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MATHEMATICAL ANALYSIS OF A SPECTRAL HYPERVISCOSITY
LES MODEL FOR THE SIMULATION OF TURBULENT FLOWS

JEAN-LUC GUERMOND"? AND SERGE PRUDHOMME? 3

Abstract. This paper presents a model based on spectral hyperviscosity for the simulation of 3D
turbulent incompressible flows. One particularity of this model is that the hyperviscosity is active
only at the short velocity scales, a feature which is reminiscent of Large Eddy Simulation models. We
propose a Fourier—-Galerkin approximation of the perturbed Navier—Stokes equations and we show that,
as the cutoff wavenumber goes to infinity, the solution of the model converges (up to subsequences) to
a weak solution which is dissipative in the sense defined by Duchon and Robert (2000).
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1. INTRODUCTION

1.1. Dissipative and suitable weak solutions

It is generally accepted that the Navier—Stokes equations stand as a reasonable model to predict the behavior
of turbulent incompressible flows of viscous fluids. Upon denoting by 2 the domain occupied by the fluid,
[0, T] some time interval, u the velocity field, and p the pressure, the problem is formulated as follows:

ou+u-Vu+Vp—vAu=f in Qr,
V-u=0 in C)T7
ulp =0 or u is periodic,

(1.1)

u|t:0 = Uo,

where Qr = Q x (0,T), T" is the boundary of €, ug the solenoidal initial data, f a source term, v the kinematic
viscosity, and the density is chosen equal to unity.

In mathematical terms, the turbulence question is an elusive one. Since the bold definition of turbulence by
Leray in the 1930’s [20], calling solution turbulente any weak solution of the Navier—Stokes equations, progress
has been frustratingly slow. The major obstacle in analyzing the Navier-Stokes equations has to do with the
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question of uniqueness of solutions in 3D, a question not yet solved owing to the possibility that the occurrence
of so-called vorticity bursts reaching scales smaller than the Kolmogorov scale cannot be excluded.

If weak solutions are not unique, a fundamental question is then to distinguish the physically relevant
solutions. A possible piece of the puzzle may have been found by Scheffer [27], Caffarelli et al. [4], and Duchon
and Robert [10] who introduced the notion of “dissipative solutions” or “suitable weak solutions:”

Definition 1.1. A weak solution to the Navier—Stokes equation is dissipative (or suitable) if it is in the class
L2(0,T; HY(Q)) N L>=(0,T; L?(2)) and is such that the local energy balance

o (307) 9 (L)) - (i) @t u 0 0

is satisfied in the sense of distributions.

It is remarkable that, to date, it is for the class of “suitable weak solutions” that the best partial regularity
result has been proved (see Caffarelli et al. [4] and Scheffer [27]); that is, the one-dimensional Hausdorff measure
of singular points of such solutions is zero. In other words, dissipative solutions (or suitable weak solutions) are
almost classical (i.e., smooth). Whether these solutions are indeed classical is still far from being clear (see e.g.
Scheffer [28]).

Moreover, Duchon and Robert have given an explicit form of the distribution, D(u), that is missing in the
left-hand side of (1.2) to reach equality. For a smooth flow, the distribution in question is zero; but for nonregular
flow it may be nontrivial. Dissipative solutions are those such that D(u) > 0. As pointed out by Duchon and
Robert, it is remarkable that the solutions turbulentes of Leray are dissipative.

Since it is not yet known whether weak solutions obtained as limits of Galerkin approximations are dissipative
(or suitable), the principle driving our line of thoughts in the present paper is to conjecture that, indeed, it is
not the case, and that (1.2) is a reasonable criterion for selecting almost classical solutions.

1.2. Large Eddy Simulations

In recent years, significant progress toward the development of turbulent models has occurred based on the
idea that the whole range of flow scales may not be important in many significant engineering applications.
This has led modelers to devise artifacts for representing the interaction between the unreachable small scales
and the large ones. These models are commonly known as Large Eddy Simulation (LES) models, an acronym
coined in the ground breaking paper of Leonard [19]. The primary goal of LES is to modify the Navier—Stokes
equations in order to obtain a new system of equations which is more amenable to approximation while retaining
all the most energetic features of the unperturbed problem. Many LES models have been proposed, but no
satisfactory mathematical theory for LES has yet emerged.

The authors have recently attempted to analyze Large Eddy Simulation models from a mathematical per-
spective, [11]. This work lead us to suggest some criteria for developing a rigorous mathematical theory of LES.
We proposed that a LES model should regularize the Navier—Stokes equations and should be able to select
physically relevant solutions like dissipative solutions a la Duchon—Robert. For instance, Leray’s regularization
satisfies these two criteria. As a matter of fact, Leray’s mollification is at the origin of the so-called NS-a
model [6]. The nonlinear viscosity models of Ladyzenskaja, Lions, and Kaniel [12,16,17,23] also comply with
the proposed criteria. Among the admissible nonlinear viscosity is the p-Laplacian provided p — 2 > % Since
Smagorinsky’s model [29] is a 3-Laplacian, this model selects dissipative solutions. This fact may be one of the
reasons, among possibly many, explaining the effectiveness of the Smagorinsky model and its many variants
frequently reported in the literature, see e.g. [8]. On the other hand, LES methods based on spectral approxima-
tions generally fall short of complying with these two criteria. The spectral viscosity model of Tadmor [5,25,30],
which was originally developed for nonlinear scalar conservation laws, and later extended to large eddy simula-
tion of viscous flows by Karamanos and Karniadakis [13] or Adams and Stolz [1], may not yield a dissipative
solution. Other techniques such as the spectral eddy-viscosity methods developed by Kraichnan [15], Chollet
and Lesieur [7], Lamballais, Métais, and Lesieur [18], Lesieur and Roggalo [21], or McComb and Young [26],
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generally lose spectral accuracy when the flow is eventually resolved and does not guarantee convergence to a
dissipative solution when the cutoff goes to infinity. As an alternative to these methods, the goal of the present
paper is to present a new spectral hyperviscosity model, following an approach proposed by Lions [22,24], and
to show that this technique preserves spectral accuracy and guarantees convergence to a dissipative solution.

