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1. Introduction

In this paper we investigate the non-stationary Oseen system of equations which describes the flow
of a viscous incompressible generalized Newtonian fluid and is governed by nonlinear multivalued and
nonmonotone boundary conditions of frictional type. This type of problem occurs when in the non-
stationary generalized Navier—Stokes equation the nonlinearity in the convective term is linearized by
replacing the first argument by an already computed approximation. Such an approximation is used in
implicit time discretization method applied together with a fixed point strategy, see e.g. [5,12] and the
references therein.

We consider a nonlinear slip boundary condition which is described by the subdifferential of a non-
convex potential function. In order to deal with the nonconvex potential we exploit the notion of the
generalized gradient of Clarke, see [2]. For this reason the weak formulation of the problem takes the
form of a parabolic hemivariational inequality. If the potential generating the slip condition is a convex
function, then the variational formulation of the problem is a variational inequality, see e.g. [5,9,10,14].
The stationary and non-stationary Oseen equations with homogeneous Dirichlet boundary condition
were studied by the Galerkin method in [8] while stationary flow of non-Newtonian fluid with frictional
boundary conditions have been recently treated in [23].

The mathematical theory of hemivariational inequalities has started with a pioneering work of Pana-
giotopoulos [25] and has been extensively developed in the last 30 years mainly because of various ap-
plications. We refer to monographs [21,24,26,27] to the wealth of problems which solutions have been
possible using the theory of hemivariational inequalities. The hemivariational inequalities which appear
in problems of solid mechanics can be found in [11,13,15,18,29] and in problems of fluid mechanics
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in [6,7,19,20]. The basic reference for mathematical analysis of fluid flows governed by Navier—Stokes
equations are books by Temam [30] and [31].

In the first part of this paper, we study a class of abstract first order evolutionary subdifferential
inclusions in the framework of evolution triple of spaces. For such class we deliver an existence and
uniqueness result which is a generalization of earlier contributions in [13,18,22]. The proof of this result
is based on a surjectivity theorem for L-pseudomonotone operotors. In the second part, we apply our
abstract result to obtain the weak unique solvability of the non-stationary Oseen model.

The paper is organized as follows. In Sect. 2 we briefly recall preliminary material. Section 3 is devoted
to the statement and the proof of an existence and uniqueness theorem for an abstract subdifferential
inclusion. The physical setting and classical formulation of the Oseen model is given in Sect. 4 and its
weak formulation in the form of a hemivariational inequality is provided in Sect. 5. Finally, in Sect. 6
we demonstrate a result on existence of a unique solution to the hemivariational inequality modeling the
flow problem, and give examples of the constitutive function and convex and nonconvex potentials.

2. Preliminaries

In this section we shortly recall basic definitions on single-valued and multivalued operators in Banach
spaces and on the Clarke subdifferential which are used in the sequel. More details on these topics can
be found in monographs [2—4,32].

Let (X, | - ||x) be a reflexive Banach space with its topological dual denoted by X*. The notation
(-, Y x+xx stands for the duality pairing of X* and X, and the space X endowed with the weak topology
is denoted by w-X. Given a set D C X, we define ||D| x = sup{||d||x | d € D}.

Consider a multivalued operator A: X — 2% It is called bounded if it maps bounded sets into
bounded ones. It is called coercive if either its domain D(A) = {u € X | Au # 0} is bounded or D(A) is

unbounded and )
inf { (u*, u) x+xx | u* € Au} .

1m
lullx —o0, ueD(A) [l x
We recall the notion of pseudomonotonicity of a multivalued operator.

Definition 1. Let A: X — 2% be a multivalued operator and L: D(L) ¢ X — X* be a linear
and maximal monotone operator. The operator A is called pseudomonotone with respect to L (or L-
pseudomonotone) if the following conditions hold

(a) for all u € X the set Au is a nonempty, bounded, closed, and convex subset of X*.

(b) A is upper semicontinuous (u.s.c.) from each finite dimensional subspace of X to X* endowed with
the weak topology.

(c) if {u,} € D(L), up, — u weakly in X, Lu,, — Lu weakly in X*, u} € Au, is such that u} — u*
weakly in X* and lim sup (v, up — u) x+xx < 0, then u* € Au and (u?, uy) x+xx — (U*,u) x xx-

We recall the following surjectivity result. It is stated in [4, Theorem 1.3.73] under the hypothesis that
X is strictly convex. However, by passing to an equivalent norm on X, we may always assume that X is
a strictly convex Banach space.

Theorem 2. Let X be a reflexive Banach space, let L: D(L) C X — X* be a linear and mazimal monotone
operator. If A: X — 2X7 is bounded, coercive, and L-pseudomonotone, then L + A is surjective.

Consider a single-valued operator A: X — X*. The operator A is said to be demicontinuous if for all
w € X, the functional u — (Au,w)x~xx is continuous, i.e., A is continuous as a mapping from X to
w*-X*. It is monotone, if for all u, v € X, we have (Au— Av,u —v)x~xx > 0. The operator A: X — X*
is said to be bounded if it maps bounded subsets of X into bounded subsets of X*.

Now, we recall the definitions of the generalized directional derivative and the generalized gradient of
Clarke for a locally Lipschitz function h: E — R defined on a Banach space E. The generalized directional
derivative of h at # € E in the direction v € E, denoted by h°(x;v), is defined by
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hO(z;v) = limsup hly +Av) = h(y)
y—x, A0 A

The generalized gradient of h at = € E, denoted by dh(z), is a subset in the dual space E* given by
Oh(x) = {¢ € E* | h®(z;v) > ((,v) o g for all v € E}.

The basic properties of the generalized directional derivative and the generalized gradient as well as
the relations between the generalized directional derivative and classical notions of differentiability can
be found in [2,3,21,24].

