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The nonlinear problem of two-dimensional motion of an unbounded incompress-
ible viscous fluid under the action of a spatially periodic force is considered in
a finite-dimensional approximation, When the number of finite-amplitude per-
turbation harmonics is restricted, a stationary solution is found to exist, corres-
ponding to a secondary flow, This solution is however unstable with respect to
smaller perturbations, Equations expressing the total contribution of the most
unstable harmonics are derived and are found to have no stationary solutions,

Papers [4 - 7] propose a relatively simple approximate procedure of computing
secondary equilibrium flows for the purpose of describing the first stage of form-
ation of the finite-amplitude perturbations according to the scheme given in [1]
(also see [2 and 3]), In this procedure the Reynolds stresses governed by the finite-
amplitude perturbations are balanced against the dissipation and the mean flow,

The problem of the secondary flows, stationary or periodic, arising when the
laminar flows of a viscous incompressible fluid become unstable, is considered
in [8 - 13],

The concept of mechanical hydrodynamic systems embracing finite-dimension-
al approximations to the equations of hydrodynamics,is introduced in [14], In
[15] a mechanical model is constructed in the form of chains of simplest systems,
This model imitates the cascade mechanism of the energy transfer in a develop-
ed turbulent flow and serves as an illustration of a possible simplest realisation
of the Landau scheme,

Below an equilibrium mode of a secondary flow is studied in a finite-dimen-
sional approximation for a two-dimensional case,

1, We consider a two-dimensional motion of an incompressible viscous fluid in the
zy-plane under the action of a spatially periodic force acting in the direction of the
z -axis and equal to y sin py (y > 0).
The Navier-Stokes and continuity equations have a stationary solution corresponding
to a laminar flow moving in the z -direction with a velocity p~v~! y sin py under
a constant pressure (v is the kinematic viscosity coefficient), As was shown in [11, 16]
using the linear formulation, this solution is unstable with respect to small perturbations,
Introducing the characteristic length p~!, velocity p~2v™'y and time p~*v™y and
passing to the dimensionless variables, we can write the equations of motion and continu-

ity inthe form 5, g2 | auy P | 1 1. ¥
Tttt = b Mgy (R= )
v duv | 0v: ar 1 Ou gv____o 1.1
Ftmtaw="a tEA =Ty (t.1)

where U and v are the - and Y-velocity components, P is the dimensionless pressure
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and R is the Reynolds® number, For the stream function we have

] A dp 0AY . G dA 1

<7wT>A¢~%%+%%=—R—cosy (1.2)
(= 0%joy, v=—a¢/dx)

The infinitesimal perturbations grow rapidly in time by virtue of their linear instability,
This in turn causes the growth of the Reynolds’ stresseswhich are described by the nonlinear
terms of (1,1) and the amplitude of the laminar flow diminishes until another, different
equilibrium flow is established,

Let us represent the hydrodynamic fields in the form

=Uly, ) +u (z, y, 1), v=Vy1)
P="Py4+ Pz, y t), v="(y, )+ (& ¥ 1) (1.3)

Here U {y, f) is the new equilibrium flow profile to be determined together with the
Reynolds' equilibrium stresses, The corresponding finite perturbations are denoted by a
prime, We assume the perturbations to be harmonic in z, their wavelength equal to
2xn/a (o >40), and during the first stage we shall only be concerned with the non-
linear interaction between the first perturbation harmonic and the average flow, disreg-
arding the higher harmonics, their mutual interaction and their interaction with the av-
eraged flow, In this case the average flow (averaged with respeet to x over a single
wavelength) is defined by U (y, £).

