Starting flow analysis for Bingham fluids

Mihai Bostan*, Patrick Hild'
(20th May 2005)

Abstract

The aim of this paper is to study some flow properties of Bingham fluids
in one, two and three space dimensions. We focus on the behavior of the
flow when the external forces vary. A special attention is devoted to the
appearance of the flow when the loads increase sufficiently. The results are
first established in an abstract setting and then applied to the Bingham fluid
model.
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1 Introduction

In fluid mechanics involving viscoplastic behavior a current choice is to consider as
constitutive relation the Bingham model [1] exhibiting viscosity and yield stress.
This model was investigated in the metal forming process in order to describe wire
drawing (see [3]), in oil field plug-cementing process (see [7] and the references
quoted therein) and in landslides modelling (see [4]). An important property of
the Bingham model concerns the existence of rigid zones which are located in the
interior of the flow. As the external loads decrease the rigid zones become larger
and may completely block the flow if the forces become lower than a certain value
which stands for a maximal blocking force.
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From a mathematical point of view the variational formulation of the Bingham
problem is obtained in [5]. In the latter reference the authors consider the Bingham
model in various contexts (from the sophisticated three dimensional evolution prob-
lem generalizing the Navier-Stokes model to the simpler two dimensional stationary
problem describing the laminar flow in a cylindrical pipe) and prove also several
existence and/or uniqueness results as well as some properties on the solutions, es-
pecially in the two dimensional case. Besides an important study concerning the
properties of the solutions for the two dimensional stationary problem modelling the
laminar flow in a cylindrical pipe was carried out in [15, 16, 17].

This paper deals with stationary problems in one, two and three space dimen-
sions. The main aim of this work is to study the behavior of the flow when the
external forces are near the maximal blocking force (i.e., when the fluid begins to
run).

Our paper is outlined as follows. In section 2, we consider an abstract setting for
a specific class of variational inequalities with unknowns in a Hilbert space V. We
introduce the definition of a maximal blocking force f and we consider the solution
us,€ > 0 corresponding to a force equal to (1 + ¢)f. We show that the sequence
u /e converges strongly in V' as e vanishes. A characterization of the limit is given
as a projection onto a closed convex cone of a solution to an auxiliary problem
governed by a variational equality. Necessary and sufficient conditions are given
for the limit to be different from zero. We conclude the section with the study
and the characterization of the limit of u./e as € tends to infinity. Section 3 deals
with the Bingham fluid model. We begin with the three dimensional problem. A
characterization of the maximal blocking force is given and the results of the latter
section are applied to the fluid model. Similar results are obtained for the two
dimensional problem describing the laminar flow in a cylindrical pipe. In the latter
case the incompressibility condition div(u) = 0 as well as the non linear term (u-V)u
disappear. We finish our study by analyzing also two one-dimensional cases.

2 An abstract setting

Let (V,(+,-)) be a real Hilbert space whose associated norm is denoted by ||.||. The
notation V' stands for the dual space of V. We consider the variational inequality:

ueV : a(u,v —u)+j) —j(u) > (l,v —u), VoeV, (1)

where a : V x V' — R is a bilinear continuous V-elliptic (i.e., 3 a > 0 such that
a(v,v) > a(v,v) = aljv||’,V v € V) application, j : V —] — oo + oq] is a proper,
convex, lower semicontinuous (l.s.c.) function and [ : V' — R is a linear continuous
form on V. The duality pairing between V' and V is denoted by (-,-). We note by
J : V' = V the duality application (l,v) = (J(I),v), VI € V',V v € V. With this
notation the problem (1) can be written also

uevV, a(u, v —u) + j(v) — j(u) > (f,v —u), VovelV, (2)
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where f = J(I). It is well known that the problem (1) admits a unique solution (see
9], [10], [14]). Besides it is easy to check that if j is positively homogeneous (i.e.,
J(Av) = Aj(v) YA > 0,Vv € V) with j(0) = 0, then the problem (1) is equivalent to
finding v € V such that

If we assume that j(0) = 0 then u = 0 is solution of (1) iff j(v) > (l,v),Vv € V. With
the notation f = J(I) the previous condition is equivalent to j(v) > (f,v),Yv € V,

or f € 95(0).

Definition 2.1 We say that f is a blocking force if j(v) > (f,v),Yv € V or equiv-
alently f € 95(0).

Proposition 2.1 Assume that j : V —| — o0, +00] is a nonnegative proper, convet,
L.s.c. function such that j(0) = 0. Then the set 9j5(0) of all blocking forces is
nonempty closed and convez.

Proof. Since j(v) > 0 for any v € V we deduce that 9j(0) contains f = 0.
According to [6] the set 97(0) is closed and convex. -

Since our interest focuses on the appearance of a non trivial solution (u # 0) when
the forces increase, it is natural to introduce the notion of maximal blocking force.

Proposition 2.2 Let the assumptions on j of the previous proposition hold and
suppose that D(j) is symmetric with respect to the origin. Let f € 05(0), fpy # 0
and set M = sup{\ > 0| \f € 9j(0)}. Then M < +oo and M f € 0;(0).

Proof. The set {\ > 0| Af € 9j(0)} is nonempty since it contains A = 1 (in fact
it contains |0,1]). Since f|py) # 0, D(j) = —D(j), there is vy € D(j) satisfying
(f,v0) > 0. If A is large enough we have (Aof,vo) > j(vg) so that \of & 05(0).
Consequently {A > 0 | A\f € 95(0)} C]0, o[ and M < Ay < 400. Let (\,), be a
sequence converging towards M and verifying A, f € 05(0). Hence \,f — M f and
since 05(0) is closed we deduce that M f € 95(0). .

