TRUNCATION OF SCALES BY TIME RELAXATION *

WILLIAM LAYTON AND MONIKA NEDA

Abstract. We study a time relaxation regularization of flow problems proposed and tested ex-
tensively by Stolz and Adams. The aim of the relaxation term is to drive the unresolved fluctuations
in a computational simulation to zero exponentially fast by an appropriate and often problem depen-
dent choice of its coefficient; this relaxation term is thus intermediate between a tunable numerical
stabilization and a continuum modeling term. Our aim herein is to understand how this term, by
itself, acts to truncate solution scales and to use this understanding to give insight into parameter
selection.
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1. Introduction. Direct numerical simulation of a 3d turbulent flow typically
requires N3/ 7% ~ O(Re*/*) mesh points in space per time step, and thus is often
not computationally economical or even feasible. On the other hand, the largest
structures in the flow (containing most of the flow’s energy) are responsible for much
of the mixing and most of the flow’s momentum transport. Thus, various numerical
regularizations for truncating the small structures and turbulence models of the large
structures are used for simulations seeking to predict flow statistics or averages. The
resulting simulations are typically complex with many uncertainties and fitting/tuning
parameters whose effects upon the computed solutions are often poorly understood.
Thus, it is important to understand how these regularizations and models (and their
parameters) act to truncate the scales in a simulated flow to be representable on a
computationally feasible grid.

In this report we study one such model/regularization: a time relaxation operator
introduced as a numerical regularization by Stolz and Adams, e.g., Stolz, Adams and
Kleiser [39], [40], based on theoretical work on regularizations of Chapman-Enskog ex-
pansions in Rosenau [32], Schochet and E. Tadmor [35]. This operator aims precisely
to truncate the small scales in a solution without altering appreciably the solution’s
large scales. This regularization operator has many attractive features. It is a lower
order perturbation and thus (since the equation does not change order or type) ques-
tions of well-posedness and boundary conditions are transparent; it ensures sufficient
numerical entropy dissipation for numerical solution of conservation laws, Adams and
Stolz [2], p.393; in combination with a large eddy simulation model, it has produced
positive results for the Navier-Stokes equations at high Reynolds numbers. It can
also be used quite independently of any turbulence model (and has been so used in
compressible flow calculations). As a stand alone regularization, it has been successful
for the Euler equations for shock-entropy wave interaction and other tests, [2],[39] ,
[40], [41], including aerodynamic noise prediction and control, Geunanff [18]. Because
this term has proven to be widely useful, we isolate its effects by studying the sizes of
the persistent scales in the Navier-Stokes equations+Relaxation term. We focus on
the expected case when the Reynolds number is high enough that all dissipation and
scale truncation is created by precisely this relaxation term (up to negligible effects).
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In Section 5.1 we shall examine this assumption and see that it is satisfied provided
(essentially) the filter length-scale ¢ is larger than the Kolmogorov micro-scale and
the relaxation parameter x > O(1).

To introduce the time relaxation term which, when added to the Navier-Stokes
equations, we consider as a continuum model, let Q = (0, L)3 and suppose periodic
with zero mean boundary conditions are imposed on 02 :

d(z + Lej, t) = ¢(z,t) and / P(x,t)dz = 0 for ¢ = u,p, f, uo.
Q

A local spacial averaging operator associated with a length-scale 6 must be selected
and many are possible, e.g., [5], John [21], Sagaut [34]. For specificity, we choose a
simple differential filter, Germano [16] (related to a Gaussian, e.g.,[15] ): given an

L-periodic ¢(z), its average ¢ is the unique L-periodic solution of
—02Np+ ¢ =, in Q.

The correct extension to no-slip boundary conditions is developed in [28].This filtering
operation is often denoted ¢ = G¢ and it will be convenient to let A := —8NA 41
. The Nth van Cittert approximate deconvolution operator G is defined compactly
by

N

Gno=)> (I-G)p,N=0,1,2,--.

n=0

See Section 2.1 for more detail. The (bounded) operator Gy is a approximation to
the (unbounded) inverse of the filter G in the sense that for very smooth functions
and as 0 — 0

¢ =Gnd+ 00",

e.g., Adams and Stolz [1], [38], Dunca and Epshteyn [9], and [5].
The model we consider is to find a L-periodic (with zero mean) velocity and
pressure satisfying

ug+u-Vu+ Vp+rvAu+ x(u— Gyu) = f,in Q x (0,7T)
u(z,0) = up(x), in O and (1.1)
V-u=0,in Q x (0,T) .

The relaxation coefficient x must be specified and has units mlne . The term © — G nT
is a generalized fluctuation included to drive fluctuations below O(9) to zero rapidly
as t — oo without affecting the order of accuracy of the model’s solution u as an
approximation to the resolved ( > O(0))scales.

REMARK 1.1. Another option is to use a related formulation of the relaxation
term given by x(I — GNG)?u . There is little difference in the above (linear) case
between these two possibilities. In the nonlinear case (Section 5) the difference might
be more significant.

The simplest interesting case is N = 0 . Here Gpu = u represents the part of
the velocity that can be represented on an O(§) mesh, while v’ := u — U represents
the part of the velocity varying over scales [ < O(4) . When N = 0 the above model
reduces to

ur+u-Vu+vAu+ Vp+xu' = f,in Q x (0,T) . (1.2)
2



When N =0, v =u—u = —§%A\T so the term xu’ represents a smoothed viscous
term and some sort of scale truncation is plausible.

