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ABSTRACT

Cervantes de Gortari , Jairn e Gonzalo. P h . D . ,  Purdue
University , August 1976. A~ EXPERIMENTAL STUDY OF THEFLAPPING MOTION OF A TURBULENT PLANE JET. Major Professor:
Victor W. Goldschmidt.

Measurements were conducted in order to characterize

the flapping motion of a turbulent plane jet. The flapping

is defined as the (apparently natural) lateral pseudo—

oscillatory motion (in the average) of the flow f ield of

the jet. The technique employed in these measurements was

to compute crosscorrelation functions between the velocity

fluctuations (one delayed in time ) in the longitudinal di-

rection , at two points on opposite sides of the jet. Stand-

ard hot—wire anemometry and on-line digital processing in-

strumentation were used. Four types of measurements were

performed : (a) with the probes symmetrically positioned

with respect to the centerline of the jet; (b) with the

probes asymmetrically set with respect to the centerline;

(c) with the probes at points of different longitudinal co-

ordinate; (d) with an x—wire at the centerline of the jet

where the autocorrelation of the lateral component of the

velocity was measured .

The existence of flapping was indicated by a dis—

tincti~ ~tegative value at zero time delay and a quasi-

periodic nature at the measured crosscorrelation funct ions.

__ 5 S~~~~~ —- S. -.- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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These were obtained at longitudinal stations ranging from

10 to 100 times the slot width . The frequency characteriz-

ing the flapping motion showed approximate self-preservation

(when scaled by the half-width and the mean velocity at the

centerline of the jet) for stations with longitudinal co-

ordina te larger than 30 times the slot width . It was found

that fb/Um 0.11. The flapping frequency did not show de-

pendence on the lateral coordinate . The amplitude of flap—

ping was estimated to about 20% of the jet half-width . The

flapping behavior seems to travel in the downstream direction

with a velocity smaller than the convective velocity of the

turbulent structure. The frequency of flapping showed

Reynolds number independence in the range 7900 < Re < 15100,

where Re is based on the nozzle exit characteristics .

55
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CHAPTER 1

INTRODU CTION

The subject of turbulent shear flows has received

considerable attention in recent years. Sufficient

motivation for studying this kind of flow will result if

one recalls engineering applications like mixing processes,

diffusers , jet engines, fluid amplifiers or the more recent

attempts to control environmental pollution , to mention but

a few.

The unders tanding of turbulence in general and

turbulent shear flows in particular, is , however , f ar from

complete. The main reason for this is the lack of a general

mathematical theory of turbulence. The advances in this

field have proceeded to a large extent on an experimental

basis. By this means, empirical models are constructed

which may be used in a descriptive way or as a criterion for

design. Experimental results also contribute to the general

body of data against which any mathematical theory may be

verified.

Among the various aspects of turbulent shear flows

not sufficiently investigated up to da te is the phenomenon

of flapping of a turbulent plane jet. The flapping is

defined as the lateral oscillatory-like motion (in the

_ - S .~~~~~~~—-- —. 5 . 5 5 5  55~~~~~~~- ~~ S 5 .-,..- 55
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average) of the flow field of the jet. Effectivel y ,  a plane

jet issucing from a rectangular slot attains a turbulent

state after some distance downstream from the nozzle exit.

This turbulent flow is characterized by random fluctuations

in the velocity field and the usual statistical parameters

like mean velocity, intensity of turbulence , energy spectra

and length scales can be defined and measured. However,

hidden in the randomness of the longitudinal velocity

fluctuations appears to exist a l o w — fr e q u e n c y ,  a l m o s t

periodic component. The longitudinal velocities detected at

two points , each one at opposite sides of the jet centerline ,

are such tha t their  corresponding low- f requency  components

are in counterphase wi th  respect to each othe r ( in  the

average). In other words , when the veloci ty at one point

increases, the velocity at the opposite point generally

decreases. The overall result is that the flow field moves

in a lateral oscillatory fashion , as depicted in Figure 1.1.

The objective of this investigation was to perform experi-

ments  aiming to detect and q u a n t i f y the phenomenon of flapping

of a turbulent plane jet. The technique employed in this

investigation was to compute statistica l crosscorrelations

between longitudinal  components of the velocities (one

delayed in time ) at two points , each one on o~~pe~;ite sides

of the jet. The existence of flappinj would  bI~ i n d i c a ted  by

a distinctive negative value at zero time delay and a

5 . . -. •5~~~~~~~~~ 55 “ 5 .- - - . -.--~~~~~ 5 5 S .
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quasi—periodic nature of the measured crosscorrelation

func t ions .  Standard hot-wire anernometry and on line digi ta l

processing instrumentation wore used in the four types of

performed measurements: ( a )  w it h  two norma l hot-wires

symmetrically positioned with respect to the centerline of

the j e t ;  (b )  wi th  the probes asymmetrically set with respect

to the centerline; (c) with the probes at points of

different longitudinal coordinate ; (d) with an x-wire at the

centerline of the jet where the autocorrelation of the

lateral component of the velocity was measured. Longitudina l

stations ranging from 10 to 100 times the slot width were

investigated .

These experiments were planned to satisfy the

following specific objectives. First , to clearly establish

the existence of the flapping motion as opposed to a puffing

effect, i.e., longitudinal oscillations of the f low f ie ld

(this effect would be originated by artificial instabilities

somewhere upstream of the nozzle exit and would be

characterized by periodic crosscorrelation functions with

positive values at zero time delay) . Second , to look for

any dependence of the f lapping  frequency on the longitudinal

and lateral coordinates. Third , to stud y the traveling

characteristics of the flapping behavior in the downstream

direction. Finally,  to show the possibility of Reynolds

number independence and self-preservation of the flapp ing

motion.

_ _ _ _ _ _ _ _ _ _ _ _



In what follows , after a review of the general

characteristics of turbulent plane jets and relevant

correlation techniques , a summary of the available

literature related to this invesligation is presented.

Thereaf te r  a detailed descript ion is g iven of the experimental

procedures and employed i n s t rumen ta t i on .  The las t  three

chapters refer to the experimentally obtained results and

some concluding remarks are offered. Suggestions for

f u r t h e r  work , in the l ight  of th is  investigation , are also

given .

