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1. Introduction

Theories of flow of viscous Newtonian’s and nonlinear viscous fluids are based on the
Navier—Stokes equations and on modifications of them in which the viscosity depends
on the second invariant of the rate of strain tensor, see [2, 27]. These models describe
satisfactorily slow laminar flows, but they are not fit to compute and explore flows with
large gradients and turbulent flows.

Let us consider flows of viscous and nonlinear viscous fluids in the circular tube and
some characteristics of turbulent flows.

The constitutive equation of the power model of the nonlinear viscous fluid is the
following:

m—1

0ij(p,u) = —p oy + 2k(21(u) 7 ei(u). (1.1)
Here 0;;(p, u) are the components of the stress tensor which depend on the pressure p
and the velocity vector u = (uq, ..., u,),

1,if i=j
0ij = 7% Z j., t,j=1,...,n, n=2or3,
0,if i#j

k and m are positive constants, &;; (u) components of the rate of strain tensor,

g j\u) = = )
J 2 al‘j 8@
and I(u) is the second invariant of the rate of strain tensor
I(u) =) (e5(u))*. (1.3)
ij=1
In this case, the viscosity function ¢ is defined by
1

p(I(w) = k(21 (u))"= . (1.4)
At m = 1 the fluid is the Newtonian one. If m < 1, the fluid is pseudoplastic, the
viscosity decreases as the shear rate increases. At m > 1 the fluid is dilatant, the
viscosity increases with a rise of the shear rate.

Under increase of the shear rate, the structure of fluid, as a rule, is destroyed and
the viscosity decreases. Because of this, the most part of real fluids are pseudoplastic.
Melted and dissolved polymers, oils, paints, pastes, blood are examples of pseudoplastic
fluids. For the power model (1.1), the problem on rectilinear flow of the fluid in the
circular tube is exactly solved [2], and its solution is the following:

) m |1 dpnﬂRmH[l (r)mm“] (1.5)

v(r) = ——|= — N Sl = . :
m+ 112k dz R

Here v(r) is the velocity of the fluid at a distance r from the axis of the tube, % =

constant < 0 the drop of pressure per unit of the length of the tube, R the radius of the

tube.
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Relation (1.5) changes to the well-known Poiseuille formula for the Newtonian fluid
at m=1.

The velocity profiles computed by formula (1.5) are shown in Figure 1. Line 1 is the
profile of the Newtonian fluid m = 1, line 2 a pseudoplastic fluid m = %, line 3 a dilatant
fluid m = 2, lines 4 and 5 are the limits as m — 0 and m — oo, the corresponding
profiles are rectangular and triangular.

FIGURE 1

In accordance with an experiment, see [30], pp. 625-628, [8], p. 23, the relations
between the mean velocity v,, in the circular tube,

2 R
:ﬁ ;

and the pressure p in the inflow of the tube have the forms shown in Figure 2.

v(r)rdr, (1.6)

Um

FIGURE 2

Here line 1 is for the Newtonian fluid, 2 for a pseudoplastic one, a; and ay are the points
of transition to the turbulent flow. When the flow becomes turbulent, whirlwind flows
appear and the relation % increases as v,, is increased, while for the pseudoplastic fluid
in the range [0, az] the relation ;= decreases as vy, is increased, and for the Newtonian
fluid 2 = constant for v, € [0, a4].

Themvelocity profiles obtained by experiment for the flow of the Newtonian fluid in
the circular tube are shown in Figure 3, see [30], page 588, lines 1,2,3 correspond to
Up, = by, ba, bs. In this case by < by < bz and b; corresponds to the laminar flow (line 1
is the parabola), lines 2 and 3 define the profiles of averaged velocities for the turbulent
flows.

FIGURE 3

For Newtonian’s fluids, the transition from the laminar flow to turbulent occurs when
the Reynolds number, defined as

Re = mPr (1.7)
1
is equal to Re.. Here D is the diameter of the tube, p and p are the density and the
viscosity of the fluid. Re, is said to be the critical value of the Reynolds number.

We mention that for a flow which is different from the flow in circular tube, the
values v, and D in (1.7) are changed for a characteristic velocity and a characteristic
length. However, these values are not strictly specified, and in many cases there is a
large arbitrariness in deciding on these values.

For turbulent flows of the Newtonian fluid in the circular tube, the profiles of averaged
velocities are analogous to the velocity profiles of pseudoplastic fluids for the laminar
flow (see Figures 1 and 3) and % — 1 as v, — 00, i.e. the velocity profile tends to

the rectangular one as Re — oo.
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In 1877 Boussinesq set up the hypothesis that the constitutive equation of the New-
tonian fluid for turbulent flows is identical to that for laminar flows, only the normal
viscosity is changed for the turbulent viscosity, i.e.

0ij(p, u) = —pdi; + 2 preij(u), (1.8)

where ¢, is the turbulent viscosity.

Experiment show (see [30], p. 625 and Figure 2) that the turbulent viscosity is far
greater than the laminar one, it may be more than the laminar viscosity by a factor
10%, and the turbulent viscosity increases as the mean velocity v, and accordingly Re
rises. Experiments also show [30], p. 627, that the turbulent viscosity increases with
the increase of the distance to the hard wall, but the shearing rate decreases with the
increase of this distance (see Figure 3), in addition, in a small vicinity of the hard wall,
the flow is laminar.

A rich variety of models for turbulent flows of the Newtonian fluid were suggested.
Reviews of these models are contained in [3, 30, 32]. The models of Boussinesq and
Prandtl, and the "k — €” model appear to be the most used. The Boussinesq model
is used in hydraulics, meteorology, oceanology. In this case, one assumes that that the
turbulent viscosity increases with the increase of the distance to the hard boundary and
empirical relations are used.

In 1925 Prandtl constructed the so-called "mixing length theory“ [38] and, on the
basis of it, obtained the following formula for the shear stress 7 at turbulent flows:
du| du

du du (1.9)

= pl?
T=p dy| dy’

where [ is the mixing length and fl—Z is the velocity gradient.
In line with (1.9), the turbulent Prandtl viscosity has the form

pu(I(u)) = pI3(21(u))?, (1.10)

Comparing (1.10) with (1.4), we can see that ¢, in (1.10) is the viscosity of the power
model of fluid at m = 2. Such fluid is dilatant, its velocity profile is the line 3 in Figure
1, and the form of the profile is independent of the mean velocity v,,.

However, experiments show that the velocity profile of the Newtonian fluid in the
circular tube at the turbulent flow is identical to that of a pseudoplastic fluid, and it
tends to rectangular one as v,, tends to infinity, i.e. it has a form of the line 2 in Figure
1 and tends to the form of the line 4 there.

Yet, the Prandtl viscosity (1.10) describes the super-lineal increase in the resistance to
flow with the increase of the Reynolds number at turbulent flows, see Figure 2. Because
of this, formulas (1.9) and (1.10) are used for calculations of great variety of turbulent
motions.

In the "k — €” model, a system of the Reynolds equations, of the equation of incom-
pressibility, of the transport equation for turbulent fluctuations, and of the equation of
dissipation of the fluctuations is solved, see [3, 33, 41].

Six empirical constants are contained in this model, and it was successfully employed
for two-dimensional flows of the Newtonian fluid in a vicinity of the hard plane boundary
when the flow was close to rectilinear.

Modifications of the "k —€” model, which take into account the curvature of the hard
boundary, were suggested. However, they did not furnish the desired result even at
small curvatures, see [32].



Presently, the Large Eddy Simulation or LES is widely used for approximation of
solutions of the Navier-Stokes equations at large Reynolds numbers.

In LES the functions of velocity u and pressure p in the Navier-Stokes equations are
represented in the following form:

u=u+u, p=p+p,

where @ and p are space averaged functions v and p, v’ and p’ fluctuations.
By averaging the Navier-Stokes equations, the following relations are obtained:

ou; Ou; B 0p  Oay;(u) »
9yl ) — HAT T DK, =1, .
p< 8t + axjuj) MAUZ T axz + 8x] Kl’ ? 3 y Ty (1 11)
" on;
Z or, 0, (1.12)

where o;;(u) are components of the Reynolds stress tensor a(u), a;j(u) = p(wu; —u; u;),
K; components of the volume force vector K, see [3]

In (1.11) and below the Einstein convention on summation over repeated index is
applied.

The tensor a(u) is approximated in LES as follows:

i (1) ~ =2, (1, 7245 () + %akk(u)(szj. (1.13)

Here v is the radius of the averaging kernel (mollifier).
One of the most popular LES models is the Smagorinsky model [42], in which

e, y) = p(Cs7)? (21 (n))

where Cg is the Smagorinsky constant.
By (1.13), (1.14) the motion equations (1.11) take the form

D=

(1.14)

P( 5 T a—%%) — pAG; —22p (Cyy) or, ((I(U)) é‘z'j(u))
op

+ =
8@-

Ki, i=1,..n, (1.15)

where p =P+ Loy (u).

Comparing (1.10) with (1.14), we see that the Smagorinsky turbulent viscosity is the
turbulent viscosity of Prandtl in which [ = Cg~.

The velocity profile of the fluid described by (1.15) in the circular tube is intermediate
between the profiles 1 and 3 in the Figure 1, and it tends to the profile 1 of the Newtonian
fluid as ~ tends to zero.

The motion equations (1.15) are the regularized Navier-Stokes equations, in which
the Prandtl turbulent viscosity serves as a regularizer. That is, LES leads to the reg-
ularization of the Navier-Stokes equations, wherein the averaging radius ~ serves as a
parameter of regularization.

Mathematical problems for dilatant fluids with the constitutive equation

0ij(p,u) = —pdi; + 2pei;(u) + 2k(1 ()" &5 (u),

where u, k and v are positive constants, v > i, were investigated in [23, 24]; in so doing
it was assumed that the velocity is equal to zero on the whole of the boundary.
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We point out that in any real flow, there are areas of the boundary of the domain of
flow, in which fluid flows into and out. Therefore, the velocity is not equal to zero on
the whole of the boundary in any real flow.

Problems on flow of nonlinear viscous fluids, in which the viscosity is a relatively
general function of the second invariant of the rate of strain tensor, are analyzed in
[27] under inhomogeneous Dirichlet and mixed boundary conditions, where velocities
and surface forces are given on different parts of the boundary. However, the nonlinear
terms in the inertial forces are not taken into account there.

Considerable recent attention has been focused on the LANS-a turbulent model, or
the Lagrangian-averaged Navier-Stokes aw model, see [12], [13], [15]. The LANS-a model
equations are the following;:

(%Z- 8vi 8uj 8]3 .
4+ =L ) — uAwv =K;, i=1,2,3, 1.16
& +axjuj+axi“1> HE% T B ! (1.16)
v=u—a*Au, divu=dive=0 (1.17)

Here v is the Lagrangian-averaged velocity, v the Eulerian-averaged velocity, which is
smoother than v, u is the transport velocity and v the transported velocity, a the scale
parameter, . > 0 the constant viscosity, p the modified pressure,

_ 1
b =p= ol + | Vul), (1.18)

while p is the pressure.
(1.16)—(1.18) imply that u satisfies the following conditions:

9, ) O(u; — o Auy) Ou 5
pa(uZ — o Au;) + o, u; + oz, (u; — aAuy)
2 9p :
—pA(u; — a”Auy) + S K;, i=1,23, (1.19)
T
divu = 0. (1.20)

At a = 0 the equations (1.19) and (1.18) transfer to the Navier-Stokes equations. (1.19)
is a system of equations of the fourth order. Therefore, one has to prescribe two bound-
ary conditions. However, the LANS-a equations were obtained provided that there is
no a boundary of a domain of flow.