To use time relaxation, the relaxation parameter y must be chosen. Analytical
guidance concerning its appropriate scaling with respect to other problem parameters
is essential. In Schochet and Tadmor [35] asymptotic analysis suggested the scaling
X ~ Co+C1/0 but this value was found too large in tests reported in Adams and Stolz
[2] p. 403. Herein we consider parameter selection for the Navier-Stokes equations
as a part of broader issues for the relaxation model, including: What is the length
scale of the smallest persistent eddy in the above model’s solution? (This length
scale for (1.1) corresponds to the Kolmogorov dissipation length scale for a turbulent
flow of an incompressible, viscous, Newtonian fluid.) Do solutions of the Navier-
Stokes equations + relaxation term exhibit an energy cascade and, if so, what are the
details of their energy cascade? And, How does the relaxation term act to truncate
the small eddies? Our work herein has been inspired by Muschinsky’s study of the
Smagorinsky model [29] and Foias, Holm and Titi [11] study of the Camassa-Holm
/ Navier-Stokes-alpha model. The answers to these questions will come from two
simple but powerful tools: a precise energy balance for (1.1) in Section 3 together
with Kolmogorov’s similarity theory, e.g., [5], [12], [30], [25], [34], suitably adapted.
Interestingly, similarity theory in section 5 yields x ~ C6~% which is smaller than
the value obtained by Schochet and Tadmor [35] but consistent with it within the
accuracy of an asymptotic expansion.

1.1. Summary of results. The results are presented in the following sections
with full details. We give here an overview of the main results of this report keeping
notation as transparent as possible and describing only the most interesting cases.

Section 3 reviews the analytic framework of the space-periodic problem. Using
simple energy estimates (which are similar in spirit and detail to the numerical analysis
of penalty methods) we show that the component of the solution of (1.1) fluctuating
below O(§) must — 0 in L2(Q2 x (0,T)) as x — o00.This result follows directly from
the continuum equations (1.1) and validates the relaxation term as a general compu-
tational strategy but it sheds no light into parameter selection or the details of how
scales are truncated by the relaxation term. K41 phenomenology is briefly reviewed
in the appendix to establish that it is indeed applicable to the case herein of NSE +
Time relaxation. In Section 4 we delineate those details by developing a similarity
theory for (1.1) following the K-41 Theory of the Navier-Stokes equations. There are
several interesting cases, but the most important consequence for practical comput-
ing is the following predicted optimal scaling of the relaxation parameter which forces
the model’s micro-scale n,,,4., = O(6):

(1.3)

Note that x = 0(6_%) — 00 as § — 0 as required in the analytic estimates of Section
3. For this value of the relaxation term the consistency error of the relaxation term is

Ix(u — Gna)| = O(x6*V+2) = O(82N+1).

Section 5 considers extension to a nonlinear relaxation term. For the most physically
appealing choice of the nonlinear term a heuristic analysis of Lilly [27], famous in
the large eddy simulation community, is adapted to give a prediction of an optimal
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X based upon a different but equally valid physical principle. Interestingly, with the

proper form of relaxation parameter, this analysis also yields the scaling: x = O((S‘é)
as 0 — 0. Section 6 collects conclusions and open problems.

2. Preliminaries. The de-convolution problem is central in both image process-
ing, [4] and turbulence modeling in large eddy simulation, [5], [17], [23], [26], [24]. The
basic problem in approximate de-convolution is: given @ find useful approximations
of u. In other words, solve the following equation for an approximation which is ap-
propriate for the application at hand

Gu = u, solve for u.

For most averaging operators, G is symmetric and positive semi-definite. Typically, G
is not invertible or at least not stably invertible due to small divisor problems. Thus,
this de-convolution problem is ill-posed.

2.1. The van Cittert Algorithm. The de-convolution algorithm we consider
was studied by van Cittert in 1931. For each N = 0,1, ... it computes an approximate
solution u to the above de-convolution equation by N steps of a fixed point iteration,
[4]. Rewrite the above de-convolution equation as the fixed point problem:

given u solve u = u + {w — Gu} for w.

The de-convolution approximation is then computed as follows.

ALCORITHM 2.1 (van Cittert approximate de-convolution algorithm). wg =7 ,

for n=1,2,....N-1, perform

Upt1 = Up + {T — Guy}

Clearly, this is nothing but the first order Richardson iteration for the oper-
ator equation Gu = % involving a possibly non-invertible operator . Since the
de-convolution problem is ill posed, convergence as N — oo is not expected.

DEFINITION 2.2. The Nth van Cittert approximate deconvolution operator Gy :
L2(Q) — L%(Q) is the map Gx U — uy , or Gn(U) = uy -

Hy denotes the map Hy : L*(Q) — L*(Q) by Hyx(¢) := GNGo = Gno.

By eliminating the intermediate steps, it is easy to find an explicit formula for
the N** de-convolution operator Gy :

N
Gno=> (I-G)"¢. (2.1)

n=0

For example, the approximate de-convolution operator corresponding to N = 0,1,2
are Gou = U, and G1@ = 2u — U, and GoT = 3u — 3u + u. The consistency error of
G as an approximate inverse of G is known to be O(5*V72).

