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Abstract

Approximate Lie symmetries of the Navier-Stokes equations are used for the applica-
tions to scaling phenomenon arising in turbulence. In particular, we show that the
Lie symmetries of the Euler equations are inherited by the Navier-Stokes equations
in the form of approximate symmetries that allows to involve the Reynolds number
dependence into scaling laws. Moreover, the optimal systems of all finite-dimensional
Lie subalgebras of the approximate symmetry transformations of the Navier-Stokes
are constructed. We show how the scaling groups obtained can be used to introduce
the Reynolds number dependence into scaling laws explicitly for stationary parallel
turbulent shear flows. This is demonstrated in the framework of a new approach to
derive scaling laws based on symmetry analysis [11]-[13].

1 Introduction

In this paper we develop and generalize the results devoted to approximate symmetry
analysis of the Navier-Stokes equation obtained in [7]. The aim is, first, to transfer the
results of calculations of approximate Lie symmetries of the Navier-Stokes equation to
the case of arbitrary-order approximate symmetries and, then, to give their application
to scaling phenomenon arising in the statistical theory of turbulence. We also present
the procedure of construction of the so-called optimal systems of all finite-dimensional Lie
subalgebras corresponding to the approximate group transformations obtained.

The basic idea of approximate symmetries, and of approximate transformation groups
may be found in Fushchich and Shtelen [5], Euler et al [3], [4], Ibragimov, Baikov and
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Gazizov [1], [2]. We do not review in details the papers devoted to the concept of approx-
imate symmetries which is a combination of the Symmetry Group Analysis of differential
equations on the basis of Lie (Lie-Bécklund) groups and the Theory of Perturbation of
differential equations. The notion of approximate symmetry is used when the symmetry
properties of equations involving a small parameters are studied. In the main two ap-
proaches reasonably well known are due to Fushchich, Shtelen and Euler on one hand and
due to Baikov et al on the other and they both employ the perturbation techniques. In the
first approach the dependent variables are expanded in a perturbation series and (a sys-
tem of ) equations under consideration are separated at each order of approximation. The
exact symmetries of a coupled system obtained in the framework of the theory of pertur-
bation are defined to be the approximate symmetries of the original (system of) equations
with the small parameter. The second approach is quite different, the Lie operator is
expanded only in a perturbation series so that an approximate infinitesimal operator can
be constructed. Gazizov in [6] presented a criterion which enables us to connect these
approaches. In general, symmetry operators obtained in the framework of developed by
Fushchich, Shtelen and Euler and approximate symmetry operators in the sense by Baikov
et al (based on the theory of approximate transformation groups) are not equivalent to
each other. The corresponding examples are given by Gazizov [6]. The algorithm for a
direct calculation of approximate symmetry operators is more difficult for a realization
than in standard Lie method and it can be taken from [6].

We also mention the paper [17] wherein the comparison of the above-mentioned ap-
proaches are given in details. Moreover, the authors give another method for construction
of approximate symmetries which is in consistence with the perturbation theory. Higher
symmetries including a small parameters are studied in [18] to construct approximate so-
lutions of perturbed equations. The reccurent relations for an expansion of symmetry by
a small parameter are found for evolution equations with one spatial variable [18]).

Using the criterion obtained by Gazizov, we showed in [7] that the first-order approx-
imate symmetries in the sense by Baikov et al of the Navier-Stokes equations can be
derived by the exact symmetries of the coupled system coming out from the Navier-Stokes
equations. The nice form of the coefficient functions to the infinitesimal operator of the
first-order approximate system (coupled system) associated with the Navier-Stokes equa-
tions enabled us to obtain the above-mentioned result. Moreover, we proved that the
Lie symmetries of the Euler equations are inherited by the Navier-Stokes equations in
the form of approximate symmetries. This factum is especially important in the line of
their application to the theory of turbulence. From the knowledge of the approximate
symmetries of the Navier-Stokes equations which include two scaling symmetry operators
we can obtain a broad variety of results for the turbulent flows since the symmetries of
fluid motion are admitted by all statistical quantities of turbulent flow. In the context of
Symmetry Group Methods the approach to derive certain turbulent scaling laws arising
in the statistical theory of turbulence was given in [11]. In particular, it unifies a large
set of scaling laws for the mean velocity of stationary parallel turbulent shear flows. The
approach is derived from the Reynolds averaged Navier-Stokes equations, the fluctuations
equations, and the velocity product equations, which are the dyad product of the velocity
fluctuations with the equations for the velocity fluctuations. Therefore, it was shown that
the knowledge of symmetries make it possibly to derive a family of scaling laws but these
scaling laws are fixed by using the symmetries of the Euler equations. Reconsidering the
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derivation of the different scaling laws in [12] we note that the use of symmetries of the
Navier-Stokes equations do not enable us to introduce the Reynolds number dependence
into scaling laws explicitly. In fact, viscosity is symmetry breaking one scaling symme-
try and as a consequence the entire scaling law theory will broke down. That is why
it is seen to be important to pursue research on developing the theory of approximate
transformation groups for the applications to the statistical theory of turbulence.

We do not review the results by Barenblatt and Chorin about investigation of the
influence of the intermittency phenomenon on certain scaling laws presented by the von
Karman-Prandtl universal logarithmic law of the wall (in the intermediate region of wall-
bounded turbulence), and the Kolmogorov-Obukhov scaling for the local structure of
turbulence. We only mention that the concept of the so-called incomplete similarity and
intermediate asymptotics was used to make a correction of the classical scaling laws when
the Reynolds number is finite but large. The analysis extended the classical form of
dependency between the velocity gradient and the spatial coordinate y, the shear stress
at the wall 7, the pipe diameter d, the kinematic viscosity v and density p without using
the Navier-Stokes equations directly. For details see [14]-[16].

Our aim is to find approximate symmetries which to leading order correspond to the
Fuler equations but to higher order allows for the Reynolds number dependence of a tur-
bulent motion. In Section 2, we calculate arbitrary-order approximate symmetries of the
Navier-Stokes equations applying the theory of approximate symmetries, and the Navier-
Stokes equations are considered as a perturbation of the Euler equations. We construct
the so-called approximate Lie symmetry tangent vector field to the manifold defined by
the Navier-Stokes equations which is motivated by their application to the theory of turbu-
lence. In particular, we show that the Lie symmetries of the Euler equations are inherited
by the Navier-Stokes equations in the form of approximate symmetries (arbitrary-order
approximation). Moreover, the optimal systems of all finite-dimensional Lie subalgebras
of the approximate symmetry transformation of the Navier-Stokes are presented in Sec-
tion 3. In Section 4, we show how the scaling groups obtained can be used to introduce the
Reynolds number dependence into scaling laws explicitly for stationary parallel turbulent
shear flows.

