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Applying a projection operator method to homogeneous isotropic turbulence in the
Lagrangian and Eulerian specifications of the flow field, we obtain a closure equa-
tion, which is called the SA equation, for the time correlation function. We compare
its solutions with the time correlation function obtained from direct numerical sim-
ulation in the Eulerian specification and with that obtained from direct interaction
approximation in the Lagrangian specification. Results of the comparison show that
the SA equation can express time correlation for homogeneous isotropic turbulence
in the Lagrangian and Eulerian specifications.

I. INTRODUCTION

Time correlation can describe flow dynamics and is therefore an important physical quan-
tity in turbulence. However, it has not been actively treated in turbulence studies except in
direct interaction approximation (DIA). Some papers!™ treat the time correlation function
in connection with the characteristic time 7 dependence on wave number k. The Eulerian
DIA! yields 7 ~ k~!, while the Lagrangian DIA? gives 7 ~ k~2/3. Numerical simulations
support these results,®* although Eulerian DIA gives an unsuitable energy spectrum in the
inertial range. Even in DIA, the central topic is the energy spectrum, which corresponds
to the modal time correlation function (i, (k;t)uj;(k;0)) at ¢ = 0, where i,/(k;t) is the
Fourier coefficient of the fluid velocity u,(x,t), and the angular brackets (-) and * denote
the ensemble average and complex conjugation, respectively. Only the modal time correla-
tion function is treated in the present paper, and thus “modal” is dropped from this point
forward.

In statistical mechanics, the time correlation function is a central topic of research, in-
cluding the fluctuation-dissipation theorem which expresses the relationship between im-
pulse response and time correlation.? Using a projection operator method developed in
statistical mechanics,® the present author has treated time correlation functions for one-
dimensional Brownian motion’ and one-dimensional turbulence, such as the Kuramoto-
Sivashinsky equation.® 10 These results are satisfactory but may not interest fluid dynam-
icists because these treated equations are not entirely related to fluid dynamics. In this
paper, we apply the projection operator method to homogeneous isotropic turbulence in
the Navier-Stokes equations.

The present paper is organized as follows. In Sec. II, we review the projection operator
method by applying it to a set of general evolution equations and by deriving the generalized
Langevin equation. In Sec. III, we apply the projection operator method to homogeneous
isotropic turbulence in the Navier-Stokes equations with two representations, the Eulerian
specification and the Lagrangian specification. We obtain the evolution equation of the
time correlation function, which is not closed. In Sec. IV, we propose a closure assumption
to obtain a closed equation for the time correlation function and compare its solutions
with the time correlation function obtained from direct numerical simulation under the
Eulerian specification and with that obtained from DIA under the Lagrangian specification.
Conclusions are drawn in Sec. V.
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Il. REVIEW OF PROJECTION OPERATOR METHOD

We briefly review the projection operator method®!! by using a set of M evolution
equations for U, (t)

= H,(U(t)), n=12...,M, (1)

U(t) = (Ui(t), Ua(t), ..., Un(1)", (2)

where T denotes the transpose operation and H, (U (t)) is a given arbitrary function of
U(t).

We begin by introducing three important operators P, P’ and A. The first operator P
projects a function f(U(t)) onto an M-dimensional vector space U (0) and is defined as

M M

PHU®) =YY (FU®)U;(0) (UOUT(0))7'],.

LU 0), (3)

i=1 j=1

where 1 denotes the Hermite conjugation and thus U (0)UT(0) becomes an M x M matrix.
The operator P is called a projection operator because P? = P. The second projection
operator P’ is defined as

P =1-P, (4)
which gives the rest of the projection by P. It is easy to derive the relation
PP =0, (5)

which shows that the two projections by P and P’ are orthogonal. The third operator A is
defined as

Modu,(0) 8
A:; it 0U.(0) (©)

where we have used the abridged notation dU, (0)/dt defined as dU,,(0)/dt = dU,(t)/dt|i=o.
Because the operator A satisfies two relations

Un(t) = MU, (0) and H,(U(t)) = M H,(U(0)), (7)

e becomes a time evolution operator.
By using (4) and (7), the left-hand side of (1) is transformed into
dUn(t) _ 7¢dUn(0) Ay dUn(0) | Ay dU(0)
praal praak P pra P pra (8)