LEMMA 2.3 (Error in approximate de-convolution). For any ¢ € L?(€),

»—Gno

(1— A+, (22)
(—1)N+1§2N+2AN+1A_(N+1)¢

0(52N+2) as 6 — 0 for smooth ¢.

Proof. See [9] , [5] . O



3. Energy estimates. Recall that we impose the zero mean condition fQ ¢dr =
0 on ¢ = u,p, f, and ug. We can thus expand the fluid velocity in a Fourier series

; 2
u(x,t) = Za(k, t)e~ ™ where k = % is the wave number and n € Z3.
k

The Fourier coefficients are given by

alk, 1) :% /Q w(z, e~ " dx.

Magnitudes of k, n are defined by

1 2m|n
o] = (I + ol + )y, ] = 272
27 |n|00
o = masc{ 1, ], Ing]} e = =2,
The length-scale of the wave number k is defined by | = Tl | . Parseval’s equality

implies that the energy in the flow can be decomposed by wave number as follows.
For u € L*(Q) ,

L [1 2, N1 2 _
s [ g P = 3 glate o =

1. 2mn
= Z Z §\u(k, )2 | , where k = % is the wave number and n € Z3.
k\|k/=k

Let < - > denote long time averaging (e.g., Reynolds, [31])
1 /T
<¢>(x):= lim sup—/ o(x,t)dt. (3.1)
T—o0 T 0
DEFINITION 3.1. The kinetic energy distribution functions are defined by

L 1 .
B(k,t) = 5~ > 5|u(k,t)|2, and
|k|=k

E(k) : =< E(k,t) >

Parseval’s equality thus can be rewritten as

1 1 9 2m
ﬁ/g‘ZE‘u((E,t” d{E:T Ek E(k,t),and
1
< ﬁ/ lu(z,t)|>dx >— E E(k

The analysis of time relaxation involves dimensional analysis coupled with precise
mathematical knowledge of (1.1) ’s kinetic energy balance. This requires information
on the action of the operator Hy.



LEMMA 3.2. Define the bounded linear operator Hy : L?(2) — L?(Q) by Hyx¢ =
GNGo . Then, Hy and I — Hy are both symmetric, positive semi-definite operators
on L3(). For u € L3(9)

/(u—HNu)-udmzo,/(HNu)~ud:rZO.
Q Q

Proof. Both Hy and G are functions of the SPD operator G so symmetry is
immediate and positivity is easily established in the periodic case by a direct calcula-
tion using Fourier series. To begin, expand u(x,t) = Y, u( e~ X where k = 2”7“
is the wave number and n € Z3. Then, by direct calculatlon usmg Parseval’s equality

1
2L3/(HNu ud:r— ZHN , where
. 1 1
HN(k) = 1+ 22 7;)(1 - m)n , where z = §k.

The expression for H ~ (k) can be simplified by summing the geometric series. This
gives

R 2
Hy (k) :1—(1iz2)N+1 , where z = 0k .

Since z is real, 0 < <l,and 0<1—( i; )N+1 < 1. Thus we have shown

T
0< /(HNu) -udx S/ |u\2d:1c.
Q Q
Similarly, we show 0<1— Hy(k) <1 and
0< /(u — Hyu) - udx < / \u\gd:r,
Q Q

which completes the proof. O

It is insightful to plot the transfer function Hy (k) = 1 — (1 j; YN+ for a few
values of N. We do so below for N = 5,10, 100 .
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Transfer function ﬁN(-), N =5,10,100.

Examining these graphs, we observe that Hy(u) is very close to u for the low
frequencies/largest solution scales and that Hy(u) attenuates small scales/high fre-
quencies. The breakpoint between the low frequencies and high frequencies is some-
what arbitrary. The following is convenient for our purposes and fits our intuition of
an approximate spectral cutoff operatorl.

DEFINITION 3.3 (Cutoff-Frequency). The cutoff frequency of Hy is

~ 1,1
k. := greatest integer(HX,l(g)).

In other words, the frequency for which a ~N most closely attains the value %

From the above explicit formulas, it is easy to verify that the cutoff frequency
grows to infinity slowly as N — oo for fixed § and as § — 0 for fixed N. Other
properties of the operator Hy (-) follow similarly easily from its transfer function.

PROPOSITION 3.4. Hy is a compact operator. Let IIy denote the orthogonal L?
projection into span{e’™* : |k| < k.}.For all u € L*(Q) :

(Hyu,u)r2(0) > C||Tyul?, (3.2)
(u— Hyu,u)r2(0) > C||(I — Iy)ul[.

Proof. Compactness follows since H ~(k) — 0 as k — oco. The second and third
claims follow from the definition of the cutoff frequency, the explicit formula for the
transfer function and a calculation. O

The theory of (1.1) begins, like the Leray theory of the Navier-Stokes equations,
with a clear global energy balance;

L For periodic problems, spectral cutoff is, of course, best done by spectral cutoff. The van Cittert
deconvolution operators give an approximate spectral cutoff operator that is computationally cheap
and extends to the non-periodic case.