1.3. Organization of the paper

The paper is organized as follows. In Section 2 we introduce Lions’ hyperviscosity model and briefly recall
important results. In essence this type of viscosity regularizes the Navier—Stokes equations and selects dissipative
solutions provided the exponent of the hyperviscosity is larger than %. In Section 3 we introduce a fully discrete
spectral approximation of the Navier—Stokes equations, and we show how to tune the hyperviscosity model so
that it introduces the least possible dissipation (i.e. it remains spectrally consistent) while ensuring the limit
solution to be dissipative. The two main results of the paper are embodied in Theorem 4.1 and Theorem 5.1,
which are proved in Section 4 and in Section 5, respectively. Concluding remarks follow in Section 6.

1.4. Notations and conventions

As usual, we denote by H™(2) the Sobolev spaces of functions in L?(2) with partial derivatives of order up
to m in L?(Q2). We do not make notational distinctions between vector- and scalar-valued functions. Given a
real number p, 1 < p < oo, we denote by p’ its conjugate such that % + z% =1.

In the following, A < B means that A < ¢B where c¢ is a generic constant which may depend on the data f,
ug, v, 2. In Section 2 the generic constant may also depend on the parameter €, but in the rest of the paper
this constant does not depend on the discretization parameters, namely N and ey. That is, all the estimates

derived in Section 3 and further are uniform with respect to the discretization parameters.

2. THE HYPERVISCOSITY MODEL

The hyperviscosity model proposed by Lions [22,24] consists in perturbing the Navier—Stokes equations as
follows
Ou+u-Vu+ Vp—vAu+e(—A)"u=f in Qr,
V-u=0 in QT;
o om—1 2.1
u, a—z, cee 6nmff =0 or wis periodic, on T, @1

u|t=0 = Uo,

where € > 0. The appealing aspect of this perturbation is that it yields a wellposed problem in the standard
sense when m > % in three space dimensions. More precisely, upon denoting by d > 2 the space dimension, we
have the following result.

Theorem 2.1 (Lions [24]). Assume f € L*(0,T; L*(2)) and ug € H™(S2). Problem (2.1) has a unique solution
in L>(0,T; H™(Y)) for all times T > 0 if m > 42,

Proof. We review here the main arguments of the proof as they will be subsequently referred to in the paper.
Testing the momentum equation by wu yields

1d

5 gz + VIVl + Y D%l = (fiw) (2.2)

la]=m

which, after simplification and integration in time, gives the following estimate:

T
ul| 72 +/O [ullFmdt < lluollTz + I 1Z2L2)- (2.3)
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In a similar manner, testing by u; yields

T
el sy + a2 < ol + / at /Q W2V ul? i+ (L]0,

Using Holder’s inequality, we may write
/QIUIQIVUIdeS [l Lo [Vl 7

Moreover, owing to Sobolev inequalities we also have

P P e
IVl Sl i 5> 5 =2
These two conditions yield
m > # and p’ > %, (2.4)

and

T
[uelfeqrzy + lulFm < lluollfm +/0 el o allFrm At + (111212

and since fOT lul|%m dt is bounded (from estimate (2.3)), Gronwall’s lemma yields
HutHLz(Lz) + ||u||Loo(Hm) ,S C(l/, Uo, f, 6). (25)

Existence of solutions in the class L>°(0,T; H™), for all T' > 0, is then proved by means of the Galerkin technique
using the a priori estimates (2.3)—(2.5) (see Lions [24]).

Uniqueness of solutions is shown as follows. Let u; and us be two solutions in the L>°(0,T; H™(2)) class,
and let us set v = u; and w = usy — uy. We first look for an estimate on the nonlinear term. Upon denoting
by ¢ a real number such that 1 < g < oo, we infer

/Q(w V)u-wde < w2 | Vul e

Then, assuming m > (d 4+ 2)/4, and taking pj, = 2d/(d + 2), it follows that

1
2p

m—1

>
- d

S~
DN =

Therefore, by selecting ¢ = 2p[,, we have
IVullze S flullgm.

