Steady-state Bingham flow with temperature
dependent nonlocal parameters and friction

L. Consiglieri and J. F. Rodrigues

Abstract. We consider Bingham incompressible flows with temperature de-
pendent viscosity and plasticity threshold and with mixed boundary condi-
tions, including a friction type boundary condition. The coupled system of
motion and energy steady-state equations may be formulated through a vari-
ational inequality for the velocity and variational methods provide a weak
solution to the model. In the asymptotic limit case of a high thermal conduc-
tivity, the temperature becames a constant solving an implicit total energy
equation involving the viscosity function, the plasticity threshold and the fric-
tion yield coefficient. The limit model corresponds to a steady-state Bingham
flow with nonlocal parameters, which has therefore at least one solution.

1. Introduction

In the sixties, Ladyzhenskaya [8] proposed a modified Navier-Stokes system with
nonlocal viscosity. In [5], the authors proved that the nonlocal model, as well as
other nonlocal non-Newtonian models, can be obtained as an asymptotic limit case
of a very large thermal conductivity when the viscosities depend on temperature.
In the present work, we extend some of those models for the nonlocal Bingham flow
when the friction behavior on a part of the boundary is also taken into account.
The principal difficulty is that the quadratic term due to the energy dissipation
arising in the right hand side of the heat equation leads to the L'-analysis of the
partial differential equation. The new feature in the limit model is due to a Fourier
type boundary condition, and consists in the appearance of a nonlocal energy term
on the boundary part where friction is taken into account.

The Bingham viscoplastic fluid does not flow as a fluid unless the stress tensor
achieves at least some critical shear stress n (the plasticity threshold):

(1.1) Dw) =0 if |r]<n
_ =
P =

(1.2) if |7 >n
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where u is the velocity vector, D(u) = (Vu+ (Vu)?)/2 the symmetric part of the
gradient of the velocity vector, u the viscosity and 7 the deviator tensor of the
Cauchy stress tensor o, that is, 0 = —pl + 7 where p denotes the pressure and I is
the identity matrix. The law (1.1)-(1.2) is an inverse form of the constitutive law
(6]

D(u)

7= p(0)D(u) + U(a)m if [D(u)| # 0

|7| < n(f) if and only if |[D(u)| =0

considering the viscosity and the plasticity threshold dependent on the tempera-
ture 0, and |D(u)| = (D;;(u)D;;(u))'/2, with the convention on implicit summa-
tion over repeated indices.

Here, let Q2 be a bounded open subset of R™(n = 2,3) with Lipschitz continu-
ous boundary 912, which is assumed to consist of two disjoint parts I'y and I" such
that 9Q = o UT and meas(I'y) > 0. The governing equations to the Bingham
incompressible thermal flow at steady-state are given by

(1.3) (u-Vu-V-7=-Vp+£finQ;
" Ou; )
(1.4) V~u—;axi—0m§2,
(1.5) u-V0— kA =7:D(u)—abin Q, (a > 0),

where the density and the specific heat are assumed equal to one, f denotes the
external forces, and x is the thermal conductivity. Note that we admit a possible
external heat source proportional to the temperature if & > 0, in addition to the
dissipation energy factor 7 : D(u).

We introduce a thermal friction law on the part ' of the boundary, keeping
the no-slip condition on the other part I'y:

(1.6) on Iy : u=0

(1.7) onI: uny =0 and

(1.8) lor| <v(0) = ur =0

(1.9) lor| =v(0) = 3N >0, up = —Aor.

Here the tangential and normal velocities and the components of the tangential
stress tensor are given, respectively, by

ur =u—unn, UN = UiNy;, Ori = 0455 — ONTY

where n = (n;) denotes the unit outward normal to 9. In (1.8)-(1.9), we assume a

temperature dependent function v, v > 0, to represent the friction yield coefficient

(see, for instance, [6] for solid-solid interface or [2, 3, 4] for liquid-solid interface).
Finally we consider a homogeneous Neumann boundary condition

0
(1.10) 5, =0onTo,
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and the Fourier boundary condition

(1.11) K% + 60 =v@)|ur|onl, (8>0).