Definition 2.2 Let f be a blocking force and let M be defined as in the Proposition
2.2. We call f = M f the maximal blocking force associated with f.

In other words f is a maximal blocking force iff j(v) > (f,v), Vv € V and Ve >
0,3 v. € V such that j(v.) < ((1+¢)f,v.). Denoting by u. and u the solutions
of (2) corresponding to the forces (1 + ¢)f and f respectively we obtain another
equivalent definition : f is a maximal blocking force iff u = 0 and u, #+0,Ve > 0.
We can easily prove the following result:



Proposition 2.3 Let the assumptions on j of the Proposition 2.1 hold. Assume that
J is homogeneous (i.e., j(Av) = |A[j(v), YA € R,Vv € V) and f € 0j(0), flpy) # 0
Then the mazimal blocking force is given by f = M, f where M, = inf (s )20 %

Proof. Remark that f € 05(0) iff |(f,v)| < j(v) Vv € V and observe that M = M;,
where M = sup{\ > 0| \f € 95(0)}. O
It is also important to determine if there is v € V', v # 0 such that j(v) = (f,v),

where f is a blocking force. The answer to this question is given in the following
proposition.

Proposition 2.4 Assume that j : V —| — 00, +00] is a nonnegative, proper, con-
vex, l.s.c., homogeneous function. Suppose also that j(v) = 0 iff v = 0. Consider

f€05(0), flpg) # 0 and let f = MF be the mazimal blocking force. Then

(1) if 0 < A< M and v # 0 we have (\f,v) < j(v); '
(2) there is vg € V — {0} such that (M f,vo) = j(vo) iff inf ()20 % is attained.

Proof. (1) Since 0 < A < M we have (\f,v)
vy # 0 such that A(f,vo) = j(vo). Since j(vy)

have

< j(v) Vv € V. Suppose that there is
> 0, thus (f,v9) > 0 and therefore we

VAN Wi GO (O N Y Y
(s v0)| ™ w)z0 |(f, 0)]
which is not possible. So A(f,v) < j(v) Vo € V —={0},V0 <\ < M.
(2) Assume that there is vy # 0 such that (M f,v) = j(vg). Since j(vg) > 0 we
have:

IS ()
M=1Fwl = e (o = M=

and therefore inf z)0 Jf U)) = (j;?o))' = M. Conversely, if there is vy # 0 such that

My = inf ()20 21 = \5(—» we deduce that M|(f,vo)| = j(vo). If (f,v9) > 0 we
obtain (M f,vo) = j(vo). If (f,v0) < 0 we get (M f,0o) = j(vo) with vy = —vy # 0.
[

Proposition 2.5 In the finite dimensional case (dimV < +o0), under the hypothe-
ses of the previous proposition, if f is a blocking force, f|p¢) # 0 and f=Mfis
the corresponding mazximal blocking force, then there is vg € V — {0} such that
(M f,vo) = j(vo).

Proof. Since j is homogeneous, we have M = inf,— |( . Consider a sequence

(Un)n verifying |lv,|| = 1,(f,v,) # 0 and M < ‘(jf(z}’;))‘ < M + L, Vn. Since {v €
V| |lv]| = 1} is a compact set we can extract a subsequence v,, — wp as k —

+00, with ||wg|| = 1. By the lower semicontinuity of j we deduce that j(wg) <
liminfy o j(vp,) < liminfy 4o <M+ nl—k> |(f,vn,)] = M|(f,wo)|. Since wy # 0

4



thus j(wg) > 0 we deduce that (f,wg) # 0 and |(J}Z:u?)| < M. Finally the infimum M
is attained and that there is vy € V' — {0} such that (M f,vy) = j(vo).

[

Remark 2.1 A particular case of the previous proposition is obtained when V =V},
is a finite element space (see e.g. [2]).

Let f be a blocking force. We introduce the set
C={veVl]jk)=(fv)} (3)

Proposition 2.6 Assume that j : V —| — 0o, +00| is a proper, convez, l.s.c. func-
tion with j(0) = 0 and f is a blocking force. Then C is a nonempty closed convex
set. Moreover, if j is positively homogeneous, then C is a nonempty closed convex
cone.

Proof. Clearly 0 € C. Let vy, v, € C and A € [0, 1]. We have
J(Avr + (1= Avz) < Aj(v1) + (1 = A)ji(vz) = (f, Avr + (1 = A)vg).
Since f is a blocking force, we get
(f, Avp 4+ (1 — M) < j(Avg + (1 — A)vg).

Hence Av; + (1 — A)vg € C or C'is convex. Let (v,), be a sequence in C' converging
towards v. Then

) < liminf j(0,) = inf(7, ) = (f,0).
Since f is a blocking force we deduce that j(v) = (f,v) or v € C' which implies that
C'is closed. If j is positively homogeneous, v € C;, A > 0 we have j(Av) = \j(v) =
(f,Av), or Av € C and thus C is a convex cone.
]

Next we give an equivalent definition of C'.

Proposition 2.7 Assume that j : V —| — 0o, +00| is a proper, convez, l.s.c. func-
tion with j(0) = 0 and f is a blocking force. Then C = {v eV | f € dj(v)}.

Proof. If v € V satisfies j(v) = (f,v) then for any w € V' we write j(w) — j(v) >
(f,w) — (f,v) = (f,w —v) which implies that f € dj(v). Conversely if f € dj(v)
then j(w) — j(v) > (f,w —v) = (f,w) — (f,v) for any w € V. Choosing w = 0 in
the previous inequality we deduce that j(v) < (f,v). Since f is a blocking force we
obtain j(v) = (f,v), or v € C.

]



Remark 2.2 Consider a blocking force f and let f = M f be the corresponding maz-
imal blocking force. By the Proposition 2.4 we deduce that C\ = {v € V | (A\f,v) =
jw)}={0}, Vo< A< M.

