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Abstract — Visual manifestations of intermittency in computations of three-dimensional Navier-
Stokes fluid turbulence appear as the low-dimensional or “thin” filamentary sets on which vorticity
and strain accumulate as energy cascades down to small scales. In order to study this phenomenon,
the first task of this paper is to investigate how weak solutions of the Navier-Stokes equations can
be associated with a cascade and, as a consequence, with an infinite sequence of inverse length
scales. It turns out that this sequence converges to a finite limit. The second task is to show how
these results scale with integer dimension D = 1,2,3 and, in the light of the occurrence of thin
sets, to discuss the mechanism of how the fluid might find the smoothest, most dissipative class

of solutions rather than the most singular.

Copyright © 2020 EPLA

Introduction. — The most striking visual manifesta-
tion of intermittency in three-dimensional incompressible
fluid turbulence is the accumulation of vorticity and strain
on “thin” or low-dimensional sets. When displayed graph-
ically as iso-surfaces in a cube, these sets typically appear
as spaghetti-like entangled tubular filaments: see fig. 1
where snapshots of the energy dissipation field ¢, and the
Q-field (defined in the caption) of a forced Navier-Stokes
flow are displayed. Although differing in the fine detail
from case to case, initial three-dimensional vortical struc-
tures tend to flatten at intermediate times into quasi—
two-dimensional pancakes which subsequently roll up into
quasi—one-dimensional tubes, with further iterations of
flattening and filamentation resulting in ever finer stria-
tions [1-11]: see the recent paper by Elsingha, Ishihara
and Hunt [12]. Historically, Batchelor and Townsend [13]
were the first to suggest that vorticity and strain are not
distributed in a Gaussian fashion across a domain but ac-
cumulate on local, intense sets which they identified with
intermittency in the energy dissipation [14-18]. In the lit-
erature these filamentary structures are loosely referred
to as “fractal” because of the roughness of the detail of
their evolving fine-scale structure: see fig. 1 for an illustra-
tion. In the last generation, various cascade models, such
as the beta, bi-fractal and multi-fractal models, explicitly
talk about accumulation on sets of non-integer dimension

D [16]. Studies in Fourier decimation have pursued the
idea of intermittency more precisely by projecting a three-
dimensional Navier-Stokes velocity field onto a chosen sub-
set of Fourier modes by employing a generalized Galerkin
projector [19,20]. Intermittency properties have then been
investigated by tuning both the restricted subset and the
Reynolds number. Recent work has culminated in making
this restricted set fractal [21-24]: in effect, the number
of degrees of freedom are limited to a sphere of radius k
growing as k” (for non-integer D) embedded in the three-
dimensional space. Reference [24] contains an excellent
set of references. However, from the point of view of rig-
orous Navier-Stokes analysis, the phenomenon is by no
means understood, mainly because technical tools exist to
pursue analysis only on fixed domains of integer dimen-
sion but not on time-evolving fractal sets. In this context,
many questions remain outstanding. Is there a universal
value of D or are there many disjoint sets of differing di-
mension? How does this fit in with the idea of a cascade to
small scales and the regularity of solutions of the Navier-
Stokes equations at these scales? For instance, Biferale
and Titi [25] have shown that a helically decimated ver-
sion of the 3D Navier-Stokes equations leads to global reg-
ularity. A global theory that answers all these questions
still remains elusive: this paper aims to build on what
is known rigorously for three-dimensional Navier-Stokes
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Fig. 1: The left-hand figure is a snapshot of the energy dissipation field & = 2vS; ;S;.; of a forced 512 Navier-Stokes flow at
Rey) = 196 which is colour-coded such that yellow is 4 times the mean and blue denotes 6 times the mean. The right-hand figure
shows the field Q@ = 3(Jw|* — |5|?): the colours correspond t0 —2Q s (blue) and 5Qms (red). Plots courtesy of J. R. Picardo

and S. S. Ray.
equations to discuss how this fractal set might
occur.

Cascades, scaling and weak solution estimates in
three dimensions. — A cascade is a sequential process
that involves vorticity and strain being driven down to
ever smaller length scales in the flow and has long been
closely associated with intermittency [16,26-28]. For suffi-
ciently long times a cascade to smaller scales should show
up in estimates of both spatially and temporally averaged
gradients of a divergence-free velocity field u(x,t) that
evolve according to the Navier-Stokes equations

(Or+u-V)u+ Vp =vAu + f(x).

