the solution for the control prob-
lem, we introduce as in [5, 10] a modified cost function which forces the solution
of the approximate problem to converge towards the solution (h*,u*) deduced
from theorem (2). Let us remark that usually, only one additional term is
added. However possible non uniqueness of the state equation due to the weak
regularity of the coefficient h* leads us to introduce another additional term
containing u* in Jy.(h).
The initial problem (M) is approximated by:

(M) Find h}, € Uaq such that
e Jﬂé(h;e) = Minhéuad Jne(h)

where

2

1 1 1 . 1 .
I(n) = 5 8108 (14 Fosem)) = P = 0 b o) = 07

L2(2)

vne(h) satifies (Pp)y,e and (h*,u*) are given by theorem (2).
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4.1 Necessary optimality conditions for the problem (M),

Theorem 3 : There exists at least one optimal control h;;6 € Uyq for the
problem (M), satisfying the following optimality system:
Let ©g € L™ () and O > 0,

ne

find v €V such that for allp € V
* 3 * * *
fQ (hne) V'U,,]GVQS dxdy - f() h’r]sTﬂe (Une) % dl'dy = f[‘o @OQS dy7

and for all h € Uyq

* * a € * * * *
[ =15 (T (05 2 = 305" Gay T+ 15 =) 20, (19

where qne 15 a solution of the adjoint state equation

(17)

{q,,6 € Hl(Qg) such that (q.ne)/p :80, ane.ﬁ/po =0 and
—dl’U((h;E) vq’flf) - h:]GT'WE(U;e) gzg = Lne

Blog lJriv"E —Py
where L, = %,
n 1+ 5v5.

Proof To prove that (M), admits at least one solution, the same arguments
as for the proof of existence of a solution to (M) are used.
To determine the adjoint system (17) it is sufficient to use the lagrangian:

%« \3 * Jq
(hne) VuVyq dacdy—/ by The (v) e dzdy— [ Oyq dy,
n Iy

L(h,v,q) = f(h,v)—I—/

Q
where
2

1 1 1 .

B

defined for h € Uyq, v € V satisfying the condition (11) and ¢ € V. The
results of proposition (1) and (2) allow us to obtain (16) and (17).

L2(2)

4.2 Optimality conditions for the problem (M) (1D case)

We will restrict ourselves to the one-dimensional case 2 = ]0,1[ for which
some estimates for the adjoint state can be established. The essential difficulty
essentially comes from the term h Ty (vy,) ag;‘ in equation (17).

In the following, we assume that

Py e L*(0,1]) (18)

Proposition 3 : Under the assumption (18) we have ||q77€\|Loc(]O 1 < C.
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Proof Let Q = qpe+Fkl(x), with [(z fo h* dz and k a positive constant
to be defined later. )
we get

(h:k)?) (1‘)% =X and % ((h;e) (q;);lzlr) — 1,
then
(030 @52 = b3 52 = 200,

dx ne dx Une dx

xT). vy,
Zne(k)=L;. —k (1 + (Z()’;)> .
ne

From definition (15), vy, satisfies the same kind of equation as v, with hj,
instead of h. As both h}_ and h verify (4), then vy satisfies an estimate like
(8).

Due to this estimate, using (11) and (18), we have

with

HLnE(U;JHLm(}O,l[) S C (19)
Let us choose k = HLWG(U;€)|LOO[O n then Z,.(k) < 0. By applying the max-
imum principle [24, Th 8.1], we get consequently @ < sup ), which implies
{0,1}
that

Gne(z) = Q(z) — kl(z) < sup @ — kl(z) < Ch.
{0.1}

On the other hand the choice of k = — HL,]E(U,]E) ||L°°(]O n
0. Using the same arguments we get ¢, c(z) > Ca.
So ||qneHLoo(]o,1[) <C

implies that Z,.(k) >

Let us prove now the

Proposition 4 : If by, is an optimal control of the problem (M)pe, then gy
satisfies the following estimate

<C.