We denote by (u.).~o the solutions of the variational inequalities:
u. €V . a(us, v —ues) + 7 (v) — j(ue) > (fe,v —u.), Yo €V, (4)
where f. = (1 +¢)f,Ve > 0. We set
w, = %, Ve > 0.
£

The following theorem establishes the convergence of (w;).~o when € \, 0 and gives
a characterization of the limit.

Theorem 2.1 Assume that j : V —] — 0o, +00| is a proper, convezx, l.s.c., posi-
tively homogeneous function with j7(0) = 0 and f is a blocking force. Then (we)e>o
converges strongly in V. when € \, 0 and we have

limw, = w,
e\.0

where w is the solution of the variational inequality :
wel : a(w,v —w) > (f,v —w), Yv € C,

with C = {v € V | j(v) = (f,v)}. In particular, if the bilinear form a(-,-) is
symmetric, we have
lim . = Proje(u).

where Projo : V. — C' denotes the projection operator on the closed conver cone
C' with respect to the inner product given by the bilinear form a(-,-) and u is the
solution of the variational equality:

ueV : a(u,v) = (f,v), Yo e V.

Proof. The problem (4) can be written in an equivalent form : find u. € V such

that
{ alue, us) + j(us) = (fo,u0),

(e, v) + () = (), Vo € V. )

The equality in (5) becomes a(we, w.) + £(j(we) — (f,we)) = (f,w.), and therefore

aflw-|* < awe, we) < (f,we) < [ f[]Jwel],

which implies that (w.).~o is bounded and |jw.| < @, Ve > 0. Therefore we
can extract a subsequence g5 ~\, 0 such that wy := w,, converges weakly towards
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w in V. Since j is convex ls.c., j is also weakly ls.c. and therefore j(w) =
liminfy ., j(wg). According to (5) we have j(wy) < (14 ¢x)(f, wg), Vk and there-
fore j(w) < liminfy_ ;oo (1+¢x)(f, wg) = (f,w). Since f is a blocking force we write
Jj(w) > (f,w) and therefore we deduce that j(w) = (f,w) or w € C. Now we can
prove that (wy)x converges strongly in V' to w. We introduce the operator A € L(V)
such that (Au,v) = a(u,v), Yu,v € V. The inequality (4) can be expressed in an
equivalent way using the operator A as follows:

fe € Au. + 0j(ue).

By dividing by € and noting that dj(Av) = 9j(v), VA > 0 (since j is positively
homogeneous), we obtain

1 1
f + _f € Aws + _aj(ws)'
£ €
Since w € C, by the Proposition 2.7 we deduce that f € 0j(w) and we get

1. :
f € Aw,. + g(@j (we) — 07 (w)).
After multiplication with w. — w and using the monotonicity of dj we obtain
a(w67w6 - w) = (Aw€a We — U)) < (f7 We — U)),

or
a(ws; —w,w. —w) < (f,w: —w) — (Aw, w. — w).

In particular, taking ¢ = ¢, and using the V-ellipticity of a(-,-) yields
allwy — w||* < a(wy —w,wy, —w) < (f — Aw, wy, — w), k.

Since (wyg)x converges weakly towards w we deduce that limg_ o ||wp — w| = 0.
Next we give a characterization of the limit w. Consider v € C', which implies that
f € 0j(v). As before we have

f € Awn+ —(@j(w) — 0j(v).
k

After multiplication with w; — v we find
a('lUk,'lUk - U) = (Awk’a Wy — U) < (f7 Wy, — U)7

and by passing to the limit for & — +o0o we deduce that w is the unique solution of
the variational inequality

weCC : a(w,v —w) > (f,v—w), Yv e C. (6)



The uniqueness of the limit allows us to prove the strong convergence lim.\ o w, = w.
Suppose now that a(-, ) is symmetric and consider also the solution u of the problem

ueV a(u,v) = (f,v), Yo e V.
We deduce that the limit w verifies
weC : a(w —u,w—v) <0, Yv e C,
which is equivalent to
wedd : a(w—u,w—u) <alv—u,v—u), Yo eC,

and therefore w = Projo(u) (with respect to the inner product a(-,-)). As above,
by the uniqueness of the limit we come to the conclusion that strong convergence
holds : lim\ g w. = Projc(u).

(I

Remark 2.3 The above proof states the convergence of (we)eso towards w when &
vanishes. The method used in the proof does not provide any convergence rates. As
we will see later in Proposition 2.9 this is possible when ¢ — +o0.

Remark 2.4 Suppose that a(-,-) is symmetric. Since j is positively homogeneous,
by the Proposition 2.6 we know that C' is a convex cone and thus, by takingv = 0 and
v = 2w in (6) we get a(w,w) = (f,w) and a(w,v) > (f,v), Yv € C. Consequently
we have

a(w,w) = (f,w) = alu,w) < a(u,u)?a(w,w)"?,

and finally we deduce that a(w,w) < a(u,u) and (f,w) = a(w,w) < a(u,u) = (f,u).

Remark 2.5 Note that the most interesting case in the previous theorem is when
f is a maximal blocking force. Indeed, if f is a blocking force but not a maximal
blocking force, then for e > 0 small enough f. = (14¢)f is also a blocking force and

we = %= = 0. Consequently we have lim\ g we = 0 and the set C reduces to {0} (see

the Remark 2.2).

In the next proposition we give a necessary and sufficient condition for the limit w
to be 0.

Proposition 2.8 Assume that j : V —]—o00,400] is a proper, convez, l.s.c., homo-
geneous function, j(v) > 0Vv # 0 and f is a maximal blocking force. The following
conditions are equivalent:

(1) ¢ ={0};

(2) limow, =0;

(3) inf (120 % is not attained.