(1)
The domain V = [0,L]3,. is chosen to be three-
dimensional and periodic. v is the viscosity and f is an
L?-bounded forcing. Here we show that Leray’s weak so-
lutions of the Navier-Stokes equations [29] can be inter-
preted in terms of a cascade.
We define a doubly labelled set of norms in dimension-
less form
(2)

Fpom = v LY @ [V g,
where o, ,, is defined by

_ 2m
Yn,m = 2m(n+1) —3°

(3)
The norm notation || - |2, in (2) is defined by

1/2m
V™o = (/ |V”u|2de> .
\%

Higher values of n allow the detection of smaller scales,
while higher values of m account for stronger deviations

(4)

from the mean, with m = oo representing the maximum
norm.

The Navier-Stokes equations are well known to possess
the scale-invariance property

w(x,t) — AN u(x /N t/\?), (5)

for any value of the dimensionless parameter A\. Under
this scaling the F), ,,, in (2) are invariant in A and are thus
invariant at every length and time scale in the flow. This
makes them invaluable as a tool for investigating a cascade
of energy through the system. This is further illustrated
by the fact that there exists a bounded, weighted, double
hierarchy of their time averages

n>1,

n =20,

1 <m < o0,
3 <m < oo,

(Frmm)r < enmRe® } (6)

as demonstrated in [30]. The angled brackets (-)r are

defined by
T
(V= T—l/ - dt,
0

and the Reynolds number Re by

(7)

Re = LU/v with U? = L73(||u3)r. (8)

The physical meaning of the set of inequalities in (6) can
be illustrated thus. Consider the time-averaged energy
dissipation rate defined in the conventional manner as
€av = vL73(||Vu||2)r. Then in the case n = m = 1, (6)

becomes
cav < 01,11/3L_4Re3. (9)

The upper bound is recognizable as the same result de-
rived by Kolmogorov’s theory [16] and, as we shall see
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below, leads to the well-known Re®/* estimate for the in-

verse Kolmogorov length. The double hierarchy displayed
in (6) furnishes us with bounds which generalize (9) to all
derivatives and in every L?>™-norm. It is valid for Leray’s
weak solutions and encapsulates all the known weak so-
lution results in Navier-Stokes analysis [30]. These are
distributional in nature and are not unique and thus the
result in (6) falls short of a full regularity proof; i.e., ex-
istence and uniqueness of solutions. It was shown in [30]
that to achieve this would require
(F20mm\p < oo.

n,m

(10)

While it remains an open problem, there is no evidence
that any bounds with the factor of 2 in the exponent exist.
Indeed it is possible that weak solutions are all that are
available. What has been deduced is that (2) and (3) lead
to a definition of a set of inverse length scales ¢, ],

(Lgr_z;n)n-i_l = Fom, (11)

whose estimated time averages are [30]

) < enmBReT e £ O(T7Y).  (12)

m

(Le,,

The exponents of Re in the two cases n = m = 1 and
n,m — 0O are

3
(n+1)anm nom=1
3

lim — = 3.
nmeoo (1 + 1)

= 3/4, (13)

(14)

The first result in (13) is consistent with the inverse Kol-
mogorov length while the second result in (14) implies that
there exists a finite limit to the cascade process. However,
when Re is large it does so at a level below molecular scales
where the Navier-Stokes equations are not valid. Never-
theless it validates Richardson’s original assertion that vis-
cosity eventually terminates the cascade process [16,31].

Estimates and scaling in D-dimensions. — Inequal-
ities (6) and (12) are true for weak solutions in a D = 3
domain. For integer values of D = 2 or D = 3 on a peri-
odic domain Vp the definition of (2) can be generalized to'

Fom,p = v LY om? [V g, (15)
where ay, ., in (3) and (6) is replaced by
2m
AnmD = S n+ 1) — D (16)

The F, ., p in (15) possess the same invariance properties
as F, ., in (2). The details of the proof of (6) have been

IWhen D = 1 the Navier-Stokes equations make no sense unless
the pressure and divergence-free terms are removed, in which case
we have Burgers’ equation. The results expressed in D-dimensions
with D = 1 are valid for this.

generalized for the integer D-dimensional case using the
same methods and results as in three dimensions [30], al-
though the calculation is far from straightforward: see the
appendix.

Theorem 1. For D =

2,3, and for n > 1 and
1 <m < oo, the equivalent of (6) is

<F(4_%aw,,m,D

>T § Cnym’DRGB. (17)

For D =1 the same result holds for Burgers’ equation.