PROPOSITION 3.5. Let ug € L§(Q), f € L*(Q2 x (0,T)),and [, f(z,t)dz = 0. For
6> 0, let the averaging be (=62 +1)~'. There exists a weak solution to (1.1) which
is unique if it is additionally a strong solution. If u is a strong solution of (1.1) , u
satisfies

11 ‘1
g O+ [ 75 [ AVl 4 Hyw) - st -

11 9 t
— = [Jug|| —1-/ —/ f - udzdt’.
L32 o L3 Jq

The above energy bound with equality replaced by "<" is also satisfied by weak solu-
tions.

Proof. The model (1.1) is a lower order, linear perturbation of the Navier Stokes
equations so this follows the Navier-Stokes case very closely, e.g., Galdi [13], [14] for a
clear and beautiful presentation. For example, for the energy equality, multiply (1.1)
by u, integrate over the domain (2, then integrate from 0 to ¢. O

REMARK 3.6. By the above lemma and energy estimate, the model’s relaxation

term thus extracts energy from resolved scales. Thus, we can define an energy dissi-
pation rate induced by time relaxzation for (1.1) as

1

€ model(u)(t) = ﬁ

/ x(u — Hyu) - udz (3.3)
Q

The models kinetic energy is the same as for the Euler equations

E moact(@)(t) = 755 ()| (34)

The following analytic estimate of the effect of the relaxation term follows easily
from the above energy estimate.

THEOREM 3.7. Let u be a weak solution of (1.1). If ug € L?>(Q) and f €
L2(0,T; L%(Q)) then there is a C = C(uy, f,T) such that

/ (I — Ty )ul?dedt < Q, (3.5)
Qx(0,T) X

and thus (I —TIx)u — 0 in L2(Q x (0,T)) as x — oo.

Proof. With the stated regularity of the body force, we may use the Cauchy-
Schwarz inequality in the RHS of the energy inequality and apply Gronwall’s inequal-
ity. After this, drop every term on the LHS except the time relaxation term giving

T
/ / X(u — Hyu) -udzdt’ < C(ug, f,T).
0 Q

The result follows from this and the previous proposition. O

4. A similarity theory of time relaxation. We consider now the Navier-
Stokes equations with time relaxation at a high enough Reynolds number and large
enough relaxation coefficient that viscous dissipation is negligible. The first question
is: Does the time relaxation term induce a truncation of persistent solution scales?
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This question is linked to another: Does the NSE + time relazation share the common
features of the Navier-Stokes equations which make existence of an energy cascade
likely? Since (1.1) has the same nonlinearity as the Navier-Stokes equations, the
conditions remaining are that (i) the solution satisfies an energy equality in which its
kinetic energy and energy dissipation are readily discernible, and (ii) in the absence
of relaxation (for x = 0 ) the model’s kinetic energy is conserved through a large
ranger of scales/wave-numbers. Since both conditions are satisfied we are proceed to
develop a quantitative similarity theory of (1.1) , along the lines of the K-41 theory
of turbulence.

Since the time relaxation term is not scale invariant, it is critical to formulate
the problem in a way that is as simple, clear and physically correct as possible. The
first step is to find the model’s equivalent of the large scales’ Reynolds number of the
Navier-Stokes equations. Recall the Reynolds number for the Navier Stokes equations
is, in simplest terms, the ratio of nonlinearity to viscous terms action on the largest
scales:

lu-Vu| U+U _ UL

for the NSE: Re ~ aa VﬁU ==

The NSE’s Reynolds numbers with respect to the smallest scales is obtained by re-
placing the large scales velocity and length by their small scales equivalent as in
Regmau = ==l To proceed we must find the physically appropriate and mathe-
matically analogous quantity for the NSE equations + time relaxation. Again, this
derivation is under the assumption that viscous dissipation is negligible compared to
dissipation due to time relaxation.

Proceeding analogously, it is clear that the ratio of nonlinearity to dissipative
effects should be the analogous quantity, and it should correspond to

|u - Vu|
Ry~ —m+——.
N7 X (u — Hyu)|

For example, if N = 0, and keeping in mind that for the large scales (%)2 << 1,
then we have

o Ju- VU ju V|

" u—m] T xe?am

|u - Vul N UtU

XS A=A+ 1) "] — X6 (& +1)-U
LU ,§° LU

= W(ﬁ +1)~ W

In the general case, and using Lemma 2.3, we have

Ry ~ [u- Vol ~ U2%,
IX(u— Hyw)| — x6*NT2(L)N+1(8 4 1)-(N+) U
_ L2N+1U(5_2 )N+1 N L2N+1gs
VO2NF2 L2 VLA

This parameter definition can also be obtained by non-dimensionalization. For
example, for N = 0, denoting the non-dimensionalized quantities with an over-", we
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non-dimensionalize in the usual manner and obtain the following system. The term
Ry multiplies is O(1) for the large scales-as it should be after non-dimensionalization.

a-u, .
5—2) = f,lIl Q x (O,T) .
(1)

DEFINITION 4.1. The non-dimensionalized time relaxation parameter for the NSE
equations + time relaxation is

L2N+1
Ry = —Q%x§ [2]
X6 Nt

U +10-Va+ Vp+ AT+ Ry

, for N=0,1,2,---. (4.1)

