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ABSTRACT. A one-equation turbulent model is studied in this work in the steady-state and with homogeneous Dirichlet bound-
ary conditions. The considered problem generalizes two distinct approaches that are being used with success in the applica-
tions to model different flows through porous media. The novelty of the problem relies on the consideration of the classical
Navier-Stokes equations with a feedback forces field, whose presence in the momentum equation will affect the equation for
the turbulent kinetic energy (TKE) with a new term that is known as the production and represents the rate at which TKE
is transferred from the mean flow to the turbulence. By assuming suitable growth conditions on the feedback forces field
and on the function that describes the rate of dissipation of the TKE, as well as on the production term, we will prove the
existence of the velocity field and of the TKE. The proof of their uniqueness is made by assuming monotonicity conditions
on the feedback forces field and on the turbulent dissipation function, together with a condition of Lipschitz continuity on
the production term. The existence of a unique pressure, will follow by the application of a standard version of de Rham’s
lemma.
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1. INTRODUCTION

Turbulent fluid flows through porous media are of considerable theoretical and practical interest in various engineering
subjects such as chemical, mechanical, geological or environmental. In the literature of these disciplines, there are
two distinct approaches for developing turbulence models based on the averaging theory. The main idea of this
theory, relies on the application of two averaging operators to the set of equations that govern the considered problem.
These operators, are a volume averaging operator, which is characteristic from the usual derivation of the macroscopic
equations of porous media flows, and a Reynolds averaging operator (see e.g. [32]) that is necessary to derive the
Reynolds averaged equations of turbulent flows. Volume averaging in a porous medium makes use of the concept
of a representative elementary volume over which local, or microscopic, equations are integrated, giving rise to the
macroscopic governing equations (see e.g. [20]). In a similar fashion, Reynolds averaging of turbulent flows leads
to time-mean properties, which are usually described via statistical analysis (see e.g. [9, 26]). For the first approach,
the turbulent transport equations are derived by volume averaging the Reynolds-averaged microscopic equation. The
additional terms representing production and dissipation of the turbulent kinetic energy, were modeled in [28] by
introducing two unknown model constants, which in turn were determined from numerical simulations using a spatially
periodic array of square rods. As for the second approach, the turbulent transport equations are derived by time
averaging the extended Darcy-Forchheimer model obtained in [37] by volume-averaging the microscopic equations.
In [2] the authors made use of the classical eddy diffusivity concept for closure, but they concluded that turbulent
models derived directly from the general macroscopic equations do not accurately characterize turbulence induced by
the porous matrix. In both developments, the porous medium is considered to be rigid, fixed, isotropic and saturated
by an incompressible fluid, and both techniques aim to derive suitable macroscopic transport equations. Still related
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with the first approach, is the methodology developed in [34] where the authors have used a double-decomposition
technique to derive the turbulent transport equations. However, to derive the equation for the turbulent kinetic energy
these authors proposed a macroscopic Boussinesq assumption and introduced the concepts of macroscopic turbulent
viscosity and macroscopic turbulent diffusion. The main feature of the work [34] is that the total drag due to the
porous matrix is included in the mean flow equation only after all the other equations are obtained. To account for
the porous structure, an additional term was included in the source terms for the turbulent kinetic energy and for the
turbulent dissipation equations. To determine the constants for the extra terms (closure of the macroscopic model) the
equations for the microscopic flow were numerically solved inside a periodic cell. The authors of [34] concluded in
their subsequent studies that time averaging the volume-averaged equations and volume averaging the time-averaged
equations lead to similar equations for the momentum equation. However, they pointed out a difference between
the expressions used to present the equation for the turbulent kinetic energy (see [23]). Since models based on the
first approach do not accurately take into account the turbulence inside the pores, its real applications are scarce and
therefore we will not consider them in our mathematical study. In turn, both models [28, 34] have been experimentally
tested with success by many authors (see e.g. [10, 19, 31]). The model [34] has given good predictions of the turbulent
kinetic energy in reacting flows through porous media [31] and in turbulent flows through porous media of particular
morphologies [10], whereas the model [28] has shown ability to account for the mixing and mass transfer measure
within a packed bed [19].

Motivated by the turbulent models [28, 34], we study, in this work, a one-equation turbulent model for the description
of incompressible fluids within a fluid-saturated and rigid porous medium, which for simplicity is also assumed to
be fixed and isotropic. The problem is assumed to be governed by the following general set of equations in the
steady-state,

(1.1) divia = 0,
(1.2) @ V)i =g+ F@) - Vp + div ((v + v(k)) D@)) ,
(1.3) - Vk = div (vp(k)Vk) + vr(R)D@)P + P, k) — e(k),

where the velocity field u, the pressure p and the external forces field g are, in fact, averages that result by the
application of two different averaging concepts [28, 34]. The averaged tensor D(u) is the symmetric part of the
averaged gradient Vu, the positive constant v is the kinematic viscosity and expresses the ratio of the internal forces
in the fluid, called dynamic viscosity, to the mass density p, assumed to be constant and positive. The function & is an
unknown of the problem that was introduced in turbulence modelling by Kolmogorov (see e.g. [9, 26]) to characterize
the energy of the turbulence in the flow, and therefore it is usually called turbulent kinetic energy (TKE). Turbulent
kinetic energy can be produced by fluid shear, friction or buoyancy, or through external forcing at low-frequency eddy
scales. Turbulence kinetic energy is then transferred down the turbulence energy cascade, and is dissipated by viscous
forces at the Kolmogorov scale. The rate of dissipation of the TKE is described, in the model, by the function &,
which, accordingly, is denoted by dissipation of the TKE, or, briefly, turbulent dissipation. The scalar function vy
is the (Boussinesq) turbulent viscosity, or eddy viscosity, that, according to Prandtl’s hypothesis (see e.g. [9]), may
depend on k and on &, whereas vp, is the turbulent diffusion, or eddy diffusion, that, according to the hypothesis that
convection by random fields produces diffusion for the mean flow (see e.g. [26]), may also depend on k and on &. The
emergence of the quantity ¢ in the model, would led us to derive an equation for the transport of this function in order
to close the model. However, the consideration of one-equation models, that we assume in this work, is acceptable
in the sense that the equation for € may be discarded by prescribing an appropriate length scale. Consequently the
turbulent viscosity vy and the turbulent diffusion v are assumed to depend only on k, and, due to Prandtl’s hypothesis,
the turbulent dissipation & depends only on k, being considered, in most studies, the Launder-Spalding hypothesis, i.e.
that & is of the order of k3.

In the scope of porous media, all the terms in the momentum equation (1.2) should come affected by the porosity of
the medium, say ¢, which is obtained by applying spatial averaging to the characteristic function of the fluid phase,
and therefore may depend on the space variable, and ranging in the interval (0, 1) (see e.g. [20]). Similar to what we
have assumed that other properties of the fluid are constant, such as kinematic viscosity and density, in this work we
assume the porosity is also constant. In particular, the feedback term F(u), that characterizes the resistance made by
the rigid matrix of the porous medium to the flow, is usually characterized by Darcy’s law,

vé

(1’4) FD(l_l) = _CD(/lﬁ, CDu = K ’
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where K is a positive constant accounting for the permeability of the medium. However, as Reynolds number increases,
small-scale drag effects, due to the flow through the porous medium, can be captured by adding extra terms to Darcy’s
law (1.4), giving rise to various non-Darcy models such as the Darcy-Forchheimer,

_ _ o Cr¢
(1.5) FPP@) = —cpu—cpfula, cf = ,
3
or the Darcy-Forchheimer’s power-law,
(1.6) FP @) = —cpeti - cpu"'g,

where Cr is the Forchheimer coefficient, a positive constant that is experimentally determined, and m > 1 is a real
constant that characterizes the flow. The additional term P(u, k) in equation (1.3), that appears as an output of the
averaging process, is a production term of turbulent kinetic energy and gives account of the solids inside the fluid. As
we observed above, the influence of this term in the turbulence equations is distinct for each model [28, 34]. In fact,
we have

_ 990 - 9)}
= D ,
_ — 0.28 #*D?

1.8 P, k)=C k, Cpp=—,K=—"——,
(1.8) (u, k) := Cp[ul s 144(1 = g2
where D is the hydraulic diameter, a representative (microscopic) length characterizing the void space of the porous
medium.

(1.7) P(u, k) = P(u) := Cyxlal, Cyk for the model [28]

for the model [34],

The influence of feedback forces fields, such as F(u), in turbulent flows, has been investigated in other fields of
applications of the turbulent k—epsilon model. Probably the best known situation, happens for fluid flows in a rotating
frame, where the Coriolis force

(1.9) FC(u) = -2Q xu, Qs here the vector of angular velocity,
must be considered (see e.g. [3]). Another example, is the Lorentz force
(1.10) Fiu,B)=JxB, J=0(-VO®+uxB),

a term where the Navier-Stokes equations are coupled to Maxwell’s equations and Ohm’s law for fluid flows controlled
by a magnetic field B. In (1.10), J is the total electric current intensity, @ is the electric potential, which is given by
the Poisson equation A® = div(u X B), and o is the conductivity, a material dependent parameter. The effects of the
Coriolis force (1.9) in the turbulent equations (1.1)-(1.3), can be easily seen that are

(1.11) Fm)=-2Qxu and P k) =0.