More than 40 years ago Fournier and Frisch [32] introduced
the idea of turbulence in D dimensions where D is no
longer an integer but is restricted to the range D > 2.
They achieved this by analytically continuing the Taylor
expansion in time of the energy spectrum FEj(t), assum-
ing Gaussian initial conditions. Since then the idea of a
non-integer dimension has taken root in the many papers
on the beta, bi-fractal and multi-fractal models [16,17].
Can the Navier-Stokes estimates in (17) be performed on
a domain of non-integer dimension? In a fully rigorous
sense, the answer is in the negative. For instance, there
are no proofs of the Divergence Theorem or the Sobolev
inequalities on fractal domains. Thus we can only claim
the validity of Theorem 1 for integer values of D. What
the result does do, however, is show how the exponent of
FE,, m.p scales with integer values D. The surprising but
crucial factor of 4 — D in the exponent multiplying o, m.p
deserves some remarks:

1) When D = 3, the factor of 4 — D is simply unity
and (17) reduces to (6).

2) When n = m = 1 this factor cancels to make
(4 — D)aq1,p = 2 for every value of D, as it should.
It also furnishes us with the correct bound on the
averaged energy dissipation rate €g,,.

3) When D = 2 we achieve the 2ay, 2 bound required
for full regularity, as in (10). Thus the case D = 2 is
critical for regularity, as is well known [33-35].

As in fig. 1, computations in [7-12] have shown that the
process of flattening and filamentation results in ever finer
striations as the flow progresses. This would indicate that
the set(s) on which vorticity or strain are concentrated
has a non-integer and decreasing dimension. While we
have no rigorous methods for proving the validity of (17)
when D takes non-integer values, it raises the intriguing
possibility that this may nevertheless be true. Certainly it
is clear that when D decreases in (17) then the exponent
(4 — D)ay m.p of F, m,p increases, which is the direction
of more, not less, regularity. This suggests that a flow may
adjust itself to find the smoothest, most dissipative set, not
the most singular, on which to operate. This runs counter
to the traditionally held theory of viscous turbulence in
which singularities have been long-standing candidates as
the underlying cause of turbulent dynamics [36-38], even
though they must be rare events [33-35,39]. Adjustment
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to find the smoothest, most dissipative set could be a way
of the flow re-organizing and regularizing itself to avoid
singularities.

X %k X%

I thank J. R. Picarpo (IIT, Mumbai) and S. S. RAY
(ICTS, Bangalore) for the plots in fig. 1 from their Navier-
Stokes data.

Appendix: proof of Theorem 1. — The aim of The-
orem 1 is to roll together estimates for the Navier-Stokes
equations that are already known individually in both the
D =2 and D = 3 cases. In addition, Burgers’ equation is
included, which is appropriate for D = 1 when the pres-
sure term and the incompressibility condition have been
dropped. The main foundation of the proof of Theorem 1
is the original result of Foias, Guillopé and Temam (FGT)
in 3 dimensions [40]. Given that all three results are known
separately, we are able to formally manipulate and differ-
entiate the H,,, defined below in (A.1) below, on a periodic
domain of integer dimension D.

The FGT result in integer D dimensions.  We require
the definition
H, = / V" ul2dV, (A1)
Vp
from which we can write [33]
1.
§Hn < —vHuy1+ cnllvullooHn (AQ)

For simplicity, we have omitted the forcing. An integer-
D-dimensional Gagliardo-Nirenberg inequality gives

IVulloo < e, HYZHY ™ (A.3)

with a = D/2n and n > D/2. After re-arrangement, (A.2)
becomes

1. 1 W .2 l-a
§Hn < —v (1 — Ea) Hpi1+cepv TaH; “H>®

2n—D

1 " 4n
< —=v (1 — 501) Hn+1 + CnV7EH3"7D H14"7D

(A4)

Divide by H, ™!

