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Bardina Models in Terms of
a Navier-Stokes Reynolds Number
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In honor of Ciprian Foias on his 75th birthday:
Wisdom is vindicated by all her children (Luke, 7:35)[1]

ABSTRACT. Estimates for the three &-models known as the
LANS-«, Leray-« and Bardina models are found in terms a
Reynolds number associated with a Navier-Stokes velocity field.
They are tabulated for comparative purposes and show clearly
that all estimates for the Leray-a model are smaller than those

for the LANS-« and Bardina models.

1. INTRODUCTION

1.1. Opening remarks. Ciprian Foias has been a wise and gentle inspi-
ration and guide to a younger generation of applied mathematicians who have
followed in his footsteps by devoting considerable portions of their careers to
studying the Navier-Stokes equations and the various problems associated with
them. Ciprian has taught us respect for the severe difficulties encountered when
addressing three-dimensional Navier-Stokes regularity properties [2—10], but he
has also been the leader these last few years in a program that has seen the de-
velopment of a set of three-dimensional models that regularize the Navier-Stokes
equations. Known more commonly as &-models, the most prominent of these
are the LANS-o model (LANS stands for “Lagrangian-averaged Navier-Stokes”)
[11-13], the Leray-ox model [14] and the Bardina model [15]. At various levels
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these share properties of the Navier-Stokes equations but, unlike their parent, they
possess regular solutions. These comforting regularity properties are the motiva-
tion for their practical use in turbulence modelling [16-18].

Proofs of the regularity of solutions and estimates on the attractor dimension
for all three &-models have been found in terms of the Grashof number G, which
is a measure of the forcing [12, 14, 15], but comparisons between estimates make
better sense if they are made in terms of the same parameter that is also intrinsically
associated with the Navier-Stokes equations. The obvious choice for this is the
Reynolds number Re based on a velocity field U, the space-time average of the
Navier-Stokes velocity field u(x, t). Although technically not a control parameter
but a measure of the fluid response, Re is a better choice than the Grashof number
G7 because of its standard use in computational fluid calculations and scaling
methods in statistical physics [19,20]. Comparisons between estimates for the
three &-models and the Navier-Stokes equations are tabulated at the end of this
main section. These extend the comparison made between LANS-« and Navier-
Stokes by the present authors [21].

1.2. x-models. The idea is to introduce a regularized velocity field v (x, t)
defined in terms of the Navier-Stokes velocity field u(x, t) as

(1.1) v=(1-0*A)u

where « is the coherence length of the Lagrangian statistics: clearly v — w in the
limit ¢ — 0. The four partial differential equations in question are [12, 14, 15]

(1.2) ur+u-Vu+ Vp = vVAu + f(X) NS

vp+u-Vo+Vul -v+Vp
(1.3) = vAv + f(X) LANS-«x
vy —u X curlv + Vp

(1.4) vi+u-Vo+ Vp = vAv + f(x) Leray-«
(1.5) ve+u-Vu+Vp = vAv + f(X) Bardina

taken on a three-dimensional periodic domain [0, L]? with divu = dive = 0. In
the two alternative versions of LANS-«, the two pressures p and p are related by
p=p+u-w.

The idea of creating a turbulence closure model without enhancing viscous
dissipation came originally from Leray [22] who showed how to regularize the
Navier-Stokes equations (1.2) by modifying their nonlinearity into the form (1.4)
with v = 0 on the boundary. The two velocities u and v were related by u = Gs*v
with the filtering operation defined by Gs * v = [ Gs(X, y)v(y) d >y for a sym-
metric kernel Gs(x, y) of characteristic width 6. The Navier-Stokes equations
are recovered in the limit as 8 — 0, so that w — v. The Leray regularization of the
Navier-Stokes equations has been reviewed by Gallavotti [23].
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The three regularizations given in (1.3), (1.4) and (1.5) with w and v related
by (1.1) have been shown to have regular solutions in [12—15]. Generally the most
important of the estimates have been found in terms of the Grashof number Gr
defined below in terms of the forcing. The most suitable quantity, however, is the
Reynolds number Re based on the Navier-Stokes velocity field w which needs to
be related to the forcing function f(x) on the right hand sides of (1.2)—(1.5).
The forcing is taken to be of narrow-band type such that

(1.6) IV fll2 = L7 2.