I t  is hoped tha t  characterizing the flapping behavior

of t u r b u l e n t  plane je ts  may contribute to a better in sight

of the s t r u c t u r a l  prope r ties of t urbule nce , pa r t i cu la r ly in

the context  of the new trends in turbulence  research , where

a more deterministic point of view is em p loyed .

L. . . .~~
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CHAPTER 2

REVIEW OF CHARACTERISTICS OF PLANE JETS

AND CORRELATION TEC HNIQUES

2.1 General Characteristics of a Plane Turbulent Jet.

A plane t u rbu len t  j e t  belongs to the class of flows

known as free turbulent shear flows. Typically, a plane

jet is formed when a fluid with sufficiently large velocity ,

is discharged through a slot-shaped orifice into a volume of

quiescent fluid. Initially , a wedge-shaped core is produced

close to the nozzle with a uniform velocity and low turbu-

lence level , bounded by two mixing layers with high turbu-

lence intensity , which gradually diffuse momentum from the

core to the surro~.indings (see Figure 2.1).

As the development continues , the two mixing layers

merge together after a distance of about six times the slot

width and the mean velocity at the centerline starts to de-

cay . After this transitional region a fully turbulent re-

gion is established , where the mean velocity profiles take a

shape close to a gaussian or normal function and the static

pressure is constant.

In the fully turbulent region , the jet attains

Reynolds number s imi la r i ty, i. e . ,  the mean f low s t ruc tu re

is independent of viscosity and the transverse distributions

5- 5 .- 5 .  ‘-—55--- . .. . .~~~~~~~~~~~~~ —5. -S 5-S- . ,5-- -5-. - . . .



-— 5 5 5 W  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

7

f
\ :~

) I
‘
I 

~S I ~~I ( ~4) I

1. I ’ ) :
/ I I
‘ J •5.54

I S I
I f

’

1
It (

J (5 I
I ‘ /

\\\~~
“
\~ 
\ \ ~~~~



5—

8

of mean velocity and other mean quantities (although chang-

ing in the downstream direc tion) become self-preserving if

they are expressed non—dimensionall y th roug h prop scales.

For ins tance , the mean velocity profile becomes an universal

function if (a) the mean velocity itself is divided by the

j e t  c e n t e r l i n e  mean veloc i t y  and (b) the co r r e spond ing

t r ansve r se  y coordinate by the j e t  h a l f - w i d t h  b. The

latter is defined as the lateral distance where the mean

velocity is exactly one-half of the centerline value (see

Figure 2.1).

The basic equations of motion can be simp l i f i e d  for

this kind of flow by making use of one experimental observa-

t ion : the f low is c o n f i n e d  to a region of space elo nga ted

in the d i rec t ion  of the general motion and narrow in the

transverse direction. In effect , through an order of magni-

tude analysis (Townsend [1956]), the incompressible mean

f low equa tions can be reduced to :

mome n tum in
the mean flow 

~L _____direc tion : U + V + UV 
= 0 (2.1)

continuity : + = 0 (2.2)

Similarity solutions of equations (2.1) and (2.2)

were first obtained by Tollmien [1926], as referred by

Schlichting [1968], after using Prandtl’s mixing length

hypothesis. Goertler [ 1 9 4 2]  and Reichardt  [1951] also
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reported solutions which better agreed w i t h  measured moan

velocity profiles. These a re:

• U 2Goer t ler  s so lu t i on :  —— = 1 — tanh ri (2.3)

Rcichardt ’s solution : = exp~
1(O.8 326 ~)j (2.4)

where ri = 7.67 ~~~, b is the half—width of the jet (Fi gure

2.1) and L1115 i.s the mean velocity at the centerline. Equa-

tion (2.4) is plotted in Appendix A together w i t h  measure-

ments  of U t aken  in the present  j o t .

Further details about sell—preservation , bas ic  equa-

t ions  and v a r i o u s  o ther  aspects of t u r b u l e n t  j e t s  are  avail-

able in the l i t e r a t u r e  (Townsend [ 19 5 6 ] ,  A b r a mo v i c h  [ 1 9 6 3] ,

Schlichting [19681)

2.2 Correlation Techniques

Correlation analysis is a well accepted si. at istical

technjque . Its usa ge in sciences like a g r i c u l ture , biology

and economic s t a t i s t i c s, ( a l t h o u gh somewh at restricted

th rough the concept of c o r r e lat i o n  c o e f f i c i e n t)  , is exten-

sively used in compar~ nq series OS ’ measur emen t s  of any kind.

It is perhaps in the theory and app lications of communica-

tions and random processes where its bro ades t ut i 1 i zat ion

may be found . (see for i n s t a n c e  Lange [1966], La th i  [19681,

l3endat and Piersol [1971 ,], Jen k i n s  an d Wat ts [1968]).

Correl II tion techniques have been a I so wid el y used in

experiment al turbulent flow st mmd e~ Since Tay icr [19351

S • S 5-~~~~~~~ - .  ._5-- -- 5- S5- 5- . .  - . - .
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f i r s t  suggested them. Indeed , one of the methods used to

get some insight into the structural and transport char-

acteristics of this kind of flows is to measure correlations

between various fluctuating quantities like velocity ,

pressure , temperature , etc. at different points and times.

The correlation function gives the general relation-

ship between two random variables. In a mathematical sense

it is defined as follows.

Consider a random process {x(t)} as described by its

ensemble and a probability measure over the ensemble. Fur-

ther , consider two random variables and x2 contained in

the process and their joint probability-density function

p ( x 1,x 2 ) .  Thes e random variables = x(t1) and x2 x(t2)

are defined by the amplitudes of the sample functions form-

ing the ensemble , at ins tants  t1 and t 2 ,  respectively. The

correlation between the two random variables x1 and x2, or

better , the autocorrelation of the random process {x(t)} is

def ined  as the ensemble average :

R
~~
(T) = I: I x ix 2P l, x 2~~xldx 2 ( 2 . 5)

where T is the difference between t1 and t2.