3. Subdifferential Inclusion of First Order

In this section we study the first order evolutionary inclusion which contains the Clarke subdifferential
operator. Our aim is to prove an existence and uniqueness result.

We study the inclusion within the framework of an evolution (Gelfand) triple of spaces V.C H C V*,
where V is a reflexive and separable Banach space, H is a separable Hilbert space, the embedding V' C H
is continuous, and V is dense in H. Given 0 < T < 00, 2 < p < o0 and 1/p + 1/q = 1, we introduce the
spaces V = LP(0,T; V) and W = {w € V | w’ € V*}, where the time derivative w’ = dw /It is understood
in the sense of vector-valued distributions. It follows from reflexivity of V' that both V and its dual space
V* = L9(0,T;V*) are reflexive Banach spaces. It is known that the space W endowed with the graph
norm ||wl|jy = ||w|y +||w’||y~ is a separable and reflexive Banach space. Let H = L?(0,T; H). Identifying
‘H with its dual, we obtain the following continuous embeddings W C V C ‘H C V*. It is known that
the embedding W C C(0,T; H) is continuous, where C(0,T; H) is the Banach space of all continuous
functions on [0, 7] with values in H. An important corollary of this embedding is that the values of any
function in W are well defined in H for all ¢ € [0, T]. The duality pairing between V* and V is denoted
by

T
(10, V) ye v = / (w(t), () vy dt for we V', v eV,
0

where (-, -)y+xy stands for the duality brackets of the pair (V*, V).

Let A: (0,T7) x V — V*and J: (0,T) x V — R. We assume that J is locally Lipschitz in its second
argument and we denote by 0.J the Clarke generalized gradient of J with respect to its second argument.
Given f: (0,T7) — V* and wy € V, we consider the following evolutionary inclusion.

Problem 3. Find w € W such that
w'(t) + A(t,w(t)) + 0J(t,w(t)) > f(t) ae. t e (0,T),
w(0) = wy.
In the study of Problem 3 we introduce the following definition.

Definition 4. By a solution of Problem 3 we mean a function w € W for which there exists w* € V*
such that w*(t) € dJ(t,w(t)) for a.e. t € (0,T), w'(t) + A(t,w(t)) + w*(t) = f(t) for a.e. t € (0,7) and
w(0) = wo.

We need the following hypotheses on the data.

(A): A:(0,T) x V — V" is such that
A(-,v) is measurable on (0,7T) for all v € V.
A(t, ) is demicontinuous on V for a.e. t € (0,7).
t,v)||ve < ao(t) + a1||11||’€/_1 forallv e V,ae. t € (0,T) with ag € L9(0,T), ap > 0 and a1 > 0.
A(t,-) is strongly monotone for a.e. t € (0,7, i.e., for a constant m4 > 0,

NN N TN

W N

NN N
P

(A(t,v1) — A(t, v2),v1 — Vo) vexy = ma |Jv1 — va[}
for all vy, vo € V, ae. t € (0,7).
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H(J): J:(0,T)xV — R is such that

J(-,v) is measurable on (0,7) for all v € V.

J(t,-) is locally Lipschitz on V for a.e. t € (0,T).

[0 (t,v)|lv+ < co(t) + cr||v][5 " for all v € V, ae. t € (0,T) with ¢ € LI(0,T), co > 0, ¢; > 0.
dJ(t,-) is relaxed monotone for a.e. t € (0,7), i.e., for a constant m; > 0,

(0J(t,v1) — 0J(t,v2),v1 — Vo) v+xv = —my |lvr — va|},
for all vy, vo € V, ae. t € (0,T).
(Hy): feV: 5, weV.

(Hy):  ma > 2273 max{2my,c;}.
We have the following existence and uniqueness result.

Theorem 5. Assume hypotheses H(A), H(J), (Hy) and (Hz). Then Problem 3 has a unique solution.

Proof. Tt consists of two parts, in Step 1 we prove the existence, and in Step 2 the uniqueness.
Step 1. Let A: V — V* and B: V — 2V be the Nemitsky operators corresponding to the translations
of A(t,-) and 9J(t,-) by the element wy,

(Av)(t) = A(t,v(t) + wo),
(Bu)(t) ={v* € V* | v*(t) € 0J(t,v(t) +wp) for a.e. t € (0,T)}

for v €V and a.e. t € (0,T). Next, we introduce an operator F: V — 2V" defined by
Fv=Av+ Bv forvel.
Define an operator L: D(L) CV — V* by
Lv=v" forve D(L)

with its domain D(L) = {w € W | w(0) = 0}. The operator L is linear and maximal monotone (see [32,
Proposition 32.10]). With these operators, we consider the following inclusion

(1)

Lw+Fw> f in V¥,
w(0) = 0.

Then, w € W is a solution of Problem 3 if and only if w — wy € W satisfies (1).
In what follows we are going to apply Theorem 2 to prove that problem (1) has a solution. For this
goal, we will show that F has the properties required in Theorem 2.

Claim 1. F is a bounded operator. Let v € V and v* € Fv. Then v* = Av 4+ w* with w* € Bv. Using
hypotheses H(A)(3) and H(J)(3), we have

[ Av]

—1
|w*[lv= < llcoll Laco,ry + €1 [[v +woll}, (3)

v < llaollago,ry + a1 v +woll} (2)

Combining these inequalities, we immediately deduce that F is a bounded operator, being the sum of
two bounded operators.