With fyms = L~4/2|| |2, where and || 13 = [, | FI?>dV, the standard definition
of the Grashof number in d-dimensions is

_ g?’frms

(1.7) Gr 2

Define the Reynolds number as

_ut

(1.8) Re v

U? =L (|lul3)

where (-) is the long-time-average

— 1t
(1.9) (g() =1imtsz g(1)dr.
0

Doering and Foias [10] have addressed the problem of how to relate G and Re
and have shown that in the limit G — o, solutions of the d-dimensional Navier-
Stokes equations must satisfy!

(1.10) Gr <c(Re?+Re).

While this relation is gratifying, finding estimates for all three x-models is not so
simple as substituting Re 2 for Gr. The time average ( - ) within U and hence
within Re suggests that sharper estimates can be found.

1.3. Comparisons between models. Comparisons between the models can
be made at different levels but those for (H;) are particularly instructive as this
is one of the few Navier-Stokes quantities known to be bounded with an upper
bound proportional to Re 3. The corresponding upper bound for LANS-« and
Bardina of Re °/2 is just beaten by the Leray-model with Re 7/3. These three
models all have the property that the Hi-norm is bounded above point-wise in

n [21] it has been shown that this property holds for the LANS-« equations; the same methods
can be used to show this also holds for the Leray-ox and Bardina models although these calculations
won't be displayed here.
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time, which still remains an open problem for the Navier-Stokes equations. The
estimate for the attractor dimension for Leray- model at Re /7 is by far the
best. While the equivalent for LANS-« is Re */4 — which appears consistent with
Landau’s heuristic ideas — this may not actually be sharp [21]. Moreover, while
Foias, Holm and Titi obtained an attractor dimension estimate of Re 3/% in [11],
their definition of Re was different from that used here.

The Table compares estimates of various solution properties. These estimates
improve as one passes from the Navier-Stokes equations to LANS-«, to Bardina
and then to Leray-«, with the Leray-& model showing the most improvement.
The milder activity shown by Leray is illustrated by the much tighter estimates for
variables (k) in the penultimate row. These quantities involve higher deriva-
tives, as explained in Section 3 and the appendix. Based on a definition for the
Navier-Stokes equations

(1.11) Fp = Hp + T2V £l

where the characteristic time T defined in Section 3, the Ky, are defined as

2n (A2 282
(1.12) K2%=Q=J9k Werf) o
. 2 -
0 J (a2 +72f2) av
Q

These are the 2n'" Fourier-moments of the velocity field. Being squares of in-
verse lengths, the time-averages (K%,()) indicate the expected activity as a function
of length-scale, with emphasis on activity in the higher wave-numbers at higher
values of 1. The Table shows that the asymptotic exponent of 17/12 in (KTZL,O) as
n — oo for Leray-« is a great improvement over the 11/4 for LANS-« and Bar-
dina. It should be noted, however, as explained in Section 3, that the definitions
of Kn,o are different for each model, although they play the same physical role.

2. WHY DO GENERAL x-MODEL ESTIMATES DIFFER FROM
NAVIER-STOKES ESTIMATES?

What is it about the filtering that makes the &-models different from the Navier-
Stokes equations? This can be illustrated by looking at Leray’s energy inequality
for the Navier-Stokes equations [2-10]. The semi-norms Hy, are defined on a
periodic domain Q = [0,L]3

(2.1) H, = J [V u|2dV .
Q

The energy Hy = w3 satisfies

1 dHy 1/2
2 dt '

(2.2) —VH; + || fll2H,
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Time-averaging (2.2) and using (1.8) and (1.10) yields

(2.3) (Hy) < VL3¢ 4GrRe < cv3L3 04 (Re 3+ Re 2) )

The energy dissipation rate €¢ = VL™3(H;) is bounded by
e<cvi (Re3 +Re2> :

To leading order the inverse Kolmogorov length Ay = (¢/v3)!/4 is then bounded
above by

(2.4) CA;" < cRe?/4,

This upper bound conforms with the generally accepted scaling law for the in-
verse Kolmogorov length with the Reynolds number [19, 20]. Now we turn to
improvements on this for the three &-models.

In what follows, the two dimensionless volumes Vy and Vi are defined by

= (5 v ()

and A; > 0 is smallest eigenvalue of the Stokes operator.