Proof. Since lim\ gw, € C' it is straightforward that (1) implies (2). Conversely,
suppose that w = lim.\ o w. = 0 and consider v € C. By the inequality (6) we have

0= a(w7w _U) < (f,’w—'U) = _(fav) = —j(’l})
Therefore v = 0 and C' = {0}. The equivalence between (1) and (3) follows from
the Proposition 2.4. O

Remark 2.6 If V is finite dimensional then none of the equivalent conditions of
the previous proposition are fulfilled.

Remark 2.7 The techniques introduced in this section can be extended in order to
study the following inequality (7) (instead of (2)):

ueV : a(u, v —u) 4+ b(u,u,v —u) + j(v) — j(u) > (f,v—u), YoeV, (7)

where b : V xV xV — R is a continuous trilinear form verifying b(v,v,v) = 0,Yv €

D(j).

Indeed, we need to assume that for any ’small’ ¢ > 0 the problem (7) admits a
solution w, corresponding to the force f. = (1 +¢)f. As before, by taking v = 2u,,
v =01in (7) and since b(ue, ue, u.) = 0, the variational inequality (7) can be written:
find u. € V such that

{ a(ue, uz) + j(us) = (fe ue),

a(ug,v) + b(ug, ue,v) + j(v) > (fe,v), Yo € V. (®)

By using (8) and the blocking condition we deduce as previously that w. = * is
bounded and we can extract a sequence g \, 0 verifying w,, — w € C = {v €
V| (f,v) = j(v)}. In order to prove that (w.,)r converges strongly, we introduce
an operator B € L(V x V, V) satisfying b(u,v,w) = (B(u,v),w),Vu,v,w € V and
we observe that the variational inequality (7) can be written

Aue + B(ue,u:) + 0j(ue) 3 fe,

or

Aw, + eB(w., w.) + é@j(wg) > (1 + é) f. 9)

Since w € C' we have f € 0j(w). After multiplication with w. — w and using the
monotonicity of dj we find

a(wa We — w) + €b(w€, We, We — w) < (f,we — w)7
which implies

a(we —w,w: —w) < (f,we — w) — a(w, we — w) + &[] we|*([lwe | + Jwl])-
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Choosing € = ¢, we deduce that lim;_, . w., = w strongly in V. We take v € C,
or f € Jj(v). After multiplication of (9) by w. — v we deduce as in the proof of
Theorem 2.1 that w solves the problem

weC : a(w,w—v) < (f,w—v), Yv € C,
which proves that lim.\ o w. = w.
By similar arguments we can analyze the behavior of w. when ¢ — +00.

Theorem 2.2 Assume that j : V —] — 0o, +00] is proper, convez, l.s.c., positively
homogeneous with j(0) = 0 and f € V (not necessarily a blocking force). Then
(we)eso converges strongly in V. when € — 400 and we have

lim w. = w,
£—+00

where w is the solution of the variational inequality :

w e D(j) : a(w, v —w) > (f,v —w), Yv € D(j).
In particular, if the bilinear form a(-,-) is symmetric then we have

i v = Proip(u)

where u is the solution of the problem
uweV : alu,v) = (f,v),Yv eV,

and Projw stands for the projection operator on the closed convex set D(j) with
respect to the inner product given by a(-,-).

Proof. Since j is proper, convex, l.s.c., there is # € R and vy € V such that
jw) > B+ (v,v9), YveV. (10)
As before we have

o) + i) = (14 1) (fr). (1)

Consequently we have for ¢ > 1

IN

ol ||

ot w) < (142 ) N7~ 24 Lol
@71+ ol + 181,

IA

10



which implies that (w.).>1 is bounded. We can extract a sequence wy := w,, with
er — oo such that (wg); converges weakly towards w in V. By using (4) with
e = ¢} and v = g,w; one gets

a(ur, exwy — ug) + jlerwy) — jlug) > (1 +ep)(f, erwr — ug), Vk, 1,

where u;, = gpwy, or

a(wy, w; — wy) + i(j(wl) — j(wg)) > (1 + i) (f,w, —wyg), Vk,I,
Ek €k

and we obtain

1 I :

a(wg, wy) < (1 + 5_) (f, wi — wi) + alwe, wy) + ;(](wl> = j(wk)), Yk, 1. (12)
k k

By the equality (11) written for € = ¢, we see that j(w;) < +oo and according to

(10) we get

) 1. . : 1.
limsup —(j(w;) — j(wg)) < limsup —(j(w;) — F — (wg, vo)) = 0.
k—+oco €k k—+4o0o €k

After passing to the limit for & — +o00 in (12) we deduce that

lim sup a(wy, wy) < (f,w —wy) + a(w,wy), Vi.

k——+o0
By passing to the limit for | — +oo in the above inequality, we come to the
conclusion that limsup,_, | a(wy, wx) < a(w,w). Finally lim,_, o a(w, — w, wy, —
w) = 0 and thus (wy), converges strongly towards w. In order to identify the limit,
take v € D(j) and write

(s — we) + (i) — jwe)) > (1 ; i) (fro— w)

Ek
As before we check that limsup,_,, i(](v) — j(wg)) < 0 and therefore, after
passing to the limit for £ — +o0 we obtain

a(w,v —w) > (f,v —w), Yv € D(j).

By the continuity we have also

a(w,v —w) > (f,v—w), Yv € D(j).