If the random process is ergodic , the complete sta—

tistical properties of the process may be described through

the properties of any one of the sample functions. In other

words, averaging over the whole ensemble is equal to

. 5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5 - -  - - - ,- ----- -
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time-averaging over a sing le sample function . The autocorre-

lation function then becomes:

‘2
R
~~

(-r ) = u r n  x (t)x (t+t)dt (2.6)

~~~

2

where x(t) is the amplitude at any instant t for a single

sample function .

The above concepts may be extended to the case of

two jointly ergodic random processes (x(t)} and {y(t)}. The

crosscorrelation between the two processes may be defined

in terms of the time--average :

T
“2

R
~~~~

(T )  = u r n  x(t) y(t+-r)dt (2.7)

T-~co

-T,
“2

where now x ( t )  and y ( t )  represent any samp les of the

processes (x(t)} and {y(t)}, respectively.

The main properties of correlation functions are

summarized in the following relationships:

R
~~
(T) = R

~~
(— -r )  ( 2 . 8 )

R~~
(0 )  = x 2 (2 . 9 )

R
~~

(-r ) = R
~~
(T+nT) , for x(t) = x ( t + n T ) (2 .10)

R~~
(0 )  > J R ( - r ) I  (2. 11)

S 

- -

~~~~
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= R
~~~

(— -t )  (2 . 1 2 )

I ~ 
[R

~~
( 0 ) R

~~
( 0 ) J

~~ 
( 2 . 1 3 )

In u t i l i z i n g  the d e f i n e d  co r re la t ion  f u n c t i o n s in

the field of turbulence , it is convenient to consider the

sample functions x(t) and y(t) as any two quantities of in-

terest. For instance , assume that the velocity fluctuations

at two points separated by a distance r are considered:

u (x) and u(x+r), respectively, where x is a space coordi-

nate ; then the autocorrelation of u(x) is written as:

R(-r ) = ~i(x ,t)u(x,t+’rf (2.14)

where the overbar denotes t ime-averaging . The space—

correlation between u(x) and u (x+r) is defined as:

R ( r )  = u ( x , t ) u ( r + r , t) ( 2 . 1 5 )

Furthermore , if both space and t ime are  t aken  i n t o

account , the space-Lime correlation function may be de f ined :

R(r ,T) = u(x ,t)miTx+r ,t+T) (2.16)

Note that the above defined space—time correlation

becomes an autocorrolation when the separation distance is

zero , and becomes a space—correlation for null time delay r

(stationarity and homogeneity are assumed).

Normalized (dimensionless) correlation function s are

obtained after dividing them by the root-mean-square values 

-~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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of the corresponding fluctuations ( in  t h i s  work a normal ized

correlation function will be indicated by an underlined R).

A review on correlation func tions, including measurements in

various flow situations , is given by Favre [1965].

Correlation techniques have become a powerful tool

in studying turbulent flow properties. They can give an in-

dication of the changing pattern , both in space and time , of

a given flow. They can provide a means of testing theoreti-

cal predictions , as in some instances of isotrop ic turbu-

lence (Ilinzc [1959]). The use of correlation functions in

characterizing the size and shape of turbulent eddies , and

estimating appropriate scales for the corresponding flow , is

generalized. The study of convective velocities (the vel-

ocity at which the turbulent structure moves) and Lhe valid-

ity of Taylor ’s hypothesis (t h at  t u r b u l e n c e  remains  as a

frozen structure moving at U) has been carried out through

the measurement of correlation functions for different flow

configurations (Favre et al. [1958], Fisher and Davies

[1963]) as noted by Ott [1972).

Finally, the mean properties of the large—scale

orderly structures .in the mixing reg ion of round jets , have

been investigated using cor re la t ion  techniques (Lau et al .

( 19 7 2 ) ,  Fuchs [ 1 9 7 2 ] ,  Ko and Davies [ 19 7 5 ) ) .

The use of co r r e l a t i on  techniques in t h i s  invest iga-

tion is circumscribed by the following normalized cross—

correlation function :

-j



H 14

R(T) = ~~y , t)u(-y ,t+t) (2.17)
— 

/u2(y) /U2(_Y)

that is, a time correlation function between axial velocity

fluctuations atopposite sides of the jet. A positive value

of R for zero time delay between signals (‘m=O ) , would indi-

cate that both velocity fluctuations change in the same

direction (in the average), whereas a negative value would

indicate that when one f luctuation increases, the other one

generally decreases.

The same correlation function was employed by

Wygnanski and Gutmark [19711 in trying to relate the motion

of the boundaries of a plane jet. They used , however , inter-

mittency signals consisting of constant positive or negative

voltages representing turbulent or potential flow , respec-

tively , in place of the velocity fluctuations in equation

(2.17). Their conclusion (they found a zern correlation)

was that the boundaries of the jet flow nov -d independently

of each other.

On the other hand , Goldschrflidt and llradshaw [1973)

performed preliminary experiments follo wimm ~ equation (2.17)

exactly and found that for large avCra (J~ fl ’ J t L f l ” :~~, nccjative

correlation values at zero time delay am • r: ;isten~~

The experiments reported in th~~5 WW k .mre a natural

extension of the latter preliminary jn~’i t  t~~~it iOU.
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CIfAPTER 3

LITERATURE REVIEW

In this chapter a review of the literature most

closely related to this investi gation is presented . The

flapping motion of a turbulent plane jet , a n atu r a l l y

occurring phenomenon , has not been previously reported .

Indee d , a carefully conducted search in the literature did

not show , except for the preliminary experiments of

Goldschmidt and Br adshaw [1973] , any r e fe rence  to th i s

aspect of plane jets. It seems therefore , that we are faced

with an unknown effect not sufficiently investigated up to

now .

With  this  in mind , a review of the l i t e r a t u r e  was

done along three directions. One of them , as summari:~ed in

the f i r s t  sect ion of th is  chapter , r e a l l y  r e f e r s  to a

documentation of turbulent plane jets. As w i ll be noted ,

exper imenta l  i n v e st i g a t i o n  on plane jets h as been conducted

to a large extent and the measurement of several statistical

q u a n t i t i e s  has been successfully accomplished.