H=*(Jo,1))
(20)

i e ()

* T 6‘1”]6
o hapeTne (V)

ox

||q 6“ + ‘
nellH1(]0,1[) L1(]o,1])

Proof This is a direct consequence of 4 in which ac, u., g, L. are respectively

h*é,qne,h* Tre(v ;6)'95;6 and Ly.. Assumption(40) is exactly (17) while as-

sumptions (41 42, 43, 44) are fulfilled by inequality (19), proposition 3 and
the fact that hy, belongs to Uyd.

In the one dimensional case, the following result will be proved:
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Lemma 1 There exists a constant C which does not rely on (5, ¢€,n) such that
the sequence (vye)* satisfies the estimation

dvy,
”T:ZHLOO(]OJD <cC (21)

Proof Let ¢ € D(]0, 1[). Then the function ¢ = [” ¢(t)dt is a test function for
(15) so we have

1 3 d’U* 1 1
/ h;e d; pdr = / h;’;eTne(v:‘]E)godx - / Ogpdx (22)
0 0 0
so we deduce that
*3 d’U:)G * *
hy. o = hy The(vne) — 6o a.e €]0, 1] (23)

Due to the one dimensional assumption the space H'(]0,1[) is continuously
imbedded in L>°(]0, 1[) and from (8) the sequence (v;)ye is bounded in L*°(]0, 1[).
From the definition (7) of T}, we conclude that (7y(vy.))ye is bounded in
Le(]0, 1)).

So the estimate (21) is obtained.

Proposition 5 Forallp € [1,00] the sequence (hy., vy .) converges to (h*, u*h)
defined by theorem 2 in LP(]0,1[) x H'(]0,1[) — weak) such that

U sdut’ dy ! 1 dy
h* —dx — K1+ =u* | = de = 24
/0 g /0 < + ﬂu ) e Oop(0) Yo eV (24)

Proof As (hy.) C Uaa then by (7) there exists h € Uyq such that, after passing

to a subsequence, hy. converges strongly to some h in L?(]0,1]) for all p €
[1, o0
As h;, is solution of the problem (M), we have

Ine(hpe) < Tne(R7) (25)
and in the same way as in the end of the proof of theorem (2) we get

. * (r o~ Lz * 2 1 *|2
i Ty = Tha) g [ ne|| LG = w a

and from the definition of J

lim Je(h*) = J(h*,u*)

n,6—>

so passing to the limit in (25) we get

1 ~ * 12 T/1 % *
L2(Q)+§||U—U 1202y < J(h7,u”)
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Moreover, the definition of (h*,u*) implies
J(h*,u*) < J(h, )

so that & = u* and h = h*. As u* is unique, any subsequence (v;,¢) converges
towards u*.

By the same arguments as in the proof of [1, Th. 2.14] the weak-limit 4" in
H'(]0,1[) of (v},) is a solution of (P;) and the solution @ of the limit problem
is defined by it = limye (o) and @~ = —lim, (G- (—v;,)).

In order to conclude, we need to prove the strong H' convergence of Vpe
towards u* . To do that, we will adopt a two step procedure, letting first n
tend to zero and then e. The strong convergence will be proved for each of the

two steps, so inducing the result.

Proposition 6 As n tends to zero, there exists v} and h} strong limits in
H'(]0,1[) and in LP(]0,1[) for all 1 < p < oo of v}, and h_ such that

, 1 o
/ AT v d:z:—/ h (1 + Gel(v:)) 99 4o — B0p(0) Vo € V. (26)
Q Q B Ox

Proof From appendix 3 and estimate (21), there exists a weak limit v} in H?

and a strong limit in LP(]0, 1[) of vy, and hy. as 7 tends to zero. Moreover, let

us remark that for any sequence w,, which strongly converges in L?(]0,1[) to
w, we get

H,(w,).w, — wstrongly in L*(]0,1]) (27)

Due to the definition (7) of 7; and as the convergence of vy, implies the
L?—strong convergence of G '(v},), then using (27) and passing to the limit
in 7 in equation (15), we get exactly (26).