Substituting (3) into the first term of the right-hand side of (8), we obtain
M
dUy(0)
At,PT = ZQn]U](t)v (9)
j=1

where (2,,; is defined as

Qnj =

M
=1

(0 0)) (wowio)7],. (10)



Substituting the identity
¢
M — / A=) AP As g 4 PIAL (11)
0
into the second term of the right-hand side of (8) and using (3), we obtain

Atpl Z/ n] t — s)ds + 7y, (1), (12)

where T',,;(t) and 7,(t) are defined as

M
Tas(t) = = > (A @]U7 (0)) [(UO)UT(0))7']
Mz—l
=D _{m(®ri () [(UOU ()], (13)
and
ra(ty = P2 00 _ praey ), (14)

dt

where the two definitions are transformed into convenient forms. The derivation of (13) is
given in Appendix A. It is important to note that statistical steadiness is used to derive
(13).

From (8), (9) and (12), we obtain the generalized Langevin equation®

Z QU (¢ Z/ i ()0 (= s)ds + 1 (2), (15)

which is exactly derived under the assumption of statistical steadiness.

Now we consider the roles of P and P’. Assume that U,(t) has large slowly varying
modes and small rapidly varying modes, and hence dU, (t)/dt has small slowly varying
modes and large rapidly varying modes because the characteristic time scale of the rapidly
varying mode is much shorter than that of the slowly varying mode. Of course, U, (t) and
dU,(t)/dt exhibit randomness. The projection operator P defined in (3) is expressed by
U, (0), and hence Pf(U(t)) exhibits slowly varying motion, while P’ defined in (4) is the
remainder of the projection from P, and hence P’ f(U (t)) exhibits rapidly varying motion.
Equation (9) shows that the first term of the right-hand side in (15) is the time evolution
of P(dU,(0)/dt), which is the projection by P. Hence, this term exhibits slowly varying
motion at ¢ > 0. Equation (12) shows that the second and third terms in (15) are the
time evolution of P’(dU,(0)/dt), which is the projection by P’ and is thus related to the
rapidly varying motion. Because e*P’(dU, (0)/dt) produces a new slowly varying motion
for t > 0, these terms exhibit rapidly varying motion only at ¢ = 0 and not for ¢ > 0.
This slowly varying motion corresponds to the second term’s convolution integral, which is
expressed by U;(t). The second term depends on the entire evolution history of U, (t) and
is related to friction, including the memory effect. For this reason, the function I'y;(t) is
called the memory function. This function is related to a type of dissipation due to chaotic
mixing such as eddy viscosity in turbulent flows. The last term r,(t) is considered to be
a fluctuating force because the slowly varying motion, which is produced as P’(dU, (0 ) /dt)
evolves with time, is removed at every time step. We can state from (14) that eP'A g
a time evolution operator for r,(¢) and its time evolution is extraordinary because of the
newly produced slowly varying motion removal at every time step.

The above-mentioned assumption means that chaotic motion is successfully divided into
slowly varying motion and rapidly varying motion by the projection operator. Equation




(15) is exact but we do not know whether this division is reasonable. We ascertain the
validity of this assumption only for the Kuramoto-Sivashinsky equation.'?

Multiplying (15) by U, (0) and taking the average, we obtain a set of evolution equations
for Qnm(t),

dQum(t) _ - [
T = ZanQjm(t) - Z Fnj(S)Qjm(t - S)ds> (16)
j=1 j=170
where Q. (t) is the time correlation function, defined as
Qnm (t) = (Un(t)U,(0)). (17)
Here, we have used the relation
{rn(1)U,(0)) =0, (18)

which is derived from the orthogonality condition (5). The derivation of (18) is given in
Appendix B. It is important to note that (16) is exact under the assumption of statistical
steadiness.