Claim 2. F is a coercive operator. First, by H(A)(3) and (4), we have the following coercivity condition
for A(t,-)

(A(t,0),0)vxv = (A(t,v) — A(t,0),0)v-xv + (A(t,0), )y xv
2 ma [[olly —ao(®)[[vllv (4)
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for allv € V, a.e. t € (0,T). Next, let v € ¥V and v* € Fv. Then v* = Av + w* where w* € Bv. Using
H(A)(3), the inequality (4), the Hélder inequality, and the inequality |a + b|P > 2'=P|a|P — [b|P for a,
beRand 1 < p < oo, we obtain

T
<A’U,’l}>vx><v = /0 ((A(t,’l}(t) + wo), U(t) + w0>V*><V — (A(t,v(t) + wo), w0>v*><v) dt

T
> [ malo(®) + wolf, = ao(o)lo(t) + wollv = (a0(t) + arlof®) + upl5™) ol )

— — —1
> 2" Pmgl|oll} — a1 2P lwollv ol = llaollLeco,myllv]lv
— (ma + a12P72) [Jwolf}, — 2[|lwollv llaol| Laco,r)-

Since w* € Bv, we have w*(t) € 0J(t,v(t) + wp) for a.e. t € (0,T). Using H(J)(3) and (4), we obtain

T
<Wwwwv2£(ﬂmWﬁHﬂM@-%@M@+wﬂv

— (co(t) + erllv(t) + wolly ) [[wollv) dt
> —my 22 o} — 1272 wollv oI5t = lleollLago.mlvlly
—272(2my + e1)lwoll}, = 2llcoll Lo,z lwollv-
Hence
(0" v)vexy = (Av,0)vesy + (W5 0) vy 2 (27 Pma —my 227 o]l
— 2772 (a1 + 1) Jwollv vl = (llaoll Lagory + loll o)) olly — ca

with ¢4 = (ma + a12P72 + m 2P~ + ¢12272)|Jwo |}, + 2 (|[coll Laco,r) + l|aollLago,)) [lwol[y- On the other
hand, from H(J)(3), by the Hélder inequality, we deduce

T
(w*, v)yexy S/O (co(t) + exllo(t) + woll 5 ) [0(t)llvdt
< 2720l + e 2”2 wo I3 ol + llcoll Lago,m 0]l v-
In a consequence, we have
(V5 0)pexy = (A0, V) ps sy + (W, V)pe sy > (217Pma — c12p72) [v]13,
— 122 wo v ol = (laollzao,zy + 122wl + llcolzaomy ) lelly = cs

with ¢5 = (ma + a12P72)|lwol}, + 2||wo||v]laol s (o,7). Thus, it is clear from (H,) that F is a coercive
operator.

Claim 3. F is a L-pseudomonotone operator. First, we show the following properties of the operator .A.

A:V — V* is demicontinuous, (5)
(Avy — Avg, vy — v2)yexy = mal|vr — v}, for all vy, vy € V. (6)

For a proof of (5), let v, — v in V. By passing to a subsequence if necessary, by [21, Theorem 2.39],
we have v, (t) — v(t) in V for a.e. t € (0,T) and ||v,(¢)||v < h(t) for a.e. t € (0,T) with h € LP(0,T).
Exploiting H(A)(2), we deduce

A(t,v,(t)) — A(t,v(t)) weakly in V*, a.e. t € (0,7T).

Hence, we have (A(t,v, (1)), p(t))v-xv — (A(t,v(t)), p(t))v-xyv for all ¢ € V, ae. t € (0,T). We use
H(A)(3) and apply the Lebesgue dominated convergence theorem, see e.g. [21, Theorem 2.38], to obtain

T T
i | (At () Oy e = [ (A0, O
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Thus Av, — Av weakly in V*. The standard argument shows that the entire sequence {Av,} converges
weakly in V* to Av. This concludes the proof of property (5).+

The strong monotonicity property for A in (6) follows directly from hypothesis H(A)(4).

We now prove that the operator F is pseudomonotone with respect to L, that is, it satisfies conditions
(a)—(c) of Definition 1.

(a) For every v € V, the set Fuv is a nonempty, bounded, closed, and convex in V*. The fact that values
of the operator F are nonempty and convex follows from the well known property (see [2, Proposition
2.1.2]) that values of 0J(t,-) are nonempty and convex subsets of V* for a.e. t € (0,7). From (2) and
(3), it follows that |[v*|ly~ < do + dy|jv + u)0||{’,_1 for all v* € Fv = Av + Bv, v € V with do, di > 0.
Hence, the set Fv is bounded in V* for all v € V. The set Bv is also closed in V* for all v € V. Indeed,
let v eV, v € V* v € Bu, v, — v* in V*. Passing to a subsequence if necessary, we may suppose that
vi(t) — v*(t) in V* for a.e. t € (0,7). We have

v (t) € J(t,v(t) + wo) a.e. t€(0,T)
and the latter is a closed subset of V*. Thus v*(t) € dJ(t,v(t) + wp) for a.e. t € (0,T), i.e., v* € B,
which proves the closedness of the set Bv. Hence, the set Fv is closed in V* for all v € V, which concludes
the proof of (a).

(b) The operator F is w.s.c. from V into 2V, where V* is endowed with the weak topology. In order
to show this property, we apply [3, Proposition 4.1.4]. To this end, we prove that the weak inverse image
F~ (D) ={veV|FvnD # 0} is a closed subset of V, for every weakly closed set D C V*. Let
{vn} € F~(D) be such that v,, — v in V. We may assume, passing to a subsequence if necessary, that

vp(t) = u(t) inV, ae. te(0,T). (7)
Therefore, there exists v} € Fuv, N D for n € N, that is,
vy = Av, + w}, (8)

with w’ € Bv, and v} € D. Since {v,} is bounded in V and the operators A and B are bounded (cf.
Claim 1), we know that {v}} and {w}} are both bounded in V*. Thus, at least for subsequences, we may
suppose that

* * * * . *
v, — v, w, —w weaklyin V

with v*, w* € V*. Since D is weakly closed in V*, we have v* € D. By the definition of the operator B,
we have

wy (t) € OJ(t, v, (t) + wp) a.e. t € (0,T). (9)
Taking into account the convergences (7) and w} — w* weakly in V*, and the fact that dJ(¢,-) is u.s.c.
with closed and convex values, we can apply a convergence theorem found in [1, p. 60] to the inclusion
(9) and deduce w*(t) € 9J(t,v(t) + wp) a.e. t € (0,T). Hence, w* € Bu.