Next we must form the small scales parameters which measure the ratio of non-
linearity to dissipation at the smallest persistent scales. Let usqy denote a charac-
teristic velocity of the smallest persistent eddies and let 1,,,,4.; denote the length scale
associated with them. Then, exactly as above we calculate

|usmall . Vusmall‘
|X(usmall - HNusmall)|

RN—small =~

u
small n,, 0461

~ X52N+2( . 1 )N+1( 252 + 1)_(N+1)u$ma”

MTmodel Mmodel

2N 2
_ 7IWLO(-Jli_ellus"na” 5 1 N+1
- 2N+2 (= +1) :
X6 Mmodel
For the small scales it is no longer reasonable to suppose ¢ is small with respect to
Nmodel*

DEFINITION 4.2. Let 104015 Usmail denote, respectively, a characteristic length
and velocity of the smallest persistent structures in the flow. The non-dimensionalized
parameter associated with the smallest persistent scales of the NSE equations + time
relaxation is

2N+1 2
Usmall o
BN _sman = andeQZN+2 ( 2 + 1)N+1 (42)
X(; Mmodel

The estimate of the smallest resolved scales is based upon two principles:
RN sman = O(l) at length-scale Nmodel

and statistical equilibrium in the form energy input at large scales = dissipation at
small scales. As in the Navier-Stokes equations, the NSE equations + relaxation
term’s energy cascade is halted by dissipation caused by the time relaxation effects
grinding down eddies exponentially fast when Ry _sman = O(1) at length-scale 1, 4ei-
The largest eddies have energy which scales like O(U?) and associated time scale
7=0(%) . The rate of energy transfer/energy input is thus O(U%) = O(%) exactly
as in the Navier-Stokes case. The dissipation at the smallest resolved scales, estimated
carefully, is

dissipation at small scales ~ x(u — Hyu)u ~ (by Lemma 2.3)

~ 3PN T2(ANHLA=(NHD )y ~ (at the smallest scales)
1 52
2N+2 -
R e R € e B U
model Mmodel
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These two conditions thus give the pair of equations

2N+1 62
Omodel Comall 0 | 1)N+1 ~ 1, and (4.3)
X(; nmodel

2
)N+1(1+ 0 )~ (N+1),,2

Usmall -

2N+2
L 7772nodel nmodel

The first equation gives an estimate of the characteristic velocity of the smallest eddy
in terms of the other parameters; solving for wus,q gives

X62N+2

Usmall = 2N+1(1 T

)N+1
model

nmode’l

Inserting this value into the second equation gives the following equation determining
the model’s micro-scale

§2N+2

3 ant+2, 1 Inia & (v
— >~ X0 ()" T (1 + )" [ 2N+1

2. (4.4)
L Mmodel Model Mmodet(1 + 72—

N+1

T'?nodel

This is the fundamental equation determining the model’s micro-scale. There are
three cases: § < N,,0de1 5 0 > Mmoder @0d 0 = 1,,04¢; - This third and last case is the
important one.

Case 1: Fully resolved. In this case § < 7,,,,4,; S0 that 1+ ~ 1.
model
In this case the equation for the micro-scale reduces to
AR R
L ngnodel 77?277,]\(])2_811
which implies
3
Nmodel > (f_]f) o 61+':{Nl+2 . (4'5)
Case 2: Under resolved. In this case § >, 4., S0 that 1+ ~ n252 .
model model
In this case we have
U_3 ~ X§2N+2( 1 )N+1( 52 )—(N—&-l)[ X§2N+2 ]2 (46)
L ngnodel n?nodel 77727?2;11(,]5—‘“ N+1
which gives, after simplification,
U3 1
Nmodel = ( 3L) 2. (47)

At this point, we do not know how to interpret this estimate because it predicts that
in this case increasing x decreases the model’s micro-scale. However, this case is not
the expected one in practical computations so perhaps the simple interpretation is
that solution scales should be resolved and odd results can occur otherw1se

Case 3: Perfect resolution. In this case § =1,,,4.; S0 that 1 +

~ 2.
1noris'1
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In this case the interesting question is to determine the choice of relaxation pa-
rameter that enforces 6 = 1,,,,40- Setting § = 1,,,,4; and solving for x gives

X~ L—Ul2N+15—%. (4.8)

3

When perfectly resolved, the consistency error of the relaxation term (evaluated for
smooth flow fields) is, for this scaling of relaxation parameter,

Ix(u — GnT)| = O(x0*N+?) = O(§2N+%)'

4.1. Interpreting the assumption that viscous dissipation is negligible.
Our assumption that viscous dissipation is negligible compared to dissipation caused
by time relaxation holds provided the Kolmogorov micro-scale for the Navier-Stokes
equations is smaller than the model’s micro-scale induced by the relaxation term. This
is because the K41 theory is asymptotic at infinite Reynolds number meaning that
viscous dissipation is considered negligible at scales above the micro-scale. Thus, one
tenant of K41 is that above the Kolmogorov micro-scale the NSE acts like the Euler
equations. At high enough Reynolds number and large enough relaxation parameter,
it is certainly plausible that relaxation dominates viscosity and that the latter is
negligible. The estimates derived in this section give some insight into how large
"large enough" is.