In the framework of Lebesgue and Sobolev spaces with W12(Q) = H(Q),
we introduce

YV = {ve(C®Q)": V-v=0in Q};
H, = {ve(L*’(Q)": V-v=0in Q, vy =0 on 00}, (s >1);
V = {ve(H'Q)": V-v=0inQ, v=0onTy, vy =0o0nT},

endowed with the standard norm
[vllv = ID(V)l2,0 = [[D(V)l| L2

For fixed x > 0, we formulate the problem (1.1)-(1.11) in variational form
[6]: find a weak solution (u,0) € V x Wh4(Q), for 1 < ¢ < n/(n — 1), such that,

(1.12) /Q{,u(G)D(u) —u®u}:D(v—u)dz+ J(O,v)—JO,u) >

z/f-(v—u)dm, Vv evV;
Q

(1.13) ,%/QVG-V¢dm—/QHu-V(bdx—i-a/QO(bdx—i—ﬁ/FGqﬁds:
= /Q{u(9)|D(Ul)|2 +77(9)|D(u)|}¢d$+/FV(9)\UT|¢CZS7 Vg e Wh'(Q);
where J : WH1(Q) x V — R{ is defined by

J(0,v) :/Qn(e)m(v)mx+/Fu(e)|vT|ds.

The main idea is to pass to the limit on £ (k — +00) in order to reformulate
the local system (1.12)-(1.13) into a nonlocal problem with constant parameters for
the viscosity, the plasticity threshold and the friction yield coefficient calculated
at the constant homogenized temperature, which is implicitly given through a
scalar equation. We notice that the argument used in this work is applicable to
the Newtonian as well as non-Newtonian fluids, as shown in [5].

2. The main result

Let us state the weak nonlocal formulation to the problem (1.1)-(1.4) and (1.6)-
(1.9) corresponding formally to the limit model kK = co.
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PROBLEM. Find (u,0) € V x R satisfying

(2.1) 1(0) /Q D(u): D(v —u)dx — /Q u®u: D(v—u)dx +

+1(0) [ (1D()| = DG}z +(6) [ {fvr|~ furl}ds
Z/f-(v—u)dac7 Yvev,
Q
where O is a solution to the implicit scalar equation

(2.2) (] + BTN © = u(©) / D(w)dz + 17(6) / |D(w)|dz +1(O) / jur|ds.

Remark 2.1. Notice that the antisymmetry of the convective term [,(u-V)u-v
is valid by the incompressibility property (1.4) and the boundary condition uy =
0 on 012 given by (1.6)-(1.7).

We assume

(2.3) pe C'R): e, 1" >0, pe < p(s) <p*, VseR;
(2.4) n e COR) : In* >0, 0<n(s)<n*, VseR;
(2.5) veC'R): W >0, 0<vu(s) <v*, VseR,
(2.6) a,3>0: a+ 6> 0;

(2.7) fev'.

The main result of this work is the following theorem.

Theorem 2.2. Under the assumptions (2.3)-(2.7), there exists (u,0) € V xR a
solution to the problem (2.1)-(2.2), which can be obtained as a limit in VxWh4(Q),
1<g<n/(n—1), as kK — 0o of solutions (uy,0,) of (1.12)-(1.13).

3. Auxiliary existence results
The following propositions are essential in the proof of the theorem 2.2.

Proposition 3.1. For every w € Hy, s > n, and £ € WH(Q) there exists a unique
solution u =u(w,§) € V to the variational inequality

B0 [(OD@) —we ) Dlv - s+ J(e.v) = J(Ew >
> [ f-(v—u)dz, Ve,
> /Q (v —u)dz v e
and it satisfies the estimate

£}y
3.2 ully < .
(32) v <

*
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Moreover, if Wy, and &, are sequences in Hy and W1(Q), respectively, such that
W, — W in Hy, &, — € in LY(Q) and &, — € in LY(T), and u,,, = u(wWp,,&n)
are the corresponding solutions satisfying (3.1), then there exists u = u(w,§) € V
the solution to (3.1) such that u,, — u in V.