By the demicontinuity of the operator A [cf. (5)], we have Av,, — Av weakly in V*. Passing to the
limit in (8), we obtain v* = Av + w*, where w* € Bv and v* € D. Therefore, v* € FvN D, which implies
v* € F~(D). This proves that F~ (D) is closed in V and concludes the proof of condition (b).

(c) The condition (c) of Definition 1 holds. Let {v,,} € D(L), v,, — v weakly in W, v} € Fu,, v — v*
weakly in V* and

lim sup (v, v, — v)prxy < 0. (10)

We prove that v* € Fv and
(Uns Vn)vexy = (UF, V) sy (11)
First, we observe that the operator F: V — 2V is strongly monotone. Indeed, by H(.J)(4), we have

T
(wi — w3, v1 = v2)vexy =/0 (wi(t) = w3 (), v1(t) = v2(t))vexv di

T
> —m, / o1 (t) = w2 ()15 dt = —my [for — vl
0
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for all w} € Bv;, v; € V, i =1, 2. This inequality together with (6) imply
(V] — V3,01 — V2)yxy = (Mma —my) [Jvr — 2|}
for all v} € Fu;, v; € V, i =1, 2. From (Hz), it follows that the operator F is strongly monotone.
Next, we prove that v,, — v in V. From the strong monotonicity of F, we have
(ma —my)llon = v[l§; < (o5, = 0,00 = V)very
for all v} € Fu,, n € Fo. Taking limsup in the last inequality and using (10), we obtain
0 < (ma —my)liminf [lv, — o[}, < (ma —my) limsup |lv, — |},
< limsup(v,,, vy — v)y=xy — im(n, v, — v)y«xy <0,
implying v, — v in V.
Using the strong convergence of v, to v in V, and passing to a subsequence if necessary, we may
assume
v (t) = o(t) inV, ae. t € (0,7T). (12)
Consequently, from v} € Fuv,, we have
vy = Av, + wy, (13)
with w;, € Bv,, and thus
wy (t) € OJ(t, v, (t) +wp) a.e. t € (0,T).

By the boundedness of the operator B (cf. Claim 1), we can assume that w) — w* weakly in V* with
w* € V*. Similarly as in the proof of condition (b), we use the convergences (12) and w; — w* weakly
in V*, and apply the convergence theorem of [1, p. 60] to obtain
w*(t) € 0J(t,v(t) +wp) a.e. t € (0,T).

Hence, w* € Bv. By the demicontinuity of the operator A [cf. (5)], we obtain Av,, — Av weakly in V*.
Passing to the limit in (13), we get v* = Av + w*. Since w* € Bv, we have v* € Fv. From v} — v*
weakly in V* and v,, — v in V, we deduce (11), which concludes the proof of condition (c).

Having established Claims 1-3 and noting that the operator L is linear and maximal monotone, we are
in a position to apply Theorem 2. We deduce that the problem (1) has at least one solution w € D(L).
Then, w + wg € W is a solution of Problem 3. This concludes the proof of the existence part of the
theorem.

Step 2. We prove the uniqueness part of a solution to Problem 3. Assume wi, wy € W are two
solutions. Then, there are w; € V* such that

wi(s) + At wi(s)) + wi(s) = f(s) ae. s€(0,T),

wi(s) € 0J(s,wi(s)) ae. se(0,T),

wl(O) = Wy
for i = 1, 2. We subtract the two equations for wy and ws, take the result in duality with wy () — wa(t),
integrate from 0 to ¢, and note that w;(0) — w2(0) = 0 to obtain

% lws () — w2 ()1 + /0 (A(s,wi(s)) = A(s, w2(s)), wi(s) — wa(s))v=xv ds

t
—|—/ (wi(s) —wi(s),wi(s) —wa(s))y«xvds=0
0

for all ¢ € [0, T]. From hypotheses H(A)(4) and H(J)(4), we obtain
1
2
for all ¢t € [0,7]. Hence, by the smallness condition in (Hz), it follows that w; = we on [0,7], i.e., a
solution to Problem 3 is unique. O

lwy () = w2 (D)1 + (ma — m.f)/o [[wi (5) = wa(s)][} ds < 0
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Remark 6. Tt can be shown that the hypothesis H(J)(4) is equivalent to the following condition
Jo(t,vl;vg —v1)+ Jo(t,’l)g;’lil —v9) < myllvy — vg||§), (14)

for all vy, vo € V, a.e. t € (0,T). The latter has been recently used with p = 2 in the literature to
prove the uniqueness of the solution to the variational-hemivariational inequality. We refer to [21,29]
for examples of nonconvex functions which satisfy the condition (14). Furthermore, we note that when
J(t,-) is convex, then (14) holds with m; = 0, i.e., the condition (14) simplifies to the monotonicity of
the (convex) subdifferential.

4. Physical Setting and Classical Formulation

In this section we introduce the physical setting of the fluid flow problem and provide the classical
description of the Oseen model.