The first interpretation of "large enough" is that 7,,,4c1 >> Nkoimogorov - 1f
Nimodel > MK olmogoroy then practical considerations suggest that we are most com-
monly in the fully-resolved case or the perfectly resolved case. In the latter, 1,,,,40; = 0
and the condition is that 0 >> 7 imogoron » 1-6-, cOmputational resources are insuf-
ficient for a DNS. In the fully-resolved case 1,041 > Mk oimogorov 15 €quivalent to

3L :
(_XUB )_GN—1+4 §1+‘3N—1+2 > N K olmogorov = Re_f L, which implies

x > (Re™ 1 L)2N+5 315—20“1) (4.9)

3

In the typical case of 6 >> N imogoron and X large this places almost no constraint
upon the relaxation parameter.

The second interpretation is that at 1 = N imogorov » Resmalt >> BN—small ;
this also gives the following mild condition, satisfied by any reasonable scaling of Y,
including those derived herein,

> UL G

5. Nonlinear time relaxation. Nonlinear time relaxation mechanisms endeav-
ors to focus the dissipative effects further on smaller scales by localization in physical
as well as wave number space. Nonlinear relaxation, especially quadratic relaxation,
is also a more physical realization due to the connection to friction (which is quadratic
being proportional to the square of the speed and acting to oppose the direction of
motion). For this reason we focus on the quadratic case; the extension to a more
general nonlinearity is immediate. In the quadratic case, the following is the correct
frictional relaxation model: find a L-periodic (with zero mean) velocity and pressure
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satisfying
u(z,0) = uo(x), in Q
V-u=0,in Qx (0,7),
U +u - Vu+ Vp+viu+x3 (I — Hy){|lu — Hyu|(u — Hyu)} = f,in Q x (0,T) .
The dissipation in the above is given by

1
T
_ 1

3 Jo

1 1
~ 75 [t Hyu)Pe
Q

emodet (1) (£) A (T = Hy){Ju— Hyu|(u— Hyu)} - udz

X%|u—HNu\(u—HNu) (u — Hyu)dzx

Note that €,,04e; > 0 precisely because of the form chosen for the nonlinear term? .

5.1. Parameter determination via < ¢ >=< gy,04e; >. For the special value
w = 3 the derivation of Lilly [27] for the Smagorinsky model can be adapted to non-
linear time relaxation. This derivation is heuristic but gives another useful indication
of the scaling of the relaxation parameter with respect to the other model parameters.
Since this analysis is very well known in large eddy simulation, e.g., [30], [34], [5], we
give an abbreviated summary here. The idea of Lilly is to equate < & >=< gpodel >
and evaluate the RHS by assuming (among other things) that the velocity field arises
from homogeneous isotropic turbulence. To use energy spectrum information a further
assumption is needed that the following two are of comparable orders of magnitude:

3
< ju— Hyullfs i) >~< [Ju— Hyul[f: () >* .

Under these assumptions we calculate

Finax 7 3
< Emodel >= [/ (1-H (k))2E(k)dkF, where
Kmin
< Emodel >= (47TX)§ [Z(l — HN(k))2E(]€)}§
k

Using the formula for H/(\k) and E(k) ~ acik~% | a = Kolmogorov constant, we
get

(5k)2 )2N+2k’_%}%

< Emodel >= (dmx)? < e > [Z(l —(oh)?

k

The above infinite series is convergent and its value depends upon both ¢ and N.

We are interested in its asymptotics as § — 0 for N fixed. Its sum can be majorized

by a few initial terms plus a convergent improper integral. With this majorization,
the infinite series is bounded as follows

E (7(6]{:)2 )2N+25=3 < 3.6% + higher order terms in &
2 f—
— 1+ (0k)

~ Bp63.

2The choice of relaxation parameter (x2 instead of x) is motivated by the resemblance of this
last expression with the one arising in the linear case.
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The value of B, can be estimated by the value of the integral

2 ange i
o~ — z73dz
o= [ )

It can be shown that S = O(1) for the first few values of N and is decreasing as N
increases®. Some estimates of values of 3, , obtained by numerical integration, are
given below.

N =0 1 2 3 4 5 6 7 8
By ~1.21 0.895 0.766 0.689 0.635 0.596 0.564 0.538 0.517

Setting < & >=< &p0der > thus gives the following value of the relaxation parameter
(after simplification)

X = [4mad3 ]t .

These calculations reiterate the scaling of the linear case, obtained by a different
physical principle, in the nonlinear case

X ~ 05 %). (5.1)

6. Conclusions and open problems. The Navier-Stokes equations + time
relaxation possesses an energy cascade that truncates the energy spectrum at a point
that depends upon the relaxation parameter, the global velocity and length scale and
the averaging radius § . This time relaxation term does not dissipate appreciable
energy for the resolved scales of the flow for N large enough. The action of this
time relaxation term is to induce a micro-scale, analogous to the Kolmogorov micro-
scale in turbulence, and to trigger decay of eddies at the model’s micro-scale. The
extra dissipation at the cutoff length scale induced by time relaxation must reduce
the number of degrees of freedom needed (per time step) for a 3d turbulent flow
simulation. With proper scaling of y this extra dissipation will also balance the
transfer of energy to those scales from the flow’s power input and thus prevent a
non-physical accumulation of energy around the cutoff length scale as well as force
the model’s micro-scale to coincide with the averaging radius .