I1l.  APPLICATION TO HOMOGENEOUS ISOTROPIC TURBULENCE

Consider an incompressible fluid with constant density and viscosity v occupying a peri-
odic cube V with a scale of L. We apply the projection operator method, reviewed in the
previous section, to homogeneous isotropic turbulence in the Navier-Stokes equations with
two representations, the Eulerian specification and the Lagrangian specification. We use
Fourier space because it is more convenient than real space for treating isotropic turbulence.

Now we comment on homogeneous isotropic turbulence. The Navier-Stokes equations
are invariant under space transformation, time transformation, isotropy and parity, and
hence the statistical quantities for the Navier-Stokes equations are also expected to be
invariant under the four transformations in fully developed turbulence.!'* This expectation
is reasonable and therefore stationary homogeneous isotropic turbulence can be realized.

A. Eulerian specification of the flow field

The truncated Fourier transform of the fluid velocity u, (,t) is defined as

1\* ,
G (ks t) = (L) /Vua(w,t)e_lk"”dm, a=1,2,3, (19)

where

2
k= %(n17n27n3)3 no = £1,£2,..., £N. (20)

The incompressibility condition in Fourier space becomes

3
> katia(ks;t) = 0. (21)

Because uq (i, t) is real, (19) yields the property

1o (ki t) = i, (— ks ). (22)



The incompressible Navier-Stokes equations with an external force in Fourier space is writ-
ten as'3

% = Uk (ki +ZZMW k)Y ip(Git)in (k = Git) + Fa(k),  (23)

=1~v=1 J
where
1
Magy(k) = o kg Dar (k) + ky Dagp (k)] (24)
and
kakg
D, s(k) = 605 — . 2
(k) = o — i (25)

Here 6,3 denotes the Kronecker delta and the external force F, (k) satisfies > ko Fo(k) =0
due to the incompressibility and F,(k) = —F,(—k) due to parity invariance. With the
projection operator method, the concrete form of the Navier-Stokes equations (23) is not of
interest, but the four symmetries of it, space transformation, time transformation, rotation
and parity, are of interest.'4 Thus we do not use (23) from this point forward.

The incompressibility condition

3
Y kaDap(k) = ksDas(k) =0 (26)

is derived from (21) and (25). The time correlation function in Fourier space is expressed
by

a5 8500 = (27) it Qusth ) (27)
where
Qaﬂ(k; t) = Daﬁ("’)QUﬁﬂ) (28)

under the assumptions of statistical homogeneity and isotropy.'® Relation (28) is a general
form for the isotropic second-rank tensor in an incompressible fluid.

Each k defined in (20) is numbered consecutively from 1 to N’ = (2N +1)3 — 1 for matrix
representation convenience. Here, the —1 term represents the exclusion of (0,0,0).

2T

(1 —
K L

N2
“T(=N,—N,=N), k&= L( N,—N,-N +1), ..., k[N1:%(N,N,N).
(29)

1. Projection onto all modes

The Navier-Stokes equations (23) are expressed by (1) when an M-dimensional vector
U(t) is set as

! ’ ! T

U(t) = (ank:0), i (650, a2(k50), (650, (k5 0), g (65 ))

(30)

where N’ = M/3. We begin by examining whether the square matrix (U (0)U*(0)) is regular

because the projection operator P defined in (3) includes the inverse of (U (0)U(0)). The
square matrix A is written as

Kll K12 K13

A=({UO)U0) = | Ka Koo Ko |, (31)
K31 Kz Ksz



where K, is a diagonal matrix defined as

o ? Qaﬁ(k[l];o)
Kap = (L) : - : (32)
0 o Qap(EN0)
Introducing an M-dimensional vector
’ ! ’ T
K- (kgﬂ,...,ngl,kglh...,ngJ,kg”,...,ng1) : (33)
we obtain
5 Qualkl; 00k s Dig (kI
5 Quatk ) 0kl 35 Das (kN eY!
1 1
yons | 2o QoK 00k NN 52 Das(RI)kS
AK — <L7T) : — (g) Q(k;0) : =0,
S5 Qos(KN1;0)k 5] 35 Dag (kN )Y
1 1
32 Qaa (K 0) 52 Dag(kU)kS
: ’ N’ ) ’ N’
55 Qap (kN 00k S Dag(kN k"
(34)
where we have used (26) and (28). Because K # 0, we obtain
Al = [{U0)UT(0))] =0, (35)

which means that the square matrix (U (0)UT(0)) is not regular due to the incompressibility.
Hence, projection onto all modes is not appropriate.