Hn+1 . n(4=D)en 1. D 2n-D
— T 4an—D 4an—D
<Hnan,1 <cpv e ( H, H,
n T T

and time average to give

1, l4-D)a, 225 anoh
< cuu TR (H M) I () TP (A)
Then a Holder inequality gives
1
5(4=D)anti1,1,p
<H%(4*D)O¢7L+1,1,D> < < Hn+1 >2 ol
1 — Non,
n+ Hn 1
L(-D)nay, 1 penti1,p 1-3(4=D)an+1,1,0
1-1@4-D)a
« <Hn 5 ( )an4+1,1,D > (A.6)
T

It is then easy to show that the exponent of H,, within the
average can be simplified to

(4= D)no 1, pany11,0 1 (4— Do
=3 - n,1,D-
1-3(@—-D)aniiip 2

(A7)

Taking (A.6) and (A.7) together and using the dimension-
less notation of F}, ,, p, we end up with

<F(47D)Q7L+1,1,D>T < Cn,1<FT(;lfD)a"’LD>T

n+1,1
+Cn,2<F12,1,D>T- (A.8)

To begin an iteration procedure it is necessary to have a
bound in the n = 2 case because n > D/2 and D = 2,3.
We repeat the argument above for n = 2 only
1. 9
o1 < —vHz + ||wlli]lw]2 (A.9)

We note that in D-dimensions ||w|s < ¢|Vw| 4wl
were a = D /4. Thus we have

1. 1 __p__ %D
§H1 S —vi|l-— ZD H2 + cv 4’DH1 . (AIO)
Firstly we consider
$Q2,1,D
<H2%Ot2,1,D>T _ < (E) Hléﬁaz,l,D>
HY
T
tasip Las1 b 1—%as1,p
< <E>2 <H125“2*1’D > (A1)
>~ Hﬁ 1 .
/T T

Thus we must choose 3 to make the exponent of H; equal
to unity:

- D 2

8= 20@7},]3 -1

To see about, the ratio we look at (A.9) and divide by HY
to obtain

H 6-D _
—Z, Sczfﬁ <H14D ﬁ> =y TP (Hi)r.
Hl T T
(A.13)

Thus (FQ(ﬁ_D)aQ‘l’Dﬁ < oo. Then, from (A.8), the result
follows for all n > 1

(F(4_D)a"’1'D>T < cn,1R63.

n,1,D

(A.14)

Formally this is the equivalent of the result in [40] when
D =3.

The result for 1 < m < co.  The bound in (A.14) is
true for m = 1 only. To move up to the m > 1 case we use
a Gagliardo-Nirenberg inequality in integer D dimensions

1All2m < VY Af3 Al (A.15)
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where 2aN = D(m — 1)/m. Therefore, with A = V"u,
we use the F), ,, p-notation. We also keep in mind the
result (A.14) above to find

(4—D)an,m,p a(4—D)an,m,p 2(4—D)an,m,p(1—a)
< n,m,D >T § C<FN+n,1,D Fn,l,D >T

a%n m,D

_ (4=D)antn,1.0\an 0 1.p pA—D)(1=a)an,m,p
= C<(FN+n,1,D )Nt FOY
T

( ) A%pn m,D

4—D)aN4n,1,D\ *N+n,1,D

< <FN+n,1 >T

%y m,D

T aNfn,1.D

(4=D)a, m p—a)aNin 1,D 1
> (A.16)

AN4n,1,D %%, m,D
X <Fn,1,D
T

Using the fact that 2aN = D(m — 1)/m and the expres-
sion for &, p given in (16), we can then show that the
exponent of F, ;1 p in the time average satisfies

(4 — D)anm,p(l — a)ann1,p
AN+4n,1,D — AQn m D

= (4 — D)anyl,p.
(A.17)

Using (A.14), we see that both factors on the right-hand
side of (A.16) are bounded and finally give (17). [

REFERENCES

[1] DouaDY S., COUDER Y. and BRACHET M. E., Phys. Rev.
Lett., 67 (1991) 983.

[2] TANAKA M. and KIDA S., Phys. Fluids, 5 (1993) 2079.

[3] JIMENEZ J., WRAY A., SAFFMAN P. G. and ROGALLO
R. S., J. Fluid Mech., 255 (1993) 65.

[4] VINCENT A. and MENEGUZZI M. M., J. Fluid Mech., 225
(1994) 245.

[5] MorraTT H. K., KipA S. and Onkitant K., J. Fluid
Mech., 259 (1994) 241.

[6] Donzis D., YEUNG P. K. and SREENIVASAN K. R., Phys.
Fluids, 20 (2008) 045108.

[7] IsHIHARA T., GoToH T. and KANEDA Y., Annu. Rev.
Fluid Mech., 41 (2009) 165.

[8] ELsinéa G. E. and MAarusic 1., J. Fluid Mech., 662
(2010) 514.

[9] HunT J. C. R., ISHIHARA T., WORTH N. A. and KANEDA

Y., Flow, Turbul. Combust., 91 (2013) 895.