With the formula derived herein, y ~ L%ZN +H5—3 , the model’s micro-scale is §
3

and the number of degrees of freedom (per time step) needed for a 3d turbulent flow
simulation with the model (1.1) is

L
Ngop >~ (5)3, independent of Re !

This leads to a huge computational speedup using (1.1) over a DNS of

Niof " 3~ R_e%)% = (é
Naoyp L3573 L

) Re?.

3The proof that By is decreasing can be done by differentiation with respect to "N". Tt is also
our instinct as mathematicians to ask the limit of S5 as N — oo . We have shown in fact that
Bny — 0as N — co . However interesting this case N — oo, the important case is N fixed.
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Finally, the time relaxation studied herein, since it is a lower order term, is ideal to
be used with many other models (e.g., the NSE-alpha model) to reduce further the
computational complexity of simulations with them by accelerating the truncation of
scales without altering a model’s accuracy on the resolved scales. The above value
of x is derived for fully developed, turbulent flow. While it is smaller than other
theoretical values, it is also possible that other flow settings, such as transition, would
require other, still smaller, values- an important open problem.

There are many other open problems connected to finding rigorous proofs of this
description of the effects of time relaxation directly from the Navier-Stokes equations
and without assumptions of homogeneity or isotropy. There are also other possible
scale-dependent relaxation strategies which should be developed and compared to
find the best tool for a given flow problem. It is also important to study the time
relaxation operator used in a synthesis with other good models of turbulence. There
does not seem to be a clear strategy of developing a general theory of such mixed
models so the effect of such combinations must be investigated on a case by case
basis. Lastly, we have studied, as a first step, time relaxation as the continuum model
(1.1). Simulations are of course performed using a chosen discretization of (1.1). Thus
understanding the effects of these terms, when discretized, and performing a rigorous
numerical analysis of the combination is a very important next step.
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Appendix. A synopsis of K41 phenomenology.

Turbulent flows consist of three dimensional eddies of various sizes. In 1941, 1.

Kolmogorov gave a remarkable, universal description of the eddies in turbulent flow
by combining a judicious mix of physical insight, conjecture, mathematical analysis
and dimensional analysis, e.g., Frisch [12], Pope [30]. In his description, the largest
eddies are deterministic in nature. Those below a critical size are dominated by vis-
cous forces, and die very quickly due to these forces. This critical length scale (the
Kolmogorov micro-scale) is n = O(Re~3/%)* in 3d. From this estimate, it follows that

4The length scale of the smallest persistent eddy is traditionally denoted by 7 rather than [ .
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direct numerical simulation of a 3d flow thus requires Az = Ay = Az = O(Re™3/*)
giving O(Re"‘g/ 4) mesh points in space per time step, and thus is often not compu-
tationally economical or even feasible. This estimate is based upon existence of an
energy cascade in turbulent flow problems and Kolmogorov’s above estimate of the
micro-scale at the bottom of the energy cascade. Since this energy cascade theory is
extended herein (and in other papers as well) beyond the Navier-Stokes equations,
the answers to important questions about it must be reviewed.

Why do solutions of the Navier-Stokes equations exhibit an energy cascade? And,
should it be expected that solutions of (1.1) have their own energy cascade? The an-
swer to the first question has been understood since the work of L. F. Richardson and
I. Kolmogorov. We shall briefly review the answer (which is given also in Chapter 1 of
most books on turbulence) because its answer also contains the answer to the second
question (which we have developed in this report). The Navier-Stokes equations and
their solutions have the following well-known features;

o If v = 0 the total kinetic energy of the flow is exactly conserved®:

E(u)(t) = E(u)(0) + /O - A £ - udsxdt.

e The nonlinearity conserves energy globally (since [, u-Vu-udz =0 ) but acts

to transfer energy to smaller scales by breaking down eddies into smaller ed-

dies ( for example, if u ~ (U sin(*3*),0,0)"" has wave length [ and frequency

T then u - Vu ~ %(Sin(%), 0,0)'" has shorter wave length % ).

o If v > 0, them the viscous terms dissipate energy from the flow globally:

E(u)(t) "‘/O e(u)(t)dt" = E(u)(0) —|—/O % /Q f - udxdt, where e(u)(t") > 0.

e For Re large the energy dissipation due to the viscous terms is negligible
except on very small scales of motion. For example, if u ~ (U sin(%), 0,0)""

then
. . QvU . Ty i .
viscous term on this scale = —vAu ~ 7 1—2(s1n(T), 0,0)"", from which:
C e . C vU?
energy dissipation on this scale = e(u) ~ ﬁyl_2
Thus the nonlinear term dominates and the viscous term is negligible if
U? vU . U
— >> — ,ie, — >> 1.
l 12 v
e The forces driving the flow input energy persistently into the largest scales of

motion.
The picture of the energy cascade that results from these effects is thus: energy
18 input into the largest scales of the flow. There is an intermediate range in which
nonlinearity drives this energy into smaller and smaller scales and conserves the global
energy because dissipation is negligible. Fventually, at small enough scales dissipation
is nonnegotiable and the energy in those smallest scales is driven to zero exponentially
fast. This is the physical reasoning behind Richardson’s famous description:

5For the physical reasoning in this appendix and sections 4 it is perhaps appropriate to suppose
that the energy equality holds and sidestep the deeper questions concerning weak vs. strong solutions
and energy equality vs. energy inequality, e.g., [13], [14].
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"Big whirls have little whirls

That feed on their velocity,

And little whirls have lesser whirls,
And so on to viscosity."