The LANS-a equations are usefully employed in the ocean-climate modeling [11, 37],
where the domain under consideration is very large, and the boundary has a slight
impact on the dominant flow.

Global existence result for LANS-a equations for flow with periodic boundary condi-
tions was obtained in [7]. The global regularity of the solution to LANS-« equations in
a three-dimensional bounded domain at smooth initial velocity and zero volume forces,
and zero boundary conditions is proved in [31]

It is shown in [7], [35] that solutions to LANS-« equations converge to the solution of
the Navier-Stokes equations as « goes to zero. Because of this, for any Reynolds number,
the velocity profile of the LANS-« fluid in the circular tube is close to parabolic for small
a. However, this is not compatible with experimental evidence, see Figure 1.

Turbulent flows are also under investigation from the position of the statistical hy-
dromechanics, see [9] and references there.

In complicated fluid flows there exist regions of laminar flow together with regions
of turbulent flow. Because of this, the models which cover both laminar and turbulent



6

flows are of particular interest. In [28, 29] nonlocal models were suggested which describe
laminar and turbulent flows of viscous and nonlinear viscous non-Newtonian fluids.
In these models, the domain of flow is divided into subdomains, and the solution of
the problem on fluid flow determines which flows laminar or turbulent are in these
subdomains and describes them. However, this solution depends on the partition of the
domain of flow.

Below we introduce and investigate a new model that covers laminar and turbulent
flows of viscous and nonlinear viscous fluids. We introduce a characteristic which we call
a local Reynolds number and which is calculated at each point of the domain of flow.
The local Reynolds number defines the value of the turbulent viscosity . The viscosity
of the fluid is the sum of the laminar and turbulent viscosities. In the case that the local
Reynolds number does not exceed some value, the turbulent viscosity is equal to zero.

In Section 2 we introduce the model of the fluid and set out the basic equations.
Formulations of the problems under consideration and main results are contained in
Section 3. We consider stationary and nonstationary flow problems with inhomoge-
neous boundary conditions where velocities are given on the whole of the boundary and
where velocities and surface forces are given on different parts of the boundary. Sec-
tion 4 contains auxiliary results. In Sections 5 and 7, we prove existence results for
the stationary and nonstationary flow problems. Numerical methods for solving these
problems are investigated in Sections 6 and 8.

2. Model of the fluid and basic equations.

2.1. Local Reynolds number. We consider two reference frames in R"”. Denote points
of the first frame by © = (x1, ..., z,) and points of the second frame by =’ = (], ..., z}).

Let 2 be a domain in which a fluid flows. We suppose that the reference frame x is
immovable relative to the domain of flow €2, and the frame x moves with respect to the
frame ', which is considered as immovable.

For example, if a fluid flows in a canal, the reference frame z is rigidly bound with
the body of the canal. The canal can be located in a moving object, e.g. in a car or in
a plane. The reference frame 2’ is rigidly bound with some immovable object which is
situated on the Earth.

In this case z is the actual frame that moves relative to the frame 2’ that is an inertial
frame.

Let S be a boundary of 2. We denote a hard part of the boundary by S;. In the case
that a fluid flows in a canal, the hard boundary of the canal is S, and the boundary
S of Q is the join of S; and Sy, and Sy , where Syq, and Sy, are open subsets of S
corresponding to the regions of inflow and outflow of the fluid, see Figure 4.

Once a fluid flows around a hard body, the boundary of the hard body is .5;.

2

FIGURE 4

We suppose that the domain of flow satisfies the following conditions:

(C1): 2 is a bounded domain in R", n = 2 or 3, with a Lipschitz continuous
boundary S. S is an open subset of S of the class C?, and the absolute values
of the principal curvatures of S; at points of S; are bounded.

It is significant that these conditions can be weakened. We can assume that S; is
Lipschitz continuous, S; = Ule S1;, where Sy; are open subsets of Sy of the class C?
and such that Sy; [ S1; = 0 at ¢ # j, and the absolute values of the principal curvatures
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of Sy; at points of Sy; are bounded, 7 = 1, ..., k. However, for the sake of simplicity, we
consider the condition (C1).
Let uw = (uy, ..., u,) be a vector of fluid velocity in the reference frame z. By analogy

with the Reynolds number, that is defined by (1.7), we introduce the following local
Reynolds number:

(Ri(w)) (z, 1) = L@ Idk(w, 2, 0),r(z, 5))p

p(z,t) ’

zEQ, >0 (2.1)

Here
n

1
3
fue,t)] = (D (il 1)?) ", (2:2)
i=1
t is the time variable, p the density, p(z,t) the laminar viscosity of the fluid. For the
Newtonian fluid @ = constant > 0, and

plr,t) = (e (W))(z,1), zeQ, t>0 (2:3)

for the nonlinear viscous fluid. In (2.1) d is a function of conventional distance, that
serves instead of the diameter of the tube D in (1.7). The arguments of d are k(u,x,t)
and r(z, S1), k is a function of a curvature of Sy, and r(x, S1) is the distance between x
and Sy,

n 1

r(z,S1) = inf [Z(g;i_gei)?]? (2.4)

eSSt im1
In the case that S; is planar, we take
d(k(u,z,t), r(z,S1)) = r(z,S1). (2.5)

It has been found experimentally, see [36, 39], that in a vicinity of convex boundary,
the turbulent stresses are smaller than those in a vicinity of plane boundary. For a
concave boundary, the situation is inverse, the turbulent stresses in a vicinity of concave
boundary are greater than those in a vicinity of plane boundary.

We suppose that curvatures of S, at points s of S; are not large. Then these curva-
tures have an influence on the fluid flow only at points x from €2 which are spaced in a
not large vicinity of 5.

Let B be such a vicinity,

B={z|lr €Q, r(z,S) < by} (2.6)

Since by is not large, for an arbitrary x from B there exists a unique point s = (s1,..., ;)
of S such that

n 1
r(z,81) = (Z (z; — si)2> ’, (2.7)
i=1
We denote this point s by s(z). Consider the case where Q C R3.

Let x € B and Py,yu(x,t) be the projection of the velocity vector u(x,t) on the plane
that is tangential to Sy at the point s(z). We define k(u,z,t) as the curvature at the
point s(x) of the curve of intersection of the surface S; and the plane that goes through
the normal to S; at the point s(x) and the tangential vector Pyu(z,t).

In the case where Q C R?, k(u, x,t) is defined as the curvature of S; as the point s(z).

Thus

k(u,z,t) = c(s(x)),
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where ¢(s(x)) is the corresponding curvature of S at the point s(z).

The following should be stressed: We assumed that the curvature of S; influenced
the fluid flow at points of 2 which were at a distance up to by from Sy, where by was a
constant. However, in the general case, the distance under consideration by should be a
function of the curvature of S at points s € S; in the above sense.

Relation (2.1) is appropriate in the case that the fluid velocity is equal to zero on the
whole of the hard boundary, i.e. the hard boundary is immovable in the reference frame
x. However, in specific cases, the boundary of the domain of flow contains a movable
hard part along with an immovable one. For instance, this is the case when a fluid
moves between two coaxial cylinders such that one cylinder is immovable, whereas the
second rotates around its axis.

Swirl flows are widely used in modern practice, see [32]. For example, such a flow is
created when a fluid is situated between an immovable cylinder and a screw that rotates
inside of the cylinder, the axis of rotation of the screw coinciding with the axis of the
cylinder.

If the reference frame x is immovable with respect to the cylinder, the domain of flow
is a periodical function of the angle of rotation of the screw with the period 27w. And
the domain of flow is time-independent provided that the reference frame x is fixed in
relation to the rotating screw.

Let us define the local Reynolds number for such an event. Denote the immovable and
movable hard parts of the boundary by Si; and Sjs, respectively. Then S; = Sy [ Sas.
The velocities of the points of S, are assumed to be given.

Let x € Q and r(x, S11), and r(x, S12) be the distances of x to S11 and S2, respectively.
In the case where r(z, S11) < r(z, S12), we compute R;(u) by the formula (2.1). Once
r(z,S11) > r(x, S12), we replace the factor |u(z,t)| in (2.1) by |u(z,t)—a(s(x),t)], where
u(s(x),t) is the velocity of the movable hard part Sj» at an instant ¢ at the point s(z)
that is defined as follows:

n 1
r(@, 1) = o = s(@)] = (D (e = (s(2)))?) .
i=1
Consider the case where Q C R?. Let Py, (u(x,t) — u(s(x),t)) be the projection of the
vector u(x,t) — (s(z),t) on the plane that is tangential to Sis at the point s(z). We
denote by ki (u,z,t) the curvature at the point s(x) of the curve of intersection of the
surface S1o and the plane that goes through the normal to Sj2 at the point s(z) and the
tangential vector Py (u(x,t) — u(s(z),t)).
For 2 C R?, we denote the curvature of S5 at the point s(x) by ky(u,x,t).
Thus, in the case that the boundary of the domain of flow contains a movable hard
part along with an immovable one, the local Reynolds number is defined as follows:

|u(@, t)|d(k(u, ,t), r(z, Su))p| p(z, 1)~

at  r(x,51) <r(z,S12), t>0,

|U(IL‘, t) - fL(S(l’), t)|d(k1(u7 Z, t)7 T(‘T7 Sl?))mﬂ(l‘: t)|71 (28)
at T(I,SH) > T(ZE, S12)7 t > 0.

(Ri(u))(x, 1) =

Since the hard boundary is not deformed when it moves, formula (2.8) also is true when
the domain of flow depends on the displacement of the hard boundary Si,.
We assume

(C2): d is a continuous in [—by, by] X [0, bs] function with values in R, .



Here, by, by, by are positive constants, bg > by, Ry = {yly € R, y > 0}.
In line with experimental results and the above assumptions, the function d satisfies
the following conditions:

d(0,92) =y2 at ys €[0,bs],

(Y1,92) =y2 at  ya € [bo, bs], y1 € [—b1, b,
(11,0) =0 at y; € [=by, bol,
(

dlyr,y2) <yo at 1 >0, dlyi,y2) >y at y <O0. (2.9)

QU

2.2. Constitutive equation. Define the following constitutive equation for both lam-
inar and turbulent flows:

i3 (P, w) = =pdi; + 2(p(I(w)) + pi(Ri(u)))ei;(w). (2.10)

Here ¢ is the laminar viscosity that depends on I(u), ¢; is the turbulent viscosity
depending on the local Reynolds number.
For the Newtonian fluid

©(I(u)) = p = constant > 0. (2.11)

We assume that ¢, satisfies the following conditions:

(C3): ¢; 1 y — ¢i(y) is a continuous and nondecreasing mapping of R, into R,
and

oi(y) =0 at y <D, oi(y) >0 at y>b (2.12)

Here b is a positive constant, it is the point of transition from the laminar flow to
turbulent.
Relations (2.12) are in agreement with experimental results, which were treated above.
It is supposed that the laminar viscosity ¢ satisfies the following conditions:

(C4): ¢ is a continuous function in R, , and the following inequalities hold:

ar <p(y) <ay, yeRy, (2.13)
(e(u)y1 — (Ya)ya) (Y1 — y2) > as(yi — v2)%,  (y1,92) € R, (2.14)

where a1, as, az are positive constants.