2 Lie symmetries of the S-order approximate system for the
Navier-Stokes equations

Let us consider the Navier- Stokes equation
U + (4 - V)i + Vp = vAd, diva =0 (2.1)

and the perturbation series for @ and p in this null viscosity v

S
u(E,t) = uf(F )+ vul(@t) +o(r®), s=1,...,8 (2.2)
s=1
S
p(E 1) = po(# 1)+ vpy(E,t) + o).

s=1
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Inserting these series into the Navier-Stokes equations, we obtain the S-order approximate
system for the Navier-Stokes equations in the following denoted by coupled system. In a
first step we present the exact Lie symmetry for this coupled system obtained. This
symmetry is called S-order approximate symmetries of the Navier-Stokes equations. The
infinitesimal operator for this system of any order approximation can be written in the
following form
0 9 1 0 0, s,a 9 0 9 s 9

Xs=¢ 5‘1‘5@4‘” 6—u8+n a—u?‘f‘c 6—1)0+< ap.
Remark 1. We note that symmetries of a coupled system obtained in the framework of
the reduction of differential equations with a small parameter using the expansion of the
depending variables asymptotically in terms of a small parameter have been considered
by Fushchich, Shtelen and Euler et al. in [3] — [5] as approximate symmetries of the
corresponding differential equations with the small parameter.

s=1,...5.  (23)

In the present section we are primarily interested in the calculation of exact symmetry
of the coupled system for the Navier-Stokes equations. However, that this is in view of
finding the S-order approximate infinitesimal operator to be derived in the next section.
We expand a solution (#, p) in a perturbation series according to (2.2) to obtain the coupled

system of equations for finding (y, ..., us), and (po,...,ps)
A ot + (Z_[O . V)’l_[() + Vpy =0, (2.4)
div ﬁo =0.
S
v i iyt Y (il V)ils g + Vps = A1, (2.5)
k=0

divis =0, s=1,...,5.

The corresponding infinitesimal operator is due to (2.3) and the corresponding prolonga-
tion of this operator can be written in the form

0 0 0

0
S, 0 s
+77m 8u?7m * Cm 8p0,m * Cm aps,m

ou§ 1l ou?

0,mn s,mn

Xs = X1+n%° +n0 , (2.6)

Bu&m

S, s,a\ _ ,,« 7 s __ s\ _ . i S, S,y
where Nm = Dm(n ) us,ij(g ), Cm = Dm(C ) ps,]Dm(£ )’ Nmn = Dn(nm )
ug - Dn(€7), s =0,1,...,S. Here Dy, denotes the total derivative operator
0 0 0 0
- a 7 g _Z - — ...

D = oxm + Us,m au? + Us,mn augn +p87maps + Ds,mn apsm +

Applying the operator Xg to the coupled system (2.4), (2.5) we find that the smooth
coefficients €0, €1, 0% n®, ¢0 and ¢%, s =1,...,5 are given by

§0 = (2@0 + bo)t + Co,
¢ = (ap+bo)x’ +ajjx’ + hj(t),
770’i = —aoué + aijué + h; (t), (2.7)

o= —agul + ajjul — sboul,
¢° —2aopo — "B} (t) + ¢°(¢),
¢° = —2apps + g°(t) — sbops,



Lie algebra methods for the statistical theory of turbulence 231

where ag, by, co are arbitrary constants, the numbers a;; are connected by the relationships
a; =0, a;j+aj; = 0 for i # j and hy, g%, ¢° are arbitrary smooth functions of the variable
t. We note that the functions £°, &%, n®?¢, (° coincide with the coeflicient functions of the
infinitesimal operator for the Euler equations.

To adopt the symmetry operator (2.3), (2.7) for their application in turbulence, we need
to rewrite (approximately) this operator (or the Lie symmetry vector field) in the original
variables (9/0t,0/0x%,0/0u®,0/0p). For this aim we use the concept of Approximate
Group Transformations by Ibragimov, Baikov and Gazizov [1], [2] wherein the infinitesimal
operator is expanded in a perturbation series with the small parameter v.

3 Approximate Lie symmetry of the Navier-Stokes equa-
tions

Following the paper [6], we consider a family G of invertible transformations

ﬁa%Ta 71.767])7@;”)57—0( a(7f’ﬁ’p’a)—|— +VTS(7£:7 7p7a)+0
P~ ult, %, d,p,a;v) = polt, &, @, p, a) + v (t,Z,4,p,a) + -+ + vus(t, &, @, p, a) + o(v%),
7~ vl(a;v) = v (a) + - -- + °0s(a) + o(v°),

where f ~ g means that f — g = o(v°), |o(v®)] < Cv5*t!. According to the theory of
approximate Lie symmetries (see, for example [1]), the S-order approximate infinitesimal
operator can be written in the form

appr = 2 7 T 0
X = (6 (6,7, p) + vEY (4, T, T,p) + - + u%?s)(t,w,u,p)]a
i . i . i . 0

+ [€o) (67, 0p) + €l (B,E, @)+ + 17 (%, 4p)l 5

oo a RN (e = = 9

+ [0y (&, 7@, p) + vy (4, 7,8, p) + - + 10 (1, 7, @, p)] ue

I oo L L 40 0
+ [C(O)(t7xauap)+VC(1)(t7xauap)+”'+VSC(S)(t7xauap)]8_p+[V’%1+“'+VS"€S] ’

where
QO OA(s) O
(s) 9a |4y’ O Oa | 7
o, 0 L
o (s) Fi(s) s
— = = == 1 ..
s) da | - ©= 90 |, ™ al,_, "7 S

An algorithm for the direct calculation of the coefficients of X¢™" can be taken from [1].
In the case of S = 1, the following assertion establishes a relationship between the
operators X; and X"
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The operator X; of an exact symmetry of the coupled system (2.4) can be rewritten in
the form of an approximate infinitesimal operator X{#*" if and only if it has the form

(9 6 (9 (9
j 377% 85]0 3,

+ Gy~ &lypos +
which is obtained by substituting (2.2) for S = 1 (the first-order approximation) into the
operator X" and expanding the coefficient functions into Taylor series (for details see
Theorem 1 [6]). It is worthwhile noticing that, thanks to the nice form of the coefficient
functions obtained in (2.7) of the operator X; we are able to apply (3.1) for calculating
X7PP". Indeed, comparing (2.7) and (3.1) we obtain that

=0, niy=0, Cuy=g'(t), &1 =bo (3.2)

taking into account that (see (2.7))

(%j 6£j on% on% b

(0) (0) (0) (0) o

—= =0, — =0, —* =a, B # «), = —ag, —— = —2ayp.
8u€ Ipo 3u€ s | ) oug 0 Opo 0

As a result, we obtain that the operator X7 is transformed to

0
ov’

0 ;0 0
xarrr — 09 o i 9 0 1 9 b
=g e + 16" +vg' Dl +vhog

(3.3)

Moreover, this operator is admitted by the Navier-Stokes equations in the sense of the
first-order approximation of the theory of approximate transformation groups and the
operator X (unperturbed term of X"*")

0 0
X = 090 0,0 09
0 5 vl 5 tnte et ¢ ap
coincides with the infinitesimal operator for the Euler equations. Therefore we showed that
the operator Xy is inherited [8] by the Navier-Stokes equations in the form of approximate
symmetry (3.3) (see, [7]).