Let us write the perturbations in the form

¢ (, ¥, 1) = ¢ (y, 1) exp (iwx) + ¢ (y, 1) exp (— ioz)
((,PI' — u/’ U!, Pl, \pl)
where ¢V is a complex conjugate of @@, Then (1.1) yields the following system of

equations describing the average flow and the perturbations vV (after eliminating P’
and u’)

P i A2 (D) 020(“1)) 1 82U
— U 4ty L p) | = o T —— s
alt (” 5 TV o B ag T RSy
a A T i
- e 1y & ] 1 M
<6t = )Av - oo [[Av() v<>ay2}~0 (1.4)

2, Let us dwell on the results of the linear theory of stability, The stationary solution
of the linear problem corresponds to the flow profile U (y) = sin y- The equation for
the perturbations 1" obtained here from the second equation of (1, 4) was studied in [11,
16] where it was shown that for the perturbations of the type

o
o) = Z vV exp {at 4 iny) 2.1
A=
25t «periodic in y , with certain restrictions imposed on the wave number « and on
R, real values of o exist, i, e, the solutions are unstable, The dispersion equation for
o appears in the form of an infinite continued fraction, When « — 0 [11], the critical
Reynolds number 7, == } Z,

Let us limit ourselves to a finite number of harmonics in y. In this case the dispersion
equation for ¢ has the form corresponding to the convergent of the general continued
fraction obtained in [16], and the critical Reynolds number R, = J'2 with o — 0 in
accordance with the result of [11], Thus the large wavelength perturbations moving
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along the «-axis show greater instability, We can therefore assume that « <€ 1. In this
case the components of the eigenvector {v{"’} beginning with » = + 2 and higher, have
the order of at least «t.

A solution of the second equation of (1,4) with U = sin y can be sought on other classes
of functions, For example, if the solution is sought on the class of functions 4x ~period-
icin y, then we obtain for the harmonics of the form

2 1
) = 2 ”n+‘/, exp {st-}-i n;— y} 2.2)

n=—eo

a system of equations containing no harmonics of different type, Limiung ourselves to a
minimum number of harmonics (v3) n u_,_, ;) we find that the solution of this system

also corresponds to an unstable mode, that K, = u.5 and that the most unstable pertur-
bations are those with the wave number o = 0.44. The eigennumber ¢ and the eigen -
vector {1V} are complex and this leads to a secondary flow which is both spatially and
temporally periodic,

8, Let us now investigate the system (1,4), We consider the perturbations of the tvne
(2.1) as being the most unstable, Assuming that oo <€ 1 corresponds to the most unstable
perturbations and, that c(‘) and the.smaller harmonics are of higher order in o we can
limit our considerations to the harmonics v((, 1 and v ) Tn this case

J (y,.t) = U (?) sin y 3.1)
and the equation for »(1) becomes
(% - %) Av® L ial (t)sin y [v® + AvD] =0 (3.2)
Inserting (3,1) into (1,4) and utilizing the expansion (2, 1) for v we obtain for the fun-
ctions
zo = v, =o + 0, =0 —vE)/2 (3.3)
the following system of equations:
1 1 d o
dtU+ 28 = 4 — 7 U, —7 %0 — otUz_————Hz0
d o 1 d 1
-~ g lVh=—x L= —fh (3.4)

The equation for 2, splits off from the remaining equations, consequently the corresp-
onding perturbations can only decay with time, The remaining three equations form the
simplest hydrodynamic system [14, 15] equivalent to the dynamic description of the
motion of a gyroscope with anisotropic friction excited by the moment of external forces,
taken with respect to the unstable axis, The stationary solution of (3, 4) corresponds to
the average flow profile and to the equilibrium Reynolds" stresses

V2 4 R—V2 .

R (3.5)

)2 R— Vﬁ Z,(1) o l?( ) o << 1 R > 1/2
v a S
[ ] 2 VZ R2 ’ ' V2 ’
or, in the dimensional quantities,

- , R—V3
U(y) =V 2vpsinpy, <wv')=— —;-——R————cos Py (3.6)
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We note that the amplitude of the steady average equilibrium flow is independent of the
amplitude of the excitation, force,
The stream function of the steady equilibrium flow has the form

V2 (

2 1) F5 o s iy o
Py = — - COS ) — - Uy [V 2asinycosar - sinor] (3.7

We also note that a random element exists in the steady flow, namely, the quantity U,(,l)
may either be positive or negative depending on the signs of the amplitudes of the initial
infinitesimal perturbations,

The corresponding streamlines of the flow at

=21k, =2 V2" >0
are described by the equation
acosy 4 V2Zasinycosar fsinar =C

Figure 1 shows schematically the streamlines and the average flow profile,
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Fig, 1.