*

To prove the strong convergence of vy, to v, we write using (15):

%3 d(’l}*E - 7}:) 2 %3 %3 d(v*E — U:) 2 « «
‘/Qhe (ndl‘> d‘r:/g(he _hne) (nCLI) dx+/(2(he _hne)Tne(”ns)

d(vf, —vF)
— | W T (v —E—24d
/Q ¢ Tye(vne) dx €T

The result follows immediately from (21), the strong convergence of h;, and
the fact that T5,c(vy) is bounded in L*°(]0, 1]).

For the sequence (v.) the following lemma can also be proved :

Lemma 2 The sequence (v.) verifies

lim/ Vo Pdz =0 (28)
2

e—0

d(v

*k
ne — U

dx

€

)

dzx
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Proof Choosing v¥ as a test function in (26) we obtain

+ *
‘/ h3|Vvr |2 = / he (”lGe%v:)) W g (0)  (20)
o Q B Oz

From the definition of G, we get

o< (1456000 <1 (30)
and . - . -
G l) = G ) + G (o) = 4G ) (D)

so we can rewrite (29) as

s dv* dv* 1 ~dv* -

_ h* € 2: h* € d h** =1/ % € d *
[ = [ n % dos [ n56 o) S da o 0)
(32)

Due to proposition 5 the sequence (v}) converges, up to a subsequence, to w’
in H'(£2) weak and strongly in L?(£2) where u* is a solution of the problem
(Pp+). The first term of the right hand side in (32) tends to 0 and from the
compact inclusion of H'(£2) in C°(£2) the third term also tends to 0. To

study the limit of the term [, hG%GZI(—v;)d/Zg dz, the function B.(z) =
Jy GZ1(t)dt is introduced. We have:

1 - dvf dB(—v; )
EreR e LU L
J ooy o= [ ST

As b} € BV(£2) and B, is continuous we can now apply the formula for
integration by parts [28, page 297-298] to obtain

/ prdBeve ) g [ B DR ) B Y ) - O) B
Q dx Q

in the sens of Riemann-Stieltjes and as B.(0) = 0, we have

Be(—v:~ - -
pe Pt ) oo = [ e )R - OB (0)
0 dx ?
from (30) we have
|Be(—v? )| < Bl —v! | and |B(—v? (0))] < Blv} (0)]

using the definition of U, and the compact embedding of H'(£2) into C°(£2):

LAdB(—v*" * -
/ he% dz| < B(IDRY| +b)||lvS [|copo,1] (33)
0 X
SO -
B.(—v*
fim [ @BV g

e—0 /o dx
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*

,76) converges strongly to ' in

Theorem 4 The sequence (v¥) and in turn (v
HY($2).

Proof The H' weak convergence of (v}) towards u*" comes from proposition

5 and estimate 21. By making the difference between equations (26) and (24)
and choosing v} — u*" as a test function we get

W[ dog du*" ’ 3 B\ (dvt gut dor
/_Qh (dx_ da:) dv = fﬂ(h _he)(d;_ dm)d;dx
+Jo 0 =) (14 3601 0)) (% - 2 ) da

« ot
+% Joh* (G;l(v:) — u*+) (% — dzm )dx

Due to the fact that A* and h* belong to U,q, the sequence (hY) converges to
h* in LP(f2) for all 1 < p < co. From estimate (21) the first and second terms
of the right hand side of the equality go to zero as € tends to zero. For the last
term, it can be rewritten as:

o*t ot i . o
=5 fiw (67 —u”) (B = 2 )de = 4 o e (G100 ) Simda
=L +1

by lemma 2, I tends to zero using (31).
Let us rewrite I:

1 + + v dur” 1 - - v dur”
I _ h,* *T ok € _ d _ h,* —1 ¥ % € _ d
! gA (” 1‘)(@: dm)m 3 /o @6(”) u)(dx dr | "

since (v7") converges strongly to u* in L2(£2) and weakly in H*(]0,1[) , the
first term in the above equality tends to 0 and the second can be rewritten as

1 o . - dv:+ durt 1 L » - dut"
B/Qh (G6 (—vf ) —u )(da: - )dx_ﬂ/o R G (=0l ) o

(34)
Using the same arguments as in remark 1, (10) and proposition 5 we then
deduce that this term tends to

xT

1 —dv
d - h* * € d
) x—i-@ /Q U dr X

*T

1 /! Cdu*’ 1 - du

— h*u* d — [ h*u* d

BA Y e z+ﬁ[% v
which is zero.