The other  two areas of the explored literature are

the recent work on coherent structures and the study of

dis turbed p l ane  j e t s .  They are relatively new lines of

approach in studying t u r b u l e nt  shear  f lows  and are presented

ii 
_ .-
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here fo r  the purpose of p r ov i d i n g  a back g r o u n d  to the

problem.

In the appendix a review of the w a v e — g u i d e  model ing

of t u rbu l en t  shear f lows  is a ls o  presented.

3.1 P l a n e  T u r b u l e n t  Jets

The ~o~ umnentation of ~ lane turbulent jets has been

qui te  ex t ens ive . In wha t  f o l l ow s , only sem~e o~ the salient

publications are retraced.

Class ica l  publication:~ Include Tewnsen i [1965] and

Abran~ovich [1963] . They empha size the statistical descrip-

tion of the flow variables , the sim ilarit ’ and self—

preserva t ion  c h a r a c t e r ist i cs  and the role of phenomenologi—

1 cal theories for  va r ious  t u r b u l e n t  shear flows .

Van der !1eyq~ Z i j nen [l~~58] , a f t e r  having reviewed

ea r l i er  theories  and experi1~c’nts , est ima ted t u r b u l en t shear

stresses and the momentum exchange ccc~f 1i c ie nt  and m i x i n g

length in a plane j e t .

Mo re recent expe r imenta l  r e su lt s  were reported by

Heskes tad [1965] , I3radburv [1065] a nd  ~Jh a nd Heepes [1972]

The measurements by Ucskestad included distributi ons of mean

velocity, turbulent intensiti es, I~oyn o1ds s t re sre s and nter

mittency and flatness factors for t he s t r e d h l - is e  velocity

component.  An energy balance for a locat i on i n  the self—

prese rv ing  region , was also done. Brad1~ury  (lid similar

measurement s  in c l u d i n g  some spectra l data and eor~pa red them 

5~~~~~~~ 5 5~~



____ __.5 ,—~~~~~~~
- - —5- 5 5 -5

17

w i t h  previous ly reported results , 1arti ~~u ltr1v the ones by

Town send [1956] fo r  a p lane wake. IL~ a I s~) renor ted on the

eddy s t r u c t u r e  and the ap p l i c a b i l i t y  of a v ai l ab l e  ph en omeno—

logical theories. Mih and 1~~oj~es p e r f o r i ~~.’d simi lar experi-

ments in a water jet. They uscd an e l e c t  r ‘o aj n e t ic  in duc--

tion method t o  detect the fiuct . uatino vel cit .ies. Their

measurements included energy s p e c t r a  i’~d len ith m i oro— and

macro-scales.

Enerqv sp ectra measurement s in a plane jet have been

also reported by I3ashir and U h o r o i  E 197~ and b y Young

[1973] . The l a t t e r  also de t e mn ~iri c’d micr o- m d  :sicro—scale

dis t r ibu t ions.

The measurement  of st a t ~ c p r e ssu r e  f 1 ~~~ t i ons  has

been of in teres t  for  a long t i n ~~ in t . u r b u l e n r c  :;~ udies .  Re—

cent a t t empts  to deal w i t h  th i s  Is O ct  of  sh ear  ~ ln w s  are

reported by S iddon [1069] , Sp e n c e r  ~i 9 7 0 1  m d  P 1 anch~~n

[19741 .

Very  r e c ent l y ,  Gutm ~rk and  \ ‘ y n a n s k i  [19 p u b l ish e d

thei r  measu r ements  in a p lane  j e t .  They i n cl u d e d  :ncan vel-

ocity p r o f i l e s ,  t ur b u l e n t  in t e :-’s i ti e s , t h i r d  an d  f~:u r t h  or-

der moment q u a n ti t i e s , i n t e r mi r t e n ~~y ~ac tor  and t w o—

po in t  cor re la t ions . E x t e n s i v e  use of con( l it i on a  1 sar~p 1in q

techniques was done. The resul ted data obtained exclusivel y

within the turbulent zone of the j~~ were c ’~pa red with con-

ventionally averaged measurements.

Table 3.1 s’uv~marjzes the mcasure~ncnts reviewed in

this section . As noted , the quantitie s that have been

- .5 . - -—- 5
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measured in a turbulent plane jet are: mean velocity pro-

f i l e s , t u r b u l e n t  i n t e n s i t ie s , t u rb u l e n t  shear stresses , in—

termittency factot- s, energy spectra , length micro— and

macro—scales and some h ig h— order s tat i s t i ca l  moments .  A

possible closure theory of turbulence require s nevertheless ,

more experimental information ; particularl y in respect to

the structural ch -m r~ie~ eristics of the turbulence in shear

f lo w s - The st ud y ~~ t h e  f I m p ;u  ng of a p lane j e t  mig ht con-

t r i b u t e  t o  this.

3.2 ~~r s m i :~ed ‘ r . m c t  uses in  F r e e Turhulent Shear Flows

:‘ new 1 inc of ~-e r k  i n  u n d er  ~t a n d  ‘
~ 
n~ t u r bu l e n t  shear

flows has IsIIOCRd in the lis t ten or so years. It consists

of s tu d yi n ~i the l a i - ee scale  coherent structures that seem to

exist . The dcve lo~ smen t  of d i q i t al  do ta pro:ess ing tech—

n iques and t he  ut  i i  ~ : :ation of more sop h i s t i ca t e d  experimen—

t a l  methods , among o ther  th in~ s, hav e c o n t r i b ut e d  to the

growth of this  ne’s: trend in turbulence research. The in-

terest in t h e s e  large scale s t r u c t u r e s  has been hig hly  mo-

tivated by the aerod y n a m i c  n o i se  problem. Indeed , a large

amount of the available literature refers to research con-

ducted in the near—field of a circular jet and its relation

to noise production. Since the pioneering works  by Townsend

( 19 5 6 1,  G r an t  (19 58 1 and C o rr s i n  and K i s tl er  ( 1 9 5 4 ) ,  there

is an increasing ev ide nce tha t  th e larqe  scale st ru ct ur es

greatly contribute to the transport of momentum , mass and

heat in shear flows.