Remark 2. We note that an infinitesimal operator admitted by an unperturbed equation
cannot be always extended in the form of approximate symmetry operator of the perturbed
equation under consideration, see [2], [6].

After observing that the first-order approximate Lie symmetries of the Navier-Stokes
equations can be easily calculated by using the exact symmetries obtained of the corre-
sponding coupled system, we repeat this derivation to manage with the general case of
arbitrary-order approximation. In fact, we need only to generalize the formula (3.1) for
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arbitrary integer numbers S. In order to reduce calculation, we present this derivation for
a non-point approximate operator [6] of the form

0

ow®

3.4

— - =

Ysappr = [f(%)(f,w‘,w‘m,)—|—1/f(oi)(f,zﬁ,wm,)+—|—1/Sf(0§)(f,w,wm,)]

+ [ym +"'+I/S/<Ls]

—~
~—

57

where W = (i, p) and then give "a point symmetry version”. With the help of Taylor
formula

. . . . Of (o) s 2 |0fWo) s , 1 O*f(H) 4 s
F@o + vii+-+ %) = ffo) + vy g2 | Z0 ey - 20
(0 1 ) (0) aygl 1 aygl 2 28y€18y€2 1 J1

of (Ui 1 9% (4 1 & f(u
2| L)y 1O e ey LT 522/?3](3-5)

+ V=5 + Y1
dyo" 20yy" dyp” 3 dyg" Dyo” Oy’

where 0 = (01,...0n) is a multi-index; |o| =014+ +on, 0l =0o1!...on!, 0, =0,...,S;
_ 1 N
Y) = Yi) - Yiuy) 204

k _ k k
Ylur) = Z Yiy - Yig, -
i1+t =Hk
Here po = (p1, ..., pun) is a multi-index associated with o (see [2]) and we can write

f(%)(i _’O+I/U_)’1+"'+V51175,1170$+V?171x+"'+usiﬁsw,...)

OF2 (T, Tog, - - - Ofe (o, W, - .-
(0)( 0, WO )wfl—i- (0)( 0, WO, ) B1

= fa ?170,’(170,... +v wy: o+ ...

(0) ( z ) awo 1 3w€}1 11

9 3f(°(‘])(u70,u70x,...) 51 132f(°(‘])(u70,u70$,...) ,81 ﬁz
+ v : Wy 5 % 3 wy Wy

ow Ow, " Owy
T, 2 - o

({9.]0(0({])(11)0,?1}096,...) 8 18 f(o(‘))(wo,wo$,...) 4 8o 36

+ P waj, + 5 P wh; Wy, + (3.6)
Woj, Wy, OWoj,
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a (o7 a7 2 fra (o7 7
af(())(wo,wo:m"')wﬁl n 18 fo)(w05w01'7 ) 61

B2 2,01
+ (wi'wy? + wi?ws')
owgy! 52 6w018w02 b b
3 fra (7 .7
n 16 f(o)(uo,w()m, e )wf wf%wf?) n 8f(0)(w0,w0x, e )wgl
3w owy? dwl? owy!, "
2 Lo (o7 o7
10 f(0 (o, Doy - - - ) 3 103 f(0 (Wo, Doy - - - ) 5 8
+ = (Wi wh? + w )+ - w w? w4
] 171 72352 1j2 2]1 3 3 1j1 %152 " 1j3
2 aw0;1 dwy?, 3 dwg,, awojg wy:,
S olel
1 f(o wOawOIa"' S
+ Z ol Gl (Gl 2 + o)
lo|=1 |ul=S
where the lower index jr = 1,...,n denotes the corresponding partial derivative of the

functions wy, ¥y = 1,...N and s = 0,...S. The symbol ... denotes the omitted terms
arising due to the Taylor formula and can be easily reconstructed. For the applications
to the coupled system (2.4),(2.5) these terms are not used in further calculations due to
the linear functional dependence of the coefficients n%%, n*? CO and ¢* on us and p, in the
formula (2.7). Repeating the formula (3.6) for each term v°f&, s =1,....5 and using the
perturbation series for i, p, we can rewrite the terms in Square brackets of the operator

VIR = [ (@0, @, ) + V) @0, 0 ) 4o VS (38,0, )|

in the form

oy (o, Wog, ...) +v [fg)(wo,w%, )
3f(oé)(11707?f70x7---)wﬁ1 . Of (o, Woz,---) 4

+ Wi ...
owy" ! 5w€ﬂ11 1j1
afa (1170,100,...) 162fa (Zﬁo,’(ﬁo,...)
+ V2| £ (o, dog, ) + —2 SRR R anAC) : 1
awol 2 6w018w02
8f(%)(u70,150x,...) 61 182]"(06 (ﬁo,iﬁom,...) 81 B 8f(0{)(u70,160x,...) 8
! dwy} T i L 5P w
Yoz Woj,9%Woy, Wy
Of& (Wo, Wog, - - -)
+ =0 U (3.7)

51
(9100]1
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af&é))(wo,iﬁom,...)wﬁ 162f(0(é))(w0,1170$,...) 81 Bo

! (wh " wy +w12w261)

+ V3 f%)(?ﬁo,’lﬁox, - ) +

owy! 3 2 6w€18w02
3fra (77 .7 a (= =
16 f(o)(u()aw()m,"') 81 B2 fBs af(())(w(),w(]:v"") 61
+ wi wiiwy® +
3 9wl ow 3 L 1T B1 Wsjy
W' Ow,y” Owy (9woj1
2 Lo (o7 o7 3ra (= o
18 f(o)(wo’wom"") B1, B2 B2 B 18 f(o)(wo’wox"") B, B2, B3
T3 P me%+wmwmy+3aﬁ%9maﬁ3wm,mwm+~-
Woj, YWoj, Woj, OWpj, OWo jg
af(oé)(wo,wa,) B1 af&)(w(),woxa) 61 af(of)(w)o,wa,) 61
+ w wit 4t w
Owh? ! ow’t L Owht 2
0 0j1 0
2 - o > o ) S5 S
N 18 fﬁ)(wo,wox,...)w61w62+ 8f(0{)(w0,w0$,...)wﬁl 18 f(o;f)(wmwa,---) 5 B
2 811)'6)1810 P 171 aw51 251" 9 o 51 o B2 1j1 12 =
0o 9Wy 051 Woj, OWoj,

o o o 1 9ol fe, (o, Wog, - - -)
+ S f(S)(x,w,wx,...)—FZZ— (5=3) Zw(ﬂ)—i—... —i—o(us).