Hunt J. C. R., ISHIHARA T., WORTH N. A. and KANEDA

Y., Flow, Turbul. Combust., 92 (2104) 607.

ErLsiNGA G. E., IsHIHARA T., GOUDAR M. V., DA SILVA

C. B. and Hunt J. C. R., J. Fluid Mech., 829 (2017) 61.

ELsiNGA G. E., IsuiHARA T. and HuntT J. C. R., Fz-

treme dissipation and intermittency in turbulence at very

high Reynolds numbers, preprint, to be published in Proc.

R. Soc. Lond. A (2020), http://dx.doi.org/10.1098/

rspa.2020.0591.

BAaTcHELOR G. K. and TOWNSEND A., Proc. R. Soc.

Lond. A, 199 (1949) 238.

(13]

[14] Kuo A. Y.-S. and CORRSIN S.,, J. Fluid Mech., 56 (1972)
447.

[15] MENEVEAU C. and SREENIVASAN K. R., J. Fluid Mech.,
224 (1991) 429.

[16] FriscH U., Turbulence: The Legacy of A. N. Kolmogorov
(Cambridge University Press, Cambridge) 1995.

[17] BENzZI R. and BIFERALE L., J. Stal. Phys., 135 (2009)
977.

[18] VERMA M. K., Energy Transfers in Fluid Flows
(Cambridge University Press, Cambridge) 2020.

[19] FriscH U., PomyaLov A., Procaccia I. and RAY S. S,
Phys. Rev. Lett., 108 (2012) 074501.

[20] RAY S. S., Pramana J. Phys., 84 (2015) 395.

[21] LaNOTTE A. S., BENzZI R., MALAPAKA S. K., TOSCHI
F. and BIFERALE L., Phys. Rev. Lett., 115 (2015)
264502.

[22] BuzzicoTTI M., BIFERALE L., FriscH U. and RAY S. S.,
Phys. Rev. E, 93 (2016) 033109.

[23] LANOTTE, A. S., MarapAakA S. K. and BIFERALE L.,
Eur. Phys. J. E, 39 (2016) 49.

[24] BuzzicorTi M., BHATNAGAR A., BIFERALE L., LAN-
OTTE A. S. and RAY S. S., New J. Phys., 18 (2016)
113047.

[25] BIFERALE L. and TiTI E. S., J. Stat. Phys., 151 (2013)
1089.

[26] RAY S. S., Phys. Rev. Fluids, 3 (2018) 072601(R).

[27] BIFERALE L., MUSAccHIO S. and ToscHI F., Phys. Rev.
Lett., 108 (2012) 164501.

[28] BIFERALE L., MusaccHIO S. and ToscH! F., J. Fluid
Mech., 730 (2013) 309.

[29] LERAY J., Acta Math., 63 (1934) 193.

[30] GiBBON J. D., J. Nonlinear Sci., 29 (2019) 215.

[31] LyNcH P., The Emergence of Numerical Weather Predic-
tion: Richardson’s Dream (Cambridge University Press,
Cambridge) 2006.

[32] FOURNIER J.-D. and Friscu U., Phys. Rev. A, 17 (1978)
T47.

[33] DoErRING C. R. and GIBBON J. D., Applied Analysis
of the Navier-Stokes Equations (Cambridge University
Press, Cambridge) 1995.

[34] Foras C., MANLEY O., Rosa R. and TEMAM R., Navier-
Stokes Equations and Turbulence (Cambridge University
Press, Cambridge) 2001.

[35] RoBINsON J. C., RoDpRIGO J. L. and SADOWSKI W.,
The Three-dimensional Navier-Stokes FEquations: Clas-
sical Theory (Cambridge University Press, Cambridge)
2016.

[36] BRENNER M. P., HOrRMOzZ S. and PUMIR A., Phys. Rev.
Fluids, 1 (2016) 084503.

[37) MorraTT H. K., Singularities in fluid mechanics,
arXiv:1907.06400v1 (2019).

[38] JOSSERAND C., POMEAU Y. and RICA S., Phys. Rev. Flu-
ids, 5 (2020) 054607.

[39] CAFFARELLI L., KoHN R. and NIRENBERG L., Commun.
Pure App. Math., 35 (1982) 771.

[40] Foias C., GuiLLopPE C. and TEMAM R., Commun. Par-

tial Differ. Equ., 6 (1981) 329.

64001-p5


http://dx.doi.org/10.1098/rspa.2020.0591
http://dx.doi.org/10.1098/rspa.2020.0591