The inequality (2.13) indicates that the laminar viscosity is bounded from below and
above by positive constants, (2.14) means that in the case of simple shear flow, the shear
stress increases with increasing shearing rate.

These inequalities are natural from the physical point of view.

The local Reynolds number, like the Reynolds number, depends on the velocity of the
fluid in the frame that is immovable relative to the domain of flow. Because of this, the
turbulent viscosity ¢, is independent of the motion of the domain of flow with respect to
the immovable frame z’. Moreover, the turbulent viscosity is independent of the chosen
frame, providing that the frame is immovable relative to €.

Indeed, an arbitrary frame which is immovable relative to 2 is given by

y=z+r +1r% (2.15)
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where ! = (r{,...,rl) is a vector of translation, r* = (r?,...,r2?) is a vector of turn.

''n ’'n

At n = 3 the vector r? has the following form:

7’% = Wad3 — W32,

7’% = W3T1 — W13,

r3 = Wity — Wyl (2.16)
Here w = (wy, ws, w3) is the angle of the vector of turn.

Let e, e9,e3 and €}, €}, e5 be unit base vectors in the frames x = (z1,x2,23) and
y = (y1,y2,y3). Let also u(x,t) = u;(x,t)e; be a velocity vector in the frame z, and
u'(y,t) = ul(y,t)e, be the same vector in the frame y, i.e. u(x,t) = u/(y,t). In this case,
u;(:‘/at) :Vijuj(mat% P}/ij = (6;,6]'), Za] = 17273a

where (€], e;) is the scalar product of the vectors €] and e;.
It follows from the definition of the local Reynolds number that

(Bi(w)(z,t) = (Ra(u))(y, ). (2.17)

Therefore,

(@r(Be(w)))(w, 1) = (@1 (Ba(u) (w, 1), (2.18)
and the turbulent viscosity is invariant relative to the transformation (2.15).

In what follows, we consider the following modification (regularization) of the consti-
tutive equation (2.10):

033 (p, 1) = —pbiy + 2(a(I() " + (I(w)) + i Bi(w)))zs(w). (2.19)

1+8

Here o and 3 are small positive constants, a(I(u)) 2z is the regulating term.
We assume that for the nonlinear viscous fluid, the viscosity u(x,t) in R;(u) is defined
by a regularized velocity field, i.e. instead of (2.3), we use such relation

plz,t) = (eI (uy))(x, 1), (2.20)

where

uy(x,t) = /R3 wy(|z — 2])a(z,t) dz,

Wry € OOO(R+)7 Supp Wy - [077]7 w’y(y) > 07 Y€ R-i-?
/ wy(|z|) dz = 1. (2.21)
R3

Here ~ is a small positive constant, and (., t) is an extension of the function u(.,t) to
R3 which preserves the class of smoothness.

Formulas (2.21) and (2.20) define averaged values of the velocities and the laminar
viscosity. As a result of regularization, we have u,|g, # 0, while u|g, = 0. However, this
has no effect on the validity of our model, since R;(u) and ¢;(R;(u)) are equal to zero
in a vicinity of Sj.

Because the averaged velocities and stresses are calculated for turbulent flows, the
relation (2.20) is natural from the physical point of view.

We mention that the functions ¢, ¢;, and d can be defined by identification. In the
case where the fluid is Newtonian and the boundary S; is plane, ¢; is identified only.
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2.3. Basic equations. We denote by u(z,t) = (uy(x, t), uy(x, t), us(z, t)) the vector of
transfer velocity, a(l‘, t) is the velocity of a point z of the actual frame at an instant ¢
in the immovable (inertial) frame ’.

In the general case, the function w is of the form
w(z,t) = 1(t) + wlz,t), (2.22)
where [(t) = (I1(t), 12(t), I3(t)) is the vector of translation velocity, and w(x,t) = (wq(z,t),
wo(z, 1), ws(x,t)) the vector of rotational velocity,
wy(x,t) = wa(t)rs — ws(t)wa,
wo(z,t) = w3(t)ry — wi(t)xs,
ws(z,t) = wy(t)re — wa(t)zy, (2.23)

w(t) = (wi(t),wa(t),ws(t)) being the vector of angular velocity.
The absolute velocity of the fluid is u®,

u(z,t) = w(x, t) + u(z, t). (2.24)

In the case under consideration that the actual frame x moves at a velocity U given by
(2.22) and (2.23), the motion equation is defined as follows:

p(%ﬁa + (grad u)u) —divo(p,u) = K in Q. (2.25)

Here Q = Q x (0,7T), T' = constant > 0, K = (K7, K», K3) is the volume force vector,
DT“: the total derivative with respect to time of the function of absolute velocity u® .
According to the Coriolis theorem on composition of accelerations, we obtain

Du®  Ou dl dw

=—+ —+ — X X X 2w X 2.26
D ot T T <T e wxa) e, (2.26)
where X is the sign of vector product.

In (2.25) grad u is a tensor of the second order of the form

Ou; \ 3
grad u = { 4 } ,
ij=1

0xj
and divo(p,u) is a vector with components
Qoii(pu) 55
axj
We assume that [ and w are known functions and denote
dl  d
G:p<£+d—jxx+wx(wxx)>. (2.27)

By using the above formulas, we obtain the following representation of the motion
equations:
aaij (p7 U)
81’]'
=K, —G;in@Q, 1=123. (2.29)
Here we take i + k equal tot +k —3 at 1 + k > 3, k = 1, 2; the terms

ou;  Ou;
p< (2.28)

5 t a—x;%‘ + 2(Wit1Uiv2 — Wi+2uz'+1)> -

2p(Wit1Uive — Wigalit1), @=1,2,3,

are the components of the Coriolis force.
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In the special case that the frame x is immovable (inertial), the function G and the
Coriolis force are equal to zero, and we have

p@w N %u]) _ 90i(p,w)
ot ox j ox j

Since the local Reynolds number is independent of the motion of the frame z with
respect to any inertial frame, the motion equations (2.28), (2.30) in which o;;(p, u) are
defined by (2.10) or by (2.19), are invariant with respect to the Galilei transformation
x — z, where z = (z1, 29, z3) is an arbitrary inertial frame, x = z + Vt, where V is a
constant velocity. In this case, one assumes that R; is computed in the frame x, and the
move of time in the frames x and z is identical, i.e. t = ¢/, ¢’ is the time in the frame z.

It is presupposed that the fluid is incompressible

3
(9ui

i=1 0z;

= K;inQ, i=123. (2.30)

=0in Q. (2.31)

divu =

We consider two types of boundary conditions, the mixed conditions and the Dirichlet
ones. In the case of mixed conditions, we prescribe the nonslip condition on S; and
surface forces on s, i.e.

uls, 0, = 0, (2.32)
O-ij(pu u)Vj‘Szx(O,T) == F,J 1= 17 2, 3. (233)

Here F; and v; are components of the vector functions of surface force F' = (F, Fy, F3)
and unit outward normal v = (v, v, v3) to S, respectively.
In the case of the Dirichlet conditions, we set

Ul sx(0,1) = U. (2.34)
The initial condition is the following:
u(z,0) = up(x), x €. (2.35)
Be virtue of the nonslip condition, we can consider that
Uls, xor) =0, and wugls, = 0.

In investigation of the stationary problem, we suppose that the frame z moves with a
constant velocity V relative to the frame 2/, in particular, it can be V' = 0. In this case,
the motion equations have the form

p oz, u;j o =K,inQ, i=1,...,n, (2.36)
and the mixed boundary conditions are the following:
uls, =0, oy(p,uvjls, =F;, i=1,...,n. (2.37)
We also consider the Dirichlet condition
ulg = 4. (2.38)

We mention that in the majority of publications on mathematical problems for the
Navier-Stokes equations, the authors assumed that the velocity is equal to zero on the
whole of the boundary of the domain of flow. However, in any real flow there are regions
of the boundary in which fluid flows into and out, the velocity is nonzero in these regions.

So far as we know, there are no results on the solvability of the Navier-Stokes equations
with nonhomogeneous Dirichlet boundary conditions (2.34) and (2.38) in the general
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1
case, where @ € Wy (S)", [ @;v;ds = 0. There are results for the cases of stationary
flow, where there exists a vector function w such that curl w|s; = @, and where the values
of u are small, see [25], Section 2, Chapter 5, and [27], Sections 3, 4, Chapter 3.

A problem on nonstationary flow of the viscous fluid with mixed boundary conditions
(2.32), (2.33) is investigated in [20]. However, the nonlinear terms in the inertial forces
are not taken into account in this work.

To the best of our knowledge, the problem with mixed boundary conditions (2.32),
(2.33) for the full Navier-Stokes equations was not investigated. Although such boundary
conditions are quite important for practical application.

We will now point out some features of the fluid model under consideration.

1. The adhesion (nonslip) condition is usually accepted for viscous fluids. This means
that the velocity of a fluid at points of the hard boundary coincides with the velocity of
points of the hard boundary. Because of this, the values of the local Reynolds number
are small in a vicinity of the hard boundary and the turbulent viscosity equals zero.
Hence, the constitutive equations (2.10) and (2.19) predict the existence of a laminar
boundary layer in a vicinity of the hard boundary at turbulent flow of the fluid.

2. The equations (2.10) and (2.19) identify the areas of the laminar and the turbulent
flow in the domain of flow, they enable us to describe special features of turbulent flows
such as a drastic increase in the resistance to flow and the variation of the velocity profile
with the increase of the Reynolds number, see Figures 2 and 3.

3. The equations (2.10) and (2.19) incorporate the curvature of the hard boundary
and they describe the convex and concave surface curvature effects in wall-bounded
turbulent flows, see (2.9). Therefore, these equations can be used for the simulation of
curved and swirling turbulent flows.

4. The implementation of the non-inertial reference frame x enables us to solve flow
problems in moving domains; in this case, the inertia forces induced by the motion of
the domain of flow are taken into account.

5. The constitutive equation (2.19), which is the regularization of the relation (2.10),
leads to well posed mathematical problems. We prove the existence of global solutions
to stationary and nonstationary flow problems with the nonhomogeneous Dirichlet and
mixed boundary conditions.

6. The Smagorinsky model, which is one of the most popular LES models, represents
a particular case of our model. Indeed, at § = 0, ¢(I(u)) = p, and ¢, = 0, we obtain
(1.15) from (2.19), (2.30), and (2.31).

The above properties of our model from 1., 2., and 3. cannot be described by other
models, in particular, by LANS-a equations.