When the perturbations are sought on the class of functions (2, 2), the resulting hydro-
dynamic system is of higher order with respect to the complex quantities v}". An addit-
ional harmonic is generated in the average flow profile, and the interaction of the har-
monics between themselves and with the average flow which are related to the energy
transfer between different orders of magnitude, is supplemented with another interaction
leading to an oscillatory energy transfer between the harmonics of the same order of
magnitude, This yields a secondary flow periodic in time,

4, Let us investigate the stability of the secondary flow (3,7). Linearizing (1,2) with
respect to the flow (3,7), we obtain the following equation for the perturbations

a AN p oy
<<Tt — 7\ L\.lj; A A — Au]) —% (v A — Ary) ((;i = ()
@ =P Y, uy =y /Dy, vy = — NP /dr) (4.1)

We shall seek the solution of (4,1) on the class of functions which are 2 [/ « -periodic
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in x and 2gx-periodic in y . i.e, we shall write the solution in the form

W= D Criexplot-ti(ny--akz), Ck=C, =0 (42)
Inserting (Zlk2=)—;:£o (4.1) we obtain the following system of equations for the coeffic-
ients CF .
{w“) (n— k) [n(r — 2) + 2%k (k — 2)| Ci53 + —=— VZR [n(n —2) + a2k Cay —
— 1 (n - Ky [n(n — 2) + 0%k (k + 2)] Call} #
i 1 0% (= 201 G (5 T ) (a8 o) CoF
o invlY |n? 4 a?k (k + 2)] c"”} +

{ i (n - B) [n(n 4 2) + 0% (k— 2)] Oy —

+2) +

V
k2 Chy P (n— k) [n(n + 2) +0%k (k4 21 Cill = 0 (43)
The quantities 1{" and u$Y appearing here are defined by (3. 5). If we assume that the
solution (3, 7) is accurate up to and including a? terms, we shall neglect the a® and
higher terms in the course of solving (4, 3),

We see that the flow described by the stream function (3, 7) is stable if we limit our-
selves in the system (4, 3) to the harmonics n = 0. 4+ 1and t = 0, + 1 (i. e, if the
solution of (4,1) is sought in the form (3, 7)), It follows that the flow (3, 7) can be unsta-~
ble only with respect to smaller perturbations, Let us limit ourselves to the harmonics
n=20, +£1, +2; k=0, + 1, 4+ 2 and take into account only the principal (in « )
terms, neglecting the o® terms, It can easily be shown from (4, 3) that all harmonics in
y beginning with n = 4 2 and smaller, will be of at least the o3 -order and can there-
fore be neglected in the approximation considered,

Let us replace the amplitudes C,* of the harmonics with their linear combinations

Chhrch=zF, Cf—cCcr=2F Ch=2k (4.4)
Then the system (4, 3) splits into two seventh order systems for 2
st 9 —w® 0 0 0 —2wd 0
A W - _Y2a
. ivsl) G e lvo 0 0 ‘ — R 0
1 . ) N Y ¢V 1, (1)
0 wf)l) ¢ -+ - —iv 0 f 2iv, 2iv;
1 Via
0 0 vV + 1 w‘(’l) 0 R X
1 . (1)
0 0 0o —wd Stw: 0 2ivy
il > iv{ 0 0 6 + L 0
' V3ir R
o ol
0 0 v VR 3iv{" 0 6+ < ||/ cont,
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X |28 2t z, 2 22 gt oz =0 (4.5)
4o? Via
6+ - 0 — 7z 0 0 0 0
4a? Vaa
0 s+ 3 0 0 0 0 7
3 1 . (1)
— -‘%—"‘ 0 o4 — W01 0 0 0
_ 4iv(11) 0 Lv\l) S+ " w(‘) 0 0 X
0 0 0 —il® oo —wd 0
0 A 0 0 —w o —i
2 . 1
0 2—‘2&3‘ 0 0 0 —i o+
X | ozt w2 2t ozt oz ozt oz | =0 (4.6)

In the course of deriving (4, 5) and (4, 6) we have omitted in the expressions of the
form — ivi® (1 — a?), [o -+ (1 + a?) / R] (1 + a?) etc,, the terms of the o -
order, This is connected with the fact that the eigenvalues ¢ for'the systems (4, 5) and
(4. 6) which can correspond to instability of the flow (3, 7) are themselves of the o®-
order, The neglected terms do not contribute anything towards the value of ¢ in this app~
roximation and only become apparent in the higher orders (in « ) which, as was shown
before, were neglected, For this reason, we must assume in the case of unstable solutions
of (4, 5) and (4.6) that in the first five equations of (4, 5) and in the last five equations
of (4,6) 0 = 0.

Let us consider the system (4, 5), The system (4,6) can be treated in exactly the same
way, and the eigenvalues ¢ for this system correspond to the stability of the flow (3, 7)
at all R > R,. Multiplying (4, 5) by the inverse of the submatrix marked out with a
broken line, and separating the solution into its real and imaginary parts, we obtain the
following two systems of equations:

2 V2apd (1 y2
1 O _ .l/I‘?Aa‘av() {:1 + (v;){z) J Im Z;Z
, 2a 2" 4 -
0 1 1,/{,3,, [3 W) — —— — 7 J Re:zl' | =0 (4.7
g, (1) o , ol -1
-— 31]1 — Vi[{ St '7'{—' Re Zg
2 V2aplV ({2 _
1. O 0 —'——}TAE—O— [Aﬁl —_— (}{ ] Re Z+2
5 [ 26" 1 -1
0 q 0 _K_A_:% [3 CRAUEE 1(;2 — FJ Imz= | 0
4 V2 avlVA,
0 0 1 —TA(i_ Re z,°
309) — % — i G+ o; Im z;t (4.8)
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where
1 1 1
A= Ay H (@i Ans (A= I R& + (8))
The eigenvalue © corresponding to the system (4, 7) has the form

(2 -
o= [12(“))4 (”0’}>0 for R>V2 4.9)

and this corresponds to the instability of the flow (3,7) at all R >> R,. The eigenvalue
o for (4, 8) on the other hand,corresponds to the stability of the tlow (3, 7) at al R > R,.

Let us now consider the nonlinear equation (1, 2) describing the stream function, taking
into account not only the interaction of the perturbations with the average stream, but
also the nonlinear interactions between the perturbations themselves (the harmonics dis~
cussed in Sect, 3 and 4), For R™>R % we arrive at a chain of two systems of equations
of the type (3,4), in which the stationary solution of (3,4) generates not only the smaller
scale motions, but also motions of the same order of magnitude, In this case the stream
function (3, 7) is supplemented by the following additional terms

2 _ . 2 . .
.2Rez; Tcosox +—a—1mz+ Zcos ysin 2ozx——a—Rez_“1 sin ysinax

At the same time the degree of randomness of the solution increases as compared with
(3.7), the effect connected with the sign of the amplitudes of the smaller scale infinites-
imal perturbations,

Thus we find that in this case the nonlinear interaction between the infinitesimal per~
turbations and the interaction of the perturbations with the average flow are both signi-
ficant, We can no longer limit ourselves to a finite number of harmonics in Z (this, in
effect, represents the Galerkin method with trigonometric monomials as coordinate func-
tions) and must consider their infinite series, At the same time the harmonics in the y =~
direction may be restricted to those with n == 4-1,0.

5., Let us write the stream function in the form

P (,’E, Y, t) =4 (xt t) exp (""’ iy) + P (x, t) =+
+ P (z, 1) exp (iy) - =P (5.1)

where §; (z, f)are 2n / o -periodic functions in z,

Inserting (b, 1) into (1.2), neglecting the o® terms in the interactions between the
harmonics and the o* terms in the dissipative terms for the harmonics 1, and intro-
ducing new functions y_; -+ ¥, = 2 4§, and P_; — P, = 2ip_,we obtain

(o + g — B ==, (G )b G =0

? 2 8 P _ .
i%-—%—%)‘!‘ﬁﬁ(\b—%—% :; )"*—’*0 (5.2)
This system of equations sums the infinite series of harmonics in 2 and represents a gen-
eralization of the system (3,4) of gyroscopic type equations to the infinite case, Its dis~
tinguishing feature is the absence of stationary solutions periodic in z (except the solu-
tion corresponding to a laminary flow), unlike the systems with a finite number of har-
monics in x, which all have stationary solutions,
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