.- 5- -
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Among the flow visualization experiments which show

how these ordered structures might look , are the now classic

works by Brown and Roshko [1971] and Roshko (1975~~. They

took shadowgraph pictures of a turbulent mixing layer be—

tween two different gases moving at high speed. Coherent

vortex-like structures appeared in their pictures , with size

and space between them increasing with distance downstream

of the origin. The merging of neighboring eddies accounted

for the increase of eddy size and thus the spreading of the

mixing layer , although this coalescing process occurred

quite irregularly.

Winant and l3rowand (1974] reported similar experi-

ments conducted in a channel where two streams of water at

different velocity were brought together. Althoug h the

Reynolds number range was considerabl y lower than the one

used by Brown and Roshko , again the coalescing mechanism

shown by dye injection seemed to control the growth of the

mixing layer. They studied the properties of these struc-

tures by performing ensemble averages through conditional

sampling , over a large number of structures. They found a

characteristic Strouhal number fh/U of 0.2 , associated with

the passage of the structures (f is the frequency of the

lowest peak in the longitudinal velocity spectrum , h is the

mixing layer thickness and U is the mean value of the two

streams velocities). They further proposed a mode l for the

shear layer growth based on the merg ing process.
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In conducting a statist ical st u d y of t h e  p res su re

and v e l o c i t y  fluot u at i o n s  in  a m i x i ng  layer , ~ p e nct ’r and

Jones (197 1) u s i ng  modern si g na l  p rocess  i n~ t e c h n i ques ,

noted the e x i s t e n c e  of p eaks  in t h e  o n e— d i m e n s i o n a l  e n e r g y

spectra of velocit y fluctuations. They found  these a t  the

i r r o tat i on a l  o u t e r  r eg i o n s  of  t he  shea r  l ayer . As su~ige s—

ted by Winant and Browand [ l97-~ I , these peaks may be related

to the pas~ ogc of the p a i r ed  s t r u c t u re s , w i t h  a S t rouh a l

number f i  U of 0. 19

Yule et al. [1974] and I3ruun and Y u l e  [ 1 9 7 4 ] ,  as

described by Davies [1975], investisated the coherent struc-

tures in the first ten d ia m et e r s  of round j e t s .  \ ‘i su~i l i z a —

t. ion t e c h n i q u e s  showed in  t er a s  t ion and  co~i I osc en ce of large

r i n g  v e r t e x — l i k e  edd i e s  with stronger three dimensional

c h a r a c ter i s t i c s  than the p r e v iou s l y r ep or t  ed n i t x i n e  la\-ers.

Measurements  of t u r b u l e n t  e ner gy ,  shear  s tr e ss es  and c r o s s—

c o r r e l a t i o n s  assoc ia ted  w i t h  those s t r u c t u r e :; , w e r e  do n e .

The phenomenon of vo r tex coalescence  in v a r i o u s

shear f lows  have  been repor ted  p r ev l o us l y in the l i t e ra tu r e .

O u t s t a n d i n g  publ  ic ot ien s  are the ones by Rockwell and

Niccolls [1972] for a p lan a r  j et  and Be cker  and ~ o~~s ~ro [i ~~h S ]

for a c~ rcular je t .  R o c k w e l l  and N i cc o l  ls ret~orted vi sua li—

za t ion  e x p e r i m e n t s  u s i n g  the h y d r oge n  bubble technique , in

studying the breakdown process of a p lane j e t  with exit

Reynolds numbers ranging from 2,000 to 10 ,000. Two types

of vortex growth and cea le sconce were found : synimet r ical
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and asymmetrical with respect to the jet centerline. The

Strouhal number corresponding to the formation of the  vor-

tices was estimated to follow the relationshi p St = 0 . 0 l 2 l ’~~~~,

where both the Strouhal n umber St and the Re yn o l d s  number  Re

are based on the nozzle exit characteristics.

Becker and Massaro [19681 performed experiments with

a circular jet at moderate Reynolds numbers. Using light

scatter and photography by sheet illumination techniques ,

they were able to study the vortex evolution and coalescence

in the instability region of the circular jet , excited by a

pure tone. Based on the frequency which  gave maximum exci-

tation and which was identical to the measured vortex—

shedding frequency, the Strouhal number was also found to

fo l low the r e l a t i o n s h ip St = 0.012/~~~.

On d e a l i n g  with the  sca lar  m i x i n g  m e c han i s m  in shear

flows , Fiedler 11974), described experiments conducted in

two—dimensional shear love r s  between s t i l l  ambient  a i r  and

a heated stream of air. :~easuremcnts of the characteristics

of mean and f l u c t u a t i n g  t em p e r a t u r e s , suggested a u r e d c m i n —

ant  b u l k  convoct ion m e c h an i s m  fo r  the teir : era t u r e  wh ich  was

exp l a i n e d  by the :~re sence  of l a rge-sca le  coheren t  s t r u c t u r e s .

The rne -isurcments  were p e r f o r med  u s i n g  conven t iona l  averag ing

and by a v e r a g i n g  sepa ra t e ly  over the turbulent and non-

turbulent parts of the flow .

It was pointed out before that considerable motiva—

tion in study ing the mix lng region of turbulent jets has
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been in its connection with the noise g e n e rat i o n  problem.

The l i t e r a t u r e  in th i s  top ic is r a the r  e x t e n s i v e  and only

some of the o u t s t a n d i n g  repor ts  w i l l  be r e f e r r e d  to here .

Bradshaw et al. (19631 conducted a de t a i l ed  i n v e s t i g a t i o n  in

a circular jet with an exit Nach number  of 0.3. They found

t ha t  the f low in the noise—producing region is dominated

by a group of large eddies; these eddies in turn , appeared

to be the source of the pressure fluctuations near the noz-

zle. They even commented on the possibility of artificial

a u g m e n t a t i o n  of the large eddies in order to increase the

mixing rate and thus allow the reduction of noise. -

M ollo—Chr i s t ensen  and coworkers , as referred to by

M ol l o — C h r i s t e n s e n  [ 1 9 6 7] ,  have pe r fo rmed  experiments in a

higher speed but still subsonic circular j e t .  Pressure

c rosscor re la tion  measurements  suggested an ordered s t ruc—

ture underneath the mixing layer.