The strong H! convergence of (v}) towards AT proved and in turn that of
vy by using the triangle inequality.
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Theorem 5 : Let (h*,u*) be an optimal control of the problem (M). Then
there exist (q,\) in H'(]0,1[) x M(]0,1]) such that

T
/ pr 40 / h* (1 + 1u*> 9 4w — 0us(0) Yo €V, (35)
10,1] 10,1]

dr dx 153 dx
Vh € Uyq
/ (h— h*) ((1 n 1u*> dq _ 3h*2dqdu**> dz > 0, (36)
10,1[ B dx dr dx
qeV, X
f]o,l[ hﬁ%% dr — f]0,1[ AP da = f]o,l[ Blog(iii::+)1)d¢ dx, Vo €V,

(37)
with M(]0,1[) = (Cv(]0, 1]))* the space of bounded measures in ]0,1][.

Proof According to the estimate (20) there exist two multipliers ¢ and A in
H'(]0,1[) and M (]0, 1[) respectively, such that g,e converges weakly to ¢ in
H*(]0,1[), A converges to A in H*(]0, 1[)-weakly and M (]0, 1])-*-weakly.

Due to Remark 1, there exists u in L*(]0,1[) such that v} converges weakly

to u* in H'(]0,1[) and G (vy,) tends to u* in L*(]0,1[).
Passing to the limit with respect to n and € in (15)-(17), we obtain (35)-(37).

5 Numerical realization

The theory in the previous sections has been mainly developped in the context
of the hydrodynamic lubrication(The Reynolds state is the governing equation
for thin film flow). The one-dimensional assuption for which optimality con-
ditions have been obtained in section 4 can be associated with a bearing (see
figure 1) whose diameter is small with respect of its width: the so called in-
finitely long bearing [23]. In that case the flow is roughly independent of the
variable y (in reality there is a small boundary layer on both ends of the bear-
ing) and the one dimensional Reynolds equation is used to get the pressure
inside the device. As it will be shown in the following figures, the pressure
reaches its maximal value around the middle of the device where the gap is
minimal. This value can be so high that the surface of the device can be lo-
cally deformed [16] and a flat part appears: the original shape is truncated.
In most of the applications, this phenomenon is amplified by the variation of
the viscosity with the pressure (piezoviscosity). This phenomenon is not taken
into account in the present work as the state Reynolds equation that is dealt
with is highly non linear. Thus the related inverse problem is not included in
the present study. Nevertheless, we will retain as a numerical illustration of
the present theory the identification of a locally deformed surface h by the
knowledge of the pressure field P,.
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5.1 Initialization:

n
Assuming the gap h is known, the pressure P; = flog(l + %”) will be in-
troduced by the following procedure to prevent the so called ”inverse crime
problem”:

- It can be proved as in [6] that for suitable data the solution of (3) for
a journal bearing geometry is a continuous function. Moreover the non
cavitated area is made of two (unknown) parts, namely [0, A] and [B,1].
The first one is located in the convergent part of the bearing, the second

dP
one in the divergent part. In addition e 0onx = B sothat p=1 at
x

this point. The mass flow conservation in [B, 1] gives:
h(B)p(B) = h(B) = 6

This allows us to compute the location of B as soon as min(h),1) < Op <
max(h) [0,1]

- A backward ordinary differential equation iterative procedure is carried
out from x = B to solve the Reynolds equation

Ldut 1
BB (14 2u)h=
dr +( + B’M) @0

This procedure is stopped at a point A where the pressure becomes non
positive. The overall solution is defined by: ug(x) = u(z) for A <z < B
and u(x) = 0 elsewhere.