2. Projection onto mode parts

Because projection onto all modes does not work well, we choose another projection
operator P, which is defined as

N N’
Pof(U(t)) = ZZU(U@))%(W;O)) [<Ua(0) 7h0) ! y i (kY15 0), (36)
where
U, (1) o (kU'; 1)
Ut)= (U1 ], Ua(t) = : : (37)
Us(t) o (BN 1)

The M-dimensional vector U (t) in (37) is the same as that in (30), but the projected vector
space dimension in (36) is different from that in (3). Note that we do not employ the
summation convention in which repeated indices are summed. Using homogeneity, (36) is
simplified to

o (kY 0). (38)




It is simple to show that P2 = P,. We define P/, as
like we did in (4). It is trivial that the square matrix (U, (0)UZ(0)) is regular.

Applying the projection operator (38) to the Navier-Stokes equations (23) and using
homogeneity, we obtain the following by the manner explained in the previous subsection,

Aathsl) 0 (ki (k1) - /0 P (K )ik £ — 5)ds + ra(k; ), (10)
where
(e )
el = G 0z (0 (4”
oy (ra(k;t)rg (k;0)) Pty Qa(K;0)
Falkit) = o i oy "ok = ePa P, — (42)
We obtain from (C8)
Qa (k) = 0. (43)
Using the relations
3
(ro(k;t)r: (k;0)) = (22) Doo(k)R(K;t) (44)
and
3
(o i) 0:0)) = () Do R)QU (45)
obtained from (27) and (28), we obtain
Lallkst) = giipict = Tk, (46)

which shows that I',, (k;t) is independent of o and hence is equivalent to I'(k; ).
Multiplying (40) by 4} (k;0), taking the average, using three relations (18), (43) and (46),
and then summing over 3 after setting o = /3, we obtain the evolution equation of Q(k;t),

dQ(k; 1)
dt

=_ /Ot T'(k; s)Q(k;t — s)ds, (47)

which is the same as that in one-dimensional turbulence with statistical homogeneity, steadi-
ness and parity invariance, such as the Kuramoto-Sivashinsky equation.’

B. Lagrangian specification of the flow field

We now treat Lagrangian fluid velocity v, (t|a,t’), which is fluid particle velocity at time
t that was at the point a at time '.!5> The Eulerian velocity is simply

U (X, 1) = v, (t]x, t). (48)



The Lagrangian fluid velocity v, (t|a,t’) satisfies the incompressibility condition (21) for
t = t', while it does not for ¢ # t'. The truncated Fourier transform of the Lagrangian fluid
velocity v, (t|a,t’) is defined as

o (i) = (i)g /V va(tla, )e=*da, (49)

where t' is omitted for simplification. The time correlation function in Fourier space is
expressed by

. . 21\ ?
(000095 050) = (F) G Qi) (50)
under the assumption of statistical homogeneity. Note that the functional form of Q. z(k; 1)
in (50) is different from that in (27), although we use the same notation. The Navier-Stokes

equations with the incompressibility condition are expressed by

dig (ks t)

dt = Ha(k§t)7 (51)

where H,(k;t) is a given function but it is not necessary to have knowledge of its concrete
form. Obviously, (51) holds the four symmetries, space transformation, time transformation,
rotation and parity.

First, we consider the same case as in Sec. III A 1. Setting ¢’ = 0 and

’ ! ! T
U(t) = (0a(k1; ), o0 ()5 0), 00 (R ), o (65 0), 5 (R ), o (65 ))
(52)
we obtain
(U©OU0))] =0, (53)

which means that the square matrix (U (0)UT(0)) is not regular because 9, (k;0) satisfies
the incompressibility condition (21) for ' = 0. It is important to note that the relation (28)
is still correct even though 9, (k;t) does not satisfy the incompressibility condition (21) for
t # 0. Hence, projection to all modes is not appropriate.