Equality (11) leads to j(wy) < 400, Yk and thus w = limy_, ;o wg € D(j). Therefore
(wy)y converges strongly to the unique solution of

w e D(j) : a(w, v —w) > (f,v —w), Yv € D(j).
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The strong convergence lim. ., w. = w follows from the uniqueness of the limit.
If a(-,-) is symmetric we have

w € D(j) : a(w,v —w) > (f,v—w) =alu,v —w), Yo € D(j),

or

w e D(j) : alu—w,v—w) <0, Yo € D(j).
Finally w = Projm(u) (with respect to the inner product given by a(-,-)). By the
uniqueness of the limit we obtain that lim._ ., w, = Projm(u). -

Proposition 2.9 With the notations of the previous theorem, if j : V —] — 00 + o0
is proper, convez, l.s.c., homogeneous and bounded (i.e., 3¢ > 0 such that |j(v)| <
cllv||, Yv € D(j)) then we have the estimate

e —wl < I oo g
Qe

Proof. Indeed, since j is ls.c. and bounded, D(j) is closed and thus w =
lim. o w. € D(j). By using

ot =)+ 20— i) = (14 1) G —w) = (14 alww -0,

we obtain after multiplication with e
ca(u — we,w —we) < j(w) — j(ws) — alu, w —we), Ye > 0.

Taking into account that a(w—u, w—w.) < 0 and using the hypotheses on j (convex,
homogeneous and bounded) we obtain

ca(w — we, w —we) < j(w) = j(w:) = alu, w —we) < cljw —we || + [|f][flw = we],

il A

ea

and therefore ae|lw — w.[]* < (c+ || f)|lw — we]|, or [Jw —w,| < Ve > 0. 4

3 The Bingham model

We consider the equations describing the stationary flow of an incompressible Bing-
ham fluid of constant density p = 1 in a domain  C R? with a smooth boundary
0€). The notation u stands for the velocity field, o denotes the Cauchy stress tensor
field, p = —trace(o)/3 represents the pressure and o’ given by ¢ = ¢’ — pI is the
deviatoric part of the stress tensor (trace(c’) = 0). Let b denote the body forces.
The momentum balance law in the Eulerian coordinates and the incompressibility
condition are:

(u-V)u—dive'+ Vp=>b inQ, (13)
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divu=0 in Q. (14)
If we denote by D(u) = (Vu+ V7Tu)/2 the rate deformation tensor, the constitutive
equation of the Bingham fluid can be written as follows:
D(u)

[ D(u)]
lo’| < g if D(u) =0, (16)

o' =nD(u) +g if D(u) # 0, (15)

where 0 < 19 < n =n(z) < n, Ve € Q is the viscosity distribution and g = g(x) >
0,Vz € Qis a function which stands for the yield limit distribution in €2. We suppose
that I' = 092 is divided into two disjoint parts so that I' = I'yUT'; with meas(I'y) > 0.
We complete the equations with the boundary conditions

u=0 on Iy, o-n=0 on Iy, (17)

where n stands for the unit outward normal on I'.

3.1 The three-dimensional case

We introduce the Hilbert space V = {v € H'(Q)? | v|r, = 0} and we consider the
symmetric continuous bilinear form a : V' x V' — R given by

a(u,v) / Z i ( ) der = /ﬂnD(u) : D(v) dz, Yu,v € V.

1<4,5<3

According to the Korn lemma (see [5]) the form a(-,-) is V-elliptic
ofo.0) = [WlDEP do = m [ (DO do = 2ol = alol?, voe V.
Q 0 Ck

We introduce also the closed subspace K = {v € V | divv = 0} and we consider
the proper convex function j : V' — [0, +00] given by

i) = / gl D(v)| dz, if v € K and j(v) = +o0 if v ¢ K,
Q

where g € L*(Q2), g > 0. It is easy to check that j is L.s.c., homogeneous, j(0) = 0
and |7(v)| < [|gll 2 [[v]], Vv € V. Moreover, if j(v) = 0, since g > 0, we deduce that
D(v) = 0 and by the Korn lemma it comes that v = 0. We consider also a continuous
linear form [ : V — R (if b € L*(Q)* we take (I,v) = [, b(x ) dz, Yv € V). If
we neglect the term (u - V)u, the variational formulatlon of the problem (13)—(17)
becomes (see [5]): find u € K such that for all function v € K

9(ID()| = |D(u)|)dz > / b-(v—u)dz.

Q

| wp@: (D) = Dwys + |

Q

13



By using the previous notations we obtain an equivalent variational inequality in
which K is replaced by V:

ueV : a(u,v —u) 4+ j() —j(u) > (l,v —u), Yv € V, (18)

and therefore we can apply the results of section 2. First of all let us identify the
blocking condition and the maximal blocking forms [ € V. The blocking condition
is given by

(0v) < /qu)(vn de, Yo € K, (19)

or equivalently (I,v) < j(v),Vv € V. We introduce also

3
H = {T € L*(Q)*? | 1y = 735,V1 <i,j < 3, Zm = 0}7

=1
Ho = {7 € L*(**® | 1j = 7;4,V1 < i,j <3, divr =0, 7 n|r, =0},
and
Ai={reH|Ipel*Q),div(—pl +7) = —I, (—pI +7) - n|r, = 0}.

Another characterization of the set A; is given by

Al:{TEH] /T:D(v)dx:<l,v>, VUEK}.

We use the following result proved in [12].

Proposition 3.1 The Bingham fluid is blocked, i.e., (19) holds iff there is T € A;
such that |1(x)| < g(z) a.e. z € .