Essentially, there are no results on solvability of the Navier-Stokes equations with
nonhomogeneous boundary conditions for the velocity function. To the best of our
knowledge, there are no whatsoever results on solvability of the Navier-Stokes equations
for the most important engineering problem with mixed boundary conditions, where
surface forces are prescribed on the inflow and the outflow of the fluid, and zero velocities
are given on the remainder of the boundary of the domain of flow.

There are also no results on solvability of the LES and LANS-a equations with non-
homogeneous Dirichlet and mixed boundary conditions. However, for our model these
results are contained in Section 3.

Our model cannot describe so well the turbulent structure as it does the LANS-«
model. But on the other hand, it can describe complicated flows, not only viscous but
also nonlinear viscous non-Newtonian fluids as well, in which there are areas of laminar
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and turbulent flows. It gives boundary effects, the distribution of averaged velocities,
forces, the energy consumed in flow, and so on.

The model under consideration lets us obtain good approximations to the solutions
of the corresponding problems, see Sections 6 and 8.

Thus, our new approach can compliment earlier approaches, in particular, LANS-«
approach, for modeling complicated flows in real-world, specifically , engineering appli-
cations.

3. Formulations of the problems and the main results.

3.1. Stationary problems. We use the following spaces:
V= {ulu=(uy,...,u,) € Wy, 5(Q)", 8€(0,1), uls, =0}, (3
Vi ={ulu eV, divu =0}, (3.
Vo = {ulu € Wy 5(Q)", uls = 0}, (3
Vs = {ul|u € V3, divu = 0}. (3
In the sequel, we will use the following notations:

If Y is a normed space, we denote by Y* the dual of Y, and by (f,h) the duality
between Y* and Y, where f € Y* h € Y. In particular, if f € Ly(Q) or f € Lo(02)",
then (f,h) is the scalar product in Ly(€2) or in Lo(£2)", respectively. L£(X,Y) is the
space of linear continuous mappings of a normed space X into Y.

Once B(f2) is a normed space of functions which are given in Q, we denote by By, (£2)
the set of all functions f given in €, which satisfy the condition: For an arbitrary
subdomain A C € such that A C 2, the restriction of f to A belongs to the space B(A).

The sign — denotes weak convergence in Banach spaces.
Define an operator N : V — V* as follows:

V. =2 [ (alf)'s + ellw) + il ) )= u)ey(h) da

Q
+p/ uj% hide, wheV (3.5)
Q €

The functions of volume and surface forces are assumed to satisfy the following condi-
tions:

K= (Ky,...,K,) € L.(Q)",

F:(Fl,...,Fn) GLT<52)n, r> 1.

We consider the problem: Find a pair of functions u, p satisfying

(u,p) € Vi X Lses (), (3.8)
(N(u),h)—/Q pdivhde = (GL1B), heV, (3.9)

where
(Gl,h)_/QKihider/S Fih; ds. (3.10)

By using the Green formula, one can verify that the pair u,p resolving the problem
(3.8), (3.9) is a weak solution of the problem (2.36), (2.31) wherein ) is changed for €2,
and (2.37) with o;;(p, u) defined by (2.19).
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In the case that the boundary condition is given by (2.38), we assume that there exists
a function u that satisfies the conditions

€ Wy s, divi=0, alsg=1da. (3.11)

With the proviso that the boundary S is out of the class C?, for an arbitrary 4 such
that

i€ W;;ﬁ(S)“, / tv; ds = 0, (3.12)
S

there exists a function @ that meets the conditions (3.11), see Lemma 4.2 below.
We introduce an operator L : Vo — V5 of the form

(L(v),h) =2 / (a(I(a+ v))% +o(I(a+v)) + @i(Ri(a+v)))eij (@ + v)eii(h) dx

Q
+,0/ (’llj + Uj)w h; dl‘, v, h e Vs, (313)
Consider the problem: Find a pair v, p such that
ve Vs, p € Lsis(Q), (3.14)
RN
(L(v),h) —/ pdivhdx:/ Kih;dz, heVs. (3.15)
Q Q

If v, p is a solution of problem (3.14), (3.15), then the pair u = 4+ wv, p is a weak solution
of the problem (2.36), (2.31) wherein @ is changed for €2, and (2.38).

Theorem 3.1. Suppose that the conditions (C1)-(C4) and (3.6), (3.7) are satisfied.
Let the local Reynolds number be defined by (2.1), where p is either a positive constant,
or is given by (2.20). Then there exists a function u and a unique function p such that,
the pair w,p is a solution of the problem (3.8), (3.9).

Theorem 3.2. Suppose that the conditions (C1)—(C4) and (3.6), (3.11) are satisfied.
Let the local Reynolds number be defined by (2.1), where p is either a positive constant,
or is given by (2.20). Then there exists a pair v,p which is a solution of the problem
(3.14), (3.15). In this case p is defined within a constant addend.

3.2. Nonstationary problems. We suppose that the functions of volume and surface
forces and the initial data satisfy the conditions

K= (Ky,...,K,) € L% (0,T;L.()"), (3.16)
F=(F,... F,)e€ L% (0,75 L.(S9)™), r>1, (3.17)
up € U, (3.18)
where
U = {h|h € Ly(Q)", divh = 0}. (3.19)

It is also assumed that the vector of transfer velocity 1, that is defined by (2.22), (2.23),
is known, and the function of turbulent viscosity is Lipschitz continuous, i.e.

lot(y1) — @e(y2)| < &€ lyr — vl 1,42 € Ry, & = constant > 0.
(3.20)
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We consider the problem: Find a pair u, p such that

d
w € Lyss(0,T5 V2), d—? € Lysy (0,7:V), (3.21)
P € Lys (Q), (3.22)
du . ~ : /
p(—, h) + (Nu, h) + (N(u),h) — (p,divh) = (G,h) in D'(0,T), heV,
dt
3.23)
u(0) = up. 24
Here
) 3
(Nu, h) = 2p Z / (wi+1 Ujy2 — Wit2 Ui+1) hl d.fll', (325)
— Ja

In (3.25), we take i + k equal toi+k —3 at i +k >3, k =1,2. In (3.26) G is defined
by (2.27), and we suppose that

1€ Wy 3(0,T)",  we Wy z(0,T)" (3.27)

The pair of functions u,p, which is a solution of the problem (3.21)—(3.24), is a weak
solution of the problem (2.28), (2.31), (2.32), (2.33), (2.35).

Theorem 3.3. Suppose that the conditions (C'1)—(C4) and (3.16)—(3.18), (3.20), (3.27)
are satisfied. Let the local Reynolds number be defined by (2.1), where u is either a

positive constant, or is given by (2.20). Then there exists a solution of the problem
(3.21)—(3.24).

In the case that the boundary condition is given by (2.34), we assume that there exists
a function u which complies with the conditions
U € Lsyp (OaT; W?)l—i-ﬁ(Q)n)v
du
d—lt‘ € Lywy (0,T3V5), divi=0, ilr=1, (3.28)

where I' = S x (0, 7).
We consider the problem: Find a pair v, p such that

v e L3 500,75 V5), % S L%(O,T; Vi), (3.29)
p € Ly (@), (3.30)
p(%, h) + (N(@+v),h) + (L(v), h) — (p,divh) = (G* h) in D'(0,T), he Vs,
(3.31)
v(0) = up — @(0). (3.32)
Here
(G2, h / Kihidz — (G, h) — (Ccl;t‘ ). (3.33)

If v,p is a solution of the problem (3.29)—(3.32), then the pair u = @ + v,p is a weak
solution of the problem (2.28), (2.31), (2.34), and (2.35).
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Theorem 3.4. Suppose that the conditions (C1) — (C4) and (3.16), (3.18), (3.20),
(3.27), (3.28) are satisfied. Let the local Reynolds number be defined by (2.1), where p

is either a positive constant, or is given by (2.20). Then there exists a solution of the
problem (3.29)-(3.32).

For simplicity sake, we do not consider the case where the boundary of the domain
of flow contains a movable hard part, but the domain of flow is independent of time.
The local Reynolds number is defined by (2.8) in this case. As will be seen from the
following presentation, the Theorems 3.1-3.4 can be extended to this case.

4. Auxiliary results.
4.1. Equivalent norms.

Lemma 4.1. Let Q2 be a bounded domain in R™, n = 2 or 3, with a Lipschitz continuous
boundary S. Let Sy be an open nonempty subset of S and 1 < | < oo. Then the

ETPTESSION
||, = (/Qu(u))édx)u/s lul ds (4.1)

1

defines a norm in the space WH(Q)", that is equivalent to the main norm of W(Q)".

Proof. It is known, see [34], that the norm
%

lulle = ([ (1)# )" + lullu o (42)

is equivalent to the main norm of W}'(Q)".
Therefore, it is sufficient to show that there exists a constant ¢ such that

lullzioyr < cllull, uwe WHQ)™ (4.3)
Indeed, it follows from (4.3) that there exists a constant ¢; such that
lullz < alfull, v e W Q)"
Therefore,
lullwp o < collull,  uw e WH(Q)"

The inverse inequality follows from the triangle inequality.
Suppose that (4.3) is false. Then there exists a sequence {u,,} that satisfies the
conditions

1
[t e = 1, (/ ()t dz)' =0, | ds — 0. (4.4)
Q S1
It follows from (4.2) and (4.4) that the sequence {u,,} is bounded in W}(Q2)". Hence, a
subsequence {uy} can be extracted such that

up — up in Ly ()", (4.5)

and, in addition,

1 1
!

liminf /Q ()} dz)' > ( /Q () dr)' =0, (4.6)

liminf [ |ug|ds > |up| ds = 0. (4.7)
S1 Sl
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By virtue of (4.6), the function ug belongs to the well known space of rigid displacements,
and it has the following form at n = 3:

up(z) = a+ Ax, (4.8)
where
U1 aq 0 —bg b2
Uy = Up2 s a = a9 s A= b3 0 —b1 . (49)
Uo3 as —by by 0

Here a; and b; are constants.

Since S; has a positive two-dimensional area, there exists three points (M, 2®), !
of S; such that the vectors 2 — 2 and () — 20) are linearly independent. (4.7) and
(4.8) imply

2) 3

Az = Az®? = A2B) = —q.
Therefore
Az — 2@y =0, Az — 23y =0, (4.10)

Thus, the rank of the matrix A does not exceed unit, and all the minors of A of the
second order are equal to zero. It follows here from that by = by = b3 = 0, and (4.7), (4.8)
yield a1 = as = a3 =0, i.e. ug = 0. However, (4.4) and (4.5) imply that ||uo||z,@» = 1.
The two last relations are contradictory. Therefore, (4.3) is true, and our lemma is
proved.

We assign the following norm in V'

lully = ([ (1)# ar) ™. (4.11)

It follows from Lemma 4.1 that the norm ||.||y is equivalent to the main norm of the
space Wy, 5(€)".
4.2. Renewal of functions.