Moreover, with these values for pj and ¢, we can check that ¢ = 2po/(1+po) < po. It follows that 2 < 2¢’ < 2po,
so that we can use the interpolation inequality (see for example Brezis [3, p.57])

_ . 1 a 1-—a
ol oo S lollgallwlzs.  with 5o =5+ 5
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A straightforward calculation yields the value a = % Moreover, since for this particular choice of py, H™(Q2) C
L?P0(Q), i.e., ||[w]| 200 < ||w]lgm, we have

wlZa0 S llwlizzllwlpzre < lwllpzllwll s
Combining the previous results, we arrive at the estimate:

/(w V)u-wde S [lw]| gz [[wl el g
Q

Finally, after subtracting the two momentum equations satisfied by u; and wo respectively, multiplying the
result by w, and using the fact that us is solenoidal, we obtain

T T T
w22 + / )3 dt < / el e ol o 1l et < / ol 2 ool o .

Gronwall’s lemma yields w = 0; in other words, us = . O

Corollary 2.1. Let (u.) denote a sequence of solutions to (2.1) as € tends to zero. Under the assumptions of
Theorem 2.1, there exist subsequences (ue,) that converge to a weak solution u of (1.1), weakly in L?(0,T; H')
and strongly in L*(0,T; L?). In addition, u is dissipative in the sense of Definition 1.1.

Proof. See the proof of Theorem 4.1 and of Theorem 5.1 where stronger results are proved. O

Remark 2.1. The hyperviscosity model of Lions is a LES model commonly used in the numerical simulation
of geophysical flows (see e.g. Basdevant et al. [2], Kevlahan and Farge [14]). Corollary 2.1 actually shows that
the hyperviscosity model complies with our requirements that a LES model should be a regularization when
the regularization parameter, €, is fixed (i.e. yields a unique classical solution), and should yield a dissipative
solution as € goes to zero (we refer the reader to [11] where this point of view is discussed in details).

In the next sections, we turn our attention to the numerical point of view. We want to approximate the
solution of (2.1) by means of the Galerkin technique, and we want to tune the hyperviscosity model so as to
introduce the least possible dissipation, while still complying with the requirement that the limit solution be
dissipative when both the inverse of the cutoff wavenumber and the regularization parameter tend to zero. The
main results are established in Theorem 4.1 and Theorem 5.1.

3. A SPECTRAL HYPERVISCOSITY MODEL

We propose in this section to construct a spectral hyperviscosity model based on the program described
above. One particularity of the model is that the hyperviscosity must act only on the short scales of the velocity
field. We will show that this hyperviscosity perturbation remains small when compared with the norm of the
solution (see Prop. 3.1). Henceforth we assume that €2 is the 3D torus, Q = (0, 27)3, so that periodic boundary
conditions are enforced. Moreover, we assume that f and ug are of zero mean value and that f is solenoidal.
The latter assumption is not restrictive since any gradient component of f can be added to the pressure.

3.1. Preliminaries and Fourier approximations

For any z € C*, 1 < ¢ < 3, we denote by |z| the Euclidean norm and by |z|s the maximum norm. We
denote by Z the conjugate of z. Recall that Sobolev spaces H*(2), s > 0, can be equivalently defined in terms
of Fourier series as follows

H(9) = {1 = Spens wee™, un =T g, Spens (14 K)" funf? < +oo}
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In other words, the set of trigonometric polynomials exp(ik-z), k € Z?, is complete and orthogonal in H*(f2) for
all s > 0. The scalar product in L?(2) is denoted by (u,v) = (27) 3 [, uv and the dual of H*(Q) by H*({2).

We introduce the closed subspace H*(Q) of H*(Q) composed of the functions of zero mean value. We will make
use of the following equivalent norms

[ S Ul e

k+£0, k€Z3

Recall that the Poincaré inequality holds in H*(Q).
Let N be a positive integer, henceforth referred to as the cutoff wave number. We introduce the set of
trigonometric polynomials of partial degree less than or equal to IV:

Py = {p(m) = Z\MOQSN ket cp, = E—k}7

and denote by Py the subspace of Py composed of the trigonometric polynomials of zero mean value. We also
consider the truncation operator Py : H*(Q2) — Py such that

H*°(Q) > Z vpe* T = v — Pyov = Z el T e Py.
kez3 [k|oo <N

Important properties of this operator are listed below:

Lemma 3.1. Py satisfies the following properties:
1) Py is the restriction on H*(Q) of the L? projection onto Py.
2) Vs >0, |Pnlceasyme ) < 1.

4) Yo e H5(Q), Vi, 0< p< s, |Jv— Pyvllge < NE—5|jo||z.

~

)

3) Py commutes with differentiation operators.
)
)

5) Vv € Py, Vu,s, s < p, [[Pnollge S NF75|v]|ps.

Finally, to approximate the velocity and the pressure fields we introduce the following finite-dimensional
vector spaces:

XN ZP})’V, and MNZPN. (31)

3.2. Definition of the model

The construction of the hyperviscosity model involves the definition of a vanishing viscosity amplitude €y
and a hyperviscosity kernel Q(z). We choose to construct the kernel in such a way that it acts only on the
high wave numbers of the velocity field, namely N; < |kl < N, N; standing for an intermediate cutoff wave
number. This idea is quite similar to the spectral viscosity technique that Tadmor [5,25,30] developed for
nonlinear scalar conservation laws.

We start by introducing the hyperviscosity exponent «, which will play a role similar to m in the hyperviscosity
model of Lions. We assume

(3.2)

=~ ot
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TABLE 1. Admissible values of the parameters «, 3, and 6.