Proposition 3.2 Assume thatl € V' l|x # 0 is a blocking form (i.e., 3T € A; such
that |7(x)| < g(x) a.e. x € Q). Then the maximal blocking form corresponding to 1
15 given by | = Ml where

: g(x)
M ot S @+ €0 + @]
Proof. We have to show that M = My where M = sup{\ > 0| A\({,v) < j(v) Yv €
V}. For all £ € Ho,q € L*(Q) we have [, (4 ¢I): D(v) dz = 0,Yv € K and thus
(lLv) = [ (T+&+ql): D(v) de,Yv € K. Note that essinf,cq g(x)|7(z) + &(x) +
q(x)I|7' < 400, otherwise 7(z) + &£(z) + q(x)] = 0 ae. x € Q and l|x = 0. We
obtain for v € K

= essinf 9(z)
w€ |7(z) + &(2) + q(2)]|

/Q(T+f+qf):D(v) dy

essin g(a:) v
S @ e e Y

< / gID()| dy = j(v), Vv € K,
Q

14



and therefore essinf,cq (g(z)|7(z) + &(z) + q(z)]]_l)l is a blocking form V¢ € Hy, Vq €
L?(2), which implies that My < M. Conversely, for all € > 0 there is \. > M — ¢
such that A.l is a blocking form. By using the Proposition 3.1 we deduce that
Al = —div(—pi I +7), with 7y € H,py € L*(Q),(=p1 I +71)-n|r, =0 and |7y (z)] <
g(x), a.e. x € Q. Since [ is a blocking form, we set £ = Ala(—pll +7)—(—pl +71)
and we deduce that £ € Ho. We set ¢ = £~ —p € L*(Q) and thus we can write
;—1 =7+ &+ ql. We obtain for a.e. x € (2

()

£

()] = A

= Ac|7(2) +&(x) + q(2) ]| < g(x).

As a consequence

' 9(z)
M—-e<A < eiselgf I7(z) + &(x) + q(x)

We deduce that My > M and finally M = M.
]

< M.
=77

Corollary 3.1 Assume thatl € V', l|x # 0 is a blocking form. Thenl is a mazimal
blocking form iff 3r € H,3p € L*(Q) such that —1 = div(—pl+7), (—pl+7)-n|p, =
0, |[7(z)] < g(x), a.e. x €Q and

essinf 9(z)
zeQ |7(z) + () + q(z)]

<1, V€ € Ho, Vg € L*(Q).

In (3) we introduce the set C' = {v € V' | (I,v) = j(v)}. In this case C is a nonempty
closed convex cone and it is given by C' = {v € K | (l,v) = [, g|D(v)| dz}. As
before, we denote by u. and u the solutions of the problems:

ue €V oo afue, v —ue) +j(v) = jue) = (T+e)({l,v —ue), Vo €V,
and
ueV : a(u,v) = (l,v),Yv €'V,
respectively. By applying the general results proved in section 2 (see Theorems

2.1,2.2) we obtain the following theorem :
Theorem 3.1 Assume that g > 0 belongs to L*(2).

(1) If I € V' is a mazimal blocking form (see Corollary 3.1) then w. = “= con-
verges strongly in 'V when € ~\, 0 and we have limow. = Projc(u). Moreover
lim gw. =0 iff C = {0}.

(2) If I € V' then w. = “= converges strongly in V when ¢ — 400 and we have
lim,_ oo we = Projg(u). Moreover we have

9/l 20 + [y
ae ’

lwe = Projr(u)]| < Ve > 0.
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The next proposition describes the relation between [ and ¢ such that C' # {0}.

Proposition 3.3 Assume thatl € V', l|x # 0, g € L*(),g9 > 0. The following
statements are equivalent:

(1) (l,v) < j(v),Yv € V and there is vo € K — {0} such that (l,vo) = j(vo) (which
means that | is a mazimal blocking form and C # {0});

(2) there is B : Q@ — RT,Jvy € K — {0},37 € H,Ip € L*(Q) such that —1 =
div(—pI + 1), (=pI +7)-nlr, =0, 7(x) = B(z)D(v)(x) and g(z) = B(z)|D(v)(z)]
a.e. x with D(vo)(z) # 0, |7(z)| < g(x) a.e. x with D(vy)(z) = 0.

Proof. Let us check that (2) implies (1). We have
(lvg) = (—div(—pl +7),v9) = /7’ : D(vg) dx
Q
= /ﬁD(vo) : D(vg) dx
Q
— [ oDt de = j(wn).
Q
Similarly we deduce that for v € K
(lLv) = (=div(—pl +71),v) = / 7 : D(v) dx
0
< [ Ip@lde < [ gD} do = jo)
Q Q
Conversely, assume that [ is a blocking form and there is vy € K — {0} such that
(I,v9) = j(vy). By using Proposition 3.1 we know that there is 7 € H, p € L*(Q2)

such that —1 = div(—pl +7), (—pl +7) -n|r, = 0 and |7(z)| < g(z) a.e. x € Q. We
can write

(l,vg) = /QT : D(vg) dx < /QT : D(vg) dx
< i |7+ D(vp)| dz < g |7||D(vo)| dz

SQLmD@dezﬂ%)

Since (l,v9) = j(vp) all the above inequalities are equalities. We deduce that there
is §: Q — R such that 7(z) = f(x)D(vo)(x), g(x) = B(z)|D(vo)(z)| a.e. = with
D(wo)(x) # 0. -
Let us also consider the term (u - V)u. We set V = HJ(Q)3. In this case the
variational inequality (18) becomes

ueV : a(u, v —u) + blu,u,v —u) + j(v) —jlu) > (l,v —u), Vo € V, (20)
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where b: V x V x V — R is given by
O
b(u, v, w) :/Q g uia—%wj dx.

1<i,j<3 :

The trilinear application b is continuous (see [5, 8]) and verifies b(v,v,v) = 0, Yv €
K. According to [5] there exists for all € > 0 a solution u. of (20) corresponding to
le = (1 + ¢)l, where [ is a maximal blocking form. By applying the result proved
in the Remark 2.7 we deduce that lim.\ o = = Projc(u), where u € V' is such that
a(u,v) = (l,v),Yv € V.