5.2 Choice of the penalization parameters and the datas

To identify the deformed thickness hg(z) from the desired pressure p; com-
puted by the above procedure we use the optimality system (15)-(17). Equation
(15) is solved using the P1 finite elements and fixed-point procedure. We then
solve the corresponding adjoint problem (17) and we evaluate the gradient of
Jpe (16). To minimize J,. on U,q we take a regularized descent direction D,
obtained as a solution of the elliptic problem

{ —ADyc 47Dy = —V(Jye)  in 2 (38)

%20 on 0f2

where r is a parameter which has to be adjusted numerically to accelerate the
convergence of the projected BFGS with Armijo rule [26].
For tests below the exact deformed thikness is

ha(z) = {1—1—0.5603(271'90) if z € ([0,1] — [0.4,0.6))

0,1
0.6 it 2 € ([0,1] — [0.4,0.6]) (39)

The choice of the values of the parameters deserves further discussions. The
value chosen for f is a usual value for the bulk modulus of a lubricant [32]. The
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values of 1 and € have been chosen to obtain the best stability with respect to
the number of grid’s points.

The initial thickness is h(z) = 1+ 0,5cos(27x) , 8 = 1.10°, = 107> and
€=210"3

The value ©g = 0.675 for the input mass flow is chosen so that two cavitation
regions exist. The table below shows the variation of Prec = % according
to the NIT number of iterations and for different values of the number m of

of grid’s points.

m = 101 m = 201 m = 301 m = 401
NIT Prec Prec Prec Prec
1 1.0000F + 00 1.0000EF + 00 1.0000EF + 00 || 1.0000F + 00
5 1.52571e — 03 || 2.43188e — 03 || 2.12803e — 03 || 2.32768e — 03
10 1.34161e — 03 || 1.23072e — 03 || 1.06685¢ — 03 || 1.15125¢ — 03
20 1.33785e — 03 || 1.38974e — 04 || 4.75835e¢ — 04 || 4.50564e — 04
40 1.33785e¢ — 03 || 1.84877e — 05 || 1.23317e¢ — 04 || 1.70753e — 04
Table 1
15 ul 10’4 2.5)( 107]
2
£ 315
§ 05 i
05
0 5 16 1‘5 2;0 ) 2‘5 43‘(? 3‘5 4‘0 45 0 5 1‘0 1‘5 2;0 » 2‘5 3‘0 3‘5 4‘0 45
Fig. 2

Fig. 2 shows the good convergence of the projected-BFGS algorithm combined
with our choice of the regularized descent direction D, for m = 201.

Fig. 3 and Fig. 4 depict a comparaison between the computed pressure and
thickness profiles and the exact ones for m = 401 after various number of
iterations.
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0.18 T T
— p-exact
p-identified: 1iteration
— — p-identified: 11iterations
— — — p-identified:41iterations

Fig. 3

1.5 T T
— h-exact

h-identified: literation
— - — h-identified: 11iterations
— — — h-identified:41iterations

0.9} i
08} i
0.7} \ , 1

0.6 >~ < ]

! ! ! ! ! ! ! ! !
0.5
0

Fig. 4

6 Conclusion

The present work shows how is it possible to get some identification process
for thin film flow taking a correct mass preserving condition into account. It
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opens the way to optimization problems in the same mechanical area, as find-
ing the best shape (the function &) to minimize friction or oil consumption. An
interesting feature is that recent physical studies of the gaseous cavitation in
lubrication tends to give a physical meaning to some mathematical problems
close to the approximate one (6)[7] used in the present paper. This induces
an additional reason to introduce more efficient numerical methods for solving
both direct and inverse problems.
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tion CNRS-CNRST ( SPMO02/12 ) and the CMIMF action intégrée (MA/04/94).
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A Some properties of BV-Spaces[22]

Lemma 3 :
1) (Lower semicontinuity):
Suppose fi, € BV () (k=1,...) and fr — f in L1(2), then

IDSI (@) <l _inf DSl ()

1) (Compactness):
Let fr, € BV () (k =1,...) satisfying sup ka”BV(Q) < 400, then there exist a subsequence
k

(fkj>1§j§+oo and f € BV (£2) such that

fr; = fin LY(92).
Using the previous lemma, we can prove the following result.