2.1. The LANS-x model. The key to the improved results for the LANS-«
equations is due to Foias, Holm and Titi [12] who showed that the integral of the
product w - v has two properties. v is defined in (1.1). The first property is

(2.6) J u-vdeJ {lul? + o2 vul?f av
Q Q
while the second is

2.7) ij u-vdV=J (ut - (1 — *A)u+w-v;)dV
dat Jo Q

_ L} fu-[1-oPa)u | +u-v] av
=2J uw- v dV,
Q

where two integrations by parts have occurred between the first and second lines.
From (2.6) we clearly we have

1 d

(2.8) 2 dt

(Ho + (X2H1) = —V(Hl + O(2H2) +J u - de
Q

< —V(Hy + &’Hy) + lul2ll £l
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An absorbing ball for H; can then be calculated (see [12]): this is the key result
that is missing for the Navier-Stokes equations. It is also possible to estimate the
time averages of (H;) and (H;) which can be found, as in (2.2), to satisfy

(2.9) VL3 (H, + o*H,) < v3 0 *Re Gr < c V304 RE.
The upper bound on (H,), written as
(2.10) o> 0v2(H,y) < cVyRe?,

can then be used to improve the estimate for (H;) by using both the simple in-
equality (H;) < (Ho)'/?(H,)!/? together with the velocity U defined by U? =
L73(Hy). This improvement is

(2.11) (Hy) < cv2L30 301 RS2,

This improves the Navier-Stokes result in (2.4) to
y) 1/4
(2.12) A =<c (o‘) Re’’®.

Hence the energy dissipation rate ¢ is also bounded above by Re’’* but the im-
proved estimate blows up when & — 0; no equivalent result is implied for the 3D
Navier-Stokes equations.

Foias, Holm and Titi [12] have made two estimates of the fractal dimension
dr(A) of the global attractor A, the first in terms of the Grashof number G7 but
the second in terms of € which includes the Hy-norm. Their definition of € is

(2.13) = AV2V(H, + o®H))

where A1 is the smallest eigenvalue of the Stokes operator. Their result is [12]
—-3/2 =\ 3/4

e (57)

We now use the estimate for (H; + o«*H;) from (2.9). Thus

(2.14) dr(A) <c

(2.15) adsSE < ¢ (LA}?)3v3 04 RS,

which turns the result of [12] into

VoV o
(216) dr(A) <c W Re’'™,

where L2A; = 412, The right hand side blows up as &« — 0 through V. This
re-working of the Foias, Holm and Titi estimate [12] can be found in [21].
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2.2, The Leray-«x model. Below we find some estimates for the Leray-«
equations in the same manner as for the Navier-Stokes and LANS-« equations.
The results are given in the table.

(2.17) J |v|2dV:J (1= c?A)u- (1 — o*A)udV
Q Q
- J [1ul? + 202 |Vul? + o |Aul?] AV
Q

= Hy + 20¢*H, + o*H,; .

Now consider the Leray-« equations (1.4) which gives

(2.18) 1ij |v|2dV=—vJ IVvlde-i-J, v- fdV,
2 dt Jo Q Q

leading to

l i(H() + 20(2H1 + O(4H2)

(2.19) T,

< —Vv(H; + 26?H, + &*H3) + (1 + o207 )| Fll2llwll2 .
Time—averaging we obtain
(2.20) V(H; + 202H, + o*H3) < (1 + 00723 fromsU
<1+ o2V 4GrRe
<c(1+ 22Vl (R + Re?).

Thus we can write
(2.21) (H3) < c o 4(1 + &*02)v2Vp0 ' (R’ + Re?).

This can be exploited to bring down the estimate for (H;) from Re 3. In fact we
know that H; < H31/3H§/3 and H, < H32/3Hé/3. Thus

(2.22) (Hy) < (H3)'?(Ho)*"?
= (H3)'PL2 (v~ 'Re )43
< CV2(1 +€—20(2)1/3V€1gl/30(—4/3 Re7/3

< CV2(1 _’_3720(2)1/3‘/‘?(/9‘/?/91171 RC7/3 )
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This is an improvement on the Re’/? estimate for LANS-o which, in turn, is an
improvement on the Re’ for Navier-Stokes. Moreover,

(2.23) (Hy) < cv (1 + &2072)2B3y =13 813 Re¥/3

< cvH(1+07202)2BV PV L3 ReE

which is an improvement on the Re’ for LANS-«x .