However, for the Lorentz force, the Reynolds-averaged analysis does not follow straightforward, because specific
interactions of this term in the turbulence equations (1.1)-(1.3) need to be taken into account. In [21] it was numerically
studied the effects of the Lorentz force (1.10) in turbulence closure models. It was shown that, in addition to the
direct interaction with the mean velocity through the electromagnetic force FX(u, B), which will itself influence the
turbulence through the deformed mean rate of strain, the magnetic field affects also the velocity fluctuations by the
fluctuating Lorentz force.

Due to the mathematical interest, we consider the problem (1.1)-(1.3) in a general dimension d > 2, although the
dimensions of physics interest are d = 2 or d = 3. As a consequence of considering a general dimension, we assume
the equations (1.1)-(1.3) are satisfied in a bounded domain Q C R4, d > 2, with its boundary denoted by 0Q. For the
sake of simplifying the notation, we shall consider the problem (1.1)-(1.3) written without the bars over the averaged
quantities,

(1.12) divu=0 inQ,
(1.13) (u-VyYu=g—f(u)—Vp+div((v +vr(k))D(u)) inQ,
(1.14) u - Vi = div (vp(k)Vk) + vr(k)D@)* + P(u, k) — e(k) in Q.

Note that now in the mean flow equation (1.13), we have highlighted the negative sign of the feedback forces field,
by writing F(u) = —f(u), to account for the real situation of applications we are interested in: Coriolis force (1.9),
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Darcy’s drag (1.4) and Darcy-Forchheimer’s drag (1.5) or (1.6). We supplement the equations (1.12)-(1.14) with
Dirichlet homogeneous boundary conditions,

(1.15) u=0 and k=0 ondQ.
For the sake of a mathematical generalization, we assume that
f:OxR!—>RY g v, vp: OQxR—R, P:OxR‘xR— R.

Observe that we are considering the possibility that all the functions f, P, &, vy and vp may also depend on the space
variable.

The analysis of the problem (1.12)-(1.15) is, to our best knowledge, new in the mathematical literature of the k—epsilon
turbulent model, though some insights were given in our conference paper [32]. As for the same problem, but in the
absence of feedback forces fields, it is being investigated during the last 20 years, although important questions, as
the 3-d transient problem, or the case of real turbulent viscosity and turbulent diffusion functions, remain open. For
questions of existence, uniqueness and regularity of the solutions, related to the problem with no feedback forces, we
address the reader to the works [8, 24] (see also [13], [17] and [12, 14, 18, 22, 30]). With respect to the mathematical
derivation of the k—epsilon turbulent model, we address the reader to the monographs [9, 26] in the general case,
and to [23] for turbulent flows through porous media. The consideration of feedback forces fields have already been
studied in [4, 5, 6] to control the stopping distance of laminar fluid flows.

The notation used throughout this article, and the main notions of the considered function spaces, are largely standard
in the literature of Partial Differential Equations and in Mathematical Fluid Mechanics as well. We address the reader
to the monographs [15, 16, 25, 36] for any question related to that matter.

The introduction to our work is made in the current Section 1, and the rest of the article is organized as follows. In
Section 2, we introduce the notion of solutions to the problem (1.12)-(1.15) we are interested in and there we will state
the main conditions that both the feedback functions f(u), £(k), P(u, k) and the turbulent functions vy (k), vp(k) must
fulfil. The existence of the velocity field u and of the turbulent kinetic energy k, will be addressed in Section 3, and its
proof will be carried out from that section until Section 5. Under extra higher integrability conditions on the gradient
solutions Vu and Vk, it will be established the uniqueness of u and & at Section 6 . The existence of a unique pressure
p is proved in Section 7.

2. WEAK FORMULATION

In order to define the notion of a weak solution to the problem (1.12)-(1.15), let us introduce the following function
spaces largely used in the mathematical analysis of fluid problems,

V:={ve CyQ) :divv =0},
H := closure of V in L*(Q),
V := closure of V in H(Q).
By V’ we shall denote the dual of the space V. Let us also define the scalar function space
V := closure of C3’(€) in H'(Q).

In the mathematical treatment of the turbulence problem (1.12)-(1.15), there is a set of usual assumptions that although
do not follow from the real situation they are physically admissible,

2.1 f:OxR!>R? isa Carathéodory function,
2.2) g vy, vp : QXR — R are Carathéodory functions,
2.3) P:OxRIxR—-R isa Carathéodory function.

Observe again that, in view of these assumptions, all these functions may also depend on the space variable. In
particular, the assumption (2.2) fits with turbulent dissipation, turbulent viscosity and turbulent diffusion functions
involved in realistic models when giving, for instance, by the following formulae

k vk

2.4) e(x, k) = E vr(X,k) = C11(x) \/% vp(X, k) = p. + Col(x) \/% [#0, k>0,
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where y, is an effective (dynamic) viscosity, Ci, C, are dimensionless constants and / : Q — R is the mixing
length function which is usually assumed to satisfy I(x) > [y for a.e. x € Q and for some positive constant /y (see
e.g. 9, 23,26, 30]).

There is another set of assumptions that impose some restrictions on the physics of the problem, but are mathematically
needed. We assume the boundedness of both turbulent viscosity and turbulent diffusion,
(2.5 vr(x, k)| < Cr, |vp(X,k)|<Cp ae.inQ,

for some positive constants C7 and Cp. The question of whether we can remove the upper bounds of the turbulent
viscosity and of the turbulent diffusion is an open problem, at least in the function spaces setting we are going to use, for
the problem with convection and in the case of non periodic boundary conditions. See, for instance [12, 14, 18, 22, 30],
for the turbulent k—epsilon model in the absence of feedback forces fields. Below we give a notion of weak solution
to the problem (1.12)-(1.15) as comprehensive as possible.

Definition 2.1. Let the conditions (2.1)-(2.5) be fulfilled and assume that g € V'. We say a pair (u,k) is a weak
solution to the problem (1.12)-(1.15), if:

(1) uweVand foreveryve VN L4(Q) there hold f(x,u) - v € LY(Q) and
2.6) /(u-V)u-vdx+/(v+vT(x,k))D(u):Vvdx+/f(x,u)-vdx=/g-vdx;
Q Q Q Q

(2) ke W(l)’q(Q), with 2% < q < d’, and for every ¢ € W(l)’q/ (Q) there hold e(x, k) ¢, P(x,u, k)¢ € LY(Q) and

2.7 /(u -Vk)pdx + / vp(X, k)Vk - Vo dx + / e(x, k) pdx = / vr(x, D) dx + / P(x,u,k) ¢ dx;
Q Q Q Q Q
(3) k> 0ande(x,k) > 0a.e. in Q.

Remark 2.1. To simplify the exposition, we assume, in the rest of the work, that the general space dimension d satisfies

to
2<d<4.

In this case, the Sobolev imbedding H(l](Q) — L4(Q) holds and therefore it is only needed to require the test functions
of (2.6) are in the function space V.

In this work, we consider the case when we impose restrictions on the growths of the feedback force f(x, u), of the
turbulent dissipation function &(x, k) and of the production term P(X, u, k).

We assume the existence of nonnegative constants Cy and C, such that

d+?2
(2.8) fx,w)] < Crul* for 0<a< ) ifd#2, orforanya>0ifd =2,
2.9) le(x, k)| < C kP for 0<6< ) ifd#2, orforanyf>0ifd =2,

for a.a. x € Q. Observe that the situations of considering a Coriolis force or a Darcy or Darcy-Forchheimer drag’s
force correspond to the case of assumption (2.8) with @ = 1 or @ = 2. In contrast, the limit cases @ = 0 or Cy = 0,
correspond to the situation of considering a one-equation turbulent model not affected by external feedback forces.
On the other hand, assumption (2.9) covers the Launder-Spalding expression for the turbulent dissipation when 6 = %
The case of § = 0 and C, > 0 in (2.9), correspond to the position when the rate of dissipation of the TKE is constant,
whereas the case C, = 0 accounts for a theoretical situation with no turbulent dissipation at all.

On the production term P(X, u, k), we shall assume the possibilities arising in the applications aforementioned. We
thus consider the cases of

(2.10) P(x,u,k) = n(x,u) or Px,uk)=wx 0k,

where, accordingly to (2.3),

2.11) 7 w:QxRY >R are Carathéodory functions.