Proposition 7 :

1) Uqq is a nonempty convex closed subset of BV (£2) N L*°(12).

ii) Let (hn) be a sequence of Uyq, then there exists h € Uyq such that hn — h in LA(2)
(for a subsequence) VA € [1,+o0].

Proof i) Let (hn), cy C Uad, the assertion (ii) of the Lemma 3 implies that there exists
h € BV (£2) such that h, — h in L1(£2) (for a subsequence). However as 0 < a < hy,, < b
a.e in 2, it follows that 0 < a < h < b a.e in £2. And according to (i) Lemma 3, we have

DA (£2) <lim inf |[Dhyl(£2) < C¥,
n——+oo
therefore, h € Uyqy.
ii) Thanks to the previous assertion, there exists h € U,q such that h, — h in L1(£2) (for
a subsequence), in addition

lhn — h”}\/\(g) <(b-— a)kil llhn — h”Ll(Q) )

for all X € [1,4o00[, from where the result follows.
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B Some technical lemmas

Here, we give the general theorem:

Theorem 6 Let uc be a solution of the following problem

ue € H' () such that ue(1) =0, dd“€ (0) =0 and
_d ( ( )) due)i due =L * (40)
dg \\QelT dz ge gz = Le
we suppose that there exist constants C1,Ca,C3 and Cy independent of € such that
0< C1 <ae(z) <C2 vz € [0,1] (41)
Le € L*(]0,1]), ge € L™(]0,1]) (42)
luellLoo qo,1p < C3 ILell2o,1p < Ca (43)
ge >0 (44)
then J J
u u,
||u€HH1(]O,1[) + gef + ng d < <C. (45)
T llLt(o,1)) T llE=1q0,1])

Let us first prove the following technical lemma in wich V = ¢ € H'(]0, 1[), ¢(1) = 0.

Lemma 4 :
d d due d
[ oo = [ simo () (aepe s - 1) vee,
10,1[ dx 10,1] dx dr dx
where
1 if z>0,
signo(z) = ¢ 0 if z=0,
—1:if z<0.

Proof Let signd be the regularization of the function signg such that

1 if z>o0,
signf(z) =4 Z if 0 <z<o,

with ¢ > 0. From (42) and the fact that ue belongs to V, we get that ae cfi"; belongs to

H1(]0, 1]). It follows that for any ¢ € V, then (signg (ae '1;;5 ) also lies in V' and can be chosen
as a test function in (40). So that

. due \ due _ . due due d¢
fioa19cCsigng (ache ) Ge = fio \signg (ac %) (acpe % — LeC

du . PAY du d du
+ Jjo.11 2 G (signg) (a€ d;) Gz (e d;)

(46)

. o\’ [ dane dqne
As ‘(519”0) < dz ) “da

<1, we get

Foocti (i)’ (acte ) i (ot ) < Ol age oy 8 Cam®)” (i) et (o)
d due
< Cy f(’ddu; Sa) ‘CE (tle e )‘7
however f(‘% SU) ‘C% <ae%)‘ tends to f(dd%:o) ‘C% (a6 déé:)‘ which is equal to 0

(by an application of the Lemma A.4 [27]), then

due , . , [ due d due
— z — | ae — 0.
/]0,1[(1 dx (signg) ( dx ) Cdm (a dx )

Then passing to the limit on o in (46) and using (44), we obtain the result of the lemma.
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Proof of theorem 6
Let us define Ae = ge

due
dx

1

, Ue = Yele, Xe = YeAe,

Ve =
L4 1Rellrgo,ap + Al z—10,1p
then
€ Xe )\e =1. 47
Ve F ‘ L1(]o,1[) + H HH*l(]O,l[) (47)
and from 40
d du. ~
- € = )\e 5L5~ 48
dx (a dx) T (48)