3
1 8 8 48 80
fl<z|<7|<3|<11 |3
0 <l <2 <é <——<<§
6 7 9 11 13

Then, we define the vanishing viscosity amplitude €y, the intermediate cutoff wave number NV;, and the hyper-
viscosity kernel Q(z) as follows:

en=N"" with 0<f8<2a

N with 9= D
N; =NV, with 0 = 5 (3.3)
Qu)=@n)~ Y ket
Ni<|k|loo <N

Note that with these definitions, we have ey = N;Qa. Furthermore, we assume that the parameter (3 satisfies
the following bounds:

4o —
0‘2 > o< ;
0<p< dala—1) . (3.4)
——— = Otherwise.
20 + 3
These conditions imply the following bounds on 6:
41 Ifa< ;,
0<6< O‘5 (3.5)
1-— Otherwise.
20+ 3

Remark 3.1. As [ increases, the vanishing viscosity amplitude decreases and the range of wave numbers in
which the kernel Q(z) is active shrinks. Some admissible values of the parameters «, (3, and 6 are shown in
Table 1. Proposition 3.1 shows that the resulting hyperviscosity perturbation is spectrally small.

Remark 3.2. In practice, one can also define the hyperviscosity kernel as follows:

QW) = > Quilke
Ni<|k|loo <N
where the viscosity coefficients Q\k\ are such that
A N2a
|1_Q|k||§Wa V|k|oo > N;.

This definition has the practical advantage of ensuring a smooth transition of the viscosity coefficients across
the threshold N;. All the results of the paper hold also with this definition.
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The spectral hyperviscosity model consists of seeking Fourier—Galerkin approximations of (1.1) as follows:

Find uy € CY([0,7); Xn) and py € C°([0,T]; My) such that
(Orun,v) + (uny -Vuy,v) — (pn, V- 0) + v(Vuy, Vv)

+€N(Q*UNav) - (fvv)v Vv e Xn, Vit € (OvT]a (3'6)
(V-un,q) =0, Vg € My, vt € (0,T],

un|t=0 = Pnuo

where QQ*upy denotes the convolution product:

Qrux(@) = [un@Qa vy = Y IkPrue (3.)

Q@ Ni<|k|oo <N
Remark 3.3. We observe that uy is solenoidal. Indeed, V- uy is in My so that replacing ¢ by V- uy in (3.6)
yields ||V-upn||z2 = 0, that is V- uy = 0.

Proposition 3.1. The hyperviscosity perturbation is spectrally small in the sense that

en||Q@xunllzz < N7%|un| a-, Yuy € H*(Q), Vs > 20 (3.8)

Proof. Starting from the definition of the convolution product, we infer

lQxunllFa = D Ik|*usf”

Ni<|kloo<N

Using the fact that 2a < s and that N; < |k|s < |k|, we have:

4 2s
4o da m “ 4o M ° _ 4a—2s 2s

Moreover, from the definition of N; and 6, we have

N_4a72s _ N9(4a—25) _ N2(20z9—9$) _ N2ﬁ—295

so that
6?\]HQ*UNH%2 < N—2BN2ﬁ—293 Z |k|2s|uk|2 < N_QGSHUNH%—IS
Ni<|kloo <N
which establishes the result stated in (3.8). O

Remark 3.4. Note that for s > 2« we have fs > 3 and N~ < N—#. Thus, as N grows larger, the consistency
error, N—%% is far smaller than ey.

4. CONVERGENCE TO A WEAK SOLUTION OF THE NSE

In this section we show that, up to subsequences, the solution of the spectral hyperviscosity model (3.6)
converges to a weak solution of the Navier—Stokes equation as N goes to infinity. This result is stated in the
following theorem.

Theorem 4.1. Let f € L?(0,T;L?(Q)) and ug € HY(Q). Assuming that (3.2), (3.4), and (3.3) hold, the
solution un to (3.6) is such that subsequences of (un) converge weakly in L?(0,T; H') and strongly in any

LP(0,T;L9) with2<g< 6 and2<p< %, to a weak solution of (1.1) as N goes to infinity.
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4.1. A priori estimates

The proof of Theorem 4.1 relies on several a priori estimates that are presented in the following lemmas.

Lemma 4.1. Under the assumptions of Theorem 4.1, the solution to (3.6) satisfies

1/2

2
lun | oo (z2y + 2wl z2cany + ex - llun |l z2care) S e

Proof. The argument is standard. We take the scalar product of the momentum equation in (3.6) with ux and
we integrate over |0, T[. Observing that

enllunllire = enllunlZe = ex(@run,un) +en Y [k ugf?
1<|k|oo <N;

we need to estimate the last term in the above inequality. Using the fact that ex = N; ** and that |k| < v/3|k|c,
we have

en Y [RPY sl < 3ANTEONEY ST fugl® < 3% fun|Za-
1<|k|oo <N; 1<]kloo <N

As a result, since uy is solenoidal (see Rem. 3.3) and using the above bound, we obtain

1 W 1
lunlzz + vllunlZe + enllunlizagme < lluollzz + 5112z + B + DllunlZez)-

The result is a consequence of Gronwall’s lemma. O

Remark 4.1. The proof of Lemma 4.1 suggests that instead of choosing ey = N[Qa we could have set

EN = 31; VNf_QO‘ since this choice yields
20, (2« L A2 9 a20-2 2, 12 1 2
ex Pl < SoNFONE ST Pl < ol
1§|k|oe<Ni 1§|k|oe<Ni

As a result, we would have

1
sVlunlin + enllunze < vliunllzn +en(@run, un),

and the Gronwall argument used at the end of the proof of Lemma 4.1 would apply equally well. We chose not
to use this definition since it involves the viscosity and would imply that the dimension of the attractor of (3.6)
depends on v, an undesirable feature for a LES technique. Moreover, the fact that ey does not depend on v
suggests that some parts of the argumentation developed in this paper could apply also to the incompressible
Euler equations.