The general physical setting is as follows. A viscous incompressible generalized Newtonian fluid oc-
cupies an open, bounded and connected set  in R%, d = 2, 3, with boundary T' = 9 supposed to be
Lipschitz continuous. We denote by v = (v;) the unit outward normal vector on I', by & = (z;) € Q the
position vector, and by ¢ € (0,7") the time, where 0 < T < co. We also assume that the boundary T is
composed of two sets I'p and I'¢, with disjoint relatively open sets I'p and I'c such that Tp| > 0.

We deal with the following non-stationary Oseen model which is used for the flow of incompressible
fluid. The non-stationary flow of an incompressible generalized Newtonian fluid may be described by the
following conservation laws (cf. e.g. [17] for further details)

v —-DivS+(b-Viu+Vr=Ff in Qx(0,7),
divu=0 in Qx (0,T). (15)

Here u = u(x,t) and 7 = 7(a, t) denote the velocity field and the pressure, respectively, and f = f(x,t)

is the external (gravity) force field. The expression (b-V)u = (Z?zl b; gg?) denotes the convective
i/ i=1,d

term, and the solenoidal (divergence free) condition divu = V- u = 0 in  states that the motion of the
fluid is incompressible. Here, b is a given convection field which has to be divergence-free. The symbols
Div and div denote the divergence operators for tensor and vector valued functions S: Q — S? and
u: Q x (0,T) — R? defined by

Div S = (Sijyj) and divu = (Uiﬂ'),

and the index that follows a comma represents the partial derivative with respect to the corresponding
component of . From time to time, we suppress the explicit dependence of the quantities on the spatial
variable x € Q UT.

The total stress tensor in the fluid is given by o = —n I +.5 in 2, where I denotes the identity matrix
and S: Q — S?is the extra (viscous) part of the stress tensor. The symmetric part of the velocity gradient
D: Q — S%is given by D(u) = £(Vu+ Vu'). We assume that the extra stress tensor S is related with
the symmetric part of the velocity gradient D by means of a constitutive law S = S(x, D(u)) in . Also,
we mention that for S(x, D(u)) = D(u) the Eq. (15) reduces to the linear Oseen system.

We complement the above system with boundary conditions. Our main interest lies in the contact and
slip frictional boundary conditions on the surface I'c. On the part I'p of the boundary, the fluid adheres
to the wall, and therefore, we consider, for simplicity, the homogeneous Dirichlet condition

u=0 on I'p x(0,7).

On the part I'c, we decompose the velocity vector into the normal and tangential parts. We denote by
u, and w, the normal and the tangential components of w on the boundary I'c, i.e., u, = u - v and
u,; = u—u,v. Similarly, for an extra stress tensor field S, we define its normal and tangential components
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by S, = (Sv) -v and S, = Sv — S, v, respectively. We assume that there is no flux condition through
I'c, so that the normal component of the velocity on this part of the boundary satisfies

u, =0 on I'c x (0,7).

The tangential components of the stress tensor and the velocity are assumed to satisfy the following
multivalued friction law

-8, €09j(u,) on T'e x(0,7),
where j: I'c x R — R is the prescibed function. Finally, the problem is suplemented by the initial
condition

u(x,0) =ug in Q.

Under these notation, the classical formulation of the Oseen model for flow of incompressible fluid reads
as follows.
Problem P. Find a velocity field u: 2 x (0,7) — R?, an extra stress tensor S§: Q — S?, and a pressure
m: Q x (0,7) — R such that

u —DivS(D(u)) + (b-V)u+Vr=Ff in Qx(0,7), (16)
divu=0 in Qx(0,7), (17)

u=0 on I'px(0,7), (18)

Uy = on e x (0,7), (19)

-8, €dj(u;) on T'ex(0,7), (20)

u(0) =up in Q. (21)

5. Weak Formulation

In this section we present the variational formulation of Problem P. To this end, we introduce some
additional notation and state the hypotheses on the data. We will treat the problem in the case d = 2
and d = 3.

We use the symbol S? for the space of second order symmetric tensors on R? or, equivalently, the
space of symmetric matrices of order d. The canonical inner products and the corresponding norms on
R? and S? are given by

w-v=u;, vl =@ -v)? forallu = (u;), v = (v;) € RY,

1/2

o:im=oymy, |rl=(r:m)"? forallo = (oy). T = () €S,

respectively.
Let 2 < p < oo and consider the following spaces
V={veC®RY) |divv=0inQ v=00nTp, v, =0on T},
V = closure of V in WP (Q;R?)
and
H={veC®RY |divv=0inQ, v, =0on g},
H = closure of V in L?(Q;R%).
The space V' is equipped with the norm [|[v|| = [|v|yy1,»(;re) for v € V. On V we introduce also the norm
given by [|v||y = [[D(v)||Lr(ose) for v € V. From the Korn inequality ck [[v[lw1.poray < [ D(0)]|Lr s
for v € V with cx > 0 (cf. [7, Theorem 4]), it follows that || - [[yy1.r(q;re) and || - ||y are the equivalent
norms on V. Moreover, V is a reflexive separable Banach space, H is a separable Hilbert space, the
embedding V' C H is continuous and V' is dense in H. This means that (V, H,V*) is an evolution triple

of spaces. Recall that in this setting, the space H is identified with its dual and we have V.C H C V*
with dense and continuous embeddings.
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Next, analogously as in Sect. 3, we define the spaces V = LP(0,T;V), V* = L9(0,T,V*) and W =
{w eV |w € V*}. We also introduce the space Y = LP(I'c;R?) and the trace operator vy: V — Y. Its
norm is denoted by |7/ = [|v]|z(v;y)- For v € V, we use the same symbol v for the trace of v on the
boundary. Note that v, =0 and v, =~vv on I'¢ for all v € V.