Second, we consider the same case as in Sec. IIT A 2. Setting ¢’ = 0 and

Oa(t) = (3a(k;8),.., 0 (6 )50)) (54)
we obtain the evolution equation of Q(k;t),
) ¢
TR — [ vt - s)as (55)
0

which is the same as (47). However, the functional form of Q(k;t) in (55) is different from
that in (47), although we use the same notation Q(k;t).

Finally, we consider the same case as in Sec. III A 1 again. This time we set ¢’ = =T < 0
and use U(t) in (52), and hence 0,(k; —T) satisfies the incompressibility condition (21)
while 9, (k;0) does not. Therefore (U (0)UT(0)) is regular. The projection operator defined
in (3) is transformed into

3 M

PIUM) = Y Y (FW@kD:0) (UOUH )], ., 5(50)

S0:0))] 6k 0), (56)

Il
Il
g =
S
-
—~
S
—~
~—
~—
>
o7x
—~
e
=
(e
~~
~_—
—
S
>
Q
—
e
=N
(==}
=
>



where we have used the statistical homogeneity in (50). Applying the projection operator
(56) to the Navier-Stokes equations (51), we obtain the following by the manner explained
in Sec II,

dva (ks t) k; )
v =3 Qus(k)is (s ) Z/ o (ks 8)0s (ks t — s)ds + ra(kst),  (57)
B=1

where

(k) = 3 (205 k00 ) [(WOUT(0)],, =0, (58)

y=1

obtained from (CT),

3
Tag(kit) =Y (ra(kst)rs(k;0)) (UOUT(0)7'] (59)
and
ra(l:t) = 7y ek 0) (60)

Multiplying (57) by @ (k;0), taking the average, and using (18), we obtain the evolution
equation of Qq~(k;t), "defined in (50),

Wenlit) _ Z/ Do (ks )@, (ki — s)ds. (61)

The time correlation function Q.s(k;t) is invariant under time transformation and 0, (k;t)
satisfies the incompressibility condition (21) only at ¢ = ¢/ = —T. Therefore, after trans-
forming ¢ into t + T, 0,(k;0) can satisfy the incompressibility condition without changing
the form of (61). The fluctuating force r,(k;0) also satisfies the incompressibility condition
because

dva k;0) dii,(k;0) d .
Zk To(k;0) Zk P Zk Pt = P’EZkaua(k:;O) =0. (62)

We can therefore obtain the relation (28) for Qus(k;t) and a similar relation
Lop(k;t) = Dag(k)T(k;t) (63)

for T'o5(k;t). Note that (28) and (63) hold true even when 0, (k;t) does not satisty the
incompressibility condition (21) for ¢ # 0. Substituting (28) and (63) into (61), and then
summing over « after setting v = «, we obtain

dQEI’Z%“ _ ,/O T(k; $)Q(k: t — s)ds, (64)

which is the same as (47) for the Eulerian specification. However, the functional form of
Q(k;t) in (64) is different from that in (47).

IV. TIME CORRELATION FUNCTIONS

We have now obtained the evolution equation of Q(k;t)

dQC(lltf;t) _ 7/0 T(k; )Q(k;t — s)ds (65)
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under the assumptions of statistical homogeneity, steadiness, isotropy and parity invariance
for both the Lagrangian and Eulerian specifications. Setting ¢ = 0 in (65), we obtain

dQ(k;0)
—— =0 66
o), (66)
which is valid for both the Lagrangian and Eulerian specifications. It is important to note

that we do not use the closure assumption (67) to derive (66).

A. Closure

Because (65) has two unknowns, Q(k;t) and T'(k;t), it is not closed. As shown in (27),
(28), (59) and (63), I'(k;t) and Q(k;t) are the scalar components of the time correlation
functions with respect to the fluctuating force r,(k;t) and fluid velocity 4, (k;t), respec-
tively. In turbulence, all time correlation functions decay to zero for t — co. We can expect
that the differences between their decay forms are not important except for the character-
istic time. Therefore, it is reasonable to assume that when the time correlation functions
Q(k;t) and I'(k;t) are normalized to one at ¢ = 0 and time ¢ is scaled using characteris-
tic time 7(*) (k) or 7(?)(k), their normalized functions can be approximated by a function

G(k;t)?

o QR (K)) Dk 7 (R)t)
Gt = =00y~ Tk0)

(67)

where

1 e 1 e
) (k =7/ ks t)dt M (k) = / U(k; t)dt 68
T ; , T ; .