In a series of publications (see for instance Ko and

Davies [ 1971] , Lau et al. [1972] , Fuchs [ 1 9 7 2 ] ) ,  researchers

at the University of Southampto n have reported on studies in

regions adjacent to the mixing layer of a circular jet. By

measuring correlations between pressure and velocity fliictua—

t ions in both the p o t e n t i a l  core and the entrainment

region , Lau et al. [1972] inferred events occurring in the

adjacent mixing layer. In fact , they postulated a mode l for

the structure of this reg ion , consisting of a train of dis—

H crete vortices , evenly spaced and t r a v e l i ng  w i t h  a velocity 
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of approxima tely 60% the nozz le  exit velocity and a char-

acteristic dimensionless frequency fd/U0 = 0 .66 .

As an extension of the above mentioned investigation,

Fuchs [1972] completed a survey of full-band and narrow-

band pressure space—correlations obtaining a strong

coherence both laterally in a cross—section and long itudi-

nally up to eight diameters from the nozzle exit.

Wooldridge et al. [1972] reported spectral and

correlation measurements of the axial velocity component in

the initial and transitional regions of a round jet at vari-

ous subsonic regimes. Their results agreed with those ob-

tained by Ko and Davies [1971].

More recently, Lau and Fisher [19751 conducted a

probability analysis of the time intervals between succesive

downward spikes in the longitudinal velocity fluctuations

in the region close to the potential core of the mixing lay-

er. The highest probability cGrresponded to the vortex

passing frequency found in their previous investigation .

Using a time-domain averaging (or eduction) technique, with

the spikes as triggering events , they determined educed

velocity signals which supported the proposed vortex train

model.

Experiments in the wake behind a circular cylinder

have been conducted by Bevilaqua [1973] and by Papailiou

and Lykoudis [1974]. The vort ices  shed by a moving cylinder

in s t i l l  mercury , were found to persist at hi gh Reynolds

~ 

5- ~~~~~~~~-- -- -.-. - . - ..~~~~~ . . - - . .
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numbers. An analysis of this observat ion was done in con—

nection to the e n t r ai n m e n t  problem.

A comprehensive review of the f low around a circular

cylinder has been reported by Morkovin [19641 . This includ-

ed experimental observations and theoretical studies of var-

ious aspects of the problem over an extended Reynolds number

range.

In summary ,  there is cons ide rab le  evidence th a t  the

mixing regions of turbulent free shear flows may be char—

acterized by the presence of r e l a t i v e l y  coherent  v o r t e x — l i k e

structures. The passing frequency of these organized pat-.

terns when expressed through the Strouhal number fd/U, takes

values of about 0.6 for round jets and of the order of 1 for

plane jets (there are fewer experimental observations for

the la t ter , though).

There are no reports in the literature on how the two

mixing layers of a plane jet interact when merging together,

nor on how they may affect the far field self-preserving

region.

3.3 Externally Disturbed Plane Jets

Besides being capable of generating noise , turbulent

jets are known to be sensitive to acoustic inputs . Indeed ,

the latter effect when considering a flow with low Reynolds

number in the verge to become turbulen t has been k nown f or a

long time , as observed by Leconte [1858] . At hi ghe r



- —

26

Reynolds numbers , the effects go from altering the process

of vortex formation , growth and coalescence in the initial

region , as described by Rockwell [1971] and Decker and

Massaro [1968] , to a direct in te rac t ion  between the acoustic

field and the turbulent flow.

~ comprehensive report , including the i r  own experi-

ments with water and air jets, was published by Chanaud and

Powell [1962] . In a more recent investiciatien , Simeox and

1-loglund [1971] theoretically analized the acoust ic  f i e l d —

turbulent  f low interact ion for  the plane j e t .  Glass Cl968]

reported experimen ts performed in a supersonic air jet where

the sound waves generated in downstream positions affected ,

j through an acoustic feedback process , the initial portions

of the je t , changing the e f f e c t i v e  exchange c o ef f i c i e n t s  and

therefore the rate of jet spread and decay .

Goldschmidt and Kaiser [l97lJ conducted experiments

applying pure acoustic waves of various frequencies to the

self—preserving region of a plane turbulent jet. Their con-

cluding results were that self-preservation of the flow is

maintained , arid that at specific frequencies , the spreading

rate is increased (with an accompanying faster decay of the

centerline velocity ) and the geometric virtual origin is

shifted.