PROOF. The existence and uniqueness of the solution are consequences of
classical results (for instance, see [9]) on variational inequalities with convex con-
tinuous functionals. The estimate (3.2) follows by choosing v = 0 as a test function
n (3.1).

Let Wy, &my W = (Wi, €) be sequences in the conditions of the Propo-
sition. From estimate (3.2) we have u,, — u in V for a subsequence of u,,, still
denoted by u,,, and consequently

(3.3) u, — uin Hy, for s < 2n/(n —2)

(3.4) and in L"(T), for r < 2(n—1)/(n—2).

The convective term w,, ® u,, : D(v) easily passes to the limit in m. Since &, —
¢ a.e.in Q and on I', the functions p,n and v are continuous, and due to the

sequential weak lower semicontinuity of the continuous and convex functional J,
we obtain as in [7]

/{u(ﬁ)D(u)fW(X)u}:D(v)derJ(g,v)f/f~(vfu)d:172
Q Q

Zliminf/u(fm)|D(um)|2dx+limi+nf J({m,um)z/u(§)|D(u)|2dx+J(§,u)
m—-+00 Q

m——+oo Q

So u is a solution to (3.1), and its uniqueness is due to the standard variational
argument.

Choosing v = (u,, +1)/2 as a test function in (3.1) for the solutions u,, and
u, and subtrating the obtained inequalities, it results

pe [ 1DGun, = wPde + [ (0(60) = n(€HD () ldn + [ (v(60) =€)} s
< [w=wa)@u,:D dx+/{u () YD () : Dy, — wydz +
+ [ (6 = n@HD@)lde + [ (€)= (O Hurlds

Applying Fatou lemma to the second and third terms on the left hand side of the
above inequality and using Lebesgue theorem to the convergences on the right
hand side, the required strong convergence holds. [J]

Proposition 3.2. Let u = u(w,§) be the solution given by Proposition 3.1. Then
there exists 0 = 0(u, &) € WH4(Q) a solution to the variational problem

(3.5) /Q(KVG —6u) - Vodz + a/ﬁ&gﬁdm + ﬂ/rﬂgbds =
=/Q{M(S)ID(U)|2+77(§)|D(U)|}¢dfﬂ+/Fl/(f)luﬂ(bd& Vo € WhT(Q),
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that satisfies the estimate
[
(3.6)  allflge +Bl0ller + VEIVOg0 < F <||f||vu PRI )

for an arbitrary 1 < q < n/(n — 1), and F is a positive function. Moreover, let
W, and &, be sequences in Hy, and W11(Q), respectively, such that w,, — W
in Hy, & — & in LY(Q) and &, — & in LY(T), and w,, = u(w,,&n) be the
corresponding solutions given by Proposition 3.1. If 0,, = 0(u,,, &) are solutions
satisfying (3.5), then there exists @ = 0(u, &) a solution to (3.5) such that 6,, — 0
in WH4(Q) — weak, L'(Q2) — strong and L*(T') — strong.
Remark 3.3. In (3.5), the terms on the right hand side have sense, since ¢ €
W' (Q)) — C(Q) for ¢ > n, that is, ¢ < n/(n— 1), and the term Jo 0u- V¢ has
meaning for # € WH4(Q), u € H, with s > n, and ¢ € WH' (Q).

PROOF. Let us define F' = p(&)|D(u)|> + n(&)|D(u)| and G = v(§)|ur| €
L™(Q) for r as in (3.4), and, for each m € N, take

mF

T = e L>(Q).
m+ |F| ()

From the Lax-Milgram theorem, there exists a unique solution 0,, € H'(Q)
to the following variational problem

(3.7) /Q (KV0,, — O,pu) - Védz + a /

Q

Oz + 3 / ,,6ds =
I

:/Fm¢dx+/G¢>ds, Vo e H'().
Q r

From L'—data theory (see, for instance, [5] or [10]), the estimate (3.6) follows
for 6,,. Indeed, choosing
¢ = sign(0,,)[1 — 1/(1 4+ 0,,])°] € WH2(Q) N L>(Q), for ¢ > 0,

as a test function in (3.7) it follows

| V8P e ) [[16ulds < 1Pl + 1G]
o (L+ [0+ T e T

Arguing as in [10] and [5] we conclude, for ¢ < n/(n — 1), that

r q/2 (2—q)/2
|V9m\qu < || | Lo+ ||G| rT (5 |9m|qn/(n—q) + 0(5»
Q KS Q

for arbitrary € > 0. If § > 0, using a Poincaré-Sobolev type inequality we obtain