But then, in order to be physically realistic with the turbulent models [28, 34], we need to assume that

(2.12) ax,u) >0 and w(x,u)>0 forallueRandforaaxeQ.
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If P(x,u, k) = n(x,u), we assume the existence of a nonnegative constant C, such that

d+?2
d-2
for a.a. x € Q. The influence of the Darcy-Forchheimer drag’s force (1.5) in the turbulent model [28] of porous media
flows, is accounted by assumption (2.13) when we take there S = 3 and C, = Cyk, being Cyg given at (1.7). Note that
the case of P(x,u, k) = 0 corresponds to take C, = 0 in (2.13) and it is a situation when there is no production term in
the transport equation for the TKE, and that accounts, for instance, for the influence of the Coriolis force in a turbulent
k—epsilon model.

(2.13) I7(x,u)| < C;luff for 0<p< ifd#2, orfor anyB>0ifd =2,

If P(x,u, k) = @w(x,u)k, we assume the existence of a positive constant C, such that

(2.14) lw(x,u)| < Cxuff for 0<B<

7 2ifd;t2, orforany 8> 0ifd =2,

for a.a. x € Q. This assumption covers the case of the influence of the Darcy-Forchheimer drag’s force (1.5) in
the turbulent model [34] of porous media flows when we take § = 1 and C,, = Cp, where Cpy, is given at (1.8).
The limit case of 8 = 0 in the assumption (2.14), matches with the occurrence of a production term P(x,u, k) that
depends only on k and might be characteristic of turbulent porous media flows under the influence of Darcy drag’s
force alone. Observe that, under the assumption that (2.8)-(2.9), (2.10) and (2.13), or (2.14), hold, the conditions of
the Definition 2.1 that f(x, u) - v € L'(Q) and &(x, k) @, P(x,u,k) o € L1(Q), are easily satisfied.

Remark 2.2. Growth conditions (2.8), (2.9) and (2.13) or (2.14) can be substituted by these more general growth
conditions, respectively:

d
fx, Wl < Cy(1+fu)* for 0<as<?t

2
> ifd+2, orforanya>0ifd=2,

le(x, k)| < Co(1 + |k])? for 0<6< ifd+2, orforany8>0ifd=2;

d-2

d+2
dJ_rZ ifd+2, orforanyB>0ifd=2:

4
lwx,u)| < Co(1+ )’ for 0<B< 2ifd;t2, orforany 3> 0ifd =2;

Ir(x,w)| < C,(1 + |’ for 0<p<

d
fora.a. x € Q.

Additionally to the aforementioned growth conditions, we assume the following sign conditions,

(2.15) f(x,u)-u>0 forallueR?and foraa.xeQ,

(2.16) e(x,k)k >0 forallke Randforaa. xeQ.

Condition (2.15) is satisfied by any feedback forces field that we have considered above: Coriolis (1.9), Darcy (1.4)
and Darcy-Forchheimer (1.5) or (1.6). With respect to (2.16), this condition is always verified due to the definition of
k and &(x, k) in the turbulent k—epsilon model. In fact, by its definition in the physical situation, k > 0, and the best
known expression for the turbulent dissipation (in one-equation turbulent models) is given by Prandtl’s formula (2.4);.

Motivated by this expression, we consider, in this work, that our general turbulent dissipation function can be written
in such a way that

2.17) e(x,k) = ke(x,k) where e:Q xR — Ry is a Carathéodory function.
Gathering the information of (2.16) and (2.17) it follows immediately that
(2.18) e(x,k) >0 forallkeRandfora.a.xe Q.

vk

Note that in the particular case of the Prandtl formula (2.4);, the function e(x, k) = ey satisfies to (2.18) whenever
k>0and! >y a.e. in Q and for some positive constant /.

There is another set of assumptions, already touched on at (2.5), that are mathematically needed,

(2.19) 0<vr(x,k) <Cr forallke Randforaa.xeQ, CreR",
(2.20) O0<cp<vp(x,k)<Cp forallke Randforaa.xe€Q, cp CpeR".
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To avoid the trivial solution k = 0, we shall assume in the sequel, and in addition to (2.19), that
(2.21) vr(x,k) #0 whenk =0.

Due to the presence of the production term P(X,u, k) (with a positive sign) on the right-hand side of the equation
(1.14), we have to impose a suitable restriction related with the best constant of the Sobolev inequality. We start by
recalling that the principal (positive) eigenvalue, say Ap(d), for the Laplacian problem

Ap =-1¢ inQ
{(/):O on 0Q

can be characterized, by the Rayleigh quotient, in such a way that

1 IVIIE
= inf{ —1@
/lP(d) ||¢”L2(Q)

It is well known that Ap(d) is attained and 0 < Ap(d) < oo (see e.g. [15]). Moreover, Ap(d) is the best possible constant
in the Poincaré’s inequality,

(2.23) 812y < DIV, ¥ ¢ € Hy().

In order to simplify the exposition in the sequel, we rename the positive constant Ap(d) in (2.23) as Ap(d)?. The
extension of (2.23) to a general L" norm was studied by many authors. In particular, it was proved in [1, 35] that, for

1Sr<d,d22andr*=£,

(2.22)

: ¢ € HY(Q), ¢¢0}.

(2.24)

1 ) { VAl
=inf{ ————
A(r, d) Pl (o)
is achieved and O < A(r, d) < oo. The critical case of d = rin (2.24) follows from the following Moser’s inequality [27],
an improvement of earlier results due to Pohozhaev and to Trudinger,

, <Cfd P
w [ oo [ SELQ@  iasn
liglly 1, <1/ €Q =00 if @ > ay,

Wo @™

tpeW(Q), ¢ # 0}

1
where a; = dw g‘i’:‘] , where w,_; denotes here the volume of the unit ball in R%~!, and C is a positive constant depending
only on d. In particular, ford = r = 2,

(2.25) 1 . f{||V¢||L2(Q)

—— =in
A2,2) Pl
is attained and 0 < A(2,2) < co. As a consequence of (2.24)-(2.25), the sharpest Sobolev constant’s inequality A(2, d)
is attained in such a way that 0 < A(2,d) < oo and

(2.26) 1Pl ) < A2, DIVRll2p Y€ H(l)(Q), Vd>2.

1 p e HY(Q), ¢ # 0}

In the sequel we shall denote with a capital A the best constants of the vectorial versions of the Sobolev inequalities
described by (2.23)-(2.26). Observe that in the vectorial versions, the best constants of the Sobolev inequalities are not
necessarily the same as in the scalar forms. But it can be easily shown that, for instance, for the scalar and vectorial
versions of (2.26), the best constants of these Sobolev inequalities satisfy to A(2,d) < d %+zﬂ(z, d).

3. EXISTENCE

In this section, we state the existence result and we start here with the approach to prove it. For the sake of simplifying
the writing, from now on, we shall no longer write the dependence of the Carathéodory functions (2.1)-(2.3), (2.11)
and (2.17) on the space variable x. We will split the existence result into two main different cases, P(u, k) = m(u)
and P(u,k) = w(u)k, arisen in the applications of the turbulent models [28, 34] in porous media flows we have
mentioned in Section 1. It should be remarked that the conditions under which we prove the existence for the case
P(u, k) = w(u)k are more restrictive. In particular for this case, we will require a smallness condition on the problem
data in comparison with the kinematic viscosity and with the constant of uniform ellipticity (the lower bound of the
turbulent diffusion function). The purpose of the following theorem is twofold in the sense that encompasses the two
distinct models [28, 34] for turbulent flows through porous media we consider in this work.
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Theorem 3.1. Let Q be a bounded domain of R%, 2 < d < 4, with a Lipschitz-continuous boundary 0. Assume all
the conditions (2.1)-(2.3), (2.8)-(2.9), (2.10)-(2.12), (2.15)-(2.16), (2.17) and (2.19)-(2.21) hold. In addition, assume

(3.1) g e L (Q),

and that one of the following conditions is satisfied:

(1) P(u, k) =n(u) a.e. in Qand (2.13) holds;
(2) P(u, k) = w(wk a.e. in Q, (2.14) holds, and

0 B
(3.2) cp > C(@)

for the positive constant C defined at (4.11), and where v is the positive constant that accounts for the kine-
matic viscosity.

Then, there exists, at least, a weak solution to the problem (1.12)-(1.15).

Remark 3.1. Observe that the possibility of P(u, k) = 0 a.e. in Q, corresponding to the influence of the Coriolis force
(1.9) in the turbulent equations (see (1.11)), is covered by condition (1), in particular when we take C, = 0 in (2.13).
On the other hand, the case of P(u, k) = k a.e. in Q, characteristic of turbulent flows through porous media under the
solely influence of Darcy’s drag force (1.4), is contained in condition (2) when we take C, = 1 and B = 0 in (2.14).