Cheskidov, Holm, Olson and Titi [14] have proved that the Hausdorff and
fractal dimensions of the global attractor of the Leray-& model are bounded by

1\ 1217 1N\ 9/14
(2.24) dy(A) <dp(A) < (—) (1 + —)

#d X
where
(225) €¢E4 = ELerayV73
and where
(2.26) Eleray = LV(H) + 20¢H, + o' H3)

<clL> (1 + a2€‘2> V3V l~! Re?

Thus
(2.27) 074 = elerayv > < c (1 + P07 2) 04 R

Thus we have
9/14
(2.28) di(A) < dp(A) < V77 (1 + o2072)37 (1 + %) Re’7,

which is entered in the table.

2.3. The Bardina model. Now consider the Bardina model [15] given in
(1.5)

(2.29) vitu-Vu=vAv-Vp+f, v=u-c*Au

with dive = dive = 0. Now we know that

(2.30) j u-vdV=J {|u|2+a2|vu|2} dV = Hy + o2H,
Q Q
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and
da

(2.31) —Ju-vdV=J(ut-v+u-vt)dV:2Ju-vth.
dt Jo Q Q

Therefore (H; + «?H,) is found to satisfy the same estimates as the LANS-
o model

(2.32) VL3 (H;y + 0¢H,) < v3 0 *Re Gr < cv3 04 R,
with

# 1/4
(2.33) A <c (&) Re’/8.

These latter results are exactly as in LANS-. The estimate for the dimension
dr(A) of the global attractor A given in [15] is proportional to Gr2. This,
however, can be improved by noting that their estimate is dependent upon (H>)

whose upper bound can be improved to Re’ as opposed to Gr? < ¢ Re*. With
this improvement ait is found that the estimate for dr garg(A) in [15] converts
to

18/5
(2.34) dr gard(A) < (%) RS

3. ESTIMATES FOR (k2 ,) FOR ALL THREE MODELS
We begin by forming the combination
(3.1) Fn = Hy + TV £l3,
where the quantity T
(3.2) T=0v " (GrinGr)~"2.
For the LANS-« and Bardina models we define the combination
(3.3) Jn = Fn + 20 Fp
and for the Leray-a-model the combination

(3.4) Ly = Fp + 20%Fps1 + &4 Fpys
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Theorem 3.1. As Gy — o, forn =1, 1 < p <n, Ju and Ly, satisfy

d] 1 J1+1/p
(3.5) —p = 7Vt eney Hullign + cive T Re (InRe )y
t 4 Jn_”p
dL 1 Lyr
(36) = = -3 anf + Cn’o( ||vu||ooLn + C1V€72RC (ln RC )L‘I’L
dt 3 L%,
and, for n =0,
1 dJo < —vJi +c;v€?Re (InRe) Jo,
2 dt
G2 1dL
E 7; <-vL; + C1V£_2RC (InRe )Ly .
Proof. The proof of these follows closely to that for LANS-« in [21] and will
not be repeated here. O

Important Remark. The ||VulloLy in the middle term in (3.6) is neither
valid for LANS-« nor Bardina but must be replaced by v=!||wll% ], (see [21]).
Estimates for LANS-« can be found in that paper while those for Bardina follow
in a similar manner.

However, estimates for Leray-&¢ come out to be much sharper than those for
LANS-« and Bardina because of the [[Vu|lo-term in (3.6) as opposed to the
v !|lul|%-term in (3.5). To show this define

G ) L\ Cm-r)
| e ()
Then from (3.6)

(3.9) (k) < cngv I Vulle) + c1€7?Re (InRe).
To estimate the right hand side of (3.9), Agmon’s inequality gives

(3.10) (IVullw) < (Hy) V4 (Hs) !/

< cL72v(1 + o2 072)5/12y, /18y 35136 Rel7/12)
Thus
(3.11) LX(Kh ) < c (1 +o02)>/12v, /1By 3136 Rel7/12,
or

(3.12) (k) < o (1+ a2072)5 /12y 18y 35136 Rel7/12
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We can also estimate

(Hy)'2(Hy)'/?

cVIL2(1+ o202 PV PVER RS2,

(3.13) (lullz)

IA

IA

These all give estimates for (K%’,,). By choosing ¥ = 1 one can achieve an im-
provement for the bound on (K%’O) by writing

2n-1)/n 2 -
(3.14) <K721,o> - (an? )/nKl,/On> - (K%J)(" 1)/n<K%’0>1/n

and using estimates for (k7). This is the origin of the n-dependence in the

exponents in the Table. An explicit example is the calculation for LANS-« given
in [21].
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