Furthermore, we also recall that the following Green formulas hold (cf. [21, Theorems 2.24 and 2.25])

/S:D(v)dw—i—/DivS-vda:: Sv-vdl (22)
Q Q a0

for smooth tensor S: Q — S¢ and field v: Q — R?, and
/w-Vz/Jdm—l—/divwz/)dx:/ wy, Y dl’ (23)
Q Q 29

for smooth vector fields w: @ — R? and ¢: Q@ — R.

In the study of Problem P, we will assume that the constitutive function S and the nonconvex potential
j satisfy the following hypotheses.
H(S): 8:0x8%— S%is such that

(i) S(:, D) is measurable on  for all D € S and S(=, ) is continuous on S? for a.e. ¢ € Q.
(ii) [|S(x, D)|ls¢ < as(l+ || D] ) for all D € §%, a.e. x € Q with ag > 0.
(iii) S(x,-) is strongly monotone for a.e. & € €, ie. there exists mg > 0 such that
(S(:B,Dl) — S(:E,DQ)) : (Dl - Dg) 2 mg HDl — D2||§d for all Dl, D2 € Sd, a.e. x € .

(): j:Te x RY — R is such that

) 7(-, &) is measurable on T'¢ for all £ € R9.
) j(z,-) is locally Lipschitz on R for a.e. = € T'¢.
(i) [|07(x, &)||ra < cjo + Cj1||£||ﬁ§1 for all £ € R?, a.e. & € T with cjo, ¢j1 > 0.

(0j(x, &) — 0j(x,&5)) - (§1 — &2) > _mj||§1 - 52”%«1 for all &, &, € Rdv ae. x€lc.
The exponent p and the external body force f satisfy the following assumptions.

=

(p): 2<p<co
H(f)
L™ (Q;R?) for s 1 it p=2.
d—9 then feL )c.)rsomere(,oo),lp
fe LY (R, ifp>2.
feLws (R, if pe[2,3)
if d =3, then < f € L"(Q;R3) for some r € (1,00), if p= 3.
fe LY (R, if p>3.
Finally, the convection field and the initial condition satisfy the following hypothesis.

=

(Ho) : byugeV.

We now turn to the variational formulation of Problem P. In what follows, we assume that u, S and
7 are sufficiently smooth functions which solve (16)—(21). Let v € V and t € (0,T). We multiply the
q. (16) by v, integrate over Q and use the Green formula (22) to find that

/Qu’(t)-'udx—&—/QS(D(u(t) dac—/ S(D((t))w - vdl

+/Q((b-v)u(t))-vdx—&—/QVﬂ(t)-vda::/Qf(t)mdx. (24)
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Note that hypotheses H(f) and H(p) guarantee that the integrals [,((b-V)u(t))-vdz and [, f(t) - vdx
are well defined. Exploiting the Green formula (23) and conditions dive = 0 in 2, v = 0 on I'p, and
v, = 0 on ', we obtain

/QVW(t)-vdx:—/Qw(t) divvdm+/FD7r(t)vde+/ 7(t) v, dl' = 0.

I'c
Next, from conditions v =0 on I'p and v, = 0 on I'¢, it follows

S(D(u(t)))v-vdl' = S(D(u(t)))v-vdl' + / (Syvy + 87 -v,)dl
0 T'p e

= S, -v,dl.

T
Hence and from (24), we deduce

/Qu’(t)-vda:—&—/QS(D(u(t))):D(v) dx+/((b-V)u(t))~vdx

Q

— ST-deFz/f(t)-vda:.
Q

T
Using (20) and (21) we obtain the following variational formulation of Problem P.
Problem Py . Find a velocity field w € W such that
/ u'(t) -vdx —|—/ S(D(u(t))) : D(v)dx + / (b-V)u(t)) - vdx
Q Q Q

+/ 3%z, u,(t);v,)dl > / f(t)-vdx forall veV, ae. te(0,T),
re Q

u(x,0) = up(x) ae x €
We have the following existence and uniqueness result whose proof will be provided in the next section.

Theorem 7. Assume H(S), H(j), H(p), H(f) and (Hyp), and the following smallness condition

P
mg > 2273 HZT” max{ci;,2m;} (25)
K
holds. Then Problem Py has a unique solution.

6. Proof of Theorem 7

We will apply an abstract result of Theorem 5. We introduce operators B, C: V' — V* as follows

(Bu, v)ysxy = /QS(D(u)) : D(v) dx, (26)
(Cu,v)ysxy = /Q((b -V)u) -vdx (27)

for all u, v € V. We will prove that the operator A = B+ C: V — V* satisfies hypothesis H(A). Note
that A is independent of ¢ € (0, 7).

First, we establish some properties of the operator B. From H(S)(ii) and the Holder inequality, we
have

(Bu,v)y .y < as / D)5 da +as | D)L |D()]ss do
1 _
< (asl2fF + as| D) |7,k 00 ) 1D )]s g0

1 1
= (as|Qls + aslluly ) [lvllv
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for all u, v € V. This implies that the operator B: V' — V* is well defined and ||Bu|y« < a5(|Q|é +
||u||1"}_1) for all w € V, which implies the boundedness of B. Furthermore, condition H(S)(iv) implies

(Bui — Bug,uy — U2) s oy
= /Q(S(%D(ul)) = S(z, D(uz))): (D(u1) — D(uz))dx
> mg che lur — ually, (28)

for all uy, us € V', which means that the operator B is strongly monotone.