Taking . as a test function in (48), we get
dua.\? _ ~ - _
Do, ae ( da ) = Jo,ap Aetie + fio 1 veLetie

= %e Jo.1[ <)\e +%Le> Ue,

From (43), u. is bounded in L (]0, 1[). Moreover Ac + 7 Le is bounded in L! (]0,1[) from
(47) and (43 ), using (41), we get:

Hastql(]o,l[) < Ce- (49)

Now choosing ¢ € H{ (]0,1]) as a test function in (48), we get

die d ~
/]0 3 ﬁ = At + YeLe,

Qe
g dzdz Jjoag 10,1]

which is rewritten as
/ Xe(b = Qe diie @ -
10.1] joaf  dzdz o

'yeLedh

so that

‘/w

From (43) we get

< Coluell grgo,ip 1ol a2 go,apy + e lLellzgoap N8l m o1y -

HXGHH*H]O,I[) <C (’Ys + ||17€||H1(]0,1[)) . (50)

Now, let us suppose

Assumption (H) A is not bounded in L1(]0,1[) U H~1(]0, 1])

Then ve tends (for a subsequence) to 0 , then @ and Xe converge to 0 respectively in
H'(]0,1[) and H~1(]0, 1) and according to (47)

X H 1 51
H “llz1qo,1p (51)
We aim to compute ‘ XE by way of the characterization
Li(o,1[)
~ 1
A ‘ = sup / Ae | wdx 52
H “Nr1go,p weB(0,1) J0 ‘ (52)
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in which B(0, 1) denotes the unit ball of Cy ([0, 1]).
Let us choose ¢ in H'(]0, 1]) such that ¢ > 1 so that for any w in B(0, 1)

w<é (53)

Such a function ¢ cannot belong to V' as it cannot be 0 for x = 1. So we locally modify ¢
by introducing for any small non negative parameter o

B o if 2<1—og,
Vo (2) = e)=o , , $We=Dte ;551 g,
Let us write from (53)
1 1 1 1
/ Aewg/ A5¢:/ Ae (d)—w)-&-/ Ae| vo (54)
0 0 0 0

we can use ¢ = v.(¢ — vo) as a test function in 4 so that (54) leads to:

/1 /1 . (daé) due do o (dﬂe) die dvs
w < s1gNQ a, —_— = s1gno a
0 0 0

dx ¢ dz dz dz “dr dx

1 d~e 1
_ '75/ signg ( u ) Le(¢p— vo) +/
0 dz 0

/
0

From (41) and (49): 1N < CVAell %l L2 go.ap
From (41) and the definition of v : I> >0
From (43) and the definition of v, : Is 2 —=Cve(L + |lvall L2 o, 1p)

As Ac belongs to L>°(]0,1]) from (42),(43) and v, > 0 then:

Xe

Xe

Vo

Ae

w<Ii —Iy— I3+ 14 (55)

Iy < ”XS||L°°(]O,1[HUU”Ll(]O,l[)

As constant C' does not depend on o,w or €, we can first let o tend to zero so that
lvollL2(jo,1p) — 0 and we get

/1
0
as ¢ does not depend on w and as 7. tends to zero, we get
IAellLrgo,1p < CVve

which is impossible from (51) and the assumption (H).
So assumption (H) is not true and this implies that there exists a constant C' > 0 such that

d¢
Ae|w < OVell - llezgo,ap + e

”XEHLl(]O,l[ + ||X6HH—1(]O,1[ <C (56)

According to (49) and the definition of @e , we have
) c 5 5
lwellzrngo,1p) < P C+ Ixellrqo,ap + el =1 g0,1p) (57)

Then from (56) we get
||u6||H1(]0,1[) <C (58)
so estimate (45) is obtained from (56) and (58).