Lemma 4.2. Let Q) be a bounded domain in R™, n =2 or 3, with a boundary S of the
1—_L1
class C*. Let g be a function from the space Wy, ;™7 (S)" that meets the condition

/ givids = 0. (4.12)
S

Then there exists a function v such that

v e Wy ()", dive =0, v|s =g,

el o < llll, gty (113)
where ¢ is independent of g.
Proof. We consider the problem: Find ¢ € W3, 4(Q) satisfying
Ay =divgrady =0 in (4.14)
0
a—?f =g, on S, (4.15)

where g, = g - v = g;1;.
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By virtue of (4.12) and (4.14), there exists a solution of the problem (4.14), (4.15),
which is defined within a constant addend and such that, see [40], Theorem 5.3.1,

96l < allol ooty (116)
Consider the problem: Find h € W3, 4(Q)" which satisfies the conditions:
divh=0,  hlg=g— Vs (4.17)
(4.15) and (4.16) yield
1—-L
(9—VYls)-v=0, (g9—Vils) €Wy, ;7 ()" (4.18)

By virtue of the known results, see [25], Chapter 1, Section 2, relations (4.18) imply
that there exists a function # which complies with the following conditions:

0 € W3 4(Q)", curlfls =g— Vs, (4.19)
el o < alls = V0I5l oy (4.20)

The function h = curl§ is a solution of the problem (4.17). It follows from (4.14), (4.16),
(4.19), and (4.20) that the function v = Vi 4 curl @ meets the conditions (4.13). This
completes the proof.

4.3. Operators div and grad. We introduce the following spaces:
V={fIfeVy, (fiu)=0, ueVs}, (4.21)

L(9) = {ala € L), | a(a)do =0} (4.22)
where e € (1, 00).

Lemma 4.3. Let ) be a bounded domain in R™, n = 2 or 3, with a boundary S of
the class C* . Then the operator div is an isomorphism of the factor space Vo /Vs onto

L3 5(Q2), and the operator grad, that is adjoint to the operator div, is an isomorphism

of L3+5(Q2) onto Y.
248

Proof. Let v € V,. The Green formula yields

/divvdm:/vil/ids:o.
Q S

div € L(Va, Ly 5(Q)).

Thus

Let us show that the operator div maps V5/V3 onto the whole of 23+B(Q).

Let g be a function from L3, 5(f2). Since the boundary S is of the class C?, there

exists § € W3, 5(Q) such that
06
A =g in Q2 —| =0. 4.23
g o (123
The function h = V6 belongs to the space W L 5(Q2)" and satisfies the conditions

divh=A6=g in Q hls-v=0, hlge Wy, " (S)" (4.24)
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By Lemma 4.2, there exists a function v satisfying
v e Wy, 5(Q)", dive=0, wv|s=hls. (4.25)
The function © = h — v belongs to V5 and divu = g.
Therefore, the operator div maps V5 onto 23+ﬂ(§2), and it is a one-to-one mapping of

Vo /V3 onto Lsis(€2).
It follows from the Banach theorem on inverse operator, see e.g. [44], Chapter 2,

Section 5, that the inverse operator div™' is a continuous mapping of L3, 5(€2) onto
Va/Vs.

Thus, the operator div is an isomorphism of V5/V3 onto Lsys(Q2)". It follows here
from, see [18], Chapter 3, Theorem 5.30, that the operator grad ™', that is the inverse

of the operator grad, is a linear continuous mapping of ¥ onto L 23] (Q2). Therefore, the
2+

operator grad is an isomorphism of L st (Q) onto Y. B
2+

Lemma 4.4. Let ) be a bounded domain in R*, n = 2 or 3, with a boundary S of

the class C* . Then the operator div is an isomorphism of the factor space V/Vy onto

L. 5(2), and the operator div*, that is adjoint of div, is an isomorphism of L%(Q)
27

onto W, where
W={flfeV", (f,v)=0, veW} (4.26)
Moreover, there exists a constant ( > 0 such that

Jo xdivode

x€Lss () vev |[Vl|vIIXI|L,ps @)
248 2438
o 1
[ div ™ | 2(ng, s vy < 3 (4.28)
o k| — 1
@) ooz 0 < 7 (4.29)
2+

where div™" and (div*)~" are the inverse operators of div and div*, respectively.

Proof. Let us show that there exists a function w satisfying

weV, divw=1. (4.30)
Take a function g such that
geV, suppg CQUS,, / givids = a # 0. (4.31)
Sa
By the Green formula and (4.31), we obtain
Q
/ (mes divg — 1) dz = 0. (4.32)
Q a

Lemma 4.3 and (4.31), (4.32) imply that there exists a function u which meets the
conditions

mes €2

u€Vy, divu= divg — 1. (4.33)
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Therefore, the function

g—u (4.34)

complies with (4.30).

By virtue of Lemma 4.3 and (4.30), the operator div maps V' onto Lz, 3(£2). Owing to
this, the inequality (4.28) follows from the Banach theorem on inverse operator. Thus
the operator div is an isomorphism of V//V; onto Lz 5(12).

The space (V/V1)* can be identified with W. Taking into account the following
equalities:

(div™h* = (div*) ™,

v | 2zay @), vy = 1AV 2wz,
2+

see [17], Chapter 12, Section 2, or [14], Section 6.5, we obtain
Hence

Q)3 (4.35)

=

—~~

4.29) from (4.28).

ok v, div* y
|| div* x|[w = sup (wdiv'y) > CHXHL 5@ X € Lss(9), (4.36)
veV/Vi [[v] |V/V1 3 2+6

and (4.27) follows from (4.36). W

Lemma 4.5. Let 2 be a bounded domain in R™, n = 2 or 3, with a Lipschitz continuous
boundary S. Let p, R,b, and g be four functions such that

pE L%,IOC(Q)’ R={Ry}=1, Rix=Rr, Ri€ L%(Q), 4.37)

b= {bik}?,k:h bzk € Lig (Q)7 g = (91, s 7gn) € Le(Q)n7 e > 17

(4.38)
Oh; :
Rixea(h)dx + | bjy——dx — | pdivhdx = [ g¢;h;dz,
Q o Oxy Q Q
h e W§+ﬁ(ﬂ)", supp h C €. (4.39)
Then p € Lig(Q) and
Pl o0 < e > ikl o0 + 3 Ialle e
o i,k=1 o i,k=1 e
2 ol + 1Pl @03 (4.40)
i=1 +B
where
Qs ={zjlz € Q, r(z,5) <4}, (4.41)

d is a small positive constant, r(x,S) is defined by (2.4) at S = Sy, and ¢ depends on
0, but independent of R, b, and g.

Proof. The following lemma is proved in [26]: Let Q be a bounded domain in R?,
with a Lipschitz continuous boundary S. Let p, A = {Ay}?,_1, g = {g:}i_; be three
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functions such that

P € Waoo(), Ai € W5(2), gi € Le(Q), i,k =1,2,3, (4.42)
dp  0Ay : :
— ; inQ, i=1,23. 4.43
c%,- 8Ik * i ! ( )
Then p € Ly(2) and

3 3
Pl Es0) < Ca( > Ao + > 1gillzg ) + ||p||L2(Q\§5)>7 (4.44)

ik=1 i=1

where ¢; is independent of A;; and g;.

It follows from the proof of this lemma and the Calderon-Zygmund theorem on sin-
gular integrals (see [5], [16], Chapter 1, Section 2) and the Sobolev theorem on integrals
with weak singularity, that the statement of this lemma remains true in the cases where
n = 2 and n = 3, and the index 2 in (4.42) and (4.44) is changed for an arbitrary
g such that 1 < ¢ < oo, and the space Lg(Q) for g; is changed for the space L.(f2)

such that L.(Q) C W, 1(Q). The relation L.(€2) C W, () denotes that we identify an
element f € L.(Q) with the functional f € qul(Q) that is given by (f, h) = [, fhdzx,
h € qu (Q), hls = 0.

We con51der the case that ¢ = 3+ﬁ and e > 1.

Let (4.37), (4.38), and (4.39) be satlsﬁed and let p,, Ry, biky, and g;, be the regu-
larized functions p, Rk, by, and g; which are defined as it is in (2.21).
Let also {€2;}%2, be a sequence of subdomains of ) satisfying

ﬁ(g - Qj, ﬁj C Q, ﬁj C Qj+1, U;?.;IQ]' = .

For any j there exists 7; > 0 such that r(x,S) > v; for all z € Q.

Since the operators of regularization and differentiation commute with each other, we
obtain from (4.39) that

ap’y _ aRzk'y + 8bzk7

Thus, the functions p,, Rz, bl-lw, giy satisfy the above conditions in €2;, and hence,

IPrl124 ) < e > 1Rt 1z o0+ > Il 2y 0

+e i,k=1 +e i,k=1

3 gl + Il )
i=1 746

+giy in Qiaty <y, i=1,...,n. (4.45)

E

We pass here to the limit as 7 tends to zero. This gives

Pl 0 < o S I1Ral: byg@ + > il 0

+P i,k=1 i,k=1

Q

n
+ 3 lgillseor + Pl @an )» 5 €N,
i=1 243

Therefore, (4.40) holds and our lemma is proved.
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Theorem 4.1. Let Q) be a bounded domain in R™, n = 2 or 3, with a Lipschitz continu-
ous boundary S. Then the operator div is an isomorphism of Vo /V3 onto 23+5(Q), and
the operator grad = div* is an isomorphism of 2%(9) onto Y = (Vo/V3)*. Moreover,
there exists a constant (; > 0 such that

divod
inf sup fQ Xavoar

vebais@ veve 0IVIIXIlL,,

g
i 2+5

> (s
()

@

|
s

[div™]| e <
L(L3+5(),V2/V3)

Y

1

AN N =

|| grad™ (4.46)

E
C1

+
Proof. Let us show that for an arbitrary f € (V5/V5)* there exists a unique function

1
||£((V2/V3)*,E%(Q))

p € L35 (Q) satisfying
248

(f,h) = / pdivhdr, heVs. (4.47)
Q

There exists a sequence {€;} of subdomains of 2 such that
ﬁz‘ - Q, Q, C Qi+1, Ufil Q, = Q, (448)

and the boundaries of €; are of the class C?.
Let {V5} and {VZ} be sequences of subspaces of V5 and V3, which are given as follows:

Vy = {vlv € V3, suppv C @}, Vi = {vfv € Vs, suppv C Q;}. (4.49)

Let f be an arbitrary element of (V5/V3)* . We apply Lemma 4.3 in which Q, V;
and V3 are changed for €;, V), and V4. This gives the existence of a unique function

pi € L3+5(Q;) such that
245

(f.h) = (p;.divh), heVi ieN. (4.50)

In this case p; = pitj|a, + citj, Where ¢;4; is a constant, j > 1.
By (4.48) there exists a function p € L% 10 (82), satisfying
2437

Plo, = pi + G, (4.51)
(f,h) = (p,divh), he€V, supphCQ, (4.52)

¢; being a constant.
The functional f can be presented in the form (see [1], Theorem 3.8)

hA
(f,h):/ bOihider/ bl dn, hew, (4.53)
Q o Oz

5 () which meet the condition (f,h) = 0 for any

E
h € V3. We mention that the representation (4.53) is not unique.

By (4.48), there exists [ € N whereby @, D (2\ Qs), where Qs is a subdomain of
(2 defined in (4.41). Taking (4.52), (4.53) into account, and applying Lemma 4.5, we

where by; and b;;, are elements of Lsy
2F

obtain that p € La+s(€2). Therefore, there exists a unique p € L%(Q), p=p+¢é cisa
2+8 2+
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constant, such that (4.47) holds. In this case, the operator A : f — Af = p is a linear
continuous mapping of (V5/V3)* into Ls+s (€2).
345

Conversely, the equality (4.47) defines a mapping L%(Q) >5p — fe (Vo/Vs)"
2

Therefore, the operator A maps (V5/V3)* onto the whole of Lsis(£2). Because of this,
248
the Banach theorem on inverse operator implies that the operator A is an isomorphism
of (Vo/V3)* onto L%(Q).
PR

It is obvious that A = grad™'. Therefore, the third inequality of (4.46) holds. The
other inequalities of (4.46) are proved in the same way, as it is done in the proof of
Lemma 4.4. B

Remark. It can be proved that the statement of Theorem 4.1 remains true in the
case where the indices 3 + 3 and % in the spaces V5, V3 and in the statement are
changed for any [ € (1,00) and l; = [/(l — 1) respectively.

Theorem 4.2. Let Q) be a bounded domain in R™, n = 2 or 3, with a Lipschitz con-

tinuous boundary S. Then the operator div is an isomorphism of V/Vi onto Ls (),

and the operator div*, is an isomorphism of L%(Q) onto (V/V1)*. In addition, the
2+

inequalities (4.27), (4.28), and (4.29) are satisfied.

Proof. By the Theorem 4.1, we have div{V2} = L3,5(Q2), in addition, there exists a
function w that satisfies (4.30). Therefore, the operator div maps V' onto Ls5(€2), and
div is an isomorphism of V/V; onto L35(2). By analogy with the proof of the Lemma
4.4, we obtain that the operator div* is an isomorphism of L%(Q) onto (V/V1)" and

(4.27), (4.28), (4.29) are satisfied. W

Remark. The statement of Theorem 4.2 remains true in the case that the indices
3+ [ and % in the spaces V,V; and in the statement are changed for any | € (1, 00)
and [; = [/(l — 1), respectively.

4.4. Operators N;. We consider the following operators N; : V — V* 1 =1,2,3,4.

(N2(v), 1) = 20 /Q (1(0)) S e, (v)es; (1) da, (4.54)
(Na(v), h) = 2 /Q H(I(0))es; (0)ess (h) do, (4.55)
(Ny(v), ) = 2 /Q o(Bi(0))zsy (0)es; () de, (4.56)
(NJ(0), 1) = p /Q ng—;};h,» dz. (4.57)
It is obvious that
N = 24: N;. (4.58)

Lemma 4.6. Let €2 be a bounded domain in R™, n = 2 or 3, with a Lipschitz continuous
boundary S. Then the operator Ny is a bounded, monotone, and continuous mapping of

V into V*.
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Proof. By using the inequality

1 1
leij(v)es(h)] < (L(v))2(I(h))? (4.59)
and the Holder inequality with the numbers an + we obtain from (4.54) that
d the Hold quality with th b;’ig d3+p, btain from (4.54) th
248 1 348\ 35
|(N1(v), h)] §2a/ (I(v))* (I(h))? dx§2a</ (I(v)) ® dac)
0 ¢

([ 1) de) ™ = 2allf (4.60)

Therefore, N; is a bounded mapping of V into V*.
The application of the inequality (4.59) gives

Lh
-
+

(N1 (v) = Ny (w),v — w) = 2a / [ )+ (I(w)) 2 I(w)

Hence N; is a monotone operator.
Taking into account that

k k
(Z am>q S Z (kam)qv am € RJM q 2 17

we obtain
\((I(U))(ﬂf))#(€zm(v))($)\ < (T (v)(x)) < 2+ﬁz |(e45(v)) () +7
vy , |2+6
Sci; axj(x) , vevV, Im=1,...,n. (4.61)

From (4.61) and the continuity of the Nemytskii operator, see [43], Sections 5.1, 25.1, it
follows that the condition v,, — v in V implies

148 148

(I(vm)) * eij(vm) — ((I(v)) 2 &4(v) in Lig(Q) i,j=1,...,n.
Therefore, Nj is a continuous mapping of V' into V*.

Lemma 4.7. Let 2 be a bounded domain in R™, n = 2 or 3, with a Lipschitz continuous
boundary S. Let also the condition (C4) be satisfied. Then the operator Ny is a strictly
monotone and continuous mapping of V into V*.
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Proof. Taking (2.14) and (4.59) into account, we obtain from (4.55) that
(Nafw) = Nafw), v =) =2 | [p(1(0))1(0) + o(Tw) Tw)
—p(I(v))eij(v)eij(w) — @ (I(w)) ey (w)ei;(v)] da

NI

>2 [ [e(T0) (1)) = o (1) (7)) [(10))* = (1))
> 2a3/Q (([(U))% - (I(w))%)de >0, v,welV. (4.62)
Let now
(Na(v) — Na(w),v —w) = 0. (4.63)

By (4.62), we have
I(v) =1(w) ae. inQ, @) =ep{l(w) ae. inQ. (4.64)
Taking (2.13), (4.55), and (4.64) into account, we derive from (4.63) that
I(v—w)=0 ae. in Q.

Therefore ||v — wl||y = 0, and the operator N, is strictly monotone.
The continuity of the operator N, follows from the continuity of the Nemytskii
operator.ll

Lemma 4.8. Suppose that the conditions (C1), (C2), (C3), and (2.13) are satisfied. Let
win (2.1) be either a positive constant or be given by (2.20). Then the terms {v,,} C V,
U, — v in V imply N3(vy,) — N3(v) in V*.

Proof. Let v,, — v in V. Then we have

5ij(vm) — aij(v) in L3+ﬂ(Q>, 1,5=1,...,n, (465)
Uy — v in C(Q)", (4.66)
d(k (v, ), 7(-,51)) — d(k(v,-), 7(-,S1)) in C(Q), (4.67)
in addition,
p(I(vmy)) = @(I(vy)) in C(Q), (4.68)

where v,,, and v, are the regularized functions v,, and v, that are defined by the formula
(2.21).
(4.66)—(4.68) and (2.1) yield
Ri(vy) — Ry(v) in C(Q). (4.69)
(C3) and (4.69) imply o,(Ri(v,,)) — ¢i(Ri(v)) in C(Q), and the application of the
Lebesgue theorem gives

©t(Ri(vim))eij(h) — wi(Ri(v))eii(h)) in Lsip(2), heV, i,7=1,...,n.
(4.70)

Now by (4.65) and (4.70), we obtain

lim (%(Rl(vm))%(”m) - sﬁt(Rl(U))ﬁz‘j(v)>€ij(h) de =0, heV

m—00 0]

This completes the proof.
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Lemma 4.9. Let 2 be a bounded domain in R™, n = 2 or 3, with a Lipschitz continuous
boundary S. Let {v,} CV, and v, — v in V. Then Ny(vy,) — Ny(v) in V* and, in
addition,

[(Na(w), )| < c|wlfy [[pllv, w,heV. (4.71)
Proof. Let
Uy — v in V. (4.72)
It is obvious that
|(Na(vm) — Na(v), )| < p (Aim + Aom), (4.73)
where
_ ‘/ Vg — Uj 8”"“11 dr|, Aoy = ‘/ v; %1;”” gzi)hidx).
J J (4.74)
Here v,,; and v,,,; are components of the vector function v,,.
We have
Arm < c|[om = vl| gyl [om]]v [[A]]v- (4.75)

The application of the Green formula gives

ov;
< -7 TR Y . s
A2m = ‘ /g; [8% (vmz Uz)hz + U] (Umz z

‘—1—‘/ (Vmi — i) hiv; ds|.

(4.76)
It follows from (4.72) that
Uy — v in C(Q)™ (4.77)
(4.75), (4.76), and (4.77) imply
A + Aoy < a|bllv,  lim «,, = 0. (4.78)

Now (4.73) and (4.78) yield Ny(vy,) — Ny(v) in V*. The inequality (4.71) is evident. W
We will use the following known result (see [6], [21], Theorem 5.1, Chapter 1 ):
Lemma 4.10. Let By, B, By be three Banach spaces such that By C B C By, By and

By are reflexive, and the embedding of By in B is compact. Let also

(%
€ L, (0.7 By)}, (4.79)

where T is finite, 1 < ¢; < 00, 1 = 0,1, and the norm in W s defined by

W = {v|v € L,(0,T; By),

dv
lolbw = (vl o 01350 + | ey, 01380 (4.80)
Then the embedding of W into L (0,T; B) is compact.

Lemma 4.11. Let the local Reynolds number Ry(u) be defined by (2.1), where p is given
by (2.20). Suppose that the conditions (C1) — (C4) and (3.20)are satisfied. Let also

v € L3500, T:V), {um} C L3150, T;V), uy, = w in L31(Q)" and a.e. in Q.
(4.81)

Then
T [[(Ruen) = ee(Ri)ess(0) gy @ = 00 7 = Liowoom

Q
—~
e
0]
[\
~—
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Proof. By applying (3.20) and the Holder inequality with the numbers fig and 2+ 0,

we obtain

</Q <@t(Rl(um)) - SOt(Rl(U))>€u( ) = dx dt> o

<€ [ [Rtin) = 0] ey 1 o)™

?w é+ﬁ .
gg(/ Ri(up) — Ry(w)| ™" dz dt e |g |3+5dxdt) .
Q

(4.83)
Therefore, our lemma will be proved, if we argue that
Ri(up) — Ri(u) in L%(Q). (4.84)
Denote
(w)e.t) = Pt 2l we L0 TV). s
(2.1) and (4.85) yield
Ry(um) = [umlg(um), — Ri(u) = |ulg(w). (4.86)
Since | |up| — |u| | < |uy — u|, the relation (4.81) implies
|| — |u| in Lsys(Q). (4.87)

By (C1), (C2), and (C4), the functions (z,t) — (g(um))(z,t) are bounded in L (Q).
By (4.81), we have g(u,,) — g(u) a.e. in (). Therefore,

g(um) — g(u) in L¥(Q). (4.88)

The function e,h — eh is a bilinear continuous mapping of L3, s(Q) X Ls+s(Q) into
5
L35 (Q). Because of this (4.84) follows from (4.86), (4.87), and (4.88). W
1+5

Lemma 4.12. Let Q2 be a bounded domain in R™, n = 2 or 3, with a Lipschitz continuous

boundary S. Then the operators Ny and Ny are bounded mappings of Lsys(0,T;V)

into Ls+s(0,T;V*). The operator Ny also is a bounded mapping of Ls3(0,T5V) into
218

L%(O,T; V*) provided that (2.13) holds.
T

Proof. Let v and h be elements of L3, 3(0,7;V). Taking into account (4.60) and
applying the Holder inequality with the numbers (3+ 3)/(2+ ) and (3 + [3), we obtain

[(N1(v), )] S2a/0 oI 1) v dt

< 20 ||U||i§fﬂ 0,7;V) ||h||L3+5(O,T;V)- (489)

(4.71) and the Holder inequality with the same numbers (3 + 3)/(2 4+ ) and (3 + ()
yield
T
[(Na(v), h)| < C/O @I 1A dt

< dlvllZ 40,5 ©7:0) Bl 20s 070 (4.90)
24P
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By (2.13) and (4.55), we get

(Ny(0), )] < 2a /Q (I(w)* (I(h) dudt

< al|vll sy 0,0v) Pl Las s0.750) - (4.91)

and our lemma is proved.