Proof. The proof of Theorem 3.1 is going to be split in the rest of this section and through Sections 4 and 5. To start
with the proof, we first observe that, since the third term of (1.14) is only in L', we will use a regularization technique
(see e.g. [29]) to deal with this term. Therefore, we start by considering, for each n € IN, the following regularized
problem

3.3) divu=0 in Q,

(3.4) (u-Vyu=g-fu) - Vp +div((v +vr(k)D@) inQ,

(3.5) u- Vk = div (vp(k)VK) + vr(k) Ry(ID)P) + P(w, k) - (k) in Q,
3.6) u=0 and k=0 ondQ,

where R, (a) denotes the following regularization of the nonnegative term a

a
3.7 Ru(a) = — .
1+ Za
Observe that this regularizing term satisfies to
3.8) R,(a) < min{a, n} .

Under the assumptions of Definition 2.1, we say a pair (u, k) is a weak solution to the regularized problem (3.3)-(3.6)
if, for each n € IN, (1) and (3) of Definition 2.1 hold, and

2) ke Hé(Q) and for every ¢ € H(l)(Q) N L4(Q) there holds
3.9 /(u -Vk)pdx + / vp(k)Vk - Vo dx + / e(k) pdx = / vT(k)Rn(|D(u)|2)cpdx + / P(u, k) ¢ dx.
Q Q Q Q Q

When d < 4, it is also only needed to require the test functions ¢ are in the function space H(')(Q), as it was observed
in Remark 2.1. The existence of a weak solution to the problem (3.3)-(3.6) is established in the following proposition.

Proposition 3.1. Let the conditions of Theorem 3.1 be fulfilled. Then (for each n € IN) there exists, at least, a weak
solution to the problem (3.3)-(3.6).

Proof. The proof of Proposition 3.1 is organized in several steps in the next section.
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4. Proor or ProrosiTiON 3.1

4.1. Existence of approximate solutions. Let {(v;,v;)}2, be a set of non-trivial solutions (v;,v;), associated to the
eigenvalues A; > 0 and 4; > 0,7 = 1,2, ..., of the following spectral problems,

Z/D”vi-D”wdsz,-/v,--wdx Ywev,
Q

lal=s Q

v,eV,

Z / Dy;Dwdx = /l,-/ viwdx YweV,
ee Q

V; € Vv,

where V and V are the function spaces introduced at the beginning of Section 2. The family {v;};>, is orthogonal
in V and can be chosen as being orthonormal in H (see e.g. [25]), whereas the family {v;}?, is orthogonal in V and
can be chosen as being orthonormal in L?(Q) (see e.g. [11]). Given j € IN, let us consider the correspondingly j-
dimensional spaces VJ and VJ spanned by vy, vs,...,v; and by vy, v, ..., v}, respectively. For each j € IN, we search

for an approximate solution (u;, k;) of (2.6) and of (3.9) in the form

J
(41) u; = Z CijVi, Cij € ]R, V; € Vj,

J
(42) kj = Zdijui, dij eR, v;e€ Vj .

These functions are found by solving the following system of 2 j nonlinear algebraic equations, with respect to the 2
unknowns ¢y, ¢zj, ..., ¢jjand dyj, daj, ..., d;; obtained from (2.6) and from (3.9), respectively:

/((uj-V)uj)-vidx+/(v+vr(kj))D(uj) : Vvidx+/f(uj)-vidx

(4.3) Q Q Q

=/g-vidx fori=1, ..., j;
Q

/(llj . ij)l),’ dx + / VD(kj)ij -Vu;dx + / E(kj)l/[ dx

(4.4) 2 e e

:/ VT(kj)R,1<|D(Uj)|2) Ui dax + / P(llj, kj) Ui dX, = 1, e ,j,
Q Q

Due to the assumptions (2.15)-(2.16), (2.19)-(2.20) and (3.1), we can use a variant of Brower’s theorem (see e.g. [36,
Lemma II.1.4]) to prove the existence of, at least, a solution to the system formed by (4.1)-(4.2) and (4.3)-(4.4). To do
it so, we consider a function 2, from V’ x V/ into itself defined in such a way that

P(v,v) - (V,v) :=

/((V-V)V)-vdx+/(v+vT(v))D(v):Vvdx+/f(v)~vdx—/g-vdx+
(45) Q Q Q Q

/ (v-Vo)dx + / Vo)Vl dx + / s)vdx — / vr@) Ry(IDW)P) v dx - / P(v,v)vdx
Q Q Q Q Q

I=Il+-~-—14+-~-—13—19

for all (v,v) € V/ x V/ and where the scalar product is induced by V x V. Evidently, ? so defined is continuous. We
first observe that, since v € V/ implies divv = 0, I; = 0 and /5 = 0. By one hand, due to the assumption (2.19) and
to the symmetry of D(v), and still using Korn’s inequality in the term /5, and on the other hand using (2.20) in I, we
have

L2vCHVVIE. g and s 2 cpl Vol

where Ck is the Korn inequality’s constant. As a consequence of (2.15)-(2.16), Is > 0 and /; > 0. On the other hand,
by using Holder’s inequality together with a vectorial version of Poincaré’s inequality (2.23),

Iy = / g vdx < Ap(d)lgll2 oIV ¥l (o)-
Q
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Then, we can see that assumption (2.19), together with (3.7)-(3.8), Holder’s inequality and Sobolev’s inequality (2.26),
imply

(4.6) Iy = / vr(W) R(IDWP) vdx < Cr nlllig) < Cr n vV LAQAR, d)IVullizq) -
Q
Finally it remains to estimate properly the term /.

4.1.1. If P(u, k) = n(u) a.e. in Q, we use the assumption (2.13) together with Holder’s inequality, both scalar and
vectorial versions of Sobolev’s inequality (2.26), and still Cauchy’s inequality, which yield

4.7 Iy = /QH(V)vdX < CHIIVIIsz*(Q)IIUIILz*@) < Cr A2, A2, d)ﬁ”VV”iz(Q)”VU”LZ(Q)-

Then, gathering the information of the estimates of I, ..., Iy, it follows from (4.5) that
P,v) - (V,v) >
4.8) IV¥lIz) (v CRIV VI ) — Ar(@liglha) +
IVl (cnllVollia = Crn VLARAR, d) - Cr AQ, DA, dPIVVIE, ).

Therefore, P(v,v) - (v,v) > 0 for ||v|]ly = p and ||[v|ly = ¢, and p and ¢ sufficiently large: more precisely for p >
AD)lglla and ¢ > L (Crn LUQA2, d) + C2 A2, DAQR, dF ).
K

v

4.1.2. If P(u, k) = w(u)k a.e. in Q, then we have

(4.9) Io = / TV dx < ColVIE . WP ) < Cor A2, d)* AR, dP|IVVIE,
Q

2
L@ @) IVl

Q) @

by the application of (2.14) together with Holder’s inequality and both scalar and vectorial versions of Sobolev’s
inequality (2.26). In this case, the counter part of (4.8) is

PV, v) - (V,v) >
(4.10) V¥l (v CRIV YL@y — Ap(@liglie) +
IVVllz@ [(ep = Co A2, P A, dPIIVVIE ) IV0llL2) = Crn VLADAR, ).

It follows that P(v,v) - (v,v) > O for ||v|ly = p and ||v|ly = ¢, and p and ¢ chosen in such a way that

Ap(d) CT n V_Ld(Q)/l(Z, d) K2
7 =K d > = d > 0.
vz I8l =R o> e A P T K M S

So, p must be chosen in such a way that
p>K; and cD—K3pﬁ>O(:)K1 <p<(cDK3)ll?,
which is possible as long as (CDK3)1% -Ki>0ec¢p> KfK3, i.e. as long as (3.2) is verified with
4.11) C = Cp A2,d)* A2, dP CPAp(dY .
For our purposes, it is enough to consider

B
1 . cp — KT K5
p:(Kf+p0)ﬂ, with 0 < pg < T;

The hypotheses of [36, Lemma II.1.4] are thus verified and therefore there exists a solution (c;,d;), with ¢; :=
(Clja C2js vy ij) and dj = (d]j, de, veay djj) to the system (41)-(44)
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4.2. A priori estimates. Multiplying (4.3) by ¢;;, adding up the resulting equation between i = 1 and i = j, and
observing that the convective integral term vanishes due to the fact that divu; = 0, we obtain

/(v+vT(kj))D(uj):Vujdx+/f(uj)-ujdx=/g-ujdx.
Q Q Q

Using the symmetry of D(u;) together with the sign condition (2.15) and assumption (2.19), we get

v/|D(uJ-)|2de/g-ujdx.
Q Q

Then, using a suitable Cauchy’s inequality in conjunction with Korn’s and Sobolev’s inequalities, we establish that
(4.12) VUil < C C=Cd. Qliglh@):

where the positive constant C is independent of j. Due to (4.12) and (3.1), and by means of reflexivity, there exists a
subsequence (still denoted by) u; and u in H(')(Q) such that

(4.13) u; > u  weakly in Hy(Q), as j— oo.

By the Sobolev compact imbedding H}(Q) <>« LY(Q), with s € [1, d2d2) ify#2orye([l,c)ify=2,

(4.14) u; —» u strongly in L”(Q), as j— oo.

Then, due to (4.14) and by Riesz-Fischer theorem, we have, up to a subsequence, that

4.15) u;—>u ae inQ, asj— oo

In particular, a refinement of the estimate (4.12) allows us to write

Ap(d)
C2

where Ap(d) is the principal (positive) eigenvalue of the vectorial version of the Laplacian problem (2.22)-(2.23).

Then, observing the weak convergence (4.13), we obtain, by passing to the limit inf in (4.16), that

(4.16) IVullr2 ) < llgll2 @)

Ap
(4.17) (IVully2q) <

e ||g||L2(Q)

We will use this estimate later on, for the analysis of the equation for k, when the production term represented by the
function P depend on both u and k.

Then we multiply (4.4) by d;;, we add up the resulting equation between i = 1 and i = j and we use the fact that
u; € V/ implies divu; = 0 and whence the first integral term vanishes. Next we use the sign condition (2.16) and we
obtain,

/ vp(k)IVk;I? dx < / vr(k)) Ra(ID())) kj dx + / P(u;, kj)k; dx.
Q Q Q

4.2.1. If P(u, k) = n(u) a.e. in Q, we use the same reasoning we have considered for (4.6) and for (4.7), together with
a suitable Cauchy’s inequality and we still make use of (4.12), which altogether yield

(4.18) IVl < G C = C(Crycp, Cron. Q,d, v, B, gz,

for a positive constant C not depending on j.

4.22. If P(u, k) = w(n)k a.e. in Q, we argue as we did for (4.18), but using, in this case, (4.9), to obtain

Ap(d) 2
VCK ] ”g”Lo(Q)“VkJHLZ(Q)

el Vil 2 ) < Cr n N LUDAR, d)IVkjliz0) + Cor A2, dY AR, dY (
This yields
Ar(d) :
(4.19) IVl < Crny LUADAR, d) | cp = Co A2, d AR, dY [ V‘” ) I uﬁm)] ,

and, by using assumption (3.2), with C defined at (4.11), we can readily see that the right-hand side of (4.19) is a
positive constant independent of j.
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By means of reflexivity and due to the Sobolev compact imbedding H(l)(Q) —— LY(Q), withy € [l, %) ify#2or
vy € [1,00) if y = 2, we have, in view of (4.18), or of (4.19), and up to a subsequence, that

4.20) ki — k weakly in H(l)(Q), as j — oo,

“4.21) kj — k strongly in L7(Q2), as j— oo.

Due to (4.21), we have by Riesz-Fischer theorem, and up to a subsequence, that

(4.22) ki—k ae inQ, asj— oo

4.3. Passing to the limit j — co. We start by passing to the limit j — co the integral equality (4.3). The convergence
of the last term of (4.3) follows from (4.13) and assumption (3.1). In what follows, we just consider the case d > 3
(the case d = 2 is simpler).

Now let us fix our attention on the convergence of the third term of (4.3). Since f is continuous on u (see (2.1)), we
have by virtue of (4.15) that

4.23) f(u)) > f(u) ae. inQ, as;j— oo
On the other hand, using (2.8) and Sobolev’s inequality together with (4.12), it can be proved that
(424) IFI, 24 o < C.

for some positive constant C independent of j. Owing to (4.23) and (4.24), we obtain
(4.25) f(u;) — f(u) weakly in L%(Q), as j — oo,

By the Sobolev imbedding, v; € HA(®) <> L7 (Q) and since (24) " +(24)"' = 1, from (4.25), we have

(4.26) / fu) -v; —» / f(w)-v;,, asj—o oo, foralli>1.
Q Q

For the first term of (4.3), we start by observing that, due to (1.12) and (1.15), we can write
/((uj “Vu;) - vidx = —/ u;®u;: Vvdx.
Q Q

From (4.12), this used together with the Sobolev imbedding H(l)(Q) — L%(Q), and (4.15), we have
4.27) [[u; ®uf“Lﬁ(Q) <C and u;®u;—>u®u ae.inf), asj— oo,

where C is a positive constant not depending on j. Consequently, (4.27) yields

(4.28) u;®u; - u®u weakly in L#2(Q), as j — co.

y . -1
Then, since Vv; € L%(Q) c LEI(Q) for d < 4 (and bounded ), we have, by virtue of (4.28) and once that (([%2) +
da\7!
() =t

4.29) /uj®uj:Vv,~dx—>/u®u:Vv,~dx, as j —» oo, foralli>1.
Q Q

Let us now show the convergence of the second term of (4.3). We first observe that (2.2), (2.19) and (4.22) imply
v +vr(k;))Vv; > (v +vr(k))Vv; ae.inQ, asj— oo,
|+ vr(k)VV| < (v + Cp)IVVi.

Then, since Vy; € LZ(Q), we have, by Lebesgue’s dominated convergence theorem,

(4.30) (v +vrk;)VV; = (v + vr(k))Vv; strongly in L*(Q), as j — co.

Then, from (4.13) and (4.30), we can prove that

4.31) /(v+ vr(k;)D(u;) : Vv;dx — /(v+ vr(k))D(u) : Vv;dx, asj— oo, foralli> 1.
Q Q
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The convergences (4.26), (4.29) and (4.31) imply that we can pass to the limit j — oo in the approximate system (4.3)
and thus we obtain

/((u -Vu) - v;dx + /(v + vr(k))D(u) : Vv, dx + / f(u) - v; dx
Q Q Q

Z/g'VidX
Q

for all i > 1. Using the linearity of (4.32) in v; and the density of the finite linear combinations of the system {v;}:°, in
V, we deduce that (4.32) holds true in the whole space V, that is

(4.32)

/((u-V)u)-de+/(v+vT(k))D(u) : Vvdx+/f(u)-vdx
o) o) Q

:/g-vdx
Q

for all v € V. This allows us to take v = u as a test function in (4.33), which yields

4.34) /(v+vT(k))|D(u)|2dx+/f(u)-udx:/g~udx.
Q Q Q

Taking v; = u; in (4.3), we also have the equality

(4.33)

(4.35) /(v+vr(kj))|D(uj)|2dX+/f(uj)-ujdxz/g-ujdx.
Q Q Q

In (4.34)-(4.35), we have used the facts that u and u; are solenoidal and D(u) and D(u;) are symmetric. Then, using
(4.34) and (4.35) together with (4.14), (4.21) and (4.26), we have

(4.36) lim /(V+VT(kj))|D(llj)|2dX = / g~udx—/f(u)~udx= /(v+vT(k))|D(u)|2dx.
o Ja Q Q Q

On the other hand, arguing as we did for (4.31), we can prove that

(4.37) v +vr(k;)?D;) » (v +vr(k)?D(u) weakly in L3(Q), as j — oo.
Combining (4.36) and (4.37), it yields
(4.38) v+ vT(kj))%D(uj) - v+ vT(k))%D(u) strongly in L2(Q), as Jj — oo.

Now, we observe that, in view of (2.19), we have

/ ID(u;) - D(u)* dx <
Q

1
" [ / v + vr(k))ID(;))I* dx — 2 / (v + vr(k;)D(u;) : D(u) dx + / v + vr(k)DW)* dx | .
Q Q Q

Then, using (4.38) in the first term, (4.37) in the second and reasoning, in the third term, as we did at (4.30), we can
prove that
(4.39) D(u;) — D(u) strongly in L*(Q), asj— oo.
Finally, by Riesz-Fisher’s theorem, we have, up to a subsequence,
(4.40) D(u;) > D(u) ae. inQ, asj— oo.
We will now pass to the limit j — oo the integral equality (4.4). Here again and in what follows, we just consider the

case d > 3 (the case d = 2 is simpler). To pass the first term of this equality to the limit, we can argue as we did for
the convective term of the Navier-Stokes equations (see (4.29)). This yields

“4.41) /(uj - Vkjvidx — /(u -Vk)v;dx, asj— co, foralli>1.
Q Q

We now study the convergence of the second term in (4.4). Arguing as we did for (4.30), but using here (2.20) instead
of (2.19), we also have

(4.42) vp(kj)Vv; = vp(k)Vv; strongly in L2(Q).
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Then, from (4.20) and (4.42), we also can prove that

4.43) / vp(kj)Vk; - Vvu;dx — / vp(k)Vk - Vu;dx, asj— oo, foralli> 1.
Q Q

Next, we justify the convergence of the third term. Due to assumption (2.2) and to (4.22), we have

(4.44) glkj) — e(k) ae. inQ, asj— oo

On the other, using assumption (2.9) together with Sobolev’s inequality and (4.18), or (4.19), it can be proved that
(445) el 34 < C.

for some positive constant C not depending on j. Owing to (4.44) and (4.45), we have

(4.46) s(k;) — e(k) weakly in L#3(Q), as j — co.

Then, si H(Q) < L#5(Q) and once that (24)™ + (24)"' = 1, we have, in view of (4.46), th
en, since v; € Hy(Q2) — L#2(Q) an oncetat(m) +(ﬂ) = 1, we have, in view of (4.46), that

“4.47) / elkjv;dx — / e(k)v;dx, asj— oo, foralli>1.
o) o)

For the fourth term, we just consider the continuity of vy (see (2.2)) and the definition of the regularization R,
(see (3.7)) together with (4.22) and (4.40) to obtain that

(4.48) / vr(ky) Ru(ID(u))) v; dx — / vr(k) R(ID)P)v; dx, as j— oo, forallix 1.
Q Q

If P(u,k) = m(u) a.e. in Q or P(u, k) = w(w)k a.e. in Q, it remains to pass to the limit j — oo the correspondingly
integral terms.

Assumption (2.11) together with (4.15) and (4.22) imply that
(4.49) m(u;) —» n(w) ae.inQ, asj-— oo,
(4.50) w(ujk; - w(wk ae inQ, asj— oo.

By using assumption (2.13), or (2.14), Holder’s inequality (just in the second case) and Sobolev’s inequality together
with (4.12) and (4.18), or (4.19), it can be proved, for d > 3 (for d = 2 is easier), that

@51) Il 74 g, < Collll o, <€y,
(4.52) 1@kl 74 g, < Collwlf 2y 15l g4, < Co
for some positive constants C; and C, not depending on j. Now, (4.49) and (4.51), or (4.50) and (4.52), yield
(4.53) n(u;) — n(u) weakly in L#3(Q), as j — oo,
(4.54) @(u)k; —» wwk weakly in L#2(Q), as j — oo.
Then, since again v; € H)(Q) — L#(Q), (4.53) and (4.54) yield
(4.55) /ﬂ(uj)v,- dx — / n(wv;dx, asj— oo, foralli>1,
Q Q
(4.56) /w(uj)kjv; dx — / w(wkv;dx, asj— oo, foralli>1.
Q Q

The convergences (4.41), (4.43), (4.47), (4.48) and (4.55), or (4.56), assure that we can pass to the limit j — oo in the
approximate system (4.4) to obtain

/(u~Vk)v,-dx+/vD(k)Vk~Vvidx+/a(k)v,-dx
(4.57) @ Q Q

= / vT(k)Rn(|D(u)|2>v,~dx+ / P(u, k) v; dx
Q Q

foralli> 1.
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We have thus proved that, for each n € IN, there exists a weak solution (u,, k,,) € V X H(l)(Q) to the problem (3.3)-(3.6)
and such that

/(un -Vu, - vdx + /(v +vr(k,))D(u,) : Vvdx + / f(u,) - vdx
Q Q Q

(4.58)
=/ g-vdx
Q
and
/(u,,~an)vdx+/vD(kn)Vk,l-Vvdx+/s(k,l)vdx
(4.59) o e @

= [ rt)Ro(DG@E)vax+ [ Pk va
Q Q
hold for all (v,v) € V/ x V/ and all j > 1. By linearity and density these relations hold for all (v,v) € V x V, and by
continuity they hold for all (v,v) € VXH(I)(Q) due to the ranges of @, 6 and (3 set forth at (2.8), (2.9) and at (2.13)-(2.14).

4.4. Toshow thatk > O a.e. in Q. Letus decompose k, as k, = k) —k;;, where k} := max{0, k,} and k;, := —min{0, k,,}.
Since k, € H(l](Q) implies that k,, € H(‘)(Q), we can take v = —k; in (4.59), where we consider (2.17) for the expression
of the turbulent dissipation function, to get

- / (u, - Vk,)k, dx — / vi(k)Vk, - Vk;, dx — / e(kp)k,k;, dx
Q Q Q
=- / vr(kn) Ru(ID(u,)P) Ky dx / P(u,. ky)k, dx.
Q Q

Observing the properties of k! and & (see e.g. [9, p. 239]) and that R,1<|D(un)|2) > 0 (see (3.7)), we can use the fact
that u,, € V implies div u,, = 0 together with (2.18) and with the assumptions (2.19)-(2.20), to prove that

(4.60) o / VK, |2 dx < — / P(u,, ky)k; dx.
Q Q

4.4.1. If P(u,, k,) = n(u,) a.e. in Q, the right-hand side of (4.60) is bounded by zero since, by the assumption (2.12),
n(u,) = 0. Then, by the Sobolev imbedding and due to the positiveness of cp (see (2.20)), we have ||k‘||iz(Q) <

liminf,_, ||k;||i2(ﬂ) < 0. This proves that kK~ = 0 a.e. in Q and, consequently, k > 0 a.e. in Q.

4.42. If P(u,,k,) = w(u,)k, a.e. in Q, we decompose k, appearing here as k, = k — k,, and using the fact that
kik, = 0 together with (2.14), Holder’s inequality and both scalar and vectorial versions of Sobolev’s inequality
(2.26), we obtain from (4.60)

ep / Vi, P dX < Cor A2, dPAQ, AP IV, o IIVK; I g
Q

B
(cD—c(%) )/ VP dx < 0,
Q

where C is the constant defined at (4.11). Arguing as in the previous case, we have ||k7||

Then, using (4.17), we obtain

2

Lz(.Q) S hm infn—)oo ”k;”

2
L2(Q) s
0, as long as the assumption (3.2) holds, and we also end up with ||k‘||12‘2 @ S 0.

Finally, e(k) > 0 a.e. in Q is a direct consequence of applying the assumption (2.16) together with the above conclu-
sion. The proof of Proposition 3.1 is now concluded. O

In the next section we follow with the proof of Theorem 3.1
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5. END OF THE PROOF OF THEOREM 3.1

From Proposition 3.1, we know that, for each n € IN, there exists a weak solution (u,, k,) € V X H(l](Q) to the problem
(3.3)-(3.6) and such that (4.58)-(4.59) hold. The end of the proof of Theorem 3.1 will be split into two parts for the
sake of comprehension.

5.1. A priori estimates. We start by obtaining an estimate for u,. Since the sought solutions and the test functions
are in the same function space, we can take v = u, in (4.58) and we obtain, after we use the symmetry of D(u,) and
the fact that u,, € V implies that divu,, = 0,

6.1 /(v +vr(k))D(w,))? dx + / f(u,)-u,dx = / g u,dx.
Q Q Q
Proceeding as we did for (4.16), we obtain
Ap(d)
(5.2) VUl <~ lgl2)-
vCy

Then, arguing as we did for (4.13)-(4.15) and in view of (5.2) and of the assumption (3.1), we have

(5.3) u, - u weakly in H(l)(Q), asn — oo,
64 u, > u stronglyin L”(Q), asn — oo, forye [1,%)1&1’;& 2,orany y € [1,00)if d =2
5.5) u, > u ae. in, asn— co.

The achievement of an a priori estimate for k,, independent of 7, is more subtle. Note that the reasoning used to get
(4.18) or (4.19) cannot be done here, because the constant there depends on n. Due to this extra difficulty, we consider
the following special test function in the spirit of [7, 29, 33]

1
(5.6) @lkn) := 1 - Ty

where § is a positive constant to be defined later on and such that ¢ € W' (Q) < C%*(Q), i.e. with ¢’ > d. Observe
that ¢(k,) satisfies to

Vk,

(5.7 0<pk,) <1, Vok,) = 6W

and therefore ¢(k,) € H(l)(Q). Thus we may take v = ¢(k,) in (4.59) to get

/ (u, - Vk)p(k,) dx + / vp(ka)Vk, - Vo(k,) dx + / e(kn)p(ky) dx
(5.8) Q o 0

= / v (k) Ro(ID(w,)P) (k) dx + / P(u,. k) g(k,) dx,
Q Q

where the first term vanishes due to the fact that u,, € V implies that divu,, = 0,

5.9) /(un - Vk)o(k,) dx = / u, VO(k,)dx =0, d@):= /)’ o(T) dT.
Q Q 0

We observe that the third term of (5.8) is nonnegative once that ¢(k,) > 0 and due to the fact (proved in Proposition 3.1)
that e(k,) > 0 a.e. in Q. As a consequence of this and of (5.9), and attending to (3.8) and (5.7) and observing that
(k) < 1, we obtain

|V, |* 2
6/QVD(kn)W dXS /QVT(kn)|D(un)| dX+/Q|P(umkn)|dX-
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5.1.1. If P(u,k) = n(u) a.e. in Q, by the assumptions (2.19)-(2.20) and (2.13), due to the Holder inequality and to
the vectorial version of the Sobolev inequality (2.26), we have

V|
(5.10) 5/ m dx < C1||Vul‘l||L2(Q) + Gl Vu,ff
Q n

where C| and C; are positive constants not depending on n. Now, arguing as in [29], we use (5.10) together with
Holder and Sobolev inequalities as follows

Vk, | : wae 2
q 119
(5.11) /|Vk| dx <(/Q(1+k)1+5 ) (/(1+k) dx)

(1+6)q

||Vun||Lz(Q) ||Vun||’;(m + G3llVhll 2, + Ca

L2(Q)y’

where C3 and C are also positive constants not depending on n. The last application of Holder and Sobolev inequalities
are possible under the assumptions that

m < g+ = ()‘ < M
2—-¢q d—-q
Since d > 2, we have, in view of this, that it must be ¢ < d’, condition that holds by Definition 2.1. Now, using suitable

Young’s inequalities in (5.11) together with (5.2) and assumption (3.1), we obtain

2
->1©¢g<2 and (6>Oand —1):>q<d'.
q

(5.12) / [Vk,|?dx <C, C=CWB,cp,Cr,Cr.d,q, Qg2 ),
Q

where C is a positive constant not depending on n. Observe that this reasoning is possible for a choice of ¢ satisfying
t0 0 < 6 < min { &2 04— 1,1} = &9 — 1 for d > 2. Then, arguing as we did for (4.20)-(4.22) and in view of (5.12)
and of the assumption (3.1), we have

(5.13) ky — k weakly in W)(Q), asn— oo, forg<d,
(5.14) k, = k strongly in L”(QQ), asn — oo, forally:1<vy<g’,
(5.15) k, >k ae. inQ, asn— co.

5.1.2. If P(u, k) = w(u)k a.e. in ), we argue as we did for (5.10), but using here (2.14) instead of (2.13) and still the
Sobolev inequality (2.24), to obtain

VK,
(5.16) 5 /Q a4 < GVl g + CoVul o I VEaloco

where C; and C, are positive constants independent of n. Then by a similar reasoning to that one we have used for
(5.12), and using, in addition, a suitable Young’s inequality, we can show that

(5'17) / |an|q dx < C? C= C(V’ﬂv Cp, CT,C’ZZHds q, Q? ”g”LZ(Q))?
Q

where C is also a positive constant not depending on n. Due to the assumption (3.1), the convergence results (5.13)-
(5.15) are also valid here as a consequence of (5.17).

Now we can pass to the limit n — oo almost all integral terms of (4.58)-(4.59) by arguing analogously as we did in
the previous section. The only term that requires a special treatment is the one involving R, because we do not know
whether this term remains bounded as n — oco.

5.2. Passing R,,(ID(u,,)IZ) to the limit n — oco. Let us thus look to the fourth term of (5.8). Using the definition of R,
(see (3.7)-(3.8)), we have

/Q (77 k) R (D)) - vr(ID@)R) o] dx
(5.18)

2 2
< / Iy (D) — v (RID@R] [ dx + / 1 yr®IDOOAD@T |, 40
Q

an 1+ 1D,
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Now we observe that by reasoning similarly as we did to prove (4.39)-(4.40), we also have
(5.19) D(u,) — D(u) strongly in L2(Q), asn — oo,
(5.20) D(u,) » D(u) a.e.inQ, asn — oo.

Thus, the last integral of (5.18) converges to zero by the application of Lebesgue’s dominated convergence theorem,
due to (5.20) and to assumption (2.19). With respect to the first of the two last integrals, we observe that by testing
(4.58) with v = u,,, we have, due to the symmetry of D(u,,), that

(5.21) /(v+vT(kn))|D(u,,)|2dx=/g~undx—/f(un)-undx.
Q Q Q

Then, we take v = u in (2.6), which we already know, by the first part of this section, that is valid. As a consequence,
we also have

(5.22) /(v+vr(k)) |D(u)|2dx=/g~udx—/f(u)‘udx.
Q Q Q

Now, subtracting (5.22) to (5.21), we obtain

/Q (vrUenID(,) = v (D)) dx = By + By + By + By :=
v / (ID)P - ID(w,)?) dx + / (f(w) - f(u,)) - udx+
Q Q

/ f(u,)-(u—wu,)dx + / g (u, —u)dx.

Q Q

Asn — oo, B — 0due to (5.19). The terms B,, B3 and By tend to zero, as n goes to infinity, by using in: B,, (5.4)

and a similar reasoning as we have used at (4.26); B3, (2.8), (5.2) and (5.4); By, (3.1) and (5.4). Thence
vr(k)D(u,))> = vr(k)Dw)? strongly in L'(Q), asm — o

and, consequently, the first integral of the right-hand side of (5.18) also converges to zero.
Finally, we can pass to the limit 7 — co the equations (4.58)-(4.59) to obtain (2.6)-(2.7) for any (v,¢) € V X W(l)"’/ Q).

The proof of Theorem 3.1 is now concluded. O

6. UNIQUENESS

In this section, we are interested to know in what conditions an uniqueness result for the turbulent problem (1.12)-
(1.15) can be established. In the mathematical analysis of boundary values problems with feedback terms, there usually
is a set of conditions related with the monotonicity of these terms that we also assume here,

(6.1) f(u) —f(w)) - (uy —uwp) >0 foralluy, u; € RY and ae.inQ,
(6.2) (e(ky)) — e(kp)) (ki —k>) >0 forall ky, kb, € R and a.e. in Q.

The continuity conditions of the turbulent diffusion vp and of the turbulent viscosity v; on k, underlying to the assump-
tion (2.2), need to be strengthened, in this section, to Lipschitz-continuity. Therefore, here we assume the existence of
positive constants L,, and L,, such that

(6.3) [vr(ki) —vr(ko)l < L, lky —ko| forallky, ky € R and ae.inQ,

(6.4) [vp(ki) = vplko)l < L, lky — ko| forall kj, ko € R and a.e. in Q.
A Lipschitz condition on the continuity of the scalar field m(u) or @w(u) is also needed,

(6.5) [7(uy) — m(u)| < Ly Ju; —up|  foralluy, w, € RY and ae. in Q,

(6.6) lw(ay) — ()| € Ly luy —uy|  forallug, u; € RY and ae.inQ,

for some positive constants L, and L.

In the next result, we establish the uniqueness of weak solutions to the problem (1.12)-(1.15) under smallness assump-
tions on the solutions gradients ||Vullrr () and ||Vl ), when we compare them, for particular values of o and T,
with the kinematic viscosity v and with the lower bound cp of the turbulent diffusion vp (see (2.20)), respectively.
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Theorem 6.1. Let Q be a bounded domain of R?, 2 < d < 4, with a Lipschitz-continuous boundary 0Q and let (u, k)
be a weak solution to the problem (1.12)-(1.15) in the conditions of Theorem 3.1. In addition, assume the conditions
(6.1)-(6.2), (6.3)-(6.4) and (6.5)-(6.6) are fulfilled. If there exist positive constants C; = C(v) and Cy = C(v, cp) such
that

6.7) VUl < Cy for some o >2ifd =2, orforsomeoc >difd#+?2,
(6.8) VK- < Co  for some T >2ifd =2, orforsomet>difd+2,

then the weak solution (u, k) is unique.

Recall that v is the positive constant that accounts for the kinematic viscosity and cp is another positive constant that
accounts for the lower bound of the turbulent diffusion function (see (2.20)). The question of knowing the conditions
under which (6.7) and (6.8) are satisfied, by the solutions to the problem (1.12)-(1.15), is being currently investigated
by the authors. However, the case of d # 2 in (6.7)-(6.8) seems to be very difficult to achieve, which ultimately makes
Theorem 6.1 as a 2-dimensional result. On the other hand, the cases of (6.7) and (6.8) for some o > 2 and some
T> ﬁ regardless of the dimension, is an expectable result that we will show elsewhere.

Proof. Let (u, k) and (uy, k») be two solutions of the problem (1.12)-(1.15) in the sense of Definition 2.1. We start
by testing the equation (2.6) with v = u; — u, and then we subtract the resulting equation when u = u, to the resulting
equation when u = u;. After some algebraic handling and using the assumptions (2.19) and (6.1) together with Korn’s
inequality, we obtain

VC%(/ IV(u, —w) dx < — /(VT(kl) —vr(k2))D(uy) : V(u; —uyp) dx

6.9) @ @

—/ (W - ) V)u - (u —wp)dx = I, + b,
Q

where Ck is the Korn’s inequality constant. To estimate the term /;, we use Holder’s inequality and Sobolev’s inequal-
ity (2.26), together with the assumptions (6.3) and (6.7),

I < Ly, llky = kaoll @l VaallLe @IV (ar — w2l
< CpliVk = k)l @llV(a —w)llizq),  Cr, = L, A2, d)C .

For I,, we also use Holder’s inequality and now the vectorial version of the Sobolev inequality (2.26), to obtain

L <|juy - Uz||iz*(Q)||Vuz||er(Q) < CpllV(uy - Uz)||iz(g), Cr, = AQ2,d)°Cy .

Now, gathering the estimates of /; and I, in (6.9), we obtain, after the use of Cauchy’s inequality with a suitable €,
2 2 CIZI vCy B
(6.10) V0 = 0a)l g < CHV O = kg €= 50| 55 = Caf -

Vi 2 . . . . .
Observe that this is possible as long as % — Cp, > 0, which, in view of (6.7), holds true by considering there

vCy
0<Ci < 330
Next, we test the equation (2.7) with ¢ = k; — k, and then we subtract the resulting equation when k = k; to the
resulting equation when k = k;. After some simplifications and using the assumptions (2.20) and (6.2), we obtain

e / (ki — k) dx <
Q

- / (W1 - VA = s - Vho)(ky — ko) dx / k) = vp k)i - Yy — ko) dx
(6.11) Q Q

" / (e kD@ = vr (k)PP ks — ko) dx + / (Plur, k) - P(un, ko)) (k1 — ko) dx
Q Q

=i+ +J3+ Js
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After a simplification of J;, we use Holder’s inequality and the scalar and vectorial versions of the Sobolev inequalities
(2.24) and (2.26), to get

Ji=- /(111 ~(Vki = Vko)(ky — kp) dx — /(Ul —w) - Vka(ky — kp) dx
Q Q
<l @IV = k)l ki — kallie @) + lar = wallpe @) lIVE L @IV (ki = k2)llLz o)
<Cy 1lIV(k = kZ)”iZ(Q) + Cy 20V (g — W)l IV — k)l @)
where Cj, 1 = A(0,d)A(2,d)C; and Cj, » = A(2,d)C,. Then, using the estimate (6.10), we obtain
Ji £ ClIVi = k)l €y = Copt + Cr2VCr

As for the term J,, we use the assumption (6.4) together with Holder’s inequality and Sobolev’s inequality (2.26) in
the following way,

Jo <Ly, Ik = kall 2 @ IVk2lIL @) IV (k1 = k)l @)
<ChlIVk = k)lifaqy  Cr = LypA2,d)Co.
The term J3 is firstly simplified and then we use the assumptions (2.19) and (6.3) together with Holder’s inequality,
Sobolev’s inequality (2.26) and Minkowski’s inequality,

Iy = / r(kn) = vr(ka) ID)P (ks — ko) dx + / vr(ka) (IDP = D)) ki — ko) dx
Q Q

<L, |lky = k2||i2*(9>||vul||ia(g) + Crllkr = kallp 2 IV — w)|lr2 o) IVuy + V|l
<CyllV(kr - kZ)”iZ(Q) + Cp,2lIV(ky — k2)||L2(Q)||V(U1 - 112)||L2(Q),

where Cy, 1 = L,, A(2,d)*C? and Cy, , = CrA(2,d)2C;. Then, using (6.10), we obtain

I3 S ChIVU = k)l Cry = Crpt + Cra NGy
With respect to the term J4, we need to split the proof into the two possibilities: P(u, k) = w(u) or P(u, k) = w(u)k.

6.1. If P(u, k) = m(u) a.e. in Q, we use the assumption (6.5), Holder’s inequality and the scalar and vectorial versions
of the Sobolev inequality (2.26), together with the estimate (6.10),

Jy =/ (m(ay) — m(wp)) (k1 — k2) dx < Lyllay — w2 )llkr = kalli o)
Q

<CLIVk = k)l CF = LeAQ. A2, d)NC,
Where C; is defined at (6.10).

6.2. If P(u, k) = w(u)k a.e. in Q, we start by simplifying the writing of this term. Then, we use the assumption
(6.6) together with Holder’s inequality and with the scalar and vectorial versions of the Sobolev inequality (2.26). We
conjugate this with the application of the assumption (2.14) and with the estimate (6.10). After all, we obtain

J4 =/Q(1D(lll) —w(w)) ki (k) — ko) dx + /Qw(uz)(kl — ky)* dx

2
SLollu; — wollpe ) llkillLe o llkr = k2l @) + CwIIUzIIiz*(Q)IIkl = kalli >

<CTIV = k)l 2y CF = LaAQ2, d)A(T, d)AQ2,d) {/C,Cy + Cu A2, dPC,
where C; is defined at (6.10).

Now, gathering the estimates of J;, J,, J3 and J4 in (6.11), we obtain

4
(6.12) eo-C) [ M -kPax<0. €= C.
Q i=1
where it should be noted that C; depends on C; and C, and therefore depends on v and cp. As a consequence, it
follows, by Sobolev’s inequality, that k; = k; a.e. in Q, as long as we may choose C; and C, in (6.7)-(6.8) in such a

2
way that 0 < C; < MV(CT"W and 0 < C; < ¢p. Then, using (6.12) in (6.10), we can also infer thatu; = u; a.e. inQ. O
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7. EXISTENCE OF A UNIQUE PRESSURE

In this section, we will prove the existence and uniqueness of the last unknown to the problem (1.12)-(1.15) — the
pressure. To establish this result, we will need to bound the gradients of the solutions u and k.

Proposition 7.1. Let Q be a bounded domain of R, 2 < d < 4, with a Lipschitz-continuous boundary 0 and let (u, k)
be a weak solution to the problem (1.12)-(1.15) in the conditions of Theorem 3.1. Then there exist positive constants
C, C, and C; such that

7.1 (IVulli ) < Cliglliz).
(7.2) IVlLoo) < Cillgllz) + Ca-

Proof. The estimates (7.1)-(7.2) follow easily by taking the lim inf in (5.2) and in (5.12), the last if P(u, k) = n(u) a.e.
in Q, or in (5.17) if P(u, k) = w(u)k a.e. in Q. m]

Theorem 7.1. Let Q be a bounded domain of R¢, 2 < d < 4, with a Lipschitz-continuous boundary dQ and let (u, k) be
a weak solution to the problem (1.12)-(1.15) in the conditions of Theorem 3.1. Then there exists a unique p € L7(Q),
with fQ pdx = 0 and n satisfying to (7.8) below, such that

(7.3) /(u-V)u'de+/(v+vr(k))D(u):Vvdx+/f(u)~vdx—/g-dez/pdiVde
Q Q Q Q Q

forany v e W(l)’"(Q). Moreover, there exist positive constants Cy, Ca, C3 and Cy such that

(7.4) Ipllur @) < CHllVUlR, o) + CallVulliaa + C3IVUll o) + Callgli)-

The proof of Theorem 7.1 will be made by using the following variant of de Rham’s lemma due to Bogovskii and
Pileckas (see e.g. [16]).

Lemma 7.1. Let us consider an arbitraryn : 1 <np < ooandv' € <W(1)’”(Q))/ =W(Q). If

(7.5) <v,v > Wil (@QxW )= 0 VYveV

where V' := closure of V in WI(Q), then there exists a unique p € L7 (Q), with fQ pdx =0, such that

, _ .
<v,v >w,,_,,,(g)xw[1),q(ﬂ)_ /Qp div vdx
foranyv e W(l)’"(Q). Moreover, there exists a positive constant C such that

Pl @) < ClIV -1 @)-

Proof. To prove Theorem 7.1, we start by defining

(7.6) Q:=-Vyu-div((v + vy(k))D)) + f(u) — g
and let us consider the linear operator v’ defined by
(7.7 <Vv,v > W W)= / Q- vdx.

0 Q

It can be proved that v/ € W=7 (Q) for

d 2d
7.8 > 2, =, ——————— b ifd #2, >2 ifd=2.
(7.8) ”—max{ 2 2d—a(d—2)+2}1 #Loor =i
In fact, we have
(7.9) ll(w - Viully-1r ) < IIUIIiz,,/(Q) < Cllqulliz(m for n> 5
(7.10) ldiv((v + vr(k))DW))llw-1r () < CrllVullpy ) < CallVull o) for 7 >2,
2d
7.11 f I Colluall®,. o < C3|Vu|® fi >
(7.11) IE)llw-17 ) M;&z)ﬂ llE> o) 1ol @) < CslVullf, g, for d—ad—2)12
0

(7.12) lIgllw-1r @) < llgllLr @) < Callgllie @ for n =2,
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where C; = C(n,d,Q), C; = C(Cr,n,Q), C3 = C(a,Cy,1n,d,Q) and C4 = C(n,2) are positive constants. Observe
that in (7.10) we have used (2.19) and in (7.11) we used (2.8). Note also that, in (7.11), the assumption (2.8) implies
that 2d — a(d —2)+2 > 0 ford # 2. Ford = 2, (7.11) holds for any n > 1.

On the other hand, since n > %, the Sobolev imbedding W(l)’”(Q) — LYQ) holds. As a consequence, and in view

of (2.6), we can infer that (7.5), with v’ defined through (7.7), holds. Finally (7.3) follows from Lemma 7.1 and, in
particular, (7.4) is a consequence of (7.9)-(7.12). ]
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