Next, we show that the operator B: V — V* is continuous. To this end, let u,,, w € V and u,, — u in
V, as n — oo. Hence D(u,,) — D(u) in LP(2;S?). From [3, Proposition 2.2.41], by passing to a subse-
quence if necessary, we have D(u,,)(xz) — D(u)(x) in S¢ for a.e. £ € 2, as n — oo, and || D(u,)(x)|se <
n(x) for a.e. x € Q with n € LP(Q2). By assumption H(S)(i), we obtain S(m D(un)(w)) — S(x, D(u)(x))
in S for a.e. € Q. Hypothesis H(S)(ii) and the elementary inequality |z + y|™ < 2"~ (|z|" + |y|") for
z,y € Rand 1 <r < oo imply

1S (z, D(un)(x)) = Sz, D(u)(z))]l5,
<207l (14 I1D(wn)(@) 2 + (14 [ D)) [2:)7)
<c (2 + nP(a) + ||D(u)(a:)||gd) with ¢> 0
for a.e. € €. Hence, by the Lebesgue dominated convergence theorem, we infer

IS( D(un)()) = 8¢, D(@) (N }4 00y = 0, as n— +o0.

By the Holder inequality, we have

(Buy ~ Buv)y.y = [ (Sl Dl (@) = Sl D(w)(@)) : D(v)(@) do

< IS¢ D(un)()) = S, D(w)() (s 1D () | e 259)
= [IS(, D(un)(-)) = S, D(w) (1)) La(asy [[v]lv

for all v € V. Hence, it follows that Buw,, converges to Bu in V*, as n — oo. This proves that the operator
B is continuous.
Summing up, the operator B: V — V* is well defined, bounded, strongly monotone, and continuous.
Now, we establish some properties of the linear operator C': V' — V*. First, we observe that from the
following continuous embeddings
for p > d, we have V C L7(;R?) for any 7 € (1, 00),
d), we have V C La%7 (;R?) € Li=1 (Q;RY),

for p € (d+2,

we get

(Cu,v)yy < bl 2, IVull Lo @pa-a o]l

=T (Q;R4) poT (;R4)
< K||b||V||u||V||’U||V for all w,v €V with K > 0.

This implies that operator C': V' — V* is well defined and continuous, so it is bounded. Moreover, we
note that

(Cu,u)v*xv:/ﬂ((b udx—/ Zbauju]dx—/ Zb

i,j=1 i,j=1

d d
1 1
—f/divau?dx+f/ b,,Zu?dsz (29)
2Jo" T & 2. =
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for all u € V. Then, we use density of V in V, and we get (29) for all w € V. As C is linear, it follows
that

(Cuy — Cug,uy — U)oy = (Cur —u2), U1 — Ug)yuyyy =0 (30)

for wy, us € V. We deduce that operator C': V' — V* is bounded, monotone and continuous.

From properties established for operators B and C, we deduce that operator A is demicontinuous,
strongly monotone with m4 = mgc}, and

1wy < e+l ) + K [Ibllv|lully  forall ueV.

Hence A safisfies conditions H (A).
Next, we introduce the functional J: V — R by

J(v) :/F jlx,v-(x))dx forall veV. (31)

We will verify that J satisfies hypothesis H(.J). Note that .J is independent of ¢. By hypotheses H(5)(i)
and (ii), it is clear that for the functional J defined by (31), conditions H(J)(1) and (2) hold. From [21,
Theorem 3.47] and the relation dJ(v) C ch Jj(v,)dx for all v € V, we deduce that the hypothesis
H(J)(3) is satisfied with ¢o(t) = Cj0|FC|é and ¢; = ¢j1]|7]|P. Next, from H(j)(iv), [21, Theorem 3.47],
and the relation £, | < [|€]| for all £ € R?, we have

<8J(’Ul) — 8J(’U2),’U1 — Ug)v*xv = /F (8j(ac,v1T) — (’9j(:1:,v2T)) . (’017— — 1)27—) dx

> —m; / 017 — w2 B diz = —m |y [P [lo2 — w2
C

for all vi, v € V with m; = m;||v||P. Hence, the subdifferential of 0J(t,) is relaxed monotone, which
implies condition H(.J)(4). Conditions (H;) and (Hz) are consequences of hypotheses H(f) and (Hy),
and (25), respectively.

Applying Theorem 5, we deduce that the following problem has the unique solution: find w € W such
that

{u’(t) + A(u(t)) + 0J(u(t) > f(t) ae. te (0,T), (32)

u(0) = uo.
By definition of the Clarke subdifferential, the problem (32) is equivalent to: find w € W such that
(w'(t) + A(u(t), v)vexy + I (u(t);v) = (F(t),v)vexv

forall v € V, a.e. t € (0,7), (33)
u(0) = uo.

From (31) and [21, Theorem 3.47(iv)], we have
J(v; 2) g/ %z, v (z); 2 (x)) dT for all v,z € V.
T

Exploiting this relation in (33), we deduce that © € W is a solution to Problem Py .
Finally, we show that a solution to Problem Py is unique. Let w1, us € W be solutions to Problem Py,
that is

</uf//ia'v_ui>v*><v+<Auiav_ui>v*><v+/r 32 (Wirs v —wir)dl > (f,0 — ) vy
C



1330 S. Migérski, S. Dudek JMFM
forallv € V and ¢ =1, 2 where A = B+ C: V — V* is given by (26) and (27). Taking v = us in the
inequality for ¢ = 1, and v = wu; in the inequality for ¢ = 2, then adding them, we get

<ull - u/27 up — u2>V*><V + <Au1 — Aug,uy — u2>V*><V
S / (jo(ulr; Uor — ulT) + j0<u27; Uir — u27’)) dF
T'e

From hypothesis H(j)(iv), we deduce
0

J (ulT; Uor — ulr) + jo(u2‘r; Ui — u27’)
= sup & (u2T - ul‘r) + sup ¢ (ulT - u2-r)

§eoj(uar) Ceaj(usy)
< - inf £ (ulr - 'u/2‘r) - inf (_C) . (ulr - u27—)
£coj(ui,) Ceoj(us,)
= inf (£ - C) ’ (ul‘r - u2'r) < m; Hul‘r - u2‘l’||§d'

€coj(ui,), (eoj(usa,)

Now, by the boundedness of the trace operator 7, we have

/ jo(ulr;u27 _ulT) +jO(U27—;U17— _u27') dr
Te

<y [ s = el dr < gl P~ el (59

T'c
From this inequality, (28) and (30), we obtain
ms Cicllur — wally, < myllylPllur — uzly.