U(Qwd)or ... (Owl)on
~ 0 (Owp) (Owy") st
Denote by
appr s 9
Y = (k1 + - + 17 Kg] 5 (3.8)

the second operator in the formula (3.4). Direct calculations show that

0 _s O B
Foe =~V Ju’ s=0,...85,
and
Vlig = —r1 | W} 9 + 2ws 9 + -+ Swg 9
Yo — ! 1 ows 2 owg ws owg
0 0 0
2 = _ « ) « L. a v .
VKo 5 Ko (wl s + 2wy us + -+ Swg g 6w§+1> (3.9)
0 0 0 0
S.. 2 _ _ a Y a Y . a v
ViS5 Ks <w1 us + 2wy st + -+ Sw2518w35_1> .

Considering only a finite number of terms of a given order of approximation in the non-
point symmetry operator (3.4), we obtain the following constraints on the function 6:

00,
- da

=0, s=2,...,5. (3.10)

Rs
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Then the operator Y™ in the variables wg is transformed to

0

B1

(3.11)

Xs = fiy) (o, Bz, - ) o + | £ (W0 o)
0
8f(06) (1170, Zﬁox, e ) 5 8f(06) (1170, Zﬁox, e ) 8 o a
+ ; wy By wyjy, o TR | g
ow dwy, Ows
o /= = 3f(°(‘])(u70,u70x,...) 5 la2f&{])(iﬁo,w0x,...) 81 fo
+ f(2) (Wo, Wog, - - ) + - wy 5 R - Lty
owy Owy' Owy
afg])(wo,w%,...) 8 182f(%)(u70,u70$,...) 5 6 afg)(wo,w%,...)
T B1 21 " 9 B1 4,52 1 Wy T 1 !
Ow, i1 ow 1 Ow, i owy
a1y (o, Woz, - - -) )
(1) ) L) 5} 9 o
i oug, T g

af&{])(wo,wox,...)wﬁl 162f(°(‘])(u70,u70x,...) 51 5

owy' 3 2 awg L owy?

+ [f&)(iﬁo,iﬁom,)+

3o (7. 7 a (7 7
L0 (W, Wows ) 5, s, ﬁ3+3f(0)(w0,w0x,...) B
+ 3 owho 526 ;W1 W w’ W3j,
W, Ow,” Ow, wos,
2 fo (0B o7 3pa (o o=
+ 18 f(o)(wo,wa;,---)(wﬁl w2 +w52 w )+ 18 f(o)(wmwa,---) P12 7 +
2 o 516 B2 171252 152 7251 3 ) 618 526 B3 171 ™ 1j2 133
Wo,, W5, Woj, OWpj, OWo jg
N 3f(‘2‘)(1ﬁo,u70x,...)wﬁl+3f(°2‘)(u70,u70x,...)wm L 6fa)(1ﬁo,u70x,...)wﬁl
owit ! ow’: L owit 2
0 051 0
v 182fﬁ)(?’70’1‘70$"")w61w62+8fﬁ)(w0’w°“f’ )
2 ng 'owy? tt 8w€}1 20
2 ro =
10 f(l)(wo,w()m,...) 5 8
+ = witwi? 4. — 3/63’(1)‘1
2 awg i (9ng2»2 A ? | Ouws

S s lo| fa ==
o o o o 1 0 f(s_s)(wmwaa---)
+ f(s)(x,w,wx,...)JrZ Z ol (Owl)or ... (Ow))o~

s=1 ‘0":1

Z W) + 00— SKswg
lul=s

Therefore we are able to prove the following extension of Gazizov’s result (see Theo-
rem 1 [6]).
Let a non-point approximate symmetry operator be of the form

appr o = o = a (27 77 o T, W, W, a

Yt = {f(o)(x,w,wx,---)+Vf(1)(907w7wa:7---)+"'+st(5)(x’w’w$"")] A
0

2 (342

then the operator (3.12) takes the form (3.11) in the variables w¢. Moreover, if the equa-
tion under consideration approximately admits the operator Y™, then the corresponding

(wy wy? + wIngl)

0

—.
owg
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coupled system admits the operator Xg. The proof directly follows from the definition
of approximate infinitesimal operator [1], [2], substitution of the perturbation series for
w into the original equation and separation with respect to v exploiting the results of
calculations done above.

If (3.12) is an approximate Lie symmetry operator i.e. it has the form

appr — = — = —» — a
i S i S i ——
+ [S(O) (ta &€, ’l,U) + Vf(l) (ta &€, ’l,U) e VSS(S) (t7 w)] Oxt
0

+ [U%)(tafaw)JrV??ﬁ)(t’f,ﬁ)Jr +V 77( )( _)U_)’)]awa v 57

then the corresponding operator (3.11) are presented in the form

Xs

0 ; 0 0

— 0 = 77 1 - = (% - -
— 5(0)(t,x,w0)§ +£(0)(t,$,w0)% +77(o)(75,33,w0)w
L A (g, (L, I, o)
+ [nﬁ)(t,x,wo) — &), (t, 7, To)w + (’awal (3.13)
0

0y, (t, %, W)

(0) B, a

— witwg; — Kiw
ow," 170 !

0
owy

%, (t, %, @) €l (t, 7, o)
(0) wgl (0) 1 glwoj

[77?2) (t, fa 2170) - {2) (t’ fa w(])w(o][j' +

ow,* owy

132 ()(t z wO) Bi, Ba 1a2§g0)(t7f7130) 61 B

X 1 877?{1)(t7£7w0) G
2 8w§18w02 2 8w§18w02

2 o
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o 1 6‘0‘775 (t , o)
+ W(s)(t7 wo) — 5( )(txwo wm"‘ZZ ] (Ow}) ( . (Qw))on

Z W(w)

|ul=s

We apply the formula (3.13) to calculate the approximate Lie symmetry operator of
the Navier-Stokes equations. Inspired by the formula (3.13) and the calculation of the
first-order approximate infinitesimal operator X;"*" for the Navier-Stokes equations, we
obtain, comparing (2.7) and (3.13), that

Bna 8770{
- o o) (0) B
Sy =0 ny =0, o aap, (a# ), Jug 0 a=1,3
(97740
77?1) = C(1) = gl(t), % = —2ay, 77?0) = (o, k1= by, (3.14)
Po
620, =0 amTE ity =qe R0, —
= y = R a=1,0, — S ,
) ) Moy =G =9 6%18%2
2, 7 o
Oy _o Pw o M o 417
Owl dw? Coowl T dwd ’ ’
s=0, =0, a=13, nly="=40),
‘9'0'5?575) 3|a|n?578)

higher-order derivatives

(Owg)or ... (dwi)on” (dwg)er ... (Bwd )7

become zero for |o| > 2 due to (2.7).

Therefore we derive that the S-order approximate symmetry operator Xg for the Navier-
Stokes equations is transformed to

0 -0 0 0
xoprr 0 7 ' 0, 0 s St —_— 1
& otz tn g+l +vg'(t)+ - +v7g ()]aer (3.15)
0
l/boa.

This operator is admitted by the Navier-Stokes equations in the sense of S-order approx-
imation of the theory of approximate transformation groups. Moreover, we can see that
the infinitesimal operator X, of Lie symmetries for the Euler equations is inherited by the
Navier-Stokes equations in the form of approximate symmetry (3.15) for arbitrary-order
approximation.
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4 Optimal systems of finite-dimensional Lie subalgebras of
the approximate group of transformations

In this section we construct the so-called optimal system of all finite-dimensional Lie
subalgebras generated by the approximate symmetry operator X¢™". According to the
theory of approximate Lie symmetries, a vector space L of approximate operators is called
an approximate Lie algebra of operators if it is closed (in approximation of some given
order) under the approximate commutator

[A,B] € L, [A B]~ AB— BA,

for any A, B € L. The approximate commutator [A, B] is calculated to the precision
indicated. Examples of the approximate symmetries show that such symmetries usually
do not form a Lie algebra, but create the the so-called approximate Lie algebra [19].

The approximate Lie algebra L admitted by the Navier-Stokes equations was found in
the previous section. Therefore this algebra is decomposed into the semi-direct sum of the
finite-dimensional subalgebra Lg spanned by the generators

) o9 .9 .0 )
X, = 2 ox,enZiid il 99
LT ogp Ty T T Y T Py
B 9 2 9
1 2 1 2
X2 = x@xz_x8x1+u3u2_u3u1

Xo3 = ani—x——l—u——u— (4.1)

and the infinite-dimensional ideal L, with the basis

i 9 i 0 N
Xy = a (t)&ri + ay(t) 9 * ay(t) op’ i=1,2,3 (4.2)
0 0 0
_ 4 _ 5 _ S 4+8
X7 = a*(t) op’ Xg =va’(t) o Xryrs =v7a" (1) o

where a¥(t) are smooth arbitrary functions. The direct calculation of commutators shows
us that Lg forms (exact) Lie algebra of the infinitesimal operators with respect to the
(exact) commutator operator.

We construct complete systems of all inequality subalgebras of the Lie algebra Lg where
every subalgebra represents a class of equivalent subalgebras. According to [9], we denote
the optimal system by the symbol ©L, where n is a dimension of the corresponding
system. Recall that inequivalent subalgebras are used to find invariant solutions such
that the solutions so obtained cannot be carried over into each other by the admissible
transformations of the differential equation under consideration. To construct the optimal
system ©L,, it is necessary to find the group of inner automorphisms Aut(Lg) of Lie
subalgebra Lg.
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In order to simplify the calculation of commutators, we consider the algebra Ly (which
is isomorphic to Lg) spanned by the basis < Y7,...,Ys > where

Y1 = Xl, Y2 = 2X6 — XQ, Yg = X2 — XG, Y4 = X2,3, Y5 = X371, }/6 = X172.

Table of commutators for the basis operators of this algebra reads

[Y1,Y1] = [Y1,Y2] =0, [Y1,Y3] = Y1, Y1, Yy = [Y1, V5] = [Y1, Y] = 0,
[Y2,Y1] = [Ya, Ya] = [Y2,Y3] = [Yo, Ya] = [Y2, Y5] = [Y2,Y¥5] =0,

Y3, Y1] = =11, [¥3,Ys] = [V3,Y3] = [V3,Ya] = [¥3,¥5] = [V3,¥6] = O,
(Y, Y1] = [Yy, Y] = [Vy, V3] = [Y4,Yy] = 0, [Vy, Y5] = Y5, [Va, Y6| = - V5,
[V5,Y1] = [Y5, Ya] = [Y5,Y3] = 0, [Y5,Y4] = Y5, [¥5,Y5] =0, [Y5, Ys] = Y5,
[Y6, Y1] = [¥5, Y] = [Y6, V3] = 0, [Y6,Ya] = V5, [V, Y5] = —Vi, [V, Ys] = 0.

This algebra is decomposed into the direct sum Ly = O3 & K @& T of ideals O3 =<
Yy, Ys,Ys >, K =<Y1,Y3 >, T =< Yy > where T is the center of Li. O3 = RY; & RY; &
RYg is 3D simple Lie algebra. Here R denotes the field of real numbers. The group of
inner automorphisms Aut(Lg) = Aut(O3z) ® Aut(K) is isomorphic to G = PO3 & R where
POs is the 3D rotational group in R? and R = Ra @ Rt is 2D non-Abelian subalgebra
such that

R = {duyla € R\ O,y € R}

is 2D non-Abelian subgroup and for ¢ = ¢, , we have Yld) = zY1, Y:rf) = Y3+ yY7. Here
the symbol (-)/ denotes the action of an inner automorphism f on an element (-).

The above decompositions allows us to construct the optimal systems. The transitivity
property of Aut(Os3) (R) on the set of vectors from O3 of an equal length ({Ys+yYi|y € R})
is also used. We briefly describe the construction of optimal systems © L.

To construct the optimal system ©L} we consider a vector v = awy + vy + yvs € L
where v1 € O3, v9 € K, v3 €< Yy >.

At first we suppose that o # 0. Then o/~'v = ad/~lv; + B/~ vy + yo/~tvs where
o/~1 # 0 and there exists ¢ € Aut(O3) such that v(f =Yy + flvg ++'vs.

Let va = 31Y3+/52Y7. Suppose that 51 # 0 then there exists ¢ € Aut(K) such that vy =
AY3 and Yf’ = Y. Therefore the subalgebra < v > is isomorphic to < Yy + AY3 + uYs >
and subalgebras with different A and p are not conjugate.

Suppose that #; = 0 and By # 0 then there exists § € Aut(K) such that (8've)? = V7.
Therefore the subalgebra < v > is isomorphic to < Y; + Yy + uYs > and subalgebras with
different p are not conjugate.

Now suppose that §; = B2 = 0 i.e. vo = 0 then the subalgebras < v > is isomorphic to
<Yy+ uYs >.

In the case of @ = 0 we can easily find as above that the subalgebra < v > is isomorphic
to<Yo+uYs>or<Yi+Ys>o0or<Y) >or <Yy >.

Consider a 2D subalgebra P and let the first element of a base of this subalgebra be
v =Yy + AY3 + pYs then the second element w = 7Y7 + 11 Y3 + €Y and [v,w] = A7Y].
Suppose that A7 # 0 then P =< Yy + A\Y3 4+ uYs, Y7 >.

Now assume that 7 =0, 7y # 0 then w = Y3+ &Ys and P =< Yy + u1Ys, Y3 4+ puoYo >.

If r=7 =0then w =Y and P =< Yy + A\Y3, Y5 >.



Lie algebra methods for the statistical theory of turbulence 241

Suppose that 7 # 0 and A = 0 then for v = Yy + u1Ys we can take w = Y3 + uoYs
for m; #0or w =Y, +Ys for m; = 0. Therefore P =< Yy + p1Y2, Y5 + paYs > or
P=<Yyi+4+ u1Ys,Y1 + Y5 >. Finally for A =7 =7 = 0 we obtain that P =< Yy, Y5 >.

Let now the first element of a base of P be v = Yy + Y1 + Y5 then the second element
w € K®d < Yy > and [v,w] €< Yy >. Therefore [v,w] = 0 (otherwise dimP > 2)
and w = Y] + &Y or w = Ys. As a result, we obtain P =< Yy 4+ uY5, Y1 + €Y > or
P=<Y;+Y,Ys >.

The result of classification in the case when P C K @ T is given by the following list:
<Y, Y34+ uYs > <Y7,Ys > < Yo, Y3 > since < Y7,Y3 >e< Y7, Y3 4+ puYs > for u = 0.

Let us consider 3D subalgebras {S,}. Immediately we can find two inequivalent sub-
algebras K @& T and Oz. Otherwise, we can choose a first element of a base of S in
the form v = Yy + A\Y3 + pY; + &Y. Further, since there not exists 2D subalgebras in
O3 we can take S, =< v > @S5y, where 2D subalgebra Sy, € K& < Y >. There-
fore Sg1 =< Y5,Y3 >, Spo =< Y1,Y5 > and Sp3 =< Y3 + ¢Ys,Y; >. So we found that
S1=<Yy,Y3,Y, >, So =< Y, + AY3,Y7,Y5 > and S3 =< Yy + 1Yo, Y3 + Y5, Y7 > since
<Y,Y3>C<Y3+cYs, Y7 > for c=0.

In order to classify 4D subalgebras {V,,} let us suppose that O3 C V; then V; =< v >
@03 where < v >€ K ®T. Another words < v >=< Y3+ uYs > or < v >=<Y; + Y5 >,
<v>=<Y] >or <v>=<Y;>ie we have four classes inequivalent subalgebras.

In the case of O3 ¢ V; we obtain that P =< v > @K @& T where v € O3. Therefore
P=<Y1,Y,,Y35Y; >

It is clear that for any 5D subalgebra Wy to be hold O3 C Wy. It means that W =
O3 @ Py where Py is a 2D subalgebra in K & T.

Therefore we have three classes of inequivalent 5D subalgebras.

The results of constructing of the optimal systems OL/, i = 1,...,5 are presented by
the following classes of inequivalent subalgebras:

(OL}) A0, :<Yi+aYs+eYa> Al :<Yit+aYo+Y1 >,
A2 <Y1 +Yo > A3 :<Y; >, Ad:<Y3>,
A5, <Yy + Y3 >,

where ¢; is real numbers;

(OL)  BOcye :<Yi+a1Ys+c2Ys, Y] > Bl., :<Yi+1Ys, Y1+ Y2 >,
B2, :<Y;+c1Ys, Y1 >,
B3c a4, :<Ys+1Ye, Yy +diYs >, B4, :<Y3+c1Yy, Ys >,
B5 :<Y,Ys >, B6:<YsY; >,
B, :<Y1,Y3+c1Ys >,

(@Lg) COCLC2 <Y+ 1Ys,Y1,Ys + Yo >, Clcl <Y+ Y3, Y1,Ys >,
C2 :<Y4,Y3,Ys > (C3:0s3, C4:KopT,
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(@Lil) D0f1 1< Y4,Y5,Y6,Yé+f1Yé >, D1 :< Y45Y:5’YV6)Y2 >,
D2:<Y215Y:5,}/6,Y1+Y2>5 D3:<Y4,Y55Y65Y1 >,
D4 < Yi,Yé,}%,Y4 >,

(OL;)  EO0 :<Y:y,Y3, Yy, Y5, Y5>, FEl:<Y5 Y3 Yy, Y5 Y5>,
E261 1< Y2 +01Y37Y17Y47Y57Y6 >,

Subalgebra A5, is a crucial for studying scaling laws in the statistical theory of turbu-
lence. A5, generates the two-parametric Lie group G% of symmetry transformations of
the Navier-Stokes equations

T = etmy, t=e%t, G =e %y, p=e217y =2y, (4.3)

For ¢ = 1 this subalgebra coincides with Xg. In the next section we show how this group
of scaling symmetries G* can be applied to derive certain scaling laws. As an example,
we rediscovery the so-called universal logarithmic law by von Karméan and Prandtl for
distributions of the mean velocity profile for a steady-state planar turbulent flow (or for
turbulent flow in a pipe) using the symmetries obtained.

5 Symmetry groups in turbulence

Traditional models of turbulence use the Reynolds decomposition to separate the fluid
velocity @ at a point & into its mean and fluctuating components as @ = (@) + @', where
(@) = 0 and the bracket (-) denotes an Eulerian mean which is defined by the formula [20]

(7 = [ FP(iaf = '

where P(f) denotes the so-called density probability distribution function. This function
is normalized according to the equality

Mof:/P(f)df:L
We recall that

wf— [ e

—

)df

—

is called by the n-order moment of a stochastic quantity f(Z,¢). Mathematically, Eule-
rian averaging commutes with the partial derivatives in space and time, but it does not
commute with the time derivative
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This lack of commutivity between Eulerian averaging and the material time derivative
leads to the unknown Reynolds stresses in the motion equations for the Fulerian mean
velocity (#) and, subsequently, to the well-known closure problem [20]). The Reynolds
equations governing the mean velocity field are

4 . 200y Olulul
ot Ox; ox; ox 4 Ox;
Our) _
31‘k
where R;; = —(u;u;> is the new unknown additional functions in the Reynolds equations.

To find the evolution equations for this term we can apply again Eulerian averaging and

as a result, the equations for (u;u}) are

ot 31‘k 31‘k J 31‘k 8.%'k
1 op’ op %u; 0%u;
7 (g + 5 ) = ({gah) + ().

where (ujujuy) is the third-order moment (or the so-called correlation tensor). The pro-
cedure to write equations for the new correlation functions may be continued for finding
higher-order correlation tensors and the infinite system obtained is called by the Keller-
Friedman chain. The Reynolds equations admit the Lie group of symmetries G in the
following modified form

—ac<

T; = ewy, t=e't, () = u;), U= e“(Q_C)y,

ea
(p) = e2a(l—c) ), <u;u;> _ 2(a—ac) ().

As the first application of the results from the previous section, we derive the rela-
tionship between mean velocity distribution (u) and the the distance y from the wall in
the case of a steady-state planar turbulent flow using the Reynolds equations. We recall
that scaling laws (invariants of the corresponding symmetry groups) are the cornerstones
of the statistical theory of turbulence, the best known self-similar states are found in the
intermediate region in wall-bounded turbulence, whose mean structure has been widely
thought to be well described by the von Karman—Prandtl universal logarithmic law of the
wall. This law have been put to use in applications, for practical reasons it is important
to know how the time averaged velocity varies as the distance y from the wall increases.
During the last sixty years two contrasting laws for mean velocity distribution in the
so-called intermediate region (where viscosity is small but finite) could be found in the
literature: the first is the power law. Engineers determined empirically (in the early years
of turbulent research) that

(u1) = Azy (5.1)

where the power n and the coefficient A are depend slightly on Re and were determined
from experiment. Here the planar wall-bounded shear steady-state flow is considered where
all statistical quantities depend only on the wall-normal coordinates xo. The second law
found in the literature is the universal logarithmic law

Ux T >
)

(u1) = us (m_l In — +C (5.2)
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where u, is a given external parameter (friction velocity), x and C' are "universal” con-
stants, independent of the Reynolds number. The friction velocity is defined by the in-
tegrated form of the leading order of the momentum equation in stream-wise direction
according to

A{u1)

T
Yy (U1t2) = 7“’ = uf. (5.3)

u2 may be considered as a given external parameter, such as a boundary condition. The

von Karman assumed that the close to the wall right outside the viscous sub-layer the wall
shear wu, (friction) velocity is only parameter determining the flow.

In the case when the evolution of a flow is fixed by the averaged Euler equations
these laws were unified [13] in the framework of Symmetry Analysis. The following four
symmetries consisting of two scaling symmetries

— 0 0 0 = 0 0

X. = po—0 — 4 9R..—— X = _ - _9R..
= T, PGy P gy X = —lugny ~ 2ugg s

the Galilei transformation in x; and the translation invariance in x9 directions

— 0 — 0

Ud_m’ 1’2:3—1_2

are admitted by the two-point correlation equations for plane shear flows in the so-called
outer region of a boundary layer which is obtained by taking the limit ¥ — 0 in the equa-
tions (see [13]). Using the superposition principle for the above-mentioned symmetries,
we consider the symmetry operator

X =k Xgy + sy Xy + oy Xy + kX oy (5.4)

where ks, are constant and repeating the results [13], we can find easily invariants of the
symmetry operator (5.4).

Indeed, in the case of a planar shear flow, the characteristic equations to determine
invariants are

dey d(u1) _
k31x2 + km (k81 - k82)<u1> + km o

(5.5)

For the different combination of parameter kg, and ks, a variety of scaling laws for the
flow can be written as follows:
a) ks, = ks,.
Then we obtain from (5.5) that
k

kul T
— Duiy g o) .
(uy) o, n <x2 k81> C (5.6)

where C is a constant. Therefore (5.6) takes the form of a logarithmic law of the von
Kéarman—Prandtl type for k,, = 0 and the function (5.6) is invariant under the symmetry
transformation

To = eksl (wQ + km/k81) - km/ksw <ﬁ1> = <u1> + kﬁl'
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b) ks, # ks,.

This leads us to an algebraic velocity law of the following form

k >1k52/k51 Lk

_ 2
(u1) =C <5'32 + o — o

- (5.7)

This function is invariant under the symmetry transformation

T2 = eksl (562 + kmz/ksl) - leQ/kSl’
<ﬁ1> = eksl ~hey (<u1> - kﬁl/(kSQ - k81)) + kul/(kSQ - k81) :

Therefore (5.7) takes the form of an algebraic law but differ from the law suggested
in [14], [16] by their derivation and application area. The constants involve into these
formulas may be determined from numerical experiments [13].

Since the algebraic law was characterized by a maximum of symmetry transformation,
a new one can be obtained from the following assumption
c) ks, = 0.
Implementation this expression into the invariant surface condition leads to a new expo-
nential velocity profile

ks ky
(u1) = Cexp <__k: 2 x2> +o L. (5.8)
To S0

The function obtained is invariant under the symmetry transformation

Ty = X2+ kg,
<ﬁ1> = eik52(<u1> - km /k82) + kul/kSQ'

In normalized and nondimensional form, (5.8) can be rewritten in the boundary layer form

(uoo) = (u1)

U

=c"exp (—ﬂ%) , (5.9)

where A = 01 (uo) /ux is the Rotta-Causer length scale, (ux) is the stream mean velocity
in the limit 29 — co. The assumption ¢) characterizes a violation of symmetry according to
the scale transformation generated by the infinitesimal operator X suppresing scalability
of the length scale.

The penultimate case of a turbulent shear flow results from the violation of symmetries
by the assumptions
d) ks, = 0 and ks, = 0.

For this case we obtain the linear scaling law

ky

€2
This equation is invariant under the symmetry transformation
T9 :$2—|—k‘x2, <’l_L1> = <u1>+ku1-

The Couette flow is a well documented example for a plane turbulent flow with a linear
velocity law. This flow is determined by an external velocity scale as well as by an external
velocity law.
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Therefore, we demonstrated (in a compressed form) how to derive a family of scaling
laws (invariants) by the knowledge of symmetries, see for details [11]-[13]. Moreover, this
analysis showed us what kind of scaling laws may be obtained. Verification of the scaling
laws by using experimental and DNS data are discussed in details in [11]-[13].

The next step is to include the Reynolds number dependence into consideration. The
above scaling laws symmetries were obtained by using the symmetries of the Euler equa-
tions. We note that the use of symmetries of the Navier-Stokes equations do not enables
us to introduce the Reynolds number dependence into scaling laws. Moreover, these sym-
metries cannot be used to derive the so-called algebraic scaling law which is realized in
experiments. The crucial point for understanding of Reynolds number dependence is that
viscosity is only significant for small scale turbulence at the order of the Kolmogorov length
scale i.e. into the inner region (wall region) of a turbulent flow.

To involve the Reynolds number dependence into the scaling laws we rewrite the
Reynolds equations in the following form

ot () ox;j ox; 2V8xj Sij ox;j g (5-11)
VR 12
oz, 0, (5-12)

where §;; is the strain rate of the mean velocity field which is defined by

(0w | )
S”‘z(axj "oz )

In the case of a planar steady-state shear flow (i.e. it solely depends on the z9 coordinate)
equations (5.11),(5.12) admit again the Lie group of symmetries G* in the following

modified form
_ a — — a(2—c
Tg =€%r9, (u1) =e uy), v=e 2=c)y,

§12 — BQ(G_GC)R12, 512 — eacsm.

a—ac(

The group G* generates the one-parametric groups

G*: Ty = ezy, () = e uy), =e*,
Rip = € Ry, Sz =e"Sho.
and
G’ To=m9, (u1) =€ *(w), v=ce "y,
Riz=e¢ *Ryy, Sip=e "5,
These groups are realized as a closer of the orbits [9] of G for ¢ — 0, ¢ = —s/a and
a — 0 respectively and generate the infinitesimal operators
Zs, :x2%+(ul>%+2R12%12+512%12+2u6% (5.13)
and
oy oman? sl 618



Lie algebra methods for the statistical theory of turbulence 247

The infinitesimal operator X, is extended to (considering Ris as a new dependent vari-
able)

oo 0 0
3 6(u1> 6R12

(5.15)

and the operator X, is admitted in the same form.

The first case to be analyzed is that of the classical logarithmic-law-of-the-wall. We
recall that von Karman’s key assumption was, that close to the wall, just beyond the vis-
cous sub-layer, the friction velocity wu. (see, the formula (5.2) is the only flow determining
parameter. We show how to use the symmetries admitted by the Reynolds equations to de-
rive that u, is a really flow determining parameter and the above-mentioned von Karmén’s
assumption is fulfilled. For this aim, it will be convenient to rewrite the Reynolds equa-
tions (5.11), (5.12) in the form

Iug)
Do, =0, (5.17)

where w;; = R;;+2vS;;. Further, for the present case of shear planar steady-state flows for
which all statistical variables only depends on the xs-coordinate, the infinitesimal operator
Zs can be rewritten in 9/9(u1), 0/0w2 variables and as a result, Z3 is transformed to

0 0
Zuy iy = . 5.18
1,W12 8<u1> + aw12 ( )
The operators Zs, and Zs, take the form (at the same definitions)
0 0 0 0
Zy = x9g—ro — + 2wip—— — 5.19
L= +<u1>6<u1> + Wizg TV, (5.19)
and
0 0
Zsy = —(u1)=— — 2wio—. 5.20
2 = —(uw) a2 (5.20)

Here we use that

0 0 0 0 0 0
3R12 311)127 8512 512

14
311)12 ’ ov 8?1}12

due to the formula wio = Rjs + vS12 and that the viscosity v can be considered as a
transformed parameter.
Let us consider the symmetry operator of the flow under consideration

Z = ksl Z81 + k82ZS2 + ku17w12Zu17w12 + kx27$2 (5'21)

and suppose that
al) /{?81 = /{?82.
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Then (5.21) determines the following invariants

ka,
kx <562 + ksl)
11:<u1>—/%11n 562—{——2 , Iy=————2 I3=RKiInv—wp —a,

ks, v

where K1 = Ky, wo/ks,, @ is an arbitrary constant and we can find the representation for
a mean velocity (up) in the following invariant form

L+ I3 = <u1> — R1ln ekl_l(wm—’—a)lg = <U,1> — R1ln ekl_l(uz—’—a)[g. (522)

This formula shows that u, is the flow determining parameter and the above-mentioned
von Kérman’s assumption is fulfilled. Moreover, since I; + I3 is an invariant of the group
transformation generated by the infinitesimal operator (5.21) the function
1
Loy = (w) — Ry lne™ 2+, (5.23)
gives us a scaling law for the mean velocity (u;) under the action of the infinitesimal
operator (5.21).
Let us fix the value of this parameter u,, assume that k; = u, and apply the Taylor
formula for »
efr (2ta) = 1 4 grlwgg + Ry la + o(wra).

Then we can calculate the value of this function of the first-order of approximation for
Wig = u,% and a = —K1. As a result, we obtain that

I+ I3~ (u1) — usIn [u* <x2 + %) V_l} ,

51

where the right-hand part is similar to the classical logarithmic law of the wall.
bl) ksl 7£ ksz'

As above we can calculate the following invariants of the operator (5.21) under the
specifications by)

kg
_ ki ) - . Kuy 1

uy) = hkg | w2+ 7 — +

< > ( ksl kSQ - ksl

k
I = (962 + ﬂ) vl
ks,
ksl

1—— 551
14 k 2(ksy —ksqg)
Iy = o (wu +on e G “li‘“]z )> :
wi2 + Thoay i) s1 52

where ko = (kglfslfksg)/%) / (ks;, — ks,). Using the invariants o, I3 and assuming wiy =

u2, we can write the following

k'x Tk
= 1_% T2+ ﬁ h km w12
(1) = LiRoy *1 | ———+ o
v ksy — ks,
ks
v

1—— 51
I kul’w12 2(ksy —ksy)
3 = —_— .
s2)

2
— | uy +

k?uw j—
u§+W —122)<* 20ks, —
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or

<U1> = B(V’ U*, ksla kSQ? kul,wlg) - "’ (524)

where B is a function dependent on the variable v, the external parameter u, and ks, ,
sy, Kuywio- Since the present case is identified by a maximum of symmetries, it may be
localized in regions where any symmetry breaking influence, such as a wall, is negligible.
Hence we propose the algebraic law to be located in the center of a pressure of a pres-
sure driven turbulent channel flow. Since the flow configuration between the two parallel
walls admits a reflection symmetry with respect to the center-line we find that the term
kuy wis/(ks, — ks, ) may only represent a maximum value of the velocity (u;) on the center
line, see for details [13].

Cl) ksl =0.

In this case the infinitesimal operator (5.21) generates the following invariants

k
(1) - B

k‘ul ,W19 ’
ks

k k
(u1) = I exp <_ﬁx2> R
kﬂﬂQ k52 2w12 —

where I5 is a function dependent on z2. In order to find a functional form of the invariant
I;, we use that

ku w ku w ks
(u) — =22 = Ih(z2) <2w12 — %) = I exp (—k—2m2> (5.25)

ksg 52 2

Let us fix the value of the parameter u,, we can obtain that

k
I =202 — 22 op [ = Cuy,
52

where C' depends on u, ks, and ky, 4,,. The assumption ¢;) imposes symmetry breaking
on the scaling transformation such that the length-scale may not be scaled. In a boundary
layer flow the symmetry breaking length-scale may only be the boundary layer thickness
itself. We can account that for positive value ks, /k., the velocity law (5.25) convergence
for zo — 0o to a constant velocity (uso) and Ky, ., /ks, is specified by

kul,wlz — <u >

ks,

This may be applicable to an infinite or semi-infinite domain such as a boundary-layer
type of flow, see [13]. Therefore we obtain an exponential velocity profile in the following
form

ku w kS
(u1) = =2 = u C(Us, ksy Kuy una) €XP (—k—2x2> (5.26)

k52 X2

dy) ks, = 0 and ks, = 0.
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A classical shear flow is given by the symmetry breaking assumptions ks, = 0 and
ks, = 0. It appears that the present case applies to the turbulent plane Couette flow.
For this case the following invariants are generated by the infinitesimal operator Z

k
I = (u1) — %332, Iy = (u1) — wia.
T2

Invariant Iy depends on x5 and realizes an obvious functional relation between (uq) and
u2. Hence, comparing to the case d), the mean velocity may be written as

U T2

<U1> = D

+ Iy, (527)

where h and wu,, are the channel width and the the velocity of the pulled wall respectively.
Verification of the linear mean velocity profile (5.27) by experimental and DNS data can
be found in [13].

To close this section, we make the following conclusion remarks that knowledge of sym-
metries of a shear planar steady-state flow allows to derive from the various combination
of the infinitesimal operators Zs,, Zs,, Zuj w;, and X, the so-called invariant represen-
tations (scaling laws) of the mean velocity (u1), and to introduce the viscosity and the
friction velocity dependence into the scaling laws for the mean velocity (u;) explicitly.
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