3.2 The laminar flow in an infinite cylinder with a 2D sec-
tion

We consider the equations modelling the stationary laminar flow of a Bingham fluid
in a cylindrical pipe € x R of cross section 2 C R? with a smooth boundary 9. The
fluid is under effect of a drop in pressure. Therefore the problem consists of finding
a velocity field @ = (0,0, u(x,z2)) in the Oz direction. We have (@ - V)a = 0. We
introduce the Hilbert space V = {v € H'(Q) | v|r, = 0} where I' = 9Q = T, U T,
with meas(I'y) > 0. In this case we have for u,v € V

D(a): D(3) = %w Vo, |D(®)| = %IWL

and therefore the bilinear form a : V' x V' — R is given by

a(u,v) = /QnD(ﬂ) : D(0) dx = %/QnVu - Vo dx,

where 0 < 19 < n=n(z) <n ae x Q. Since meas(I'y) > 0, by using the Poincaré
inequality [|v||g1@) < Cp||VV|r2@), Vv € V, we deduce that a(-,-) is V —elliptic,
a(v,v) > a||v]|*,Yv € V, where a = 2770—012). We consider also the convex function
J:V = 0,400, j(v) = [,9|D(®)| dx = % Jo 9IVu] da, Vv € V, where g € L*(Q),
g > 0. Note that in this case, since divo = div(0,0,v(z1,25)) = 0,Vv € V we have
D(j) =V and j(v) < %HQHIQ(Q)H’UH,V/U € V. We easily check that j is continuous,
homogeneous and j(0) = 0. Using the Poincaré inequality we deduce also that
j(v) =0 iff v = 0. Consider also a continuous linear form [ € V'. The variational
formulation becomes : find v € V such that

1 1
—/nVu-(Vv—Vu) dac—l——/g(|Vv|—|Vu|) de > (l,v —u), Yo € V.
2 Q \/5 Q

We denote by u. and u the solutions of the problems

u. €V : a(uz, v —u:) +j(v) — jlus) > (L,v —u.), Yo € V
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and

ueV : a(u,v) = (l,v),Yv € V,

respectively. We start by identifying the blocking form. The blocking condition is
given by

(l,v) < / 91|Vl dz,Yv € V, (21)
Q
where g, = %. We introduce the notation
A ={FeL*(Q)?*| divF = —I, F-nlp, =0}.

As before we have a second characterization of A; given by

A = {F€L2(Q)2] /F-Vv dx = (l,v),Yv € V}.
0

We use the following result proved in [12] :

Proposition 3.4 The Bingham fluid is blocked, i.e., (21) holds, iff there is F € A,
such that |F(z)| < g1(z) a.e. x € Q.

Exactly as in the three-dimensional case we can prove the following results :

Proposition 3.5 Assume that | € V' — {0} is a blocking form (3F € L*(Q)* 1 =
—diwF, F-n|r, =0, |[F(2)| < gi1(z), a.e. ¥ € Q). Then the mazimal blocking form
corresponding to | is given by | = Msl, where

. gl(x)
M, = i
2 PR Fo) + H(w)|

the supremum being taken on H € L*(Q)?, dwH =0, H - n|p, = 0.

Corollary 3.2 Assume that 1 € V' — {0} is a blocking form. Then | is a mazimal
blocking form iff AF € L*(Q)?* such that | = —divF, F -n|r, = 0, |F(z)| < g1(2)
a.e. v € and

essinf 9(x)
v |F(z) + H(z)

<1, VH € L*(Q)* divH = 0,H - n|r, = 0.
Theorem 3.2 Assume that g; > 0 belongs to L*(2).

(1) If I € V' is a mazimal blocking form (see Corollary 3.2) then w. = *= con-
verges strongly in 'V when € N\, 0 and we have limow. = Projc(u). Moreover
lim gw. = 0 iff C = {0}.

(2) If I € V' then w. = “= converges strongly in V when ¢ — 400 and we have
lim. o w. = u. Moreover we have

e — | < lg1llz2@) + Ity
© - Qg ’

Ve > 0.
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Proposition 3.6 Assume that | € V' — {0}, g1 € L*(Q),g91 > 0. The following
statements are equivalent:

(1) (l,v) < j(v),Yv € V and there is vy € V — {0} such that (I,vo) = j(vo) (which
means that | is a mazimal blocking form and C # {0});

(2) there is 8 : Q@ — R*, vy € V — {0},3IF € L*(Q)? such that | = —divF,
F-nlr, =0, F(x) = B(x)Vue(z), g1(x) = B(x)|Vue(z)| a.e. x with Vuvg(x) # 0,
|F(z)] < g1(x) a.e. x with Vvg(z) = 0.

Remark 3.1 It has been recently proven in [13] that the condition (1) in the Propo-
sition 3.6 is always satisfied if the functions lie in a BV space (instead of an Hilbert
space). The determination of vy in Proposition 3.6, (1) becomes then equivalent to a
shape optimisation problem whose corresponding numerical experiments are carried

out in [11].

We consider also two cases in one dimension.