Lemma 4.13. Suppose that the conditions (C1), (C2), (C3), (2.13) and (3.20) are
satisfied. Let the local Reynolds numbers be defined by (2.1) where p is either a pos-

itive constant, or is given by (2.20). Then the operator N3 is a bounded mapping of
L3, 5(0,T;V) into L%(O, T;V*).
2+

Proof. Let v and h be elements of L3, 5(0,7; V). We take in (3.20) y1 = (R;(v))(z, 1),
(x,t) € Q, y2 = 0. Then by (2.12), we receive

ee(Ri(v)) < ERi(v). (4.92)
(2.1), (C2), and (2.13) imply
Ry(v) < clvl. (4.93)
(4.56), (4.92), and (4.93) yield
(N3 |<cl/ 0|(I(v))2 (I(h))z dzdt

1+8

<q / o1#9 dwdt) ™ follaepoa Bl ossomi
Q

< eo|lIL,, p 0.y ]2 070 (4.94)

This completes the proof.

5. Proof of Theorem 3.1.

5.1. Approximate solutions. It is apparent that if a pair u,p is a solution of the
problem (3.8), (3.9), then w is a solution of the following problem:

weVi, (N(u),h)=(GLh), heVi (5.1)

Let {Vi1} be a sequence of finite dimensional subspaces of Vi such that

klggj Zler‘l/i llv —=z|ly =0, velA, (5.2)
Vig € Viga, keN. (5.3)

We seek an approximate solution of the problem (5.1) in the form
up € Vig,  (N(ug),h) = (G*,h), he V. (5.4)

Taking into account (C2), (C3), (C4), (3.6), (3.7) and (4.71), we obtain

(N(v)m)—(Gl’v)Z204||v||?&+5+2a1/f(v)dx—0||v||3v
Q

—|GH]v+ [[vllv, v e VA (5.5)

Here c is the constant from (4.71).

V*
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It follows from (5.5) that there exists a constant R > 0 such that
(N(v),v) — (G',v) >0 if [|v||ly > R. (5.6)
Let j(k) be the dimension of Vi and (wy, ..., w;x)) be a basis of V. The function

i R 5 ¢ = (&, .. itky) — Jk§ = Zgikl) flwl is an isomorphism of R7*) onto Vi.
Define an operator P, that maps RI*) into R/*) as follows:

Pi(&) =b=(br,...,bjm), bi = (N(Jp€) — G, wy). (5.7)
It follows from (5.6) and (5.7) that
(Pr(£),8) = (N(i&) — G', k&) = 0 if [¢] > Ry, (5.8)

NI

where [{| = <ZZ(:]€1) 53) and R, is a positive constant that depends on k.

(5.8) and the corollary of the Brower fixed point theorem, see [21], Chapter 1, Lemma
4.3, yield the existence of a solution wuy to problem (5.4) for any k.
(5.4) implies

V*

(N (ug), ur) = (G, up) < [|G]

Since (N(v),v) > allv|[5 at large ||v|]y, we deduce from (5.9) that there exists a
constant ¢; > 0 such that

||Uk||\/ <c, k € N. (510)
Therefore,
||V (e )|

and we can extract a subsequence {u,,} such that

v < G, || Na(uy)]

ve < s, (5.11)

U — Ug, In Vi, (5.12)
Ni(tm) + No(up) = x in V™. (5.13)
5.2. Passage to the limit. Let m be a fixed positive integer, and let h € V3,,,. Taking

Lemmas 4.8, 4.9 and (5.12), (5.13) into account, we pass to the limit in (5.4) with k
changed for m; this gives

(x + Ns(uo) + Ny(ug), h) = (G*,h), h € Vip,. (5.14)
Since my is an arbitrary positive integer, (5.2) and (5.3) yield
(x + Ns3(ug) + Ny(uo), h) = (G, h), h € V. (5.15)

For an arbitrary fixed w € V;, we define a mapping N,, : V3 — V|* as follows:

(Ny(v),h) = 2/ or(Ri(w))ei;(v)eij(h) dx, v, h € V. (5.16)
0
It is obvious that N,(v) = N3(v). Let
Zm = Ny,, + N1+ Ns. (5.17)

Lemmas 4.6 and 4.7 imply
(Zm(U) — Zn (V) U, —v) >0, veEV), meN, (5.18)
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It follows from the proof of Lemma 4.8 and (5.12) that

im(Z,,(v),v) = (Zy(v),v), (5.19)

i (Z,,(v), upm) = (Zo(v), ug)- (5.20)

Taking into account Lemma 4.8 and relations (5.12), (5.13), (5.15), and (5.17), we obtain
i (Zp, (Um), v) + (Na(uo), v) = (G, v), veW. (5.21)

Lemma 4.9, (5.4), and (5.12) yield

(Zm(um)7um> = (Glaum) - (N4<um)7um) - (Glauo) - (N4(u0),u0).
(5.22)

Upon (5.19)—(5.22), we pass to the limit in (5.18). This gives
(G — Zo(v) — Ny(ug),ug —v) >0, veW. (5.23)
Take here v = ug — &h, € > 0, h € V1, and let £ tends to zero. Then we obtain
(G — Zo(ug) — Na(ug),h) >0, h € V.
Therefore,

(N(ug) — G*, h) = —(G* — Zy(ug) — Na(ug),h) =0, h eV,
(5.24)

and the function u = ug is a solution of the problem (5.1).

It follows from (5.24) that N(ug) —G' € W, and by Theorem 4.2 there exists a unique
p € Lais () such that

245
(N(up) — G, h) = (p,div h), heV.

Therefore, the pair u = ug, p is a solution to the problem (3.8), (3.9). B

The proof of Theorem 3.2 is closely analogous to the proof of Theorem 3.1. Because
of this, it is not given.

6. Approximation of the velocity and pressure for problem (3.8) (3.9).

We consider a method for simultaneous calculation of approximate velocity and pres-
sure.
Let {Ax} and {By} be sequences of finite-dimensional subspaces of V' and La+s(€2),

245
such that
]}1_{210 zlensz llv—z||lv =0, vev, (6.1)
i inf [y =0 € Lys(@) (62)
A, C Ak+1, B, C Bk+l- (63)
Define operators divy, € L(Ag, B;) as follows:
(divg v, x) = / x divo dr, veE A, xEDBy. (6.4)
0

The adjoint operator of divy is given by
(divy x, v) = (divg v, x), vE Ay, xE By (6.5)
It is evident that divy € L£(Bg, A).
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We introduce the following spaces A, and W
A ={v|v € A, (divgv,x) =0, x € By}, (6.6)

Wir ={qlq € A3, (q,v) =0, v € A} (6.7)

Lemma 6.1. Let { Ay} and {By} be sequences of finite-dimensional subspaces of V' and
L%(Q), respectively. Suppose that there exists a positive constant v such that
2+

inf  sup (divy v, )

b ek Tl ey,

>~  keN. (6.8)
(@)

2+

Then the operator divy is an isomorphism of A/Ay onto B}, and the operator divy, is
an isomorphism of By onto Wy, moreover

1
|| div; | o < - k€N, (6.9)
L(By, A/ Ar) Y
o 1
1(divie) e, By < 5 k € N. (6.10)
Proof. It follows from (6.8) that
v, divy x
sup I il x € B
ved,  [vllv 740
Therefore,
HdWZXNM%ZEVHMM%%GD’,XEZ%- (6.11)
+

and divy, is an isomorphism of By, onto its range R(divy,).

It is obvious that R(divy) is a closed subspace of Af. Consequently, R(divy) = Wy,
see [17], Chapter XII, Section 2, and (6.10) follows from (6.11).

Taking into account that (div, ')* = (div})~! and

o —1 _ s —1\*
Vi 5, = 1@V e,

we obtain (6.9) from (6.10).H
We seek an approximate solution of the problem (3.8), (3.9) in the form

(uk,pk) c Ak X Bk, (612)

(N@%%h)—:/g%dh%hdx::(GHh), he Ay (6.13)
Q

(lek Uk, q) =0, g€ B;. (614)

Theorem 6.1. Suppose that the conditions (C1)—(C4) and (3.6), (3.7) are satisfied. Let
the local Reynolds number be defined by (2.1), where u is either a positive constant or
is given by (2.20). Let also {Ax} and {By} be sequences of finite-dimensional subspaces
of V and L%(Q) which satisfy the conditions (6.1), (6.2), (6.3), and (6.8). Then for

an arbitrary k, there exists a solution of the problem (6.12)—(6.14), and a subsequence
{tUm,pm} can be extracted from the sequence {ug,pr} such that u,, — w in 'V, u, — u

in C()", pm —p in L%(Q), where u,p is a solution of the problem (3.8), (3.9).
b
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Proof. It follows from (6.6) and (6.12)—(6.14) that the function uy is a solution of
the problem

up € Aw, (N(up),h) = (GLR),  he A, (6.15)

By analogy with the proof of Theorem 3.1, it is argued that there exists a solution of
the problem (6.15) for any &k and, in addition,

lullv <¢,  keN, (6.16)
||Nl(uk)| V* S C1, 1= 1727374a ke N. (617)

For an arbitrary f € V*, we denote by Yif the restriction of f to Aj. In this case,
Yif € Ap, Y, € L(V*, A5).

It follows from (6.7) and (6.15) that Y3, (N (us) — G') € Wy, and by Lemma 6.1, there
exists a unique py € By such that

divy pr = Yi(N(uz) — GY). (6.18)

Thus, the pair ug, py is a solution of the problem (6.12)—(6.14).
Due to (6.10), (6.17), (6.18), (3.6) and (3.7), we obtain

1Pkl 24y @) < 20 (6.19)
240
By (6.16), (6.17) and (6.19), we can extract a subsequence {um,, p,,} satisfying
Uy —ug in V  and wu, — uyin C(Q)", (6.20)
Ni(um) + No(up) — x in V™, (6.22)

We pass to the limit in (6.13), (6.14) with k changed for m in much the same way as it
is carried out in the proof of Theorem 3.1. In so doing, we use (6.20)-(6.22) and lemmas
4.6-4.9. Then we obtain that the pair u = ug, p = po is a solution of the problem (3.8),
(3.9).