) = gay [ Qo () = wgr Tk (68)

Integrating (65) with respect to ¢ from 0 to oo and using (68), we obtain
T(k;0) 7 (k)7 (k) = 1. (69)

Equations (67) and (68) yield
/ Gk t)dt = 1. (70)
0

Substituting (67) into (65) and using (69), we obtain a closed equation of G(k;t), called the
SA equation’

d t/‘?(k‘,)
Qi) = - / Gk )G ks t — 7(k)s)ds, (71)
0
where
T(’Y)(k')
T k = —— 2
4 = "o (72)
It is reasonable that
0<7(k)<1 (73)

because Q(k,t) and T'(k,t) are related to the slowly varying motion and rapidly varying
motion, respectively, and hence 7(*)(k) > 7(*)(k). Tt is important to note that I'(k;t) is
the scalar component of the time correlation function with respect to the fluctuating force
ro(k;t) as shown in (59) and (63).
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Differentiating (71) with respect to ¢ and then setting ¢t = 0, we obtain

1

(k) = TG (k;0)/de?

(74)

We cannot evaluate d2G(k;0)/dt? in the projection operator method. Thus we determine
it with G(t) from direct numerical simulations or other closure models, and otherwise it
is treated as an arbitrary parameter. The SA equation (71) is the same form for both
Lagrangian and Eulerian specifications, and hence all information with their difference is
simplified to 7(k).

The time correlation function for homogeneous isotropic turbulence in Fourier space is
independent of wave number k using the characteristic time 7 ~ k~' in the dissipation
range for the Eulerian specification® and using the characteristic time 7 ~ k~2/3 in the
inertial range for the Lagrangian specification.? Hence, 7(k) is independent of k; in other
words, the k-dependence of 7(7) (k) is the same as that of 7(*)(k). In this case, (71) and
(74) are simplified to

/7
%G(t) _ _/O G(s)G(t — 75)ds (75)

and
- L 76
T T R2G0)/dr (76)

respectively. Now we can obtain a solution to (75) with two initial conditions, G(0) = 1
and dG(0)/dt = 0, if there is some information on the value of d?G(0)/dt>.

Figure 1 shows four solutions to (75) for 7 = j/3, (j = 0,1,...,3). Two of them are exact
solutions

—t

Gt =11
t

for 7 =0,
1 (77)

Ji(2t) for T =
where Ji(t) is the Bessel function of the first kind. Furthermore, we know that the time

correlation function G(t) decays exponentially for 7 < 7, and exhibits an oscillatory expo-
nential decay for 7 > 7,,%10 where 7. is the critical value

7 =0.38. (78)

1.0~
0.8F \
0.6 )
045 3

0.2¢ “\:

00 LT~ e ——
-0.2 ‘

G(1)

FIG. 1. Time correlation functions obtained from the SA equation (75) for four values of 7: dashed
line, 7 = 0; dash-dotted line, 7 = 1/3; dotted line, 7 = 2/3; solid line, 7 = 1.
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B. Comparison
1. Eulerian specification

For the Eulerian specification, we compare the time correlation functions obtained from
(75) with those obtained from direct numerical simulations of the Navier-Stokes equations
with 2563 grid points and adopted feedback-acceleration forcing!'® by Carini and Quadrio.*
We use the raw data from Fig. 8 in their paper. This figure shows that the normalized time
correlation functions with convective scaling collapse into a single curve in the dissipation
range 0.61kg < k < 1.1k4 at the Taylor-scale Reynolds number Re) = 94, where k4 is the
Kolmogorov wave number.