3.3 The flow between two infinite planes

Now we consider the anti-plane flow in one dimension, i.e., in a region Q x R2
with Q@ =|0,L[C R. The choice of I'y = 9Q = {0,L} corresponds to the flow
between two infinite planes x = 0 and x = L and consists of finding a velocity in

the Oy direction @ = (0,u(x),0). In this case V = H{(]0, L[), D(a) : D(v) = ut/,

|D(v)| = %|v’|7 a(u,v) = %fOLn(:r)u’(x)v’(x) dx, Vu,v € V, where 0 < ng < n =
nx)<m,0<z<L,j:V —]0+] jv) = % fOL g(x)|v'(z)| dzx, Vv € V', where
g >0, g € L*]0,L[). Obviously a(-,-) is symmetric, bilinear, continuous and j is
continuous, j(v) = 0 iff v = 0 and j(v) < %||g||Lz(]O7LD||v||,‘v’v e V. Ifl € V', the
variational problem is: find v € V' such that for all v € V

3 | ne @@ @) det— [T a@) (@) - W@ de > o= .
The blocking condition is given by
0 < [ @) d e, (22)

where g; = %. As in the previous cases, we obtain

Proposition 3.7 The Bingham fluid is blocked, i.e., (22) holds, iff there is F €
L*(]0, L]) such thatl = —F" and |F(x)| < g1(z), a.e. 0 <z < L.

Proposition 3.8 Assume thatl € V' —{0} is a blocking form (3F € L*(]0, L[),l =
—F' |F(r)] < gi1(x), a.e. 0 <x < L). Then the mazximal blocking form correspond-
g to l is given by | = Msl, where

. 91(x)
Ms = sup essinf —————.
2 keﬂ% z€lo,L] | F(x) + k|
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Corollary 3.3 Assume that | € V' — {0} is a blocking form. Then | is a mazimal
blocking form iff AF € L*(]0, L[) such that | = —F', |F(z)| < gi(z), a.e. 0 <x < L
and

essmex) <1, Vk e R.
zelo,Ll |[F(x) + k|

As in the three and two dimensional cases we obtain results concerning the conver-
gence of w, = “= when £ \, 0 and ¢ — +00 and we have a characterization of the
relation between [ and g such that lim.\ o w. # 0 (which is equivalent to C' # {0}).
Let us analyze a particular case in detail. Assume that ¢;(z) = ¢,V 0 < z < L
and ( fo lv(z) dzx,Yv € V for some constant [ € R — {0}. We assume also
that 77( ) =n> O V 0 < x < L. By using the Proposition 3.7 we see that [ is a
blocking force iff there is £ € R such that |lz — k| < ¢;,VO0 <z < Lor |[k| < ¢
and |IL — k| < g; which is equivalent to |[|L < 2g;. We deduce that 22 sign(l) is

the maximal blocking force corresponding to . B651des We know that the maximal
blocking force is given by [ = M1 with M = inf, (L) #0 T | . We deduce that

i~ L 1

L
Y A COINCS

20 2q: sign(l) 1 _ Z
l JE v(@) da0 ]fo lv(z) dz|

Hence

d
m fo V()] $—2.
JEv@ dazo | [P o(z) de| L

In particular 2 ‘fOL v(z) d:v’ <L fo |v'(2)| dz, Yv € V. Suppose now that the above

infimum is attained which means that there is vy € V' — {0} such that (22 vy) =
J(vo). By using the analogous result to the Propositions 3.3 and 3.6 we deduce that
there is (3 :]0, L[— R*, k € R such that

—%x—i—k B(z)vy(z), ae. x €]0,L[, vy(x) # 0,

g1 = B(x)|vy(x)], a.e. x €]0, L], vy(z) # 0,

2
—%x—kk

We deduce that |— Wy k| = B(x)|vh(x)] = g1 a.e. x €]0, L[, vj(x) # 0 and there-
fore vy =0ae. x 6]0 L], or vy = 0 Hence the infimum is not attained and the set
={v eV | (3, v) = j(v)} reduces to {0}. In this case we have lim.\ % =

and lim. 4o % = u, where u(z) = %x(L x),0 <z < L.

< g1, ae. x €0, L[, vy(xz) = 0.
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3.4 The flow between an infinite plane and a rigid roof

We suppose that I'y = {0} and T'y = {L}, i.e., V = {v € H'(J0,L]) | v(0) = 0}.
Such a boundary condition corresponds to the flow on the plane x = 0 with a rigid
roof at x = L. The blocking condition is given by

(Lv) < / g1 (@) ()] de, Yo €V, (23)

where g; = %.

Proposition 3.9 The Bingham fluid is blocked, i.e., (23) holds, iff there is F' €
L3(]0, L) such thatl = —F', F(L) =0 and |F(z)| < ¢1(z), a.e. 0 <z < L.

Proposition 3.10 Assume thatl € V'—{0} is a blocking form (3F € L*(]0, L[),l =
—F', F(L)=0, |[F(z)| < gi(x), a.e. 0 <x < L). Then the mazimal blocking form
corresponding to | is given by | = Msl, where

.o g1 (x)
My = f .
2= (S0l | F(x)|

Corollary 3.4 Assume that 1 € V' — {0} is a blocking form. Then | is a mazimal
blocking form iff IF € L*(]0, L[) such thatl = —F', F(L)=0 and

essinf 91()

=1
z€lo,L] |F(x)]

Let us analyze the case g1(z) = g1,V 0 < z < L and ([, v) fo lv(x) de,Yv € V for
some constant | € R—{0}, n(z) =n>0,Y0 <z < L By using the Proposztzon 3.9
we deduce that [ is a blocking force iff | —l(x —L)| < ¢1,VO<x < Lor |l|L < ¢;. In

g1 sign(l)
L

this case the maximal blocking force corresponding to [ is [ = and we have

[ g (2)] da
JE v(@) da0 |f0 lo(z) d|

L L1

gl_mmwﬂ_gzM_

Hence
fo [W'(z)[de 1

111f —.

JE v(@) dat0 | fo v)de| L
In particular fo dx) <L fo |v'(z)| dz, Yv € V. As previously we can prove
that the infimum is not attained and the set C' = {v € V' | (%,v) = j(v)} reduces
to {0}. In this case we obtain lim.\p % = 0 and lim._, . “ w = u, where u(z) =

—m(QL—x) 0<z<L.
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