Lemma 4.2. Under the assumptions of Lemma 4.1, it holds

lunlpeczmy + lunllzepe Se,  with =+ , 2<p, 2<q<6.

Q| w

3
2

N

Proof. This result is standard and is a consequence of the interpolation inequality (see e.g. [9, p. 208)]), ||v]| g2/» S

~

||’u||1LZ2/p ||v|\%p, when 2 < p, and the (compact) embedding H?/?(Q) C L4(Q) for 1/q = 1/2 —2/(3p). O
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Lemma 4.3. Under the assumptions of Lemma 4.1, the solution to (3.6) satisfies
||PN||L4/3(L2) Se

Proof. First, we observe that A : My — My is bijective. Then, we multiply the momentum equation in (3.6)
by VA=lpx (note that VA~!py € Xy is an admissible test function). By using several integrations by parts,
we obtain

Ipnl72 = (Von, VA 'py)
= (—atuN +vAuy —un -Vun + f, VA_le)
=— (uN -Vuy, VAfle) , since uy and f are solenoidal
=—(V: (un ®un), VA ' py)
= (un ® un, VVA 'py)

< llunl[Zsllpw]lze-

As a result [|pn||r2 < [lun||24. The conclusion is a consequence of Lemma 4.2 with ¢ =4 and p = §. O
Lemma 4.4. Let s be a real number such that s > 2a — 1 > % Under the assumptions of Lemma 4.1, the
solution to (3.6) satisfies

”atUNHL‘l/l"(H*S) Se
Proof. Since Py € L(H®(2); H*(2)) (see Lem. 3.1), for all v € H*(Q2), we have
en(Q*un, Pvv) S llun|l g |1Pxoll ze-1 S llun g vl g,
v(Vun, VPyu) S [lunllg [[Pyvllee S llunllar (ol g,
(un -Vun, Pyv) S lunllpz [[un || m |Pyvllee S llunlla (vllae, s> g,

)
(o, V- Pyo) S llpwllze [[Pyollar S llpwlize ol s,
(fs Pnvo) S fllze 1Pxollze S (1 f Il (ol a2

Now, observing that (Giun,v) = (Opun, Pyv) for all v € H*(Q2), and using the discrete momentum equation,
we obtain (provided v # 0)

dyun,v)
O, 0) < £l + lulan + w2
[0l £
The final statement is a consequence of Lemma 4.1 and Lemma 4.3. (]

4.2. Proof of Theorem 4.1

We briefly outline the main steps of the proof for the arguments are quite standard.

Since uy is bounded uniformly in LP(0, T'; H?/P(£2)), such that 2 < p < oo and d;uy is bounded uniformly in
LA3(0,T; H=3(Q)), such that s > 2a — 1, we infer from Aubin-Lions compacity lemma (see Lions [24, p. 57])
that there exists a subsequence (uy,) converging weakly in L?(0,T; H*(€)) and strongly in any LP(0,T; L4()),

4q

such that 2 < p < 3745, and that (Orup,) converges weakly in L*/3(0,T; H=*(Q)). Moreover, since (py) is

bounded uniformly in L*/3(0, T; L?(9)), there exists a subsequence (py, ) converging weakly in L*/3(0, T'; L*(Q2)).
Let u and p denote these limits, and let v be a test function in L*(0,T; H*(£2)). Then

1) fQT Oun - v — 'fQT Oy - v, since dyuny — Opu in LAY3(H™%).

2) Jo, Vun Vv — [, Vu: Vv, since Vv € L40,T; H*~') and Vuy — Vu in L*(L?) C L¥3(H-st1).
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3) fQT pNV-v — fQT pV- v, since py — p in LY3(L?) and V-v € L*(H*~1) C L*3(L?).

1) len [, v-Qeun| Sen fy lunlmlvllae S enllunlizacmllvll e — 0.
5) Since uy — u in L*(L?) and v € L*(H?®) C L*(L*), s > 3/2, we infer that v ® uy — v ® u in L*(L?).
Hence, fQT v@uyn : Vuy — fQT v®@u : Vu since Vuy — Vu in L2(L?).

Finally Pyuo = un(0) = u(0) in H*(Q2); hence, 4(0) = up. The theorem is proved. O

5. CONVERGENCE TO A DISSIPATIVE SOLUTION OF THE NSE

In this section, we show that the spectral hyperviscosity model (3.6) guarantees convergence, as N goes to
infinity, to a dissipative solution of the Navier—Stokes equation (in the sense of Def. 1.1). This result is stated
in the following theorem.