It is impossible to evaluate d>G(0)/dt? accurately, at least to three significant figures,
from the numerical simulation data because the time difference used in these data is not
fine enough. Instead, minimizing the difference between the solution to (75) and numerical
simulation data for 0 < t < 2, we obtain the optimum value of

7 =0.643. (79)

@ 1000 e

0,500} (b),
0.100}
0.050

G(1)

0.010+

ool . 0005 DN

t t

FIG. 2. (a) Linear-linear and (b) semi-logarithmic plots of the time correlation functions: dashed
line, solution to (75) for 7 = 0.643; dotted line (cannot be distinguished from the solid line),
numerical simulation data; dash-dotted line, G(t) oc e,

FIG. 3. Semi-logarithmic plot of the absolute value of the time correlation function obtained from
(75) for ¥ = 0.643.

Figure 2 shows a comparison between the solution to (75) for 7 = 0.643 and numerical
data. Their agreement is quite good, especially for 0 < ¢t < 2, while these two are noticeably
different for ¢ > 2. Figure 2 (b) suggests that the simulation data exhibit exponential decay
but they deviate from this for ¢t > 2.5 because the periodicity may disturb results for large
times such as t > 2.5. Figure 3 shows the absolute value of the time correlation function
obtained from (75) for 7 = 0.643 and 0 < ¢ < 8. This figure shows that the time correlation
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function obtained from (75) for 7 = 0.643 exhibits oscillatory exponential decay. At present,
we cannot determine which decay form is correct, but we provide an example of oscillatory
exponential decay, which was obtained from direct numerical simulation of the Kuramoto-
Sivashinsky equation. See Fig. 5 in the reference.’ It is necessary to carry out further
detailed numerical simulation of the Navier-Stokes equations to obtain the time correlation
function for large times.

Now we discuss the time derivative at ¢t = 0 for the time correlation function G(k;t) and
the response function G(k;t). Here, for statistical isotropy and stationarity, the response
function is expressed by

5“0{("37 t)
5fa(k';t")

where §(k) and dun(k;t)/df3(k';t") denote the Dirac delta function and the functional
derivative of u, (k;t) with respect to fz(k';t'), respectively. Figure 2 clearly shows that the
numerical data satisfy (66). Carini and Quadrio® indicate that, as shown in Fig. 5 in their
paper, the response function G(k;t) obtained from numerical simulation is consistent with
the viscous Gaussian convective response

Des(k)G(kit —t)o(k — k') = < > for t>¢

Gael(k;t) = exp(—qut — %ugkgﬁ), (80)

where ug denotes the root mean square of turbulent fluctuations. This means that the
response function G(k;t) does not satisfy (66) for v # 0, while Fig. 2 shows that the
velocity time correlation function G(k;t) does even for v # 0. Note again that we do not
use the closure assumption (67) to derive (66).

2. Lagrangian specification

For the Lagrangian specification, we compare the time correlation function obtained from
(75) with that obtained from DIA,*'7 which is fairly reliable in the inertial range because
it reproduces the Kolmogorov energy spectrum as well as the Kolmogorov constant.

In the inertial range, the evolution equation of the time correlation function Gpa(t) for
DIA is

dGDIA (t)

o = Gon() /0°° dp J (p) /Ot dt'Gpia(pt’),  Gpia(0) =1, (81)

where

J(p) k [(1_p3)4 L 71(1 +p°)(3p° — 14p® 4+ 3)| . (82)

- 1
3205 | 232 °|1-p32 3

Note here that fooo Gpia(t)dt # 1. Differentiating (81) with respect to ¢ and then setting
t = 0, we obtain

d*>Gpra(0) > 9723
2D dp = — .
a2 /0 TP)dp = =g505 ™ (83)
Using the numerical solution to (81), we obtain
/ Grua (£)dt = 1.5576. (84)
0

Equations (76), (83) and (84) yield

7 =0.390, (85)
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FIG. 4. (a) Linear-linear and (b) semi-logarithmic plots of the time correlation functions: dashed
line, solution to the SA equation (75) for 7 = 0.390; solid line, solution to the DIA equation (81).

which is close to the critical value in (78).1° Thus we can solve the SA equation (75).

Figure 4 shows the comparison between the solution to the SA equation (75) for 7 = 0.390
and that from the DIA equation (81) in the inertial range. Their solutions are consistent
throughout the entire domain in the linear-linear plot, but a small difference can be noticed
between them for ¢ > 2 in the semi-logarithmic plot. This agreement is quite surprising
because these two evolution equations are fairly different.