Finally, using the smallness condition (25) in the last inequality, it follows that u; = ug. This completes
the proof of the theorem. O

We conclude this section with examples of the constitutive function S and the potential j.
Ezample 8. The following examples of the constitutive function S can be found in [16,17]:
SW(@, D) =, | DIL>D,
S®(@, D) = 1 (1+ | Dljs: )",
S@(x, D) = k1 (1+ | D|2)"* D,
SCT)(z, D) = kg D + 89 (x, D)

for D € S%, a.e. & € Q, where i = 1, 2, 3, Ko, K1 are suitable positive viscosity parameters, and 2 < p < co.
In what follows, we consider a general constitutive function S: Q x S¢ — S? of the form

S(x,D) = h(|D||sa)D for D eS% ae xecq, (35)

where h: [0,00) — R. Fluids which are characterized by the constitutive law (35) are called generalized
Newtonian fluids (even if they are non-Newtonian ones). We recall that if h(r) = hg for r > 0, hg > 0 is
a given viscosity constant of the fluid, then (35) reduces to S(x, D) = hoD which represents the linear
Stokes’ law, and (15) turns into the well known Navier—Stokes system. An incompressible fluids described
by Stokes’ law are called Newtonian fluids. Fluids that can not be characterized by the Stokes’ law are
usually called non-Newtonian fluids, cf. [16,17,28] and the references therein.

We provide conditions on the function h in (35) under which the constitutive function S satisfies
H(S). The following properties can be proved in a similar way as in [6, Lemma 21]. Let H(p) hold,
h:[0,00) — R and S be given by (35).

(1) If h is continuous, then H(S)(7) holds.
(2) If |h(r)] < (a+ br)P=2 for 7 > 0 with @ > 0 and b > 0, then H(S)(ii) holds with ag =
max{2P~2p~taP~1 (1 4 2P=2)pP—2}.
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(3) If h: [0,00) — [M, 00) is nondecreasing, where M > 0, then H(S)(iii) holds with mg = M.

Next, we provide a concrete example of the multivalued frictional law of the form (20) with a convex
potential j.

Example 9. Let ug € R? be a given velocity of the moving part of boundary I'c and a nonnegative
function g € L>(T'¢) be a friction coefficient. Consider the convex potential j: ['c x R? — R defined by
j(x, &) = g(x)||€ — uo||ga for € € RY, ae. = € T'c. This choice of j leads to a threshold slip condition
considered in [5,9,10]. It is easy to calculate that

B(0,1) if £ = uy,
dj@.8) =gl@)xq _&-uo o,

1§ — uol|ga

for all £ € R?, a.e. x € ', where B(0,1) denotes the closed unit ball in R%. Note that the function j
satisfies hypothesis H(j) with c;jo = [|g||L~(r¢), ¢j1 = 0 and m; = 0. Then the condition (20) has the
following form

ur =ug = |[|S;|re <g(x),

Ur — Ug
u, Fug = —-S,=g(x) ———.

[wr — uo||ra

This latter is the well known Tresca friction law on I'c, cf. [21, Sect. 6.3] for a detailed discussion. The
interpretation of the above law is the following. In the case where the velocity of the fluid equals the
velocity of the moving boundary, the tangential stress is below a certain threshold value. In turn, if
the slip between the velocity of the fluid and the velocity of boundary occurs, then the friction force is
directed opposite to the slip velocity and its magnitude is determined by the slip rate value according to
the function g.

The multivalued condition (20) covers various versions of nonmonotone threshold condition. An ex-
ample of this law with a nonconvex potential j is provided below.

Ezample 10. Let a € L*(I'¢) be a given function such that 0 < a(z) < 1 for a.e. € I'¢. Consider the
nonconvex potential j: I'c x R — R defined by
j(x, €) = (a(x) — 1)e 1t 1 a(z)||€||pa for € € RY ace. x € Te. (36)

It is clear that the function j in (36) is nonconvex and its generalized gradient is given by

B(0,1) if £=0,

9j(,€) = ((1_a(w)>e—u€nm+a(m)>

13 .
— if
1€l ¢#0

for all £ € R?, a.e. & € I'c. By a direct calculation, we have
05 (x,€)|lga <1 for all €€ R ae. g,

i.e., j satisfies H(j)(3) with ¢jo = 1 and ¢j; = 0. Furthermore, function j(x,-) satisfies for a.e. x € I'¢
the relaxed monotonicity condition H(j)(4) with constant m; = 1.
We observe from definition (36) that condition (20) reduces to the threshold slip law of the form

I1S: |[ga < 1 i w, =0,

T lRd a Ur i
=87 = (o) pa@) R e o

(37)

on I'c x (0,T). We also remark that in the particular case a = 1 in (36), the function j reduces to the
convex potential and the associated law (37) becomes the condition decribed in Example 9.
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We conclude that the multivalued condition (20) incorporates nonmonotone multivalued relations
which are useful in applications, cf. [21, Sect. 3.3] and [24, Sect. 1.2]. More examples of multivalued
boundary conditions which can be cast in the framework of variational and hemivariational inequalities
can be found in [6,21]. For examples of the constitutive function S which satisfy H(S), see [6,16,17].
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