Considerab le interes t  in the above mentioned aspects

of turbulent jets has ar i sen  f rom the cu r r ent  technology on

fluidic control devices. Particularly , in respect to the 

-.-_ _ _  
—

~~~



- -5- - -  -
~ 

-

27

dynamic response of fluidic amplifiers , the loss of perf orm-

ance at high frequencies is believed to be related to

changes of the tu rbu len t  jet characteristics when subjected

to periodic initial disturbances. This was pointed out by

Stiffler E1971] in his study of the dynamic  charac te r i s t i cs

of the mean velocity prof ile of a plane jet.

Binder and Favre—Marjnet [1972] reported experiments

done on a plane jet subjected to relatively lar~ic amp litude

transverse blowing pulses in the nozzle near region . The

pulses were generated with a cy lindrical rotating pressure

chamber, provided with a blowing slot on each side of the

nozzle, and were alternatively periodic . A higher rate of

spreading and higher mean velocity decay at the centerline

were found , when compared with the undisturbed jet.

It  is seen there fore , that  t u r b u l e n t  je ts  are sensi-

tive to a considerable extent , to external disturbances ,

either in the form of pure acoustic tone or as localized

gross blowing inputs. The initial region , of the jet is par—

ticularly affected resulting perhaps , in changes of any

possible relationship between the coheren t struc tures in

this region and the flapping behavior far downstream of the

je t .

—-- - -- -—
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CHAPTE R 4

EXPERIMENTA L SETUP AND PROCEDURES

4.1 Experimental Setup

All the experiments and measurements pertaining to

this work were done in one of the existing turbulent plane

jet setups at the Ray W. Herrick Laboratories of Purdue

University . In the next paragraphs a description of the ex-

perimental setup , which was essentially the same used by

Ott [19721 and Young [1973], is followed by a detailed ac-

count of the instrumentation and measurement procedures used

in this investigation.

The facility consisted of a vertical rectangular

nozzle of 0.635 x 30.48 cm (aspect ratio 48)supplied with air

by a 1/4 HP squirrel-cage blower. A flexible duct connector

between the blower outlet and the plenum chamber was employed

in order to avoid the transmission of vibrations from the

blower. The plenum chamber of dimensions 10.25 cm width ,

30.48 cm height and 67.5 cm long , was provided with a series

of honeycombs and screens to ensure uniform flow. The test

section downstream of the nozzle exit was confined between

two 90.2 x 122 cm plywood horizontal plates (Figure 4.1).

In this way , a turbulent jet with Reynolds number based on

the slot width (0 .635  cm) and exit  velocity ( 2 . 4 3 x l O 3 cm/sec) 
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of approximately l0~~, was obtained.

The existing two-dimensional traversing mechanism ,

with range 152.4 cm in the longitudinal x-direction and

76.2 cm in the lateral y-direction , was modified by instal—

ling two 10 turns precision potentiometers for lateral in-

dependent positioning of the probes. (Figure 4.2). Once

the potentiometers were calibrated , positioning of probes

within ± 0,01 cm was obtained.

In order to measure mean velocity profiles and to

check self—preservation of the flow , a pair of Pitot-tubes

(0 .1  cm internal  diameter) were manufactured . The Pitot-

tubes were used together with a pressure transducer and a

x—Y plotter , the former previously calibrated against a

rcticromanometer (Figures 4.3 and 4.4).

Traverses were done at various longitudinal posi-

tions. The resulting mean velocity profiles appear in

Appendix A , where the self-preserving characteristics of the

flow are also presented.

Two DISA 55A0l constant-temperature anemometers with

DISA 55A22 and DISA 55Fll probe supports and “home-made ”

plated tungsten sensing elements (0.0002 cm diameter), were

used to obtain the velocity signals at any two points in the

flow. In computing normalized crosscorrelations between

these signals , calibration of the hot-wires was excluded.

It su f f i ced  to measure the root-mean-square value of each

signal and divide as noted in equation (2.17). A true root-

- - —-- 5- .-- .  - -_
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mean—square voltmeter D&K 215 was used for tillS purpose.

Preliminary crOsscorre Li tion function measurements

were done using a SAICOR Correlator and Probability A .nalyzer,

model SAI—42. This digital on—line processing instrument ,

provides a correlation computation at 100 incremental lag

points simultaneously. By using the resume capability of

the instrument , an average of various correlation samples

can be determined , although the process is slow and tedious.

In order to overcome the above disadvantage and to

have additional computational features , the use of a ilewletb-

Packard 5452A—2ll4B Fourier Analyzer System , was preferred.

It consists of the following elements: an analog—to-digital

converter with a wide range of sampling characteristics; an

OK words memory min icompute r  which includes the Fast  Fourier

Transform algorithm among its software; and adisp lay , a tele—

printer and a fast paper tape puncher units. Depending on

the da ta block size used , a more complete picture of the

correlation function could be obtained , that is, including

more lag points . Also by prograrruning the syster~, any number

of samples could be taken for a particular situation and

therefore  a bet ter  es t imate  of the co r rc la t ion  f u n c t i o n  was

obtained. Detailed block diagrams and listings of the pro—

grams used in thi s investigation are presented in Appendix

B.

Finally, auxiliary equipment like two SKL3O2 low-

pass filters to avoid aliasing in the analog—to--digital

. --— . -- .---.--—--- -5----_ . — —---. - . ..-5- . . .. .
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conversion , a h1500 X—Y ~loLter , a general. : u rpose  oscillo—

scope and digital vol tm e te r s , were also used .  (Ficjures 4.5,

4 . 6 , 4 .7 ) .

4.2 E xp er iu ~~n t a 1  Procedure s

The measurement procedure was essentiall y the same

in all experiments . Afte r having carefull y positioned and

a l ign e d  the probes , a warm up per iod  ( f o r  the instrumenta-

tion) of at least ~ac hour was allowed. At the beqinning of

each r un , a quick average correlation based on 10 or 20 sam-

ples was determines w i th the Fourier anal yzer. In this way,

proper scaling and samp ling para~iaters for the analog—to—

digital converter were ~ie t e rm in e d  (the cut—off frequencies

of the low—pass filters were set to just a~:aid aliasing .

Generally 1 kIIz , but no less than 600 I!Z, was used for these

frequencies) . After this p r e l i n in :~iv  oI . or at io n  the a n a l y z e r