We end this section by discussing the time correlation function in the dissipation range.
In the dissipation range, the equations (not shown here) obtained from DIA?17 indicate that
neither the time correlation function nor the response function satisfies (66), while the time
correlation function obtained from (75) does even for v # 0. Hence, the time correlation
function obtained from DIA may be inconsistent with that obtained from (75), especially
for smaller values of t. At present, we cannot determine which result is correct because
we have a lack of data on the time correlation function obtained from direct numerical
simulation in the Lagrangian specification.

V. CONCLUSIONS

The SA equation (71) or (75) was derived under the assumptions of statistical homogene-
ity, steadiness, isotropy and parity invariance, and by using the closure assumption (67).
Its solutions for 7 = 0.643 and 7 = 0.390 are consistent with the time correlation function
obtained from direct numerical simulation in the dissipation range for the Eulerian speci-
fication and that obtained from the DIA equation in the inertial range for the Lagrangian
specification, respectively. The previous paper? showed that the solutions to the SA equa-
tion (71) for some 7(k) are consistent with those obtained from the Kuramoto-Sivashinsky
equation for wave number k corresponding to 7(k). Additionally, the solution to (75) for
7 = 1 is the same as that from the Eulerian DIA equation for v — 0,' which gives an
unsuitable energy spectrum in the inertial range. Therefore, the SA equation (71) or (75)
is expected to express the time correlation function for homogeneous turbulence in general.
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Appendix A: Derivation of (13)

Introducing the time correlation function
Fj(t,s) = (ra(t + s)Uj (s)) (A1)

and considering statistical steadiness 0F,;/0s = AF,; = 0, we obtain

J

0= Al (U5 (0)) = ([Arn()]UF(0)) + (ra () AUF(0)). (A2)

Equations (7) and (15) yield

AU (0) = dUg;(O) - i@;iw(m +73(0). (A3)

Using (A3) and (18), we obtain
(rn(t)AUF(0)) = (rn(t)r5(0)). (A4)

Equations (A2) and (A4) yield
([Arn(D]UF (0)) + (ra(t)rj(0)) =0, (A5)

from which we obtain (13).
We end this appendix by noting that the statistical steadiness A(r,,(¢)U;(0)) = 0 in (A2)
cannot yield

A

A

because e is the time evolution operator for Uj(t), while eP'M g the time evolution

operator for r,,(t), as shown in (7) and (14).

Appendix B: Derivation of (18)

Using the equation Pr, (t) = 0 obtained from (5) and (14), and the definition of P in (3),
we obtain

M M
> D OU7 (0) [UOUT )], U;(0) =0. (B1)

=1 j=1

The independence of U;(0) reduces (B1) to

M
S (U7 () [T OUT(0) 7], =0, (B2)

i=1

and using the regularity of the matrix (U (0)UT(0)), we obtain (r, (t)U;(0)) = 0 from (B2).

Appendix C: Derivations of (43) and (58)

Statistical parity invariance means that a statistical quantity is invariant under the trans-
formation

Vo (K3 t) — —0a(—Fk;t) (C1)
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in Fourier space. Note that 0, (k;t) denotes either Lagrangian or Eulerian velocity in this
appendix. For example, using parity invariance and (22), we obtain

<‘W@ﬁ(k;0)> = <Cw%(—k;o)> = <(m”‘c(:;0)@2(k;0)>, (C2)

which means that ((do(k;0)/dt)vs(k;0)) is real. Because the isotropic second-rank tensor
Qup is invariant under the exchange between « and f3,'® we obtain

<M%fm%%ﬂw—<%wmﬂﬁgm>

Using (C2) and (C3), we obtain
(satrsoy Y = (50005, 0)) = (ol i) e

Statistical steadiness yields

ou (ki) A 4o (ks
2ot s0) = (L= D s+ (o Dy 0 ()
Using (C4) and (C5), we obtain
<mﬁ$”%ymn>=o, (C6)

which yields

and then

Qa(k) = Qaa(k) =0. (08)
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