Theorem 5.1. Let f € L?(0,T;L?(Q)) and ug € HY(Q). Assuming that (3.2), (3.4), and (3.3) hold, the
solution un to (3.6) is such that subsequences of (un) converge weakly in L?(0,T; H') and strongly in any
LP(0,T; LY) with 2 <p < % < 400, to a dissipative solution of (1.1) as N goes to infinity.

5.1. Preliminaries

Before proving Theorem 5.1, we establish some technical results. Let us define the following distributions

Qh(m) _ (2%)73 Z |k|2aeik~z’

|k]oo <N;

Qt(m) _ (2%)73 Z |k|2aeik~z’
N<|k|so

S(x) = (2m) 73 Z k|,
[k >0

Let us set~6~2 =Q+ Qn + Q:. It is clear that Qy*vx = 0 for all vy in Xy. Furthermore, we have SxS = Q,
that is, (Qxv,w) = (S*v, S*w) for any sufficiently smooth functions v and w.

Lemma 5.1. Let 0 < v < 2a, then Yu € HY(Q), Yv € L%(Q), V¢ € L>(Q), the following bound holds:

en|(Qnxu,v9)|l N~ |lull v [[v]| 2|l

Proof. From Holder’s inequality, we immediately obtain:

en|(@nxu, v0)| < enl|@nrullz2|[vllL2(|dll Lo

From the definition of @5, we derive

xlQurulis Sk D [ fuxf?
|k|oo <N;
5N;4QNZ_40(—2’7 Z |k|2'y|uk|2
|kloo <N;

-2 —20
SNl Fy = N7l

The conclusion is now straightforward. O



904 J.-L. GUERMOND AND S. PRUDHOMME

Lemma 5.2. Let s be a real number such that s > % + . The following estimate holds for all u € H*1(Q)
and all ¢ € H?(Q),

15 (ug) — (Sxw)ollL> S llull ge—r @] s

Proof. First, it is clear that

ug) = > K™ D wgret?,

keZd U=k
(S*u)p = Z Z 1] w0,
123 Ve’

Then, it follows that

15+ (ug) — (Sxu)lf= = Y ( > (K~ |l|a)ul¢,>

keZ3 \l+l'=k

) klo — |1« 2
< Z Z |Z/|25¢12l Z %u%

kez3 \I+U'=Fk, I'#0 I4+1/ =k, /0

(|k|> = |l
<o >y R

keZ3 1#k,l€Z3

1l S (1 ) g3 (b — 2
S ol Z ( + 1] ) Uy Z k—125(1 + |l|2)a—1'

lez3 £k, keZ3

Let us denote by I(l) the second series in the last right-hand side.

_ (K =2 _ (k4117 = 1)
0= 2 e T 2 W I

1#k, keZ3 k50, keZ3

Inspection reveals that this series is absolutely convergent if 2s > 3 + 2a and bounded uniformly with respect
to [. Then, the conclusion follows easily. O

Lemma 5.3. Let s be a real number such that s > % + a. The following estimate holds for all uw € H*(Q) and
all p € H(Q),

lugllze S Nullael|dll -
Proof. The proof is similar to that of Lemma 5.2. O

5.2. Proof of Theorem 5.1
Let ¢ be a non negative function infinitely differentiable and compactly supported in (0,7 (or at least in

D(0,T; H5(2)) with s > 2 + ). Testing the momentum equation in (3.6) by Py (un¢), we obtain:

(Ovun, Pn(un¢)) + (un -Vun, Pn(un9)) — (pn, V- Pn(un¢))
+v(Vun, VPN (un®)) + en(Q*un, Pn(un®)) = (f, Pn(un))
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Each of the terms on the left-hand side of the above equation are now treated separately in the following steps:

Step 1. We have fOT(atuN,PN(qub)) = fOT(atuN,qub) = -1 OT(u?V,atcé) and the limit is —%fOT(uQ,atcé)

since u3, — u? in LP(L') for any 2 < p < oo.

Step 2. Since Py commutes with differentiation operators, the viscous term yields fOT(VuN, VPy(ung)) =

fOT(VuN,V(uN¢)) = fOT(|VuN|2,q§) — (3|lun|*, A¢). The second term clearly converges to —(1|u|?, Ag) since
u3, — u? in LP(L') for any 2 < p < co. For the other term we proceed as follows:

[ (vunPio) = [ (9uy —usw).0)
0 0
T
:/O (|V(uN7u)|2+2V(uN—u):Vu+|Vu|2,z,z5).

The second term in the right-hand side goes to zero since uy — uin L?(H?'). As a result lim inf fOT(|VuN 12, ¢) >
fOT(|Vu|2, ¢). That is,

T T
1iminf/ (Vun, VPy(ung)) 2/ (|Vul?, ¢) — (%W,A(p).
0 0

N —+oo

Step 3. Again, owing to the commutation of Py with differentiation operators, and because uy is solenoidal,
we have for the pressure term fOT(pN, V- (Pn(un®))) = fOT(pN7 V- (ung)) = fOT(pNuN, V). As a result,