was reproarammed and up to f ou r  es t ima tes  of the cor re la t ion

function were determined for each run at each point of

interest. Each estimat.~ i nc luded  2 50 samp les and took about

20 minutes to be obtained .

Fo ur k inds  o f ve l o c i ty  co r re l a t ion n~oa su r ernents  were

taken.  These are label led  Type I, II , III and IV , respec-

tively. Figures 4.8, 4.9, 4.10 and 4.11 show schcr~atical1y

how the probes were Positioned for each Ir.~ as lrcmen t tyDe ,

respective ly. Table 4 . 1  gives the  v a r t ” u5 ; values of the x

and y coordinates used in positioning the probes for each

type of measurement.
~•1~

- 
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Measurements Type I (Figu re  4 . 8 )  consisted of cross—

cor re la t ions  between x -comp oncnt  ve loci ty  s igna l s  ob t a ined

from probes set at two points symmetrically apart with

respect to the centerline of the jet. These measurements

were pe r fo rmed  at x/cl stations of 10 , 20, 30 , 40, 60, 80 and

100; the probes were positioned at y/b values  of 0.5, 0.75,

1.0 and 1.25 approximatel y, for each x/d station .

co r r e s p o n d i n g  to the Typo I I  r uns  (F i q uro 4 . 9)

c r o s s c o r rela ti o ns  were  me a s u r e d  by s e tt i n g  the probes at

poin ts  w i t h  d i f f er e n t  opposi te  l a t e r a l  c o o r d i n a t e  y/b . The

Type II runs were limited to x/d = 4 0 .  Howeve r , a w ide -

number of combinations for the la tera l  coordina t es y
1/b and

were included.

The t h i r d  type of measurements , Type III (Figure

4.10) , was obtained by hold ing one probe •‘it ~ g iV en  X/d sta-

ti on and p l a c i n g  the second j-robe at tho opposite side of the

jet but at a different x/d i) o s l tion . The longitudinal sep-

aration between probes ~x , was  v a r i e d  fr o m  0 to 5 .1  cm in

steps of 1.27 cm . Three x/d st at i o n s  (2 0 , -~0 and 60) for

the f i x e d  probe were  i n v e s t ig at e d .

F in a l l y ,  the measurement pr ocedur e of the Type IV

(Fi g ure 4.  11) was di ~ b r ent  f r o m  those a l r ead y  d e s c r ib e d . For

th is  case the autocor  r e l a t i o n  fu n ct  ~ in of the y—component

ve loc i ty  at  the c e nt e r l i n e  of t h e  j e t , was measu red  for  x/d

positions of 20 , 30, 40, 63 and  80. lnst . .’acl of two norma l

hot—wires , an x—wire type Dr~;i\ 5 5A 3 8  was  emp love l f o r  these

-- 5 - - -,— , - 5-- ’- - -  - - — - —5 --. _ _ _ _ _ _ _ _ _ _ _ _ _
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m ea suL -enlents . Detai led anal ysis  en how the autocorrolation

was estimated for this case is given in Append ix  D , together

w i th  the prodjram used to process the data wi th  the Four i e r

anal y z e r .

Measurements were also taken at the  m outh  of the jet

to attemp t to determine any i n s ta b il i t i e s  in the b lower

f e e d i n g  the n o z z l e .  P r e l i m i n a r y  and l i tr i L *~d observation s

were  also made in the presence  of a low f u ~~~u e t i c v acoustic

dis tu rbance . These arc noted in Chapter  7 .

As a last series of exoeriments , ~r t o J i f i c at i o n  of the

e lect r ica l  mo tor and pulleys driving the blower , al lowed

runs at Reyno lds  n umbers of 7900 and 5 100 . These i nc luded

measurement of c ros sco r rel a tj on s  at x/d s t a t i o n s  of 40 , 60

and 80, with the probes symmetricall y positioned with re-

spect to the jet centerline (Typ e  I m o a su r e n~e n ts)  -

The objetive in all the measurements (Types I to IV)

was to f i r s t  determine whether  ~ndced there  is a f l a p p in g

m otion of the j e t  and secondly to attemp t to diagnose its

origin .

~ uu,
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CHAPTER 5

E X P E R I M E N T A L  RESULTS

In th i s  chapter the experimental results are pre-

sented. In order to have a better depiction of the flapping

behavior first some general properties are reported and then

various charac te r i s t i c s  (as resul ted from the exper iments)

are separately considered . The various types of measure-

ments , tabulated on Table 4.1 , are reported in the sections

that  fol low as needed r a t h e r  than  chronolog i c a l ly. Generally

the type I measurements  wore  t aken  to d e ter m i n e  f l a p p ing

frequency and amplitude . The type II measurements were

taken to assure that  the motion was transversely coherent.

Th e absence of “weaving ” of the flow past a fixed vortex

street type structure was noted through ty pe I I I  measure-

ments . They indeed confirmed the uniform sideways motion of

the en t i re  f low f i e l d  and  gave an approximate wave velocity

(or convective velocity) . The type IV measurements were

taken to insure that the sideways motion was also noted at

the jet centerline .

Additional measurements at different Reynolds num-

bers are reported in the last part of this chapter.

~

. 
- . .  _ _  .
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5. 1 Gene al Characterist es of t he  Pl~~pj~~i~j  ~t i t  ion

All mea ;urod  er o sscor r e l at i o n  f u n c t i o n s  between

x— c om ~3onents  of  the velocities at  two p o i n ts  on opposite

sides of the centerline of the jet , are persistent and re-

pea tab le .  These c o rr e l a t i o n  e s t i ma tes present  some genera l

f e a t u r e s  which  w i l l  be examined  in the f o l l o w i n g  p a r a g r a p h s .

The two most i m p o r t a n t  c h a r a c t e r i s t i c s, indies  t ing

the existence of an oscillating ( i n  the average) lateral

motion or flapping of the jet , are : an i n v a r i a b l y negative

value of the correlation function at nero time delay and an

alternate succession of positive and negative values as the

t ime delay b etwe  ~n the two iqna .l s increase s .  Examp les of

these correlations (as obtained directl y from the Fourier

a n al y n e r  t h rough  an x— y p l o t t e r )  , a re  g iven  in Fi gu r e s  5 . 1

to 5. 4 . The correls t ion f u n c t i o n s  sh own in Fi gu reS  5. 1 and

5.2 were obtained with the h o t — w i r e  probes pos i t ioned  sym-

met r i c a l l y  apa r t wi th respect  to the j e t  cen te r l i ne at

x/cI = 40 , y/b  = 1.0  and x/d = 100 , y/b  = 1. 0 , resp ’c—

tively (Type I). Figure s  5 .3  and 5 . 4  show cor r e l at i o n s

taken at x/d = .10 , with the probes  ssyn ~m e t ri c s U v  p o s i t i o n e d

(Type  I I ) :  Fi gure  5. 3 corresponds to y 1j b  = 0.75 , y 2/b

— 0. 5 (Note that for t 0. 128 sec in  F i g ur e s  5. 1 and 5. 2

and for  r 0. 064 sec in Fi gures  5. 3 and 5. 4 , t h a t  i s , t h e

second h a l f  of a l l  records , the corro 1 st ien  u n c t  ion is not

s ign i  ica n t  . This  is duo t o the w r a p - — a r o u n d  er r or  i n her e n t

in the an a lyzc ’ r p er t  onn . