
AD—A042 3U8 BROWN UNIV PROVIDENCE R I DIV OF ENGINEERING FIG 20I’4
ON THE LARGE—SCALE STRUCTURE IN TURBULENT FREE SHEAR FLOWS .CU)
1977 J T LIU. A ALPER N00014—76—C—0363

UNCLASSIFIED NL

• 

A

~~~~~~~~~~~

L

Iifl

END
FI L ~ EO

8-77
abc

Ii
I:



V 4 V .
.

~ Øy I.tC.Liu ~~~ A Aui*
. . ~ ;,

V 
___

~~~~~ 4 1 —

— 
‘
~,

~~~~~~~~

.4
,,

I 4~. ~~~~~~~

‘

~~~ ~~~~ .
~~~

. . ~ ..~~~.*

-7
.

- I - -
~
‘ ‘

~! -

V”~~~.
’~ ~~‘ •‘ 

‘ ~~~~~~~ V

- :~~~~. V

~ • ‘~~~~~ 4 ( 4  ~~~~~~~~~ 
V.-

~~ • ~~~~~ ~~~~~~- .., ~~,.; , ~~~~ ~~~‘~~- - - ~.



/
ON THE LARGE-SCALE STRVCT~2RE IN T R 3~LEN1 FREE SHEAR FLOWS

.1. T. C. LI~ AND A. ALPER
DIVISION OF ENGINEERING /

BROWN UNIVERSITY
PROVIDENCE , REOPE ISLAND 02912 P.’

ABSTRACT P E P + ~~

The existence of organized structures in tur— x~ dimensionless coordinatsa (x , horizon—
bulent shear flow has been the subject of recent t*l y. vertical)
observational discoveries in both the labcratory and
in the atmosphere and ocean. The recent work on t dimensionless tims
modeling such structures in a temporally developing, —

horizontally homogeneous turbulent free shear layer ( ) average which produces a nean quantity,
(.1. I. C. Liu and L. Merkine 1976 Proc. Roy . Soc. (the t ime average in the spatial prob—
London , Ser . A, Vol. 352, pp. 213—247) has been lam , horizontal average in the temporal

extended to the spatially developing mixing layer ,
there being no ava ilshle rational transforma tion
between the two nonlinear problems . The basis for <( )> conditional average

the consideration is the kinetic ener gy development
of the mean flow , large —scale structu re and fine— mean turbulent stresses
grained turbulence with a conditional average,
supplementing the usua l time average , to separate <u~u~~ conditionally averaged turbulent

the nonrando m from the random part of the fluctu— stre sses
ationa. The integrated for m of the energy equations
and the accompanying shape assumptions, is used to — modulated turbulent stresses
derive “amplitude” equations for the mean flow,
characterized by the shear layer thickness, the Pa Reynolds number
nonra ndon and random components of fl ow which are
character ized by their respective energy densiti es. Other quantities are def ined as they appear .
In general , the large-scale structure au~~ents the
spread ing of the shear layer and enhance s the fine—
grained turbulence by taking energy from the mean INTRODUCTION

flow and transferring it to the turbulence as it
amplifies and subsequently decays. The maximal Recen t reviews of laboratory observations have
amplitude of the large—scale struct ure is attained pointed tow ards the omnipre sence of large—scale
by the initially most amplified mode, however, the organized structures in turbulent shear flows, with
relative enhancement of the fine—grained turbulence each type of shear flow hiving its own peculiar
is achieve d by both the magnitude of the large— organized structure (1), (2), (3), (4), (5). Sev—
scale structure and its streamwi.e lifetime . Thus eral internationa l conferences have also been held
a greater enhancement of the turbulence is achiev— tO which such organized structures in turbulent
able by the lower frequency modes which have longer flows were discussed (6), (7). It is apparent that

strea~~ise lifetimes. The large—scale structure turbulence in shear flows are not as rsndor as orig—
can also be controlled by increasing the initial tally thought to be and , in his Dryden Research
level of turbulence, which would render its decay Lecture, Roehko (4) remind s us that Dryden (8) hac
more rapidly . pointed out that it is necessary to separate the

random from the nonrandor processes in turbulent

NO~ ENCLATL RL 
flow . This view was also emphasized b~ Liepnar.o (9).Observations strongly suggest that the large-scale
organized structures are important to the mixing

U 0 , u ’ dimensionless velocities of the sear., and development of the shea r flow and it is begi n—i’ 1 1 large—scale structure . fine—grained tinS to be recognizec that the study of their cvo.—
turbulence mice is fundamental to any study of turbulent shear

flows . Such studies being technologicall~ impor—
+ 0 tant to combustion and reactive f lows ( ) ,  (1C) and

jet noise (11) , (12) to mcntion a few . Such orga—
P. ~~

, p ’ dimensionless pressure of the near., nired Structures are alec’ observed to occur it
large—acalt Structurs . fine—graine~ re~~ion~ of strong local shear rrc’videc by frontal
turbulence SYstems and internal waves of a much larger scale
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in the atmosphere and in the ocean and are now (1), (Il), (3). This form s the starting point
thought to play an important role in the spectral for the subsequent approximate considerations for
cascading process and in mixing (13), (14). The the study of simultaneous interactions between the
observational unmasking of the large -scale or ga— mean flow, the large -scale structure and the
oized structures in turbulent flows has , at least fine—grained turbulence. ~e have reported on our
in the authors ’ view, given turbulence research new previous study of an idealized mixing region ( s ) ,

and exciting impetus. in which the mean flow consisted of horizontally
homogeneous , oppositely directed streams. The

W. shall focus our attention to free turbulent shear layer and interactions develop in ~i~ne
flows in this paper in which the mean f low velocity rather than in the streamwise distance. Since all
profiles are inflexional. The presence of the mean quantities there are horizontally homogenaous ,
large—scale structure is more or less attributable there is no streamuise “diffusion” in the mean and
to the dynamical instability inherent in such flows thi, comprises one of the natural stmplifications
(9), (12), (15) , (16). Although the large—ecele of the problem (there being no backwards diffusion
organized structure may be deterministic , it is in time because of causality, of Course) . Another
conceivable that it is subjected to random forcing, simplification in Ref. (24) was that the only non—
Take the mixing region, for instance; the large— equilibrium behavior of the fine—gretnea turbulence
scale s tructur e as a consequence of upstream is due to interactions with the large- scale scruc—
forcing at a given frequency will propagate down— ture. The Large—scale structure there develops in
scream at a phase velocity characteristic of that time and is horizontally periodic. The problem
frequency. Suppose now a slower large-scale struc— considered there, then, wa, the temporal problem
ture is first set up and subsequently a faster one and there does not exist a physically rational one—
is generated, a “collision” of the latter with the to—one transformation to the strea~ eise developing
first will take place downstream as the faster one shear layer or spatial problem because of the
catches up with the slower one. It is not entirely causality condition, among others,
inconceivable that this provides one of the expla-
nations of the ‘pairing” or “vortex coalescence” In this paper we shall present new results
process that has been observed (17). This essen— pertaining to the spatiaZ problem. The locally
tially emphasizes the importance of studying the equilibrium (with the mean) behavior of the fine—
large-scale organized structure under well— grained turbulence is also relaxed so that in our
controlled rather than under natural conditions integrated energy considerations its evolution is
(9), much in the Jams spirit of Scbubauer and due to the balance or imbalance between production
Skrametad (18), for purposes of physically isolat— from both the mean and large—scale structure and
ing and understanding the mechanisms involved, viscous dissipation rather than attributing its

nonequilibrium behavior to the production mecha—
While it is generally important to understand miss from large—scale structure alone. In order

the coalescence of large-scale organized structures to fix our Ideas as to the physical picture which
in a turbulent shear flow, it seem. logical that might emerge from our analysis, it would be helpful
theoretical understanding of the interactions be— to recapitulate the interesting results reported by
tween a single , aonochosatic large-scale structure Binder and Pavre—Marinst (23) . A well—controlled
with the fine—grained turbulence be obtained with— large—scale structure was imparted upon the shear
out complicating the picture with the more compli— layer of a round jet and measurements were taken

• cated dynamical effects. On the other hand, on the jet axis. In the absence of the large-
“vortex coalescence” is known to occur even with— scale structure the turbulence level on the jet
out the presence of fine—grained turbulence and axis gradually increased downstream. With the
contribution. towards its theoretical explanation presence of the large-scale organized structure,
can be made from purely dynamical considerations the fine—gratned turbulence level increased at a
(19). W. shall consider here the first major faster rate and became more vigorous with the
problem discussed above, that of the interaction downstream distance. Simultaneously, the large-
between the large-scale structure and the disptr— scale structur e amplified and subsequently de—
ate ly fine—grim ed turbulence in a free turbulent cayed , as if having extracted energy from the
shear flow, in particular , the mixing region. mean flow and subsequently transferring it to

the fmn.—grainsd turbulence. The spreading of the
Our aim is towards physical understanding of jet was also enhanced by the presence of the large—

the interaction. between the disparate scales of scale structure. Although geometrical effects in
mo tion which lead to the growth and develop ment of the experiments certainly play an important role,
tha shear layer , rather than emphasizing numerical the qualitative physical situation should hold for
prediction or accuracy . This necessitates appr ox— the plane mixing region that we are to consider
imate considerations in order to achieve our aim, here.
one which may be helpful toward s the eventual
incorporation of the large-scale structure dynamics FORMULATION
in predictive schemes or cowards well—controlled
experimental unmasking of those ~echan isma which The explicity study of the large-scale organized
contribute to the understanding of the development structure coexisting with random fine—grained turbu
of organized structures in turbulent shear flows . lence necessitates the splitting of a flow quantity

into three components consisting of the sear motion
To proceed , we essentially follow earlier and the nonrandom and random parts of the fluctu—

suggestions (8), (9), (20) and theoretically sort ations. The usual time average , over a period at
out the monochromatic large—scale organized least that of the organized structure , produces the
structure from the random fine—gratn.d turbulence equations of mean motion. A second , cond ttlc’nal
by a conditional averaging procedure which has been average then enables one to aort Out the nonrandc’r
described and realized in the laboratory elsewhere part of the fluctuations from the random part , ~n

11.2
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contrast to anc different from filtering, Such a ~t’ .~!i —splitting procedure, suitable for the prasent
study is. of course, not new and has been discusse d
and utilized in the literature (2), (8), (9), (15), —
(16), (21), (22), (23), (25). However, the first where D/Dt is the substantial derivative following
systematic derivation of the conservation equations the mean flow , Re is the Reynolds number. In the
for the three component splitting procedure is absence of the large-scale structur e, or if it were

• attributable to ~~ . C. Reynolds, as much as the two not sorted out from the random part , the problem
component splitting procedure was to 0. Reynolds . reduces to the usual two—component turbulent flow

problem. In the absence of the fine— grained turbo-
We shall consider an incospreesible fluid. lance, the problem then provides the starting point

‘ 

The velocity components and coordinates are made of nonlinear hydrodynamic theory in a laminar flow
dimensionless by the corresponding characteristic (26). It is clear then, the present problem is a
scales appropriate to the problem . For instance, cooperative blend of the two, Just as conservation
for the mixing region, the characteristic velocity equations for the mean turbulent st resses ,
is the free stream velocity and the characteristic 

—
length the initial boundary layer thickness. The U?.;pressure is made dimensionless by the free stre am
dynamic pressure and the time by that formed from can be der ived but with its accompanying clos ure
the characteristic velocity and length. The con— problems (see, for instance, (27)), the conservation
ditional average is denoted by c( ) .  and the equation s for the modulated turbulent stresses ,
usual time average by (‘), The mean flow quanti—
ties are denoted by capital symbols , the large—
scale structure identified by the mipercript — <

~a?.; 
— ujuj .

tilde and the random fin.—grained turbulence
by the supercript prime ‘ • The conditional and can also be s imilarly obtained (see, for instance ,
time averages of the turbulence quantities are (28)) and s imilar problems with respect to closure
zero by definition. The conditional average of a also follows. Eddy v iscosity models for
large -scale organized quantity reproduces itself
and its time average is zero . Because the two n j
components of the fluctuations are not correlated, has been used to some advantage in describ ingthe time average of their products is zero . 

~~~~~ certain features of the large—scale organizedconditional average of the products of two fine— structure (12), (15), (16), (28), however, somegrained turbulence quantities produces a mean progress towards removing this stigma by bringingReynolds stress and a modulated stress, which are in the active participa tion of the fine-grainedcrucial to the interactions between th. random
fine—grained turbulence with the mean flow and the turbulence has recently been made in a paper which
large—scale structure, respectively. The modulated we have discussed earlier (24), where the temporal
turbulent stresses oscillate at the frequency of mi~~mg region problem was discussed, The ideas
the large-scale organized structure, follow some of the earlier works on nonlinear hydro—

dynamic stability theo ry for laminar shear flows
Just as in the study of the two—component (26), (29), (30) , (31) vhich hsve been found helpful

0. Reynolds turbulence problem, f or all practical in explaining th. large-scale organized structure
purposes , one is not interested in the details of in deve loping la~4r~.sr shear flo ws . In this paper ,
the turbulence but in the stresses it sets up and we shall present our work on the spatially develop—
the interaction with the mean flow in an averaged ing mixing region problem,
sense , in the explicit consi deration of the large—
scale structure one is also not intereste d in the ENERf Y INTEGRAL DESCRIPTIONdetails of the fine—grained turbulence but only in
its modulated stresses and its mean stresses as it

The considerations alluded to in our dis—interacts with the large-scale and mean motions . cussion of Ref . (24) uti lizes technique. of non—Finally , th. large-scale structure interacts with linear hydrodynemic stability theo ry while bringingthe mean flow through its own mean stresses. These in the active interact ions wi th the f ine-grainedcan be best illustrated by writing down the momentum turbulence. Such a consideration enables one toequations f or the mean flow and the large -scale provide a gross description of the interactionstructure proces ses ~~~ng the three components of motion and
has a. its aim the derivation of the respective

an i ______ ~ 
... ..,

~
. coupled “amplitude” (or “ envelope ’ )  equation s ,

Dt — — + i ax~ ax~ 
— ~~~~ (u

i
u
, 

+ with the accompanying shape assumptions for the
vertical distributions (24), (26). The amplitude

— - 
equations are derived from the kinetic energy

Du~ ar
+ ~ —~ — — IL + 1 

equations in the mean.

Dc j az~ ax~ Re ax~ax~ For the spatially developing mixing region ,
the boundary layer approximations are applied to
the mean energy equat ions of the three components

- — (u
~X

j 
~~~ — + cu~u.;. of flow . The application of such approximations

to the mean flow quantities and to the time—
averaged random turbulence quantities has been
the usual practice . Such approximsttona to the

— t ine—averaged large— scale organized structure

11.3
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quantities require some care. In the previous 
—works on laminar flow s such approx imations were 

- P ~ - ‘dy — t dvfound unnecessary in that the streamwise derivative,, yy ~~~of the time—averaged correlations of the organized
structure could be evaluated (29), (31). In Ref. 

—(31) it was found that the purely dynamical contri— dbutio~s were unimportant and th is is confi rmed in ~~ J 
tJ dy — j ( —  0,9) dy -y j _•,~~ 

xx ixthe present problem also. Rather than retaining
these terms, they are neglected at the outset for
simplicity. The appropriate kinetic energy
equations are then 

— + — — ~ dvxy~~y ~xJ yy ~v
Dt2 ay

Implicit in the above is that the mean shear
flow is two dimensional, similarly with the large—5 -

- 
aq — 

~~
—. (v’(p’ + q) + + ( ~i;1•) aU scale organized structure whic h, in the subsequent

shape assump tion , will be taken as one w hose
vor ti ci ty axis is perpendicular to the st rsa mw ise
direction . Th. recently observ ed spanvise period—

+ [_ ~ 
au 

— [‘at ,~!.) 
a~] — icity (4) is not accounted here. The

turbulence , of course , is three dimensio nal .~~~ax P
~,,~ j + ax - t,71;-t

energy transfer from the large- The closure problem is obtained in the dis—
scale structure cussion of the shape assumptions. There, some of

the detailed microscopic ” calculations of the5 -  a
— — T [9(p + Q) + ~‘F + + ~ 

au modulated stresses and large—scale structure , prior
xy yy ay to averaging, shall be done approximately.

— 
[— 

p — + — 
Shape Assumptions

xy ay a~ yy ayJ The mean flow is taken to be of the form
energy transfer to turbulence u — 4 (1 + tanh n)

where n — y/ó(x) and 6(x) is the x—depend entwhere
q — 4 (u~u~ )~ ~ — A ( 0 0 . )  shear layer thickness which will characterize the

mean flow , to be detsrmined jointly with the large—
scale structure and the fi.ne—grained turbulenceand £ is the rate of viscous dissipation of the problems.f tme—gr&in..d turbulence. Viscous diffusion of the

kinetic energies and dissipation of the mean flow 
The shape functions for the vertical distri—and large-scale structure have been neglected . In 

bution of the time-averaged fine—grained turbulencethe above, the respective diffusion and production 
quantities ar. guided by measurements such as thosefrom the mean flow terms are self—explanatory in of Wygnanski and Fiedler (32). The alight asy~~ecrvthe two fluctuation energy equations . The less 
of the profiles, though it could be accomodaced here,familiar average energy transfer between the dii- is not taken into account. The Reynolds shearparate scales are so indicated, 
stress is taken to be of the form

The integral kinetic energy equations are then 
a -

— u’v ’ — —
~~ E(x )e ’1

1 d 0(02 - U~~,)dy + 1~o2 — T3 ..)dyl and is related to the turbulent kinetic energy viadx 
-— 0 

the constant a1 — 0.3, thus ~ — — ~~/a1. The
factor /~ is a normalizing coftstant so that 6E(x)

dy has the physical interpretation as being the total— — 1~— u’v’ — 

kinetic energy of the fine—grathed turbulence across
a slice of the entire shear layer. E(x ) is t hus

with the upper stream I~ ,, is normalized to unity an energy density, the total energy per unit i (x)
and it characterizes the turbulence. Followingand subsequently th e lower shear strea m U, taken Pitankir and Spalding (33 ) ,  and Bradshasr . Ferr iss
and Atwell (34). the dissipation ofas zero,
the fine—grained turbulence is taken to be

c — a,,q3’2/2ff rU~d7 - r~- ~~~ F) ~~
where the val ue a, — 1.5 will be used .

Following earlier works (24) , (~~), (J O).+ 
r 

_ n .
~~~~ 

— ~ the vertical shape of the large—scale ~t ructure— xx ~X xy~~’v ~X
is given by a linearized tneerv but w it h

11...
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an acp1~:ude 1(x) which is to be jointly solved overall interaction problem for 6. 1 and A as
with ~(x) anc 1(x ) , quantities occurring under ‘ interaction ’ integrals

and are thus not considered to be sensitive. For

ii— ~ 
( 4 ’(r~;f) 

‘I (c.c.’~ completeness , we atat. the approximate d , r
+ tc,~I problem, with • governed by the Rayleigh equation

(U — c ) ( g ” — 029) — tr” — 0where a is the dimensionless complex wave number
scaled by f (x ) ,  i is the dimensionless physical with appropriate boundary conditions , and rjj  byfrequency scaled also according to the local shear
layer thickness 6(z) and is real, • is the rr “

~ r2r 1 rr 1 ratreamfunction and d ’ refers to its n—derivative , 
~‘1 xx1 ii i

the dimensionless time also referred to 6(x). The ia(U — c) + }~
, 
+ 1 — 

1 [rii ~
c.c. denotes the complex conjugate. Here t is 

~r I o

by the modulated turbulent stresses. The structure
local shape functions are coupled to and diffused 

Ir 
[o ~ Ir I ~zz~

of these stresses warrants their shape assumption J r I r ] L
r
~J L ojtc be of the form (24), Lx

~J
P11 

A(x)E(x)e istrij(n;8) + c.c. r
lvi ~- 21eR_ i’ -

ii l
~~~~I I xy

obtaining their equations A is taken exponential 3T — in$ +

Hence the vertical shape functions • and rjj 
)R’ I 

J ZieR 9’ — 2a2R 4 I
forms a coupled local linear problem and in + L
in x and F constant locally. An approximate In tl 

IR ZZ~ 
0

method of solving the local temporal problem ~ 1 o I lv I.. R 4 ” — o 2
~~ R

outlin.d and argued in (24) and can be carried out L J L ~~.J L “‘ .~similarly for the spatial problem hen.. Namely,
the “ invisci d” fo rm of • is first solved and
then uied in the algebraic ni3 equations as where the vertical shape functions of the mean

stresses areknow n functions. Additional closure assu mptions
are required for use in the equations for the
modulated stress functions r . For the mean rR~1 [0.451

stresses , these ars — and I 10.34 1

~‘~‘ f l
~~~/(— u’v ’) a 2 from, say, (32). For the I F I 0.34
patter ned after closure ass~~~tinns for the mean
quantities , with the pressure velocity correlation [_L~j  [~

. 17]

modulated turbulent quantities these are I a: 
I

take n simply as

— u’ and the prime on the R1~ and 4 denotes , again ,— — u ’ + 
~ ~ ~~ differentiatio n with respect to n. Calculations

ax~ j a~~
for • and r~~ are ultimately to be used in the

~ [~ ~~ii
6i~~ 

integral over the large— scale structure and— — — turb ulence energy transfer mechanism,

where T is the t ime—scale for “return to iso— p a t /ax
tropy” and is taken as T’

~ — cau/)y with
c ~ 1.445. The modulated dissipation is taken is clear that, to the present order of a~~r~x i—to be matio ns , such a term is proportional to 1AVE and

the “ constants ” of proportiona lity are functi ons of
~ — ~ 

a .~ ~.a 6 
~ 6(x) .  The eigen functions 4 are normalized so as

to render IA (s ) 2 to be the corresponding energyhere ~ — P /2. Since the vertical shape density of the large—scale organized structure,function herkt is to be given by the local linear Both 1A 12 and E are thus similarly interpreted .theory, the torn for I as given above reflects
a linearization with q there to be replaced by The Interaction Problem
its local equilibrium value in the absence of
the large-scale structure. Then After the substitution of the shape functions

into the energy integral equations , and with some
straightforward algebraic dexterity, we obtain

where the constant 6 ~ 0.24 (there is , of course ,
no confusion with the sane symbol used for the d6

— i ’ t — ! (f) .IA , Zfrequency). This is s imilar to using the local 1 dx rs rs
homogeneous shear problem as a guide (see , for
inStance , (24)). these additional assumptions are — 

, 3/213 dx E + 1 Ci) ’ A ’L  — I L
used in the ~, r 1~ problem which enters the main ts wt

U.S

______________  _______  
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The spectral propert ies of the interaction

I~ (t) ~
-
~

---
~~ — t

rs
(B ) • I A

~
2 — I~~(5 ) ’ iA ~~E integrals associated with the large—scale structure-

are shown in Figure 1. They are numerically
with initial conditions 6(0) — ~, E(0) — £ • obtained as functions of B(s) — 6 6(x), where B

0 0 0

1(0) — 112 . The physical interpretation of is the initial c rtara:teristic (dimensionless)
frequency of the large-scale structure. 1(0)

each ter m is obvious and can be reverted to the
original cons ervat ion equations .

The integrals involving only the mean flow
and time—averaged fine—grained turbulence quanti-
ties are constants ,

— ~~ f°~ 
+ tamb n)3dn

+ 
~ 

J (l + tanh n)[1 (1 + tanh n)
2— l]dfl 

2 —

——0. 202

I — 
~~~~

‘- 1__(l + tanh n)e~~
2

dn — 0.500 
‘Wt

I —

I’ — _.L r sech2n s—n an — 0.109
rs 12

.5

— j7 1

_3n2/2 
— 0.465

~ts

The integrals Lowolving the large-scale orgamized 
0

quantities are dependent on the local shear layer
thickness 6(x ) through their dependence on the
spectral properties via local frequency parameter
6(6) .  Th* large -scale structure production Figure 1. The spectral properties of the
integral is interaction integrals ir~vo1vi~; :ne larce— sca le

~ (6) ! ( 6 )  — RL(ia4~ ’) sech~ndn structure.
rs rs

w hers Ft deno t es the reel part and ~ is the The advection integral I,, is very nearly constant
complex con)ugate of •, and the large -scale

and it will be approximated by 0.5 during the sub-structure — fine—grained turbulence interaction
integral is sequent calculations since it was found that the

problem is not sensitive to the variation of I,.

The Reynolds stress or production integral, t 
-
.ra

I~~~~ (B)  — I~~(6) — 
~~ 

RL[r,cj_i~~
’) + r~~ ( ”  + 2~) peaks at about 1 ‘ 0.21, that value of B which

corresponds to the max imal amplification in the
local linear theory . The large—scale structure —

an fin e—grained energy transfer integral I snown
77 .J wt

here is different from that obtained for the
with I~~ > 0. The details of the interpretation t~~poral problem in Ref. (24) where the spectral

of the integrand are given in (24) for the temporal properties were plotted as functions of the wave
problem , and will not be repeated here. Finally, number. There the local turbulence was taken to

be in equilibrium with the mean flow in order to
isolate and illustrate the large—scale structure
and fine-grained turbulence interaction and this

12 (6) • 12(6) 4 Jl + 1_tath n.[~,1l2 rendered the modulated stresses to become sin gular

I 
as the local linear problem approached neutral.
Here , because the I ine—grained turbulence is not

locally no such singularity occurred as P * 0.5.
+ 1n 1 2 1 41 Jdf l  } necessarily in equilibrium with the mean flow

Calculations of the properties beyond P — 0.5
were not obtained. The remaining integral , I

0
is sho wn only for illustrative purposes. It is

~nd is very nearly constant. associated with one of the streanwise large—sc ale

11.6 
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structure diffu~jot terms , and the enhanced t (because of IA~2) becomes
— ir’~c’rtcnt , the gro~.”th b.in~ contribute.. ~y both II+ ~t ) / a x .  sn~. III.

Since I cc I such streamwjse diffusion terms $~~‘ 0 I
d s.t IA I 2

contribute very little to the main features of the
problem and they are neglected. There is no obvious
rational transformation from a temporal to a spatial BXI0 _____

problem even in tne present formulation.
7

REStLTS

6 EWith the large—scale structure interaction 8 Al tintegrals interpreted as functions of B • 8 6(x) 
~ 5

and the single well controlled mode is specified E — — — —to be 8 • the three first order nonlinear inter— 4 4 ,, — — — — —

action equations are integrated subj ected to the
initial conditions i(0) — 1, 1(0)12 — 1* 12 ,

0 /
£(0) — F .  Energy densities corresponding to / a
about l0’~ imp lies root mean square velocities of 2 2
about a few percent of the f ree  stream and this /
seems to be a reasonable value to be imposed  — —

upstream . The results are shown as functions of
x , the streamwise distance normalized by the i i I i i I
initial mixing layer thickness .

10 20 30 40 50 60 70 80 90 100
Physical Mechanisms for  the Evolution of 6,1M2,

In Figure 2, for the case of 6~ — 0.1, two Figure 2. Stresmwise development of 1, 1’ ar.d
E. Solid line: P — 0.1, 1’ — I — l0~~ ,sets of curves are shown . The dashed curve a o a

indicates the shear layer growth accomplished by Dotted line: B — 0, A ‘ — 0 and I — 1O~~.the energy transfer from the mean flow to the 0 0 C

turbulence energy density F alone. Thus the
development of £ is due to the imbalance between
production from the mean and viscous dissipation 10 — ( x  10 ’)alone. With the imposition of the large-scale
structure the mean flow spreading becomes enhanced 

—as is the turbulence energy density. It can be
seen that the large -scale structure energy density
first amplifies and subsequently decays. All this B — 

~ ... •“\is quite reminiscent of the observations of Binder
and Fsvre—Marinet (23). In order to obtain physi— ‘

~ - / fl
cal insight into the behavior shown in Figure 2, /
we use the solution in a diagnostic manner by
showing the relevant interaction terms tha t bring 6 / \
about the evolution of 1, F and A l’. In Figure 3
we illustrate the following terms : the viscous 5 — / / ——dissipation of turbulence energy . .

- 

1E
312 :

snovn as curve I, the turbulence production from / .

the mean , I’ 5E by curve II, the large -scale 2 - / / ‘
structure production from the mea n 

~r5 IA~
2 by / 

I
curve III , and the energy transfer between the I - ,

/ 
/ / ~~large—scale and turbulence X

~~
IA I2 E by curve fl’. _ _..“~~~~~~~ ,\

initially III ‘ IV anc the large—scale structure 0 —• I I I I I I i

amp li fies and starts tc’ decay whet 111 IV after 10 20 30 40 50 60 70 80 90 100 itO
x 85. Of course, III itself decays because of
the enhanced spread ing caused by I I I  itself.
Initially when A is ~tiU relatively small ,
tne increase of I is due entirely to II > I. F i c . r c  1, Lnerp transfer mechanists • .1.
Ic tontinues tc increase and becomes much enhanced 

—~~ 
•

cu~ cc and 11 in spite of the fact tha t I > II .1 - — — . : -
‘ - 1~~~ .

after x • 55. The spread of the shear layer th ick- : -

ness I i~ significantly enhanced when both A ’  Cs •

3.1
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The Spectral Denendence of the Interaction can also be achieved (12). In Figure 6 we show
the B — 0.21 nooe with fixed - A ’  but with

0 0Previously, the interaction was shown for different initial conditions for E . The initially
P — 0.1. The case B — 0.21. is one for which the oo 0 enhanced fine—grained turbulence suppresses the Sub-
initial large-scale structure is most amplified sequent development of the large-scale structure ,
according to the local linear theory and it is thus curve II, and in so doing, it achieves a lower
expected that the large—scale structure at this subsequent enhancement as indicated by

11frequency will be the most efficient extractor of
energy from the mean flow and would thus attain
the highest peak. For the same initial conditions, $01021
the development of A ll for B • 0.1, 0.21 and

0
0.3 are shown in Figure 4. As is expected, the 

IAI 2 IAI 2higher frequency large—scale structures peaked
closer upstream while lover frequency ones further E

downstream (12), and the B
~ 

— 0.21 case attained .9,~ 0 t . 9x1o~the highest peak. The development of 6, 1* 12 and
F is shown in Figure 5 f or the case 8 — 0.21 8 80
and 0.3 , and these are to be compared wi th Figure 2
for the same initial conditions. The higher . 7 . 7
frequency components have shorter st reaaiw ise life-
times; although 1*12 may have attained higher - 6 6peaks than the low frequency modes when it was
most amplified, the enhanced F may not be as
vigorous because - - - depends not only on the magni— • 5 5
tude of A 2 so on the lifetime of the IA!2 

Al2
large—scale as well. • 

E a
3 . 3  / 3 3

IAI2

9 • ( x t Q ~ j  

~~~~~

02I 

2 2 / 2 2
/

I /,‘~ -,
________ 

/ i~:~—~-I 1_____ ‘
~~~

‘ I I
8 -

0 I I 0 I_ I
7 • 0 10 20 30 40 50 0 10 20 30 40

x x6 -

- $o’0.3 Figure 5. Spectral effects on the streanwise
development of f , A - and I. Solid line :

4 - A 2 — I — lO~~; Dotted lice: — 0 , A~~ — 0
$ oc O l  0 0 • 0 0

and E — l 0 .  (Compare also with Figure 2.)3 -  0

2 - Discussion

The spatial nonlinear interaction problem
has been obtained by consistsntly interpreting the

0 I i I I I interaction integrals involving the large—scale

10 20 30 40 50 60 70 80 90 100 structure, 
~ 

and I , as functions of 6(x)

through their dependence on 8(x) — 8 6(x) in thex
same spirit as (29), (30), and (31), as well as
(24), In the temporal problem (24), the conse—

Fi~ -ire ~~. Spectral e f f e c t s  on cne streanwise quences of freezing these integrals as constants
~.eveloninent of large—scale structure energy were further explored, The problem then became
.~Cfl5ity , , A - — I — 10~~. tc — 0.21 is tne analytically tractable so as to enable us toC C
icittaily most 3 n .i:ie~ case.) 

obtain equilibrium states in the A l 2 — E plane
and to study the nature of the singularity about
Such states. It was found that the A l ’ — £

Controlling the Large—Scale Structure plane describes a stable spiral (24). The spiral
behavior was sufficiently pronounced so as to

In addition to controlling the large -scale resemble “bursts” or renewed large—scale structure
organized structure by direct impositIon of definite activity after repeated cycles, which are not B
spectral modes at a given strength , the use of actually periodic, of amplification and decay .
fine—grained turbulence to control its development By a similar freezing of the interaction integrals

11.8
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i~ the spatial problem here , a s;iral behavior numerical simulatioc could alac be attempte d . ~
about equilibrium points were alsc found but were tr.~s end , the senior autnor of the present paper
not as pronounced as those in ( 2 4 ) .  The differer .c~- re~ ectlv posed the following problen .
is not so much as between spatial and temporal
problems, but that in (24) the local turbulence To fi~’ our ioeas , let us revert tc the
behavior was taken to be in equilibrium with the temporal mixing layer problem of horizontally
mean and this demanded a much larger I for hotiogeneouh and oppositely directed streams . Tnt

Vt large—scale structure is horizontally periodic an~those modes of the large-scale structure approach— develops in time . The “proper ” dynamical dependent
log the neutral condition. In the present problem, variable is the sum of the mean and the large—scale
the previous simplifying condition of local turbu- structure, denoted by the script notation
lence equilibrium with the mean is removed and tnis
rendered I to be finite as B — 0 . 5 .  The U ( y ,t) + 0

1
(x ,y,t)

results for the frozen interaction integrals are
not presented here because of space limitations. P(x ,y, t)  — P(y,t) + p(x,y,t)

The full Navie r—Stokea eçuatio ns is then split into
IA !2 the mean and organized part and a turbu lence part

according to + u~ and p — P + p ’ . Again
Iø’2X IO - denoting the conditional average by e( )‘, we

have for the dym.smical var iables
9 - .

~;~~
_ 0

S - au 
~~~~ — — — 

a<u~u~> ~~
+at ax dx ax Re7 - IA I~ 

ax~ax~

6 - and the coupled, yet unclosed , equation for the
E conditionally averaged stresses

5 -
r ~4 - + 

~k —~‘-~~u
’u’)’ — — I(u ’u ’—~ +~ L ~ k ox.~ ax~j

3 — production

,au ’ au ’s2 — IA!~ Iax~ ax~J
I —

redistribution

0
0 10 20 30 40 50 60 70

— —

~~k L ~
1 aCu~u~~lFigure 6. The effect of ~ncreasinp the ir ~~tial _______+ u ’ffine—grained turbulence energ~ level on tne 4 ik~~

> — 
KS

-Joevelopment of large-scale structure and turbulence 
-

I

energy densities. B — 0 .2 1 , : A — diffusion
0 0 0

Il: A — lO
s , t — 1 0 .

0 0 1 au au
2 <--

~~ -~~~~- - 1
THE PROSPECTS FOR NUMERICAL SIMULATION

dissipationWhile much physical intuition could be gained
about the intersctions between large—scale structure
and turbulence in a shear flov fror the approximate The viscous diffusion e f fec ts  will subsequently beenergy integral considerations , much detail about
the local structure is lacking. The analysis 0~ 

neglected. A possible closure scheme is obtainec
by a direct extension of Launder cc ci. ‘C modelthe large—scale structure presented here resembles

the analysis of nonlinear hydrodvoanic stability (27) for the mean stresses to the present condi-
tionallv averaged stresses ~~~~~~ Again .theory in laminar flow (2 f ) ,  (29) ,  (30) , (31). -

Complementary to such analysis is the numerical reverting to the temporal mixing layer ~i-ot let
simulation of finIte—~~iplitude instabilities in ~.-cth a two—cimensional lerge—scale structure ,
laminar flow using the full nonsteady Nsvier— such a model then provides eight ecuations ~c’tStokes equations (see, for instance , (35), (36)). the eight unknowns ~, V , F and ‘t ’v ’ > , u ’ ’ ,
For the large—scale organized structure Br. a tv ’ ’, si. ’ ’-> and (c> . (Or . fc ’j lc~ inc~ Az~der  an~
turbulent shear f low , a similar but more difficu l t Ifarlo~- (35), the three dvnsricel variables sre

11

~
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replaced by the vorticity and streamfunction.) Fluid Mec’ianics, Vol. 5, Annual Reviews , Palo Alto ,
f.s horizontally periodic as are the condition— 1973, pp. lOi— 11b.

ally averaged stresses <u~u~~’ and these decay far 
4 Roshlw . A., “Structure of Turbulent Shear

from the shea r layer. Originally there existed the Flows: A New Look,” (Dryden Research Lecture), AIJtA
mean mixing layer with a set of consistent and con— Journal, Vol. 14, No. 10, October 1976, pp. 1349—
patible mean stress es and at t — t , a large—scale 1357.

0
organized structur e is imposed so that 

~ ~~~~~~~~~~~ h’., “Structure of Turbulence
in Boundary Layers,” Advances in Applied Mechanics,2’,(z ,y, t ) a U (y,t ) + 0 (x ,y, t ) ,

- o i o i. ~ Vol. 15, Academic Press , New York, 1975 , pp. 159—
254.

su~u >(x ,y, t ) 4 ~~~~~~~~~ + ti~
(x .Y. t0). 6 Davis , P. 0. A. C. and Yule, A. J. ,0

“Coherent Structures in Turbulence,” Journal of
Hence, the “initialization” calls for a compatible Fluid Mechanics, Vol. 69, 1975, Part 3, pp. 517—537;
coexistence of the mean problem U1(y, t )  and and “Corrigendum,” Journal of Fluid Mechanics,

Vol. 74 , Part 4, 1976 , p. 797.The imposed O
i

(x .y,t0) is then made

compatible with U~(y,t), being, say, the solution 7 Murthy, S. N. B. (Editor), Turbulent Mixing
in Nonreactive and Reactive Flows, Plenum Press, Newto the Rayleigh equation with U(y,t ) as the meano York, 1975.

profile and t~~ (x .Y. t0 ) taken as zero. The problem 
8 Dryden, H. C., “ Recent Advances in theyields the total quantities, U~ 5 01 + and Mechanics of Boundary Layer Flow,” Advances in

+ P~~ , with the mean obtainable by Applied Mechanics, Vol. 1, Academic Press, New York ,
1948, pp. 1—40.horizontal averaging and the large-scale structure

quantities by a subtraction of the mean from the 9 ~~~~~~ H. W ., “Free Turbulent Flows,”total quantities. Of great interest, for instance , The Mechanics of Turbulence, m t. Symp. Nat. Sd .is the use of the nunerical solution f or diagnosing Rca . Center , Narseille 1961. Gordon and Breach,the energy transfer between the large—scale struc— New York, 1964, pp. 211—227.ture and the f ine—gra ined turbulence ,
among others. The numerical problem here is 10 Carrier, G. F., Fendell, F. E. and Marble,
certainly compounded compared to the relatively F. E., “The Effect of Strain Rate on Diffusion
more straightforward ~——4”—r problem . Our Flames ,” 51414 Journal, Vol. 28, No. 2, March 1975,
colleague , T. 3. Gatski, is courageously working pp. 463—500.
on this problem and the results , when available ,
would be of grea t interest towards physicall y 11 Bishop, K . A.,  Pfowcs Williams , .3. E. and
diag nosing the interaction problem. The extension Smith, W., “On the Noise Sources of the Unsuppre sse d
of the temporally developing to the spatially High Speed Jet , ” Journal of Fluid Mechanics, Vol. 50,
developing mixing layer probl em i. certainly Part 1, 1971, pp. 21—31.
possible. However, much of the physics about the
interaction could be gained from the s impler, 12 Liu, .1. 1. C., “Developing Large—Scale
temporal problem first before attempting the more Wavelike Eddie. and the Near Jet Noise Field ,”
difficult spatial problem. Journal of Fluid Mechanics, Vol. 62, Par t 3, 1974,

pp. 437—464.
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~The bas is for the consideration is the kinetic energy du ve1opmer .~ of th~ r.’
flow, large-scale structure and fine-grained turbulence with a cc~.1itional
average, supplement ing the usual t ime average , to separate the nonran~~m
from the random part of the fluctuations. The integrated form of the eut~r~ y
equations and the accompanying shape assumptions , is used to deri~~~’~am~J.i~~u ’ ~~~~~

equations for the mean f l ow, characterized by the shear layer thick:~c-ns , the
nonrandom and random components of flow which are charactet-izec by their
respective energy densities. In general , the large-scale structure augments
the spreading of the shear layer and enhances the fine-grained turbulence by
taking energy from the mea’~ flow and transferring it to the turbulence as it
amplifies and subsequently decays . The maximal amplitude of the large- ;r~i1”
structure is attained by the initially most amplified mode , however , the
relat ive enhancement of the fine-grained turbulence is achieved by both the
magnitude of the large-scale s-truct .ire and its streanwise l i fe t ime . Thu c a
greater enhancement of the turbulence is achievable by the lower fr ~ a-.ienoy
nodes which have longer streamwise lifetimes. The large-scale structure C~ n
also be controlled by increasing the initial level of turbulence , which woz.i-J
render its decay more rapidly .
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