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Asymptotic analysis of a Bingham fluid in a thin T-like
shaped structure.

Renata Bunoiu’ Antonio Gaudiello! and Angelo Leopardi?

Abstract

We study the steady incompressible flow of a Bingham fluid in a thin T-like shaped
domain, under the action of given external forces and with no-slip boundary condi-
tion on the whole boundary of the domain. This phenomenon is described by non
linear variational inequalities. By letting the parameter describing the thickness of
the thin domain tend to zero, we derive two uncoupled problems corresponding to the
two branches of the T-like shaped structure. We then analyze and give a physical
justification of the limit problem.

Keywords: Non-Newtonian fluids, junctions, thin structures
2010 AMS subject classifications: 76A05, 76A99, 74K30

1 Introduction

In this paper we study the asymptotic behavior of a Bingham fluid in a T-like shaped domain.
More precisely, for every n € N let h, €]0,1] be a small parameter and let 2, be a thin
two-dimensional T-like shaped domain defined by (see Fig. 1)

hy h 11
Q=QuQ), Q=|-21 2 1, Q) =|-=2|x]—hy0[. 1.1
n nU n? n :| 272|:><[07 [7 n :| 272|:><] naO[ ( )
In €2, we consider the steady incompressible flow of a Bingham fluid (see [1]) having viscosity
ph? and yield stress gh,,, with 1 and g two strictly positive constants. The fluid moves under
the action of given external forces f,, and obeys no-slip condition on the whole boundary of
the domain (see [22]). The goal of our paper is to study the asymptotic behavior of this fluid

when
lim h,, = 0. (1.2)

The Bingham fluid is a fluid which has a non linear rheological behavior (see Section 2). It
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Figure 1: the thin two-dimensional T-like shaped domain €2,

is a non-Newtonian fluid which moves like a rigid body when a certain function of the stress
tensor is below a given threshold. Beyond this threshold, it obeys a non linear constitutive
law (see (2.2)). As examples of such a fluid we can mention some paints, the mud which can
be used for the oil extraction, the volcanic lava, etc. Also the blood can be assumed in first
approximation as a Bingham fluid; more precisely, it has a yield stress as the Bingham fluid,
but at high shear stress it behaves as a pseudo-plastic fluid.

As proposed in [12], from a mathematical point of view, the velocity u,, and the pressure
r,, of a Bingham fluid in €2,, solve the following non linear variational inequality

([ (un, 1) € (HE Q) % (L2(Q,)/R),  div(u,) = 0 in Q,,

/ (h2pDu,D (v — ) + hyug|Dv| — hpg|Du,|) daide,
o (1.3)

N\

— — _ 1 2
k Z/Qn f (v —u,) dzydzg — (Vrg, v u">(H—1(Qn))2,(Hg(Qn))2 Vv € (Hy(2,))"

It is not an easy task to solve this variational inequality numerically due to the presence of
the small parameter h,, which impedes the construction of suitable meshes. For this reason
an asymptotic analysis is required when h,, vanishes.

First we reformulate problem (1.3) on a fixed domain through two appropriate rescalings
according to [8] (see (3.1)-(3.9)), and in (3.10) we impose appropriate convergence assump-
tions on the rescaled external forces. A distinctive feature of the result proved in this paper



Figure 2: Flow in a 90° bend

is that the limit problem obtained letting h,, tend to zero decouples into two independent
problems associated to the two different branches of the T-domain, as stated in Theorem
4.1. This behaviour can be explained with the separation of the flow in a 90° bend. In fact
(for instance, see [22]) in a 90" bend the streamlines have a gradual change of direction, and
a recirculation zone appears near the junction (see Fig. 2) This recirculation zone contracts
the flow, i.e. it reduces the passage area between the two branches of the T-shaped domain.
In the limit problem considered in the present paper such a recirculation near the junction
is emphasized and its effect produces the decoupling of the flow in the two branches. Now
we limit ourself to describe what happens in the horizontal branch, since a similar situation
occurs in the vertical branch, up to a permutation of the axes. In the horizontal branch, the
second component of the limit velocity vanishes. Indeed, following the separation of the two
branches, now the flow in each branch reduces in a recirculation (see Fig. 3), then, the mass
transfer through a transversal section is zero. Clearly when the thickness of the branch tends
to zero this implies the limit zero velocity in the transversal direction to the branch. As the
first component of the velocity is concerned, it solves variational inequality (4.4), stated in an
anisotropic functional space. This inequality involves the first component of the limit force.
If this component is independent of the transversal direction, also the first component of the
velocity is zero (see Remark 8.2). This behavior can be explained because in this case the
velocity is constant along transversal directions. Consequently, due to the presence of the
wall, the conservation of the mass implies the zero velocity. On the other hand, if the first
component of the force depends also on the transversal direction and the first component
of the velocity is non-identically zero, then the variational inequality (4.4) modelizes a flow



Figure 3: Recirculation in the horizontal branch

obeying to a lower-dimensional ”Bingham-like” law (see Remark 8.4). This law is used in
engineering literature for describing Bingham flow in thin domains (for instance, see [25]).

If in the original problem one assumes g = 0 in the yield stress, the corresponding fluid
is Newtonian, the flow is governed by the Stokes equations and a similar analysis can be
performed (see Section 8).

The paper is organized as follows. In Section 2 we introduce the physical properties of the
fluid and the variational inequality modelizing the flow. In Section 3 we rescale the problem
on a fixed domain. The main converge result, Theorem 4.1, is stated in Section 4. In order
to prove this theorem, in Section 5 and in Section 6 we obtain sharp a prior: estimates on
the velocity and on the pressure, respectively. Section 7 is devoted to the identification of
the variational inequality satisfied by the limit velocity and pressure. An analysis of the
limit problem is performed in Section 8.

Thin domains with T-junctions are of wide interest in fluid dynamics. For instance, in
9] the effect of a T-junction in a micro-fluidic device for the controlled formation of water-
in-oil dispersion is analyzed. For other numerical and experimental studies of flows in thin
junctions we refer to [18], [30], and review [11]. For the asymptotic analysis of Navier-Stokes
flow in thin multi-domain we refer to [27] and [28]. About the study of this type of junction
in other contexts, we refer to [13], [14], [15], [16], [17], [20], [19], [21], [23], [26].

The physical description of the Bingham fluid was introduced in [1] and its mathematical
model for a bounded domain was given in [12] as a non linear variational inequality. The
existence of the velocity and of the pressure for such a flow was there proved in the case of a
two-dimensional domain. For further mathematical considerations on the Bingham fluid and
other non-Newtonian fluids we refer to [10]. The first asymptotic mathematical analysis of
the Bingham flow in a thin domain was performed in [6] and [7] in the two-dimensional and
the three-dimensional case, respectively. For other studies of the Bingham flow in domains
depending on a small parameter, in particular in the frame of the homogenization theory,



we refer the reader to [24], [3], [4], and [5].

2 The setting of the problem

In the domain €, defined by (1.1) we consider the non linear flow of a Bingham fluid. If we
denote by u,, and r,, the velocity and the pressure of this fluid, respectively, the corresponding
stress tensor is defined by

€ij(un)
611(un)

where ¢;; is the Kronecker symbol, ¢ is a strictly positive constant related to the yield stress
of the fluid, p is a strictly positive constant related to the viscosity of the fluid, e(u,) is the
strain tensor with entries given by

1 8um 8un7j
= +
2 a.l‘j 8962

Uij<un7 rn) = _rndij + ghn + Q/Lhieij(un)a (21)

eij(un): )7 1§Z7J§27

and er(u,) is defined by
2
1
err(un) = §Zeij(un)eij(un).
ij=1

Moreover, we define
€ij(un)

\/ 6[[(11n)

orr(un) = %dej(un)afj (un).

,j=1

o:(u,) = ghy,

ij + 2,uhieij(un),

We remark that relation (2.1), which represents the constitutive law of the Bingham
fluid, is valid only if e;r(u,) # 0. In [12] it is shown that this constitutive law is equivalent
with the following one:

Vorr(u,) < gh, < ej(u,) =0,

1 gh (2.2)
Vo) > gh, & ej(u,) = W (1 — —")> afj(un).

011 (un

We point out that this is a threshold law: as long as the shear stress v/o;;(u,) is below gh,,,
the fluid behaves as a rigid solid. When the value of the shear stress v/o;;(u,,) exceeds gh,,,
then the fluid flows obeying a non linear law.

We also suppose that the fluid is incompressible, which means that its velocity is diver-

gence free
8un71 811”,2

(9&:1 8x2

=0 in . (2.3)

divu, =



Moreover, we apply to the fluid a given external force f,, belonging to (L2 (Qn))Q, and we
then have the following relations

8@1 80i2

81’1 8x2

=u,; inQ, i=12. (2.4)

Furthermore, we assume the no-slip condition to the boundary of the domain, which reads
u, =0 on 99,. (2.5)

In [12] it is shown that the velocity u, satisfying (2.1), (2.3), (2.4) and (2.5) solves the
following variational inequality

(w, € (H ()Y, div(u,) =0 in Q,,

/ (h2pDu, D (v — u,) + hyug|Dv| — hug|Duy,|) daidz, (2.6)
Qn :

> / £ (v — w) dardey Y € (L) : div(v) = 0 in O,
\ Qpn

where Dv is the matrix denoting the gradient of v, for a function v in (HZ(£2,))>. For each
n, this inequality admits a unique solution u,,.
According to [12], problem (2.6) is equivalent to the following one

( (1) € (HL(Q0))? % (L2(Q)/R),  div(w,) = 0 in Q,,

/ (W2uDunD (v — ) + hng| DV] — hug| Dita]) darsdics

n

(2.7)

2

> / t, (v —u,) dridey — (Vr,, v — u”>(H—1(Qn))2,(H3(Qn))2 Vv € (Hy ()
\ n

which admits a solution (u,,r,), such that u, is unique, but r,, is not unique.
The aim of this paper is to study the asymptotic behavior, as n diverges, of problem
(2.7), under assumption (1.2) and suitable assumption on the given data {f,}, -

For n € N, let u, € (HE(€2,))” be the solution of problem (2.7) and let r, € L*(,)/R
be a solution of problem (2.7). Obviously we have

1
(Vr,,v—u,), _ - 2 = <V (rn - — rndzldx2> LV — un> )
(H=1(20))",(Hg () a “
( 0 ) ‘Qn| Qa (H_l(Qn))27(Hé(Qn)>2

By setting

1
=1, — da1d
o=t g e

the function p,, € L*(€,) is such that



/ ppdrides =0 (2.8)
Q

and
<Vrn7 vV = un>(H_1(Qn))2,(Hé(Qn)>2 = <me A\ Un>(H_1(Qn))2,(H6(Qn)>2
= / p,div (v — u,) dridz,.
Qn

So, if r,, is a solution for problem (2.7), then p,, too is a solution for problem (2.7). Conse-
quently, problem (2.6) is equivalent with the following one

( (s pn) € (HEQ)) x (L2(Q)/R),  diviu,) = 0 in Q.
/ (R2uDunD (v — ) + hng| DV| — hg| Dita]) davsdirs
Qn

2

> / (f, (v —u,) + p,div (v —u,)) dridzy Vv € (Hé(Qn))

\ n

In a similar way, setting
1

Ay =Ty —
otk e

the function q,, € L?(2,,) satisfies

rpdeides, (2.10)

/ q,dxr1dxe =0
Qb

and

(Vr,, v — = (Vq,, v —

11n>(H71(Qn))2,(H6 (Qn))2

= / q,div (v — u,) dridrs.
Qn

un>(Hfl(Qn))Q,(H&(Qn))Q

Moreover, the couple (u,,q,) € (HE(2,))* x (L2(2,)/R) is a solution of problem (2.9) with
q,, instead of p,,.

3 The rescaled problem

Set now

L] 11 , 1 11
Q —} 2,Q{X]O,l[, Q—} 2,2[><] 1,0[,

ra:@m\q— {x{o}), FZz@Q”\(]—%,%[X{O}) n € N.

(3.1)

N —

)

N | —



In order to pass to the limit, the first step consists in the reformulation of problems (2.6) and
(2.9) in the domain Q¢ U’ independent of n. This is done as usual, by a domain dilatation
technique (see [8]), through the maps

r = (21,22) € Q" —> (hyx1,22) € Int(QL), x = (z1,22) € D —> (21, hy22) € Q) (3.2)

where Int(922) denotes the interior of Q2 (and the analogous for Q). More precisely, for
every n € N we set
(

D v € (Hl(Qa))2 — (hinamva,amva) € (L*(Q%)? x (L*(QY)?,

Db o e (HNQY) — (&Clvb, hiamvb) € (12 (@) x (12 (@),

n

(3.3)
1
div® - v = (vf,08) € (H'(Q%)* — 0l + Oyuf € LP(Q°),
" 1
\ div? i v* = (o), 08) € (Hl(Qb))2 — Oy, 00 + h—&mvg € L*(Q),
fox = (x,29) € Q% — f,(hyxy, 22),
(3.4)
fora=(x1,12) € W — f,(21, hpxo),
Vi = { (v2, 0b) € (HY(Q))? x (Hl(Qb))2 cv?=0onTl?% *=00onl?,
(3.5)
v*(z1,0) = v*(h,x1,0) on }—%,%[},
and B
V, = {(va, ) €V, ¢ divd(v®) =0in Q%  divt(v®) =0 in Qb}. (3.6)

Now, if u, solves (2.6) (or equivalently (u,,p,) solves problem (2.9)), then ((u?,u}), (p%,p"))
defined by

u® (w1, 2) = Up(hpzy, 29) in Q%) wl (21, 25) = uy (21, hyas) in Q°,

(3.7)
p2($1,3§2) = pn(h‘nxlva:?) n Qa’ pZ(xbx?) = pn(xlvhnl?) n Qba
solves
( Up = (U’Z?u?l) S i}m
/ (h2pDoul D (v — ul) 4 hyg|Div®| — hng| Diul|) daydas
(3.8)

+ / (I2uDb b DP (o — o) + hg| D2e?| — hog| D)) darsdrs
Qb

> fo (v — ) drydzs +/ fr (" =) deidzy Vo = (v%0°) € V.
Qe Qb

\

8



or equivalently

un = (U, up) € Vo, o= (05, 00) € (L2(Q%) x L2(Q)) /R,

(
/ (h2pDiul DS (v* — ul) 4 hyg|Div®| — hng|Diull|) dzydas
+/ (R2uDbul DY (v* — ub) + hyg|Don’| — hug|Doul|) daydas (3.9)
Qb :

- / (fn (" = u) + phdivy (0" — uyy)) daeyday

+/ (fa (0" = up) + phdivy, (0 = uy)) dardwy Yo = (0, 0°) € Vy,
Ob

\

Remark 3.1. Due to relation (2.8), a change of variables shows that the solution (p%,p?)
of problem (3.9) is such that / prdridrs = 0. In a similar way, according to (2.10), there

exists a solution (¢%,q%) of problem (3.9) such that the function ¢©. satisfies / ¢Cdxydry = 0.
Qb

Conversely, if ((u?,u?), (p2,p%)) solves (3.8) (or equivalently (3.9)), then (u,, p,) defined

n7 n
by
T T
(21, 22) = Uy (h—l,x2> in Q u,(z,20) = ufl (ml, h—z) in QZ,
n n
1 ) ) .
P, (21, 72) = pj, (h—7$2> in Q7  p,(71,72) ZPZZL (1‘17 h_> m QZ;
n n

solves (2.6) (or equivalently (2.9)). Therefore, the goal of this paper becomes to study the
asymptotic behavior, as n diverges, of problem (3.9). To this aim, we assume

fo— fo=(ff, f§) strongly in (L?(Q%))*,
(3.10)

ff; — fb = (ff’, fé’) strongly in (L2 (Qb))2.

4 The main results

In order to give the main result of our paper, namely the convergence of the rescaled initial
problem to a limit problem stated in some anisotropic spaces, according to [6] we first
introduce the two applications

T :w e L*(Q*) — T*(w) € L*(]0,1]) and T°:w € L*(Q") — T%(w) € L* (] -3, 3])
defined by

0
T*(w) : x4 €0, 1—>/ w(zy, r)dz; and Tb(w) : xle}—%,%[%/ w(xy, a)dy,
1 -1
2



respectively.
Let

we={ w*e L*Q") : d,w* € L*(Q*), w*=0on {5} x]0,1],
T*(w*) € Hy(]0, 1)},
Wh={ wbe L) : d,w* € L), w’=0on |—1 [ x{-1,0},
T(w") € Hy(] =53 D}
We and W are two anisoptropic Hilbert spaces equipped with the inner products
) = [ @ s ) et + [ @) (G
and

(w’, %) = / (w*2" + Oy, w0,,2") dayds + / (Tb(wb))l (Tb(zb))/ dzxy,
Ob

=

respectively. Let

We ={w* e W*Q*) : T*w*) =0in]0,1[},
(4.2)
Wg = {w’ e WHQ*) : TP(w®) =0in |-1,1[}.

Theorem 4.1. Assume (1.2) and (3.10). For every n € N let ((u?,ub), (p%,p%)) and
((u2,ub), (¢%,q%)) be two solutions of problem (3.9) such that

n -'n

/ prdridrs =0, / quxldxg =0 VneN.
a Qb

Let WE(Q2) and WE(QP) be defined in (4.2).
Then, there exist u§ € W&(Q?) and u} € WE(Q°) such that

us — (0,u?) weakly in (L2(Q%))?, (wb — (ub,0) weakly in (Lz(Qb))Q,

n

Oy us — (0,9, ul) weakly in (L2(Q%)?, & yul — (9p,ub,0) weakly in (Lz(Qb))Q,

n

hou® — 0 weakly in (H'(Q))?,

houl — 0 weakly in (Hl(Qb))2 :

\

There exist an increasing sequence of positive numbers, still denoted by {n}, p* € L?(Q%)
independent of 1, and ¢° € L*(Q°) independent of zy (in possible dependence on the subse-

quence), such that
1 3
/ pdze = 0, / ¢"dzy =0,
0 _

1
2

p® — p* weakly in L*(Q%), ¢& — ¢" weakly in L*(Q°).

10



Moreover, (u$,p®) solves

(ug e Wg(Qe), p*e L¥QY),

0030, (0 = 08) + 900,07 = 102y18])) didr (1.3)

> / (f$ (W — u3) + p*Op, (W* — uf)) dridry VW € W(Q),
\ a

and (u?, ¢°) solves

(ub e WE(QP), ¢° e L3(Q),

/Qb (10, 0y (0 — ) + g (100, w"] — |0yl |) ) dazydazy (4.4)

> / (ff (wb - ul{) + qbaxl (wb - Ul{)) dxleEQ Vwb S Wb(Qb),
Qb

\

where f$ and f? are given by (3.10). Furthermore, u§ and u$ are unique.

5 A prior: estimates and a convergence result for the
velocity

In order to use compactness results for passing to the limit in the terms involving the velocity,
we first derive a priori estimates for this function.

Proposition 5.1. Assume (1.2) and (3.10). For every n € N let (u®,u®) be the solution of

n’ -'n

(3.8). Then there exists a positive constant ¢ independent on n such that

ho | Dpugll 2oyt < ¢ ha | Db u ) <c¢ VneN, (5.1)

b
nH<L2(Qb)

||UZ||(L2(QG))2 <eg, HUZH(LQ(Q,,))2 <c¢ VnéeN. (5.2)
Proof. By choosing (v%,v®) = (0,0) and (v%,v®) = (2u2,2ub) in (3.8) we obtain

4
[ (I Dzf? = hag|Dus) d o,

+/ (—hiu Dbt |* — hng|Df;u§;|> dids (5.3)
Qb

> / o dydy — / frul didiy n € N,
\ a Qb

11



and

/ (h2 | D2l > + hyg| D2ul)) dxlde—i—/ (hgu \Dgugf + hngyDgugy) dxydx,
Qa Qb

(5.4)
2/ fﬁuﬁda:ldxg—i—/ foubdrydry, ¥n €N,
a Ob
respectively. The comparison of (5.3) and (5.4) implies
/ (hiu|DzuZ|2+hng|DZuz)dxldx2+/ (hiﬂ\pgum2+hng|pgug|) dz1dxs
Qe Qv
(5.5)

— Gl drydry + / foubdrydry, Vn € N.
Qa Qb

On the other hand, the homogeneous boundary conditions of u% on I'* and of u? on '}
give
[unll z2@ey2 < 110z, Ul z2(ey)2 < [hnDRupll 2oy -
(5.6)
HUZH(L%Qb))Q < H8x2u1;1||(L2(Qb)>2 < Hh”DZuIT)LH(L2(Qb)>4 vn €N.

The use of the Holder inequality in the right-hand side of (5.5) and estimates (5.6) imply

)
u/ |hanug|2da;1dx2+u/ |h D2l | dydix
Qe Qb

< ||fs||(L2(Qa))2 ||ugL||(L2(Qa))2 + HfSH(Lz(Qb))Q ||uf7,||(L2(Qb))2 (5.7)

| < Wallza@eye 1anDil caaeyys + [1Fall ooy [ Dntil| aquyye Y €N
Finally, (5.1) follows from (5.7), (3.10), and the following inequality
(a+8)* <2(a”+ %) Va,BER,
while (5.2) follows from (5.6) and (5.1). O

Proposition 5.1 implies the following result.

Proposition 5.2. Let T and T° be defined in (4.1). Assume (1.2) and (3.10). For every
n € N et (u2,ub) be the solution of (3.8). Then there exist a subsequence of N, still denoted
by {n}, u® € (L2(Q%)* with 8,,u® € (L*(Q9))*, and u’ € (LQ(QI’))2 with O,,u’ € (LQ(QI’))2
(in possible dependence on the subsequence), such that

;

us — u® weakly in (L*(Q%))?, ub — ub weakly in (L2(Qb))2,
Oy us — 9, u weakly in (L*(09))°, Dyl = Byyul weakly in (L)), (5.8)
haul — 0 weakly in (H'(Q%))*, haul — 0 weakly in (Hl(Qb))z.

12



Moreover,

u*=0on {£3} x]0,1[, u’=0on |—3,3[ x {1}, (5.9)
u'=0on |—1,3[ x {0}, (5.10)

ud =0 Q% uh =0 in Q°, (5.11)

T*(ug) =0in]0,1[, T°(u})=0in |—3,1]. (5.12)

Proof. Statements in (5.8) and in (5.9) follow from Proposition 5.1.
Statement in (5.10) is obtained taking into account that up to a subsequence we have
the convergences
: 2
ub(-,0) = ub(-,0) weakly in (L*(]—1,1]))

n

and
X]-ta hn | — 0 strongly in L2(] _%’ %D?

and then passing to the limit, as n diverges, in

1

/

1
2

N[

up, (w1, 0) (a1 )dwy = /

Xt (@) (1, 0)p(1)day Vip € (CE°(1 — 3, 3D)", Vn e N

1
2

which holds true since u® =0 on (]—1,1[\]-2, 2[) x {0}.

272 202
The first equality in (5.11) is obtained passing to the limit in

Oy, (up)y + hnOy, (up)y = hpdivy(uy) =0in Q% Vn € N,

and taking into account the last two convergences in the left-hand side of (5.8), and the
left-hand side in (5.9). Similarly, one proves the right-hand side in (5.11).
As far as the proof of the left-hand side in (5.12) is concerned, equality

divp(up) =01in Q*, Vn €N,

gives

1
/ (h—am (u); + O, (uZ)Q) p(xe)dridry =0 Ve € C5(]0,1]), Vn eN. (5.13)

On the other side, the boundary conditions on u¢ give

Oy, (up)y p(xg)driday = / (up), o(z2)nidaidry =0

o2 o0 (5.14)

Ve € C(l0,1]), VneN,

where n; is the first component of the exterior unit normal on 92*. Combining (5.13) and
(5.14) provides

/0 Oy (T (1)) p(z2)dze = /a Oy (Uu)y p(x2)dridry =0 Vo € C5°(]0,1]), ¥Yn € N.
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Consequently, one has
Opy (T ((up),)) =01in ]0,1[, Vn €N,
which implies
T°((uf),) = 0in 0,1, V¥n €N, (5.15)
since T ((u?),) (1) = 0. Finally, combining the first convergence in the left-hand side in

n

(5.8) and (5.15) proves the left-hand side in (5.12), since T* is weakly continuous, being
strongly continuous.

The proof of the right-hand side in (5.12) is more sophisticated, since one does not know
if b =0on]— 2o falx{0}. As above,

202
div?(u?) = 0in Q°, Vn €N,

gives

/ <8x1 (uZ)l + hié?m (u2)2> o(xy)dridrs =0 Vo e C°(]—1,1]), VYneN. (5.16)
Qb n

Now, fix 6 €]0, 1[. The boundary conditions on u, give

/ Oy (ufﬁb)2 o(xy)drdry = / (u2)2 o(x1)ngdxidrs =0
ar oa (5.17)

Vo e Cge (] -1, —0[U]6,]), VneN: <y,

27 ’ 2

where ny is the second component of the exterior unit normal on 99°. Combining (5.16)
and (5.17) provides

/2 Or, (Tb ((u ) o(zy)dry = / 8,,,1 1 o(z1)drdrs =0

1
2

Vo e C5° (] — 3, —6[Ul6, 1)), VhneN: <q.

Consequently, one has

O, (Tb ((UZ)l)) =0in]— %,—(5[U](5, %[, Vn € N : %" <0,

which implies
T ((uh),) =0in]—3,—6[U]d, 5[, VneN:l <4 (5.18)

since 7% ((u?),) (£3) = 0. Combining the first convergence in the right-hand side of (5.8)
and (5.18) provides

T ((u),) =0in]— &, —6[U]d, 5[, (5.19)
since T? is weakly continuous, being strongly continuous. Finally, the right-hand side in
(5.12) follows from (5.19) by the arbitrary choice of § €]0, 3[. O
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6 A prior: estimates and a convergence result for the
pressure

Proposition 6.1. For everyn € N let ((u“ ub), (pfl,pfb)) be a solution of (3.9). Then there

exists a positive constant ¢ independent on n such that
/ prdridry ), (6.1)
b b b b
HaﬂclanHfl(Qb) s¢ Haz?pn|‘H*1(Qb) < chy, ||anL2(Qb) <c (1 + '/Qb p,dzridr, ) , (6.2)
for every n € N.

Proof. Choosing (v%,v%) = (w® + u2,ub) as test functions in (3.9), with w® € (H}(Q))?,
gives

Ha$1p?L||H*1(Q’1) < hac, ||8$2P?L||H*1(Qﬂ) <c ||pr”1:2(9&) <c (1 +

/ (h2puDiul Diw® + hyg|De(w® + ul)| — hng|Diul|) dridas
(6.3)
> / (flw® + ptdiviw®) doidwy  Yw® € (H3(Q,))?, V¥n € N.

Applying the Holder inequality in (6.3) provides

.
/ prdivpwdrydry <

hip HDZUZ”(H(Q@W HDfLwa”(m(m))‘l + hng ”Dgwa”(p(m))‘*

S Hfg”(m(m))? HwaH(L2(Qa))2 Yu? € (Hy(2a))?, YneN.

Consequently, using (3.10), (5.1), the Holder inequality, and the Poincaré inequality ensure
the existence of a positive constant ¢ such that

/ prdivgwdzidzy < chy, | Dpw|[ p2gaye YW € (Hy(Q))? VneN,
that is

S Chn ||D7C”LLwa||(L2(Q”‘))4 vwa 6 (HS(QG))2’ vn E N- (6.4)

/ prdivpw®drydry

Now, in (6.4) choosing w® = (w,0) and then w® = (0,w), with w € H}(Q%), get

/ POy wdx dzy

and

/ PO, wdx1dzy

The first two estimates in (6.1) follow from (6.5) and (6.6), respectively. The third one
follows from Lemma 6.1 in [29] and from the first two estimates in (6.1).
Similarly, one can prove (6.2). O

< cl|Dwllpaiqeyz  Yw € Hg(Q), VneN. (6.6)
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Proposition 5.2 and Proposition 6.1 imply the following result.

Corollary 6.2. Assume (1.2) and (3.10). For every n € N let ((u?,ub),(p2,p%)) and
((u2,ub), (¢%,q%)) be two solutions of (3.9) such that

n»-'n

/ prdridrs =0, / quxldazg =0 VneN.
a Qb

Then there exist an increasing sequence of positive numbers, still denoted by {n}, p* €
L?*(Q9) independent of x1, and ¢° € L*(Q°) independent of x4 (in possible dependence on the

subsequence), such that
1 !
/ ptdxs =0, / ¢"dz, =0, (6.7)
0 —

1
2

p® — p* weakly in L*(Q%), ¢& — ¢" weakly in L*(Q°). (6.8)

7 Proof of Theorem 4.1

Proof. By virtue of Proposition 5.2 and Corollary 6.2, there exist an increasing sequence
of positive numbers, still denoted by {n}, and u® € (L2(Q%))* with 8, u® € (L2(Q%)),
ub € (LQ(Q”))2 with 8,,u’ € (LQ(QI’))Q, p? € L?(Q%) independent of z;, and ¢* € L%*(Q®)
independent of x5 (in possible dependence on the subsequence), such that (5.8)-(5.12), (6.7)
and (6.8) hold true. It remains to prove that (u§,p®) solves the variational inequality in
(4.3) and (u?,q’) solves the variational inequality in (4.4). The uniqueness of ug and u}
respectively can be proved as in [7].

In (3.8) choosing (v*,v?) = ((0,0), (0,0)) first, then (v, v*) = (2u?,2u’), and comparing
provide
/ (R p| Deul|? + hyg|Diwt|) doydas + / (R2p| DAl |* + hyg| Dol ) daydas
a Ob
(7.1)
= / T drydry +/ bub drydwy,  Wn € N.
Qa n

Combining (3.9) and (7.1) gives

/ (h2pDiul Div® + hyg|Dév®|) daidzs + / (h2uDbul DY’ + hy,g|Div®|) dayday
a Qb

> / (fov® + pidivie®) deydxy + / (fo” + phdivio®) dudas, V(0" 0°) € V.
Qe Qb
(7.2)
Passing to the limit in a suitable subsequence of (7.2), as n — +o0o, with test functions
(v, 0%) = ((0,w),(0,0)) such that w* € H}(Q%), and using (5.8), (6.8), and assumption
(3.10) provide

/ (10, 300, W + |0z, w?|) dx1dzy > / (fow® + p*Op,w™) dzidas, Yw® € Hy(Q%).
(7.3)
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By a density argument (7.3) holds true also with w® belonging to space W defined in Section
4. In particular, choosing w* = u§ € W§ C W in (7.3) gives

/ (110, us|? + 9|0, uy|) daydzy > fyusdridzs, (7.4)

Qe
since p® is independent of x; and T*(u3) = 0 in |0, 1].

Now replacing ¢? with ¢ in (3.9) gives formula (7.2) with ¢% replaced by ¢%. Then,
passing to the limit in a suitable subsequence of this new formula, as n — 400, with test
functions (v®,v°) = ((0,0), (w®,0)) such that w® € H}(QP), and arguing as above provide

/ (10,1} 0y 0" + 9|0y, w°|) dyday > / (fiw® + ¢"0,,w") daydas, Yo' € HY(Q),
Qb Qb

(7.5)
and consequently
/ (1102, Wb | + g|Opyul|) daydy > / foubdr da,. (7.6)
Qb QOb
Adding (7.6) to (7.4) gives
/ (11 0py us|” + 9|0n,uy|) dwydas + /b (110t |” + 9|0uyul|) drdas
a Q
(7.7)

> fyugdridrs +/ frubdr dr,.
Qa Qb
Now passing to the limit in (7.1) and using a ls.c. argument, (5.8), and (3.10) provide

fausdrdzs + foubdr da,
Qa Qb
(7.8)

> / <M|aﬂc1ug|2 + g|a$1ug|) dxidry + / (Mlaﬂtzum? + gla’tfzulﬂ) dz1dzs.
a Ob

Comparing (7.7) and (7.8) implies

/Q (1] 0py us|” + 9|0n,uy|) dydas + /Qb (1102, 03> + 9|0, ul]) dardas
(7.9)

b, b
= fausdridry + | fiujdrido,.
Qe Qv

Now comparing (7.4), (7.6), and (7.9) implies

/ (11 0p, us|” + glOn,uy|) daydas = | flugdaida,,
Qa

Qa

(7.10)
/ (1102, Wb | + g|Opyul|) daydzy = / foubdrd,.
Qb Qb
Eventually, (7.3), (7.5), (7.10), and a density argument (see [7]) ensure that (u3, p*) solves

the variational inequality in (4.3) and (u}, ¢®) solves the variational inequality in (4.4).
[
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8 Analysis of the limit problem

This section is devoted to the analysis of limit problems (4.3) and (4.4) obtained in Theorem
4.1.

Remark 8.1. We first notice that these two problems are not coupled and consequently they
can be treated independently. From a physical point of view, this behavior can be explained
with the presence of a recirculation zone close to the junction that reduces the passage area
through the two branches. The formation of this zone is due to the separation of the flow
in a 90° bend (see [22]). In our limit problem the effect of such a recirculation produces the
decoupling of the two branches.

We next remark that, up to a permutation of the axes, both limit problems (4.3) and (4.4)
are of the same type and for this reason we focus our attention on problem (4.4), that we
recall below.

Let f? € L*(Q®) be given in (3.10). Find (u, ¢*) such that

Jun

/

ub € WE(Q), ¢ e L*(QY), /2 ¢"dx; =0,

N

/ (100, u} 0y, (w” — uh) + g (|0, 0| — |Onyul])) dards (8.1)
Qb

> /Q (7 (=) + 0, (0 — ) dasday Yu® € WD),
\
where Q% = |—1,1[ x ]—1,0[. According to [6], this problem is equivalent to the following

problem
(ub e Wh(OY),

/Qb (10,1300, (w* = u3) + g (|8n, 0’| = |8y,ul])) dawydizy (8.2)

\ Qb

Remark 8.2. If f! is independent of xo, then u = 0 is the solution of limit problem (8.2).
Indeed, suppose that f° is independent of xo. By choosing in the variational formulation
(8.2) a test function w® € WE(QP), the right hand side vanishes, as follows:

> [ (0 =) dedes, YV € WH(Q).

1
2

1P (wb — u?) dzidzy = /

Qb _

(ff(fvl) /0 (wb —u?) dxg) dzy = 0. (8.3)

1
i -1

Then the problem becomes to find u§ € WE(QP) such that
/ (100t} 0y, (W° — 1Y) + g (|00, 0| — |0pyul])) dandzy > 0 V' € WH(Q).
Qb
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We remark that u® = 0 satisfies this last inequality for any w® € W(Qb). Indeed, u} = 0
implies

g/ |0, w’|dady > 0 Y € WH(QD).
Ob

This last inequality being always satisfied and the solution ub of problem (8.2) being unique,
we obtain the result.

Remark 8.3. Let f be dependent on xy. Then, if u® = 0 is solution of the limit problem
(8.2), one has

g/ |0, 0" |dxydzy > fowbdeydre, Yw® € WH(QP). (8.4)
Qb Qb

Indeed, by taking w® € W2(QP) and u® = 0 in the variational inequality (8.2), relation (8.4)
directly follows.

Remark 8.4. In the sequel we are interested on the solution of problem (8.1) in the case
when the function f° depends on x5 and is such that

g/ |0, " |dy dis </ fowbdeide, Y’ € WH(QP).
o b

According to [7], one can derive from problem (8.1) the following differential equation
stated in the domain QP

_aacg [Maimul{ + g sgn (8332“({)} = ff - qb7

which is valid if Oy,uy # 0 and where sgn states for the signum function.
As in [7] and [6], we define, up to an additive function of xy, the limiting stress tensor
012 by
019 = =05, ¢" + 01, (8.5)

with o}y = UO,,us+g sgn (8$2ull’). This is to be compared with the following lower-dimensional

“Bingham-like” law, used in the engineering literature for describing Bigham flow in thin
domains, as for instance in [25]:

pog,ut =0 < |7 <0,
(8.6)
py,ub =7 — g sgn (amu’{) & || >0,

where T represents the constraint. We notice that, if 0p,ub # 0, then relation (8.5) implies
lot,| > g. Consequently, if |ot,| < g, we have 0,,ub = 0, which is exactly the lower-
dimensional “Bingham-like” law above.

We end our analysis by recalling that the newtonian fluid can be seen as a particular
case of the Bingham fluid, corresponding to g = 0. Indeed, taking g = 0 in (2.1), the stress
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tensor becomes 0y (Un, 7n) = —T30ij + 2ph2e;;(uy,), which corresponds to a newtonian fluid.
The initial problem corresponds in this case to the following Stokes system

(Wn, 1) € (HE())? % (L2(2,)/R),  div(u,) = 0 in Q,,

2 _ 1 2
u/gn h; Du, Dvdzdzy = /Qn tvdrdry — <vr”’V>(H—1(Qn))2,(H3(Qn))2 Vv € (Hy ()

which admits a unique solution (u,,r,).
By performing a similar analysis, we obtain to the limit the following partial differential
equation stated in the domain Q°

% 83:% 1 q

and the corresponding limiting stress tensor
_ b b
012 = =01, q" + 0, uy.

For an asymptotic analysis of the Stokes system with the method of ”partial asymptotic
decomposition of domain” we refer to [2] .
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