T T
/ (x> V- (Py (un @) — / (pu, Vo)
0 0

since py — p in L*3(L?) and unyVe — uVe in L*(L?).
Step 4. For the hyperviscosity term we proceed as follows. Since Q+uy € Xy, we have

en(Q@xun, Py(ung)) = en(Qxun, ung),
= en ((Q—Qn—Qi)run,uns).
=en (Q*UN7UN¢> —en(Qr*un, ung),
= en(Sxun, S*(ung)) — en(Qn*un, ung),
= en(|S*un[? ¢) + R + Rz

where the two remainders are defined as Ry = ey (S*upn, Sx(un¢) — (Sxun)d) and Ry = —en(Qpxun, une).
Then

|R1| < enl[Sxunlr2[|S*(ung) — (Sxun)d| L2,

3
S enllunllaelunllgo—r 6l m-, See Lemma 5.2, 5 > 5 + a,

a—1

S enllunllme lun 1 lun | Gall @l a2, Interp. ineq., v = —,

5 (.3 2-1
Sex (Xllunlla)"=l¢llms,

1
S €7 (enllunFe + lI9lI7:)-
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Then, it is clear that fOT |R1] — 0 as N — +oo. Concerning the second remainder we use Lemma 5.1 with
v = 1. Then

T T
| 1Rl SN ollmqamy [ (i + )
so that fOT |R2] — 0 as N — +oo. As a result, liminf fOT en(@xun, Py (ung)) > 0.

Step 5. Unsurprisingly, the treatment of the nonlinear term poses the greatest difficulties. We make here full
use of the hypotheses on « and ey in (3.2) and (3.4). Defining R = (un -Vun, Pv(un¢) —un¢) and because uy
is solenoidal, we have

(un -Vun, Pn(un®)) = (un -Vun,une) + R = — <%|UN|2UNa V¢) + R.

Since uy — w in L49(L3), for all 0 < & < 1, we infer |uxn|?uy — |u[?u in L5 (L1). As a result,

T 1 T 1
*/ <§|UN|2UN7V¢> — */ <§|u|2u,v¢) , as N — +o0.
0 0

For the remainder R we have

|R| = [(un -Vun, Pn(ung) — ung)|,
S Nlun |74V (Px (un¢) — und)| L2,
< Nl_o‘||uN||%4 lun | g, Approximation property,

< N un || Zal|un]| e |6 2 Lemma 5.3.

To bound |Juy|| 1 we proceed as follows.

1 1 r 3
lune < lun]? Sobolev emb., 13 3=
2(1— . 3
< T 187 e Interp. ing., ya =,y = .
3
S lunli s
At this point, there are two possibilities: either % <1lor % > 1.
Ifa< %, then
2 < %71
lunllzs S lunllae lunllFe
: 3 _
< N%_O‘HUNHHQ lun|| 73 " Inverse inequality.

Then, it is clear that
[R| S N2 lun | }a 0l e = N2> e un 3ol -

That is to say, owing to the hypotheses (3.2) and (3.4), we have fOT |R| — 0 as N — +o0.
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On the other hand, if o > %, then

— 1+
Bl S N flun e Il e,

1 3
S N0 (e fun | %) 22 g e
1 342«

< Nl-at+g(1+5%) 2 T - =1
< (enllunl3re + 16152, e

Then again, owing to the hypothesis (3.4), it is clear that fOT |R| — 0 as N — +o00. The theorem is proved. O

6. CONCLUDING REMARKS

We have proposed in this paper a spectral hyperviscosity model that regularizes the Navier—Stokes equations,
provides solutions that converge to dissipative weak solutions of the Navier—Stokes equations when the cutoff
goes to infinity, and preserves spectral accuracy for smooth solutions. To the best of our knowledge, none of
the existing LES spectral techniques satisfy more than one of these properties. Numerical experiments will be
initiated to validate these theoretical results and to compare the behavior of the spectral hyperviscosity model
with other existing LES spectral techniques.

The model proposed here may seem to be crude when compared with those currently proposed in the
turbulence literature. In particular, the model does not account for the so-called back-scatter effect. Further
work is certainly necessary to understand the mathematical implications of such a phenomenon.

Another annoying issue is that the present discussion is restricted to periodic boundary conditions, whereas
most engineering applications targeted by LES involve complex geometry where the periodicity hypothesis does
not hold. We are currently extending the present work to account for this major objection, in particular by
working with finite elements. The major obstacle in the way is that the nice pressure estimate of Lemma 4.3
is no longer available. This estimate must be replaced by estimates in L%(Lg) which seem to be technically
difficult to obtain with finite elements. We refer the interested reader to the Appendix of the paper of Caffarelli,
Kohn, and Nirenberg [4].

Acknowledgements. The first author gratefully acknowledges the support of CNRS and of the Texas Institute for Com-
putational and Applied Mathematics under a TICAM Visiting Faculty Fellowship.