7. Proof of Theorem 3.3.

7.1. Approximate solutions. It is obvious that if u, p is a solution of problem (3.21)-
(3.24), then w is a solution of the following problem:

d
W€ Ly s(0,T: V), o€ Laws(0,T5V%), (7.1)
dt 215
d 8 5
p(Sh) + (Nu,h) + (N(u),h) = (G,h) in D'(O,T), heWi,  (12)
u(0) = uo. (7.3)
Let wq,...,wyg,... be a sequence of functions such that
w; € V1, 1 €N,
wy, ..., w are linearly independent, k& € N,
linear combinations of w; are dense in Vj. (7.4)

We seek an approximate solution of the problem (7.1)—(7.3) in the form

up(t) = Z gin(H)w;, (7.5)
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where g, are defined out of the conditions

p%(uk(t),wi) b (Nug(t), w) + (N(un(®), w) = (Gt w), i=1,... .k
(7.6)
k
uk(0) = upg, uor = Z aipw; — ug in La(Q2)". (7.7)

The functions u; are computed from these conditions on some interval [0, ], ¢, > 0.
We will show that t, = T.

7.2. A priory estimates. We multiply the equations (7.6) by the functions g;;, sum
over 7, and integrate both sides of the sum over ¢ from 0 to ¢. This gives

ol + / (Funlr) + M) wa()) dr
¢
= [ (@Eum) i+ Lol o (78)
Taking the assumptions (C3), (C4), and Lemma 4.9 into account, we obtain
(N(v),0) 2 2affo|[3"" = cllolf},, v eV (7.9)
(3.25) and (3.27) yield
(No,0)] < e1|ollZy 0 < ellollf, ve Vi (7.10)

For an arbitrary z € C([0,7T]; V), bearing in mind (7.9) and (7.10), we get

/o (]\Nfz(T) + N(2(7)), 2 d7‘ > a/ | 2( ||3+ﬁ dr + Y (t), (7.11)

where

Y(lt)z/0 (all=(DIIV7 = ellzIF = ez |l2(DIIy) dr = —e5, ¢ € (0,7,

(7.12)
cs=cyT, cy=—min (ay®™ —cy® —c9?) > 0. (7.13)
yeR 4
Granting (7.11) and (7.12), we obtain from (7.8) that
Solle®l e+ [ I dr
< / GO v- lually dr + 2 us(0) oy + e
T 348
<2 [l dr+eo [ 1G@IE dr+ Sl + o
0 (7.14)

Here we used the following Young inequality:
1 1 /b\"” 1 1
abS—(m)p”r—(—) b
p1 P2\ € P1 P2
where a,b € R, ¢ >0, p; > 1.
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It follows from (7.14) and (7.7) that t; = T and

uy, are bounded in L3y 5(0,7; V1) N Lo (0,7 Lo (2)"). (7.15)
(2.13), (7.15), and Lemmas 4.12, and 4.13 imply
N;(ug) are bounded in L%(O,T; V"), i=1,2,3,4. (7.16)
2F
Define functions g, k = 1,2, 3, ... by the following relations:
€1
€1 =W, Q=7 77
el |y
k-1 .
k
e =wg — > (Wx,¢i)¢i, =77 —> k>1 (7.17)
; llexl|La@n

The functions g are orthonormal with respect to the scalar product in Lo(€2)", and g
is a linear combination of wy, ..., w.
We denote the span of the functions wq, ..., w, by Vi; the subspace Vj; also is the

span of qq, ..., qg-
Define a projection operator P that maps V* onto V7 as follows:

k
h c V*, th = Z a5q;, o; = (h, qz) (718)
i=1

Relation (7.6) can be represented in the form

duy,

Prar

Since the sequence { Py} converges weakly to the identity operator in Vj*, there exists a

constant ¢ > 0 such that || Py|[zv+ vz ) < cfor all k. The relations (3.25), (3.27), (7.15),
(7.16), and (7.19) yield

d
el are bounded in Ls+s
dt 213

+ Pu(Nug + N(ug)) = BG. (7.19)

(0,T;V*). (7.20)

7.3. Passage to the limit. By (7.15) and (7.20), we can extract a subsequence {u,,}
such that

Up —u in Lsyp(0,73V7), (7.21)
U —u in Le(0,T; Lay()™), (7.22)
Un(T) = € in Ly(Q)", (7.23)
d d

U Ty Lews (0, T3 V), (7.24)

dt dt 248

where = is the sign of * - weak convergence.
We apply Lemma 4.10. Take
3+
+

)

By=Vi, B=1L3p()", Bi=V", @=3+53 q=

S
Q-

Then (7.21) and (7.24) imply
Um — u in Lyi(Q)". (7.25)
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We can also consider that the sequence {u,,} converges to u almost everywhere in @,
and so, Lemma 4.11 gives

pi(Ri(um))eis(v) = eu(Bi(u))ei;(v) in - Lses(Q), v € Lsyp(0,T511),

248
ij=1,....n. (7.26)
It follows from (7.25) that
Upj Umi — Ujw; 0 L#(Q), (7.27)
and for an arbitrary h € L3, 3(0,7;V), we have
Umj hi — ujh; in L#(Q). (7.28)
(4.57), (7.21), (7.27), and (7.28) imply
Jim (Ni(1tn). ) = (Na(w), ), (7.29)
Ny(t) = Ny(u) in L%(O,T; V). (7.30)
(3.25), (3.27), and (7.25) yield
Nu,, — Nu in L%(O,T; V). (7.31)

By (7.16), we can consider that
N1 () + No(tum) + N3(uy,) = x in L%(O,T; V). (7.32)

Multiplying the equation (7.6) for k¥ = m by a function § € C*([0,T7]), integrating the
result from 0 to T, and using the integration by parts formula, we obtain

/OT {— p(um(t),wi)%(t) n <(]\7um(t), w;) + Zj: (N (um (1)), wi))e(ﬂ] dt

- / (G(t), w)() dt + p (1 (0), w)0(0) — plum (T, ws)O(T),
i=1,2.....m. (7.33)

For fixed w;, we pass to the limit in (7.33). By applying (7.7), (7.21), (7.23), (7.30),
(7.31), and (7.32), we get

/ [ o 0.0 % 0) + (0100 + (10, 0) + () ) )0(0)]

i=1,2,...,m. (7.34)

By virtue of (7.4), the function w; in (7.34) can be changed for an arbitrary function
from V;. Since D((0,7)) € C*([0,T]), (7.34) yields

du

(o5 + Nust X+ Nufu),h) = (Gh) in D'(O,T), heVio  (7.39)

We integrate the first term in the left-hand side of (7.34) by parts. Taking a function
6 € C*([0,T7), 6(0) = 0, we obtain from (7.34) and (7.35) that

u(T) = €, (7.36)
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and taking 6 such that 6(T') = 0, we get
u(0) = wuo. (7.37)
If we show that
X = Ni(u) + No(u) + N3(u), (7.38)
the function w will be a solution of the problem (7.1), (7.2), and (7.3).
7.4. Proof of the equality (7.38). Take the notation.

- / / ([T (m) F + o) + Gu(Ri(u))] i (1m)
—[aI@®)F + o(I(0)) + @ Rulwn))] 55 (0) Yt (tm — v) di d,
v € Lyss(0,T; V). (7.39)
Lemmas 4.6 and 4.7 imply
®,,(v) >0, v € L3 5(0,T511), m € N. (7.40)
Taking ¢t =T and k = m in (7. 8) we obtain
/ / o o1 () + 9 (Rt () d
= [ (6 Nt Nalan). )+ 0 i O~ 5 (DI
0 (7.41)
(7.39) and (7.41) imply
D (v) / (G~ Nt~ Na(at), ) it 4 3 p )y — 5 01t (D
= / [ 00) -+ ol ) + R s () de
-2 all(v T+ I(0)) + @e(Ri(um)) |€ij(v)eij (U — v) dz dt.
/O/Q[u)) (1)) + e Balitm)) 235 (0)i 10 — v) o
(7.23) and (7.36) yield
nlbiinoo inf ||um(T)||L2(Q)" > ||U(T)||L2(Q)”' (743)

By using (7.7), (7.21), (7.26), (7.29), (7.31), (7.32), (7.37), and (7.43), we obtain from
(7.40) and (7.42) that

m—00

1 2 _ ' v — ! o v % (%
5o = [ wvrde—2 [ [ Ta(ie) ™ + o)

+pr(Ri(u))]ei(v)eij(u —v)dedt, v € Lyg(0,T;V4). (7.44)
Take h = u in (7.35) and integrate the result in ¢ from 0 to 7. This gives

T 5 5 1 1 T
|G- Fu— N uyde 5 p ) ey — 5 0o = [ ()
0 0 (7.45)

T
- - 1
0 < limsup ®,,(v) < / (G = Nu = Ny(u),u)dt + 5 p [|u(0)][7,0
0
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Upon (7.44) and (7.45)

[Tovu=va=2 [ [ a(rw)F + o) + atrlew
xeij(u—v)drdt >0, ve Ls3g(0,T;V7). (7.46)

We take here v = u — Aw, where A > 0 and w is an arbitrary element of C([0,T7; V}).
Applying the Lebesgue theorem, we pass to the limit as A — 0. This gives

A<%wwﬁ—2l L&ﬂumﬁy+¢uw»+%umwﬂ

xeii(u)e;;(w) dr dt > 0. (7.47)

Since C'([0,T]; V1) is dense in L3, 5(0,7;V}), we obtain (7.38) from (4.54)—(4.56), and
(7.47).

7.5. Calculation of the pressure. We denote

du 3
A—,od——i—Nu—i—N( u) — G. (7.48)
If follows from (7.24), (7.30)—(7.32), and (7.2) that
Ae L% 0,7;V"), (A(t),h)=0 ae.in (0,7), hel, (7.49)
2t

Le. A(t) e W = (V/V)*.
By Theorem 4.2 there exists a unique function p = Ls+s(Q) such that A(t) = div* p(t)
248
a.e. in (0,7T). Therefore, the pair u, p is a solution of the problem (3.21)-(3.24). B
The proof of Theorem 3.4 is closely analogous to the proof of Theorem 3.3. Because
of this, it is not given.

8. Approximation of the velocity and pressure for problem (3.21)—(3.24).

Let {Ax} and { By} be sequences of finite-dimensional subspaces of V' and L% (Q),
2t

which satisfy the conditions (6.1), (6.2), (6.3), and (6.8). Consider the problem: Find
functions t — ug(t) € Ag, t — pr(t) € By satisfying

(%“% B) + (Nu(t), h) + (N (ug(t)), h) = (e, divich)
= (G(t),h), te(0,T), heA, (8.1)
(divg uk(t), ) =0, qe€ B, (8.2)
ug(0) = ugy € Ak, ugr, — ug in La(Q)™. (8.3)

Theorem 8.1. Suppose that the conditions (C1)—(C4) and (3.16)—(3.18), (3.20), (3.27)
are satisfied. Let the local Reynolds number be defined by (2.1), where u is either a
positive constant or is given by (2.20). Let also {Ax}, {Bk} be sequences of finite-
dimensional subspaces of V' and L%(Q) which meet the conditions (6.1), (6.2), (6.3),

and (6.8). Then, for an arbitrary k, there exists a solution of the problem (8.1), (8.2),

(8.3). From the sequence {uy, pr}, one can extract a subsequence {u,,, py,} such that

U, — u in L315(0,T5V), pm — p in L%(Q), where w, p is a solution of the problem
2t

(3.21)—(3.24).
Theorem 8.1 is proved by using the arguments of the proof of Theorems 3.3 and 6.1.
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