(3.8) 1ralgnnr2 < C (nvemnq,g y /F |em|ds) <

F G|, _ _
< 0y ho HCer oy, 20l 4 o)) for s> 1.
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If 3 = 0, the assumption (2.6) implies that « > 0. Choosing ¢ =1 as a test
function in (3.7) we get

Og/ém: /Fmdx+/Gds§ |Flli,0 + Gl
Q Q r

and instead of (3.8) we obtain

10mllgn/(n—g).0 < ClVOmlq. + Q=00 f99m| <

[Fll,e + 1Gllrr, 1/q n(2-q)/[2(n—q)] | v

< oy I 2 1Gr ooy, oo o)) tor w1,

where C' is a constant depending on €2, and —fQ denotes ﬁ fQ .
Consequently, for e sufficiently small it follows

10l gn/(n—q).0 < C (independent of m and &),

and then 6, satisfies the estimate (3.6). Thus, we can extract a subsequence of
Om, still denoted by 6,,, such that it weakly converges to 6 in W14(Q), where
solves the limit problem (3.5).

Let wp,, &y and u,, = u(w,y,, &) be sequences in the conditions of Propo-
sition 3.1, that is, u,, is such that u,, — u in V. In order to pass to the limit in
(3.5) for solutions 6,, = 0(u,, &) when m tends to infinity, from estimate (3.6),
we can extract a subsequence of 6,,, still denoted by 6,,,, such that it converges to
0, which is the solution to (3.5). Note that by (3.3) and 6,,, — 6 in L1/ ("=9)((Q)
we obtain 6,,u,, — fu in L3?/lan+s(n=al(Q)) < L9(Q) for n = 2,3. O

4. Proof of Theorem 2.2
This proof is divided in two parts.

4.1. Existence for the coupled system (1.12)-(1.13)
Consider the multivalued mapping £ defined on

K= {(w,§) € Vx WH(Q) : |lwlly < Ry and [[¢]lwr.a(q) < Ra},

taking Ry > ||f||v//p« and Re conveniently choosen from estimate (3.6), such that
L applies (w,£) into the nonempty convex set {(u,0)} C K, where u and 0 are
the solutions given at Propositions 3.1 and 3.2, respectively. Thus the Tychonof-
Kakutani-Glicksberg fixed point theorem (see [1, pages 218-220]) garantees a solu-
tion, (u,0) € L(u,0), to (1.12)-(1.13) still satisfying the estimates (3.2) and (3.6),
provided L(w, &) is a closed set and £ is upper semicontinuous for the weak topol-
ogy in V. x Wh4(Q), for 1 < ¢ < n/(n — 1). From the closed graph theorem [1,
page 413], it remains therefore to prove that if (W, &) — (W, &) in V. x WHa(Q)
and (W, 0p,) € L(Wi, &) then

(4.1) (W, On) — (u,0) € L(W,§).
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By Rellich-Kondrachof imbeddings

V < Hy, forn < s <2n/(n—2);
Whe(Q) s L}(Q), and Whe(Q) s LY(T),

the final assertion (4.1) derives from Propositions 3.1 and 3.2.

4.2. Passage to the limit on

Let (u,,6,) be a solution to (1.12)-(1.13), corresponding to each k > 0 and let
k — +oo. From the estimates (3.2) and (3.6), we can extract a subsequence of
(ug, 0x), still denoted by (uy, 6,), satisfying

Vo, — 0in LI(Q),
0, — © = constant in W4(Q).

We can proceed as in the proof of Proposition 3.1 to get a strong convergence of
u,, to uin H'(Q). Then, we can pass to the limit (1.13) on s (kK — +00), taking
¢ = 1 to obtain (2.2). Now, taking the limit K — +o0 in (1.12), it follows that the
limit u solves the nonlocal problem (2.1). O
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