REFERENCES

[1] N.A. Adams and S. Stolz, A subgrid-scale deconvolution approach for shock capturing. J. Comput. Phys. 178 (2002) 391-426.
[2] C.Basdevant, B. Legras, R. Sadourny and M. Béland, A study of barotropic model flows: intermittency, waves and predictabil-
ity. J. Atmospheric Sci. 38 (1981) 2305-2326.
[3] H. Brezis, Analyse Fonctionnelle, Théorie et Applications. Masson, Paris (1983).
[4] L. Caffarelli, R. Kohn and L. Nirenberg, Partial regularity of suitable weak solutions of the Navier-Stokes equations. Comm.
Pure Appl. Math. 35 (1982) 771-831.
[5] G.-Q. Chen, Q. Du and E. Tadmor, Spectral viscosity approximations to multidimensionnal scalar conservation laws. Math.
Comp. 61 (1993) 629-643.
[6] S. Chen, C. Foias, D.D. Holm, E. Olson, E.S. Titi and S. Wynne, A connection between the Camassa-Holm equation and
turbulent flows in channels and pipes. Phys. Fluids 11 (1999) 2343-2353.
[7] J.P. Chollet and M. Lesieur, Parametrization of small scales of three-dimensional isotropic turbulence utilizing spectral closures.
J. Atmospheric Sci. 38 (1981) 2747-2757.
[8] G.-H. Cottet, D. Jiroveanu and B. Michaux, Vorticity dynamics and turbulence models for Large-Eddy Simulations. ESAIM:
M2AN 37 (2003) 187-207.
[9] C.R. Doering and J.D. Gibbon, Applied analysis of the Navier—Stokes equations. Cambridge texts in applied mathematics,
Cambridge University Press (1995).
[10] J. Duchon and R. Robert, Inertial energy dissipation for weak solutions of incompressible Euler and Navier-Stokes equations.
Nonlinearity 13 (2000) 249-255.



908 J.-L. GUERMOND AND S. PRUDHOMME

[11] J.-L. Guermond, J.T. Oden and S. Prudhomme, Mathematical perspectives on the Large Eddy Simulation models for turbulent
flows. J. Math. Fluid Mech. (2003). In press.

[12] S. Kaniel, On the initial value problem for an incompressible fluid with nonlinear viscosity. J. Math. Mech. 19 (1970) 681-706.

[13] G.-S. Karamanos and G.E. Karniadakis, A spectral vanishing viscosity method for large-eddy simulations. J. Comput. Phys.
163 (2000) 22-50.

[14] N.K.-R. Kevlahan and M. Farge, Vorticity filaments in two-dimensional turbulence: creation, stability and effect. J. Fluid
Mech. 346 (1997) 49-76.

[15] R.H. Kraichnan, Eddy viscosity in two and three dimensions. J. Atmospheric Sci. 33 (1976) 1521-1536.

[16] O.A. Ladyzenskaja, Modification of the Navier—Stokes equations for large velocity gradients, in Seminars in Mathematics V. A.
Stheklov Mathematical Institute, Vol. 7, Boundary value problems of mathematical physics and related aspects of function
theory, Part II, O.A. LadyZenskaja Ed., New York, London (1970). Consultant Bureau.

[17] O.A. Ladyzenskaja, New equations for the description of motion of viscous incompressible fluds and solvability in the large
of boundary value problems for them, in Proc. of the Stheklov Institute of Mathematics, number 102 (1967), Boundary value
problems of mathematical physics, O.A. Ladyzenskaja Ed., V, Providence, Rhode Island (1970). AMS.

(18] E. Lamballais, O. Métais and M. Lesieur, Spectral-dynamic model for large-eddy simulations of turbulent rotating channel
flow. Theoret. Comput. Fluid Dynamics 12 (1998) 149-177.

[19] A. Leonard, Energy cascade in Large-Eddy simulations of turbulent fluid flows. Adv. Geophys. 18 (1974) 237-248.

[20] J. Leray, Essai sur le mouvement d’un fluide visqueux emplissant 1’espace. Acta Math. 63 (1934) 193-248.

[21] M. Lesieur and R. Roggalo, Large-eddy simulations of passive scalar diffusion in isotropic turbulence. Phys. Fluids A 1 (1989)
718-722.

[22] J.-L. Lions, Quelques résultats d’existence dans des équations aux dérivées partielles non linéaires. Bull. Soc. Math. France
87 (1959) 245-273.

[23] J.-L. Lions, Sur certaines équations paraboliques non linéaires. Bull. Soc. Math. France 93 (1965) 155-175.

[24] J.-L. Lions, Quelgques méthodes de résolution des problémes auz limites non linéaires, Vol 1. Dunod, Paris (1969).

[25] Y. Maday, M. Ould Kaber and E. Tadmor, Legendre pseudospectral viscosity method for nonlinear conservation laws. SIAM
J. Numer. Anal. 30 (1993) 321-342.

[26] D. McComb and A. Young, Explicit-scales projections of the partitioned non-linear term in direct numerical simulation of the
Navier—Stokes equation, in Second Monte Verita Colloguium on Fundamental Problematic Issues in Fluid Turbulence, Ascona,
March 23-27 (1998). Available on the Internet at http://xxx.soton.ac.uk/abs/physics/9806029.

[27] V. Scheffer, Hausdorff measure and the Navier—Stokes equations. Comm. Math. Phys. 55 (1977) 97-112.

[28] V. Scheffer, Nearly one-dimensional singularities of solutions to the Navier-Stokes inequality. Comm. Math. Phys. 110 (1987)
525-551.

[29] J. Smagorinsky, General circulation experiments with the primitive equations, part i: the basic experiment. Monthly Wea.
Rev. 91 (1963) 99-152.

[30] E. Tadmor, Convergence of spectral methods for nonlinear conservation laws. STAM J. Numer. Anal. 26 (1989) 30—44.

To access this journal online:
www.edpsciences.org