Inspired by this description, in 1941 I. Kolmogorov gave a quantitative and uni-
versal characterization of the energy cascade (often called the K-41 theory). The most
important components of the K-41 theory are the time (or ensemble) averaged energy
dissipation rate, e, and the distribution of the flows averaged kinetic energy across
wave numbers, E(k). Given the velocity field of a particular flow, u(x,t) , the (time
averaged) energy dissipation rate of that flow is defined to be

1
<e>i=< E/ v|Vu(x, t)[2dx > . (A.1)
Q

To present the K-41 theory’s conclusions, recall that the time-averaged kinetic
energy distribution in wave number space, Section 2, is denoted by E(k). The K-41
theory states that at high enough Reynolds numbers there is a range of wave numbers

0< bin :=Uv L <k <<e>Tu 1 = k. < 00, (A.2)

known as the inertial range, beyond which the kinetic energy in a turbulent flow is
negligible, and in this range

BEk)=a<e>3 k3, (A.3)

where « is the universal Kolmogorov constant whose value is generally believed to be
between 1.4 and 1.7 (for example, Wyngaard and Pao [43] found a value of oo = 1.62
in studies of atmospheric turbulence), k is the wave number and ¢ is the particular
flow’s energy dissipation rate. In this formula, the energy dissipation rate < ¢ >
is the only parameter which differs from one flow to another. Indeed, in Pope [30],
figure 6.14 page 235 in [30], the power spectrums of 17 different turbulent flows taken
from Saddoughi and Veeravalli [33, SV94] (which also contains the references to the
particular experiments) are plotted on log-log plots. The slope of the linear region in
this plot has the universal value of —% for all 17 turbulent flows, exactly corresponding
to the k=5 law.

We review this argument of Kolmogorov, which is adapted in the next section. It
begins with a physical conjecture that:

CONJECTURE A.l1. The time averaged kinetic energy only depends on the time
averaged energy dissipation rate € and the wave number k .

Beginning with this, postulate a simple power law dependency of the form

E(k) ~C < &>k (A.4)

If this relation is to hold the units, denoted by [-] on the LHS must be the same as
the units on the RHS, [LHS] = [RHS]. The three quantities in the above have the
units

_ length?

length?
[<e>]= =

3 [E(k)] =

time3 ’ time2
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Inserting these units into the above relation gives

length? B length?* 1
time2  time3e lengthb

= length?* " time™3?, giving

2 b=-2

=22a—b= ==
3a=2,2a 3, ora 3’ 3

Thus, Kolmogorov’s law follows
Ek)=a<e >3 k=%, over the inertial range 0 < k < C’(LRe_%)_l.

The above estimate n ~ LRe~1 for the Kolmogorov micro-scale is derived by
similar physical reasoning. Let the reference large scale velocity and length (which
are used in the definition of the Reynolds number) be denoted by U, L. At the scales
of the smallest persistent eddies (the bottom of the inertial range) we shall denote the
smallest scales of velocity and length by vsmai, . We form two Reynolds numbers:

UL Usmall?]
Re = 73 Resmall -

The global Reynolds number measures the relative size of viscosity on the large scales
and when Re is large the effects of viscosity on the large scales are then negligible.
The smallest scales Reynolds number similarly measures the relative size of viscosity
on the smallest persistent scales. Since it is non-negligible we must have

v
Regman >~ 1, equivalently Ysmalll] 1.

Next comes an assumption of statistical equilibrium: Energy Input at large scales =
Energy dissipation at smallest scales. The largest eddies have energy which scales
like O(U?) and associated time scale 7 = O(%) . The rate of energy transfer/energy
input is thus O(UTZ) = O(UTS)G. The small scales energy dissipation from the viscous
terms scales like

( vs*r"r?mll )2 )

2
Esmall = V|Vusmall‘ =v

Thus we have the second ingredient:

U3 Usmall \2
T (e,

Solving the first equation for vgmqa1 gives Vsman = %. Inserting this value for the small
scales velocity into the second equation, solving for the length-scale 7 and rearranging
the result in terms of the global Reynolds number gives the following estimate for n
which determines the above estimate for the highest wave-number in the inertial range:

_3
N = NKolmogorov = Re™1L.

61t is known for many turbulent flows that, as predicted by K-41, € scales like % This estimate
expresses statistical equilibrium in K-41 formalism, [12], [25], [30], [36], [37] and has been proven as an
upper bound directly from the Navier Stokes equations without any assumptions of homogeneity or
isotropy for turbulent flows in bounded domains driven by persistent shearing of a moving boundary,
Constantin and Doering [7] , and Wang [42], . The same estimate has been proven, Foias [10], Doering
and Foias [8], Childress, Kerswell and Gilbert [6] (others have also contributed to this important
theory as well), when the flow is driven by a persistent body force, the boundary conditions are
periodic and the forcing acts on the largest modes/ largest scales.
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This estimate for the size of the smallest persistent solution scales is the basis for the

estimates of O(Re%) mesh-points in space leading to complexity estimates of O(Re?)
for DNS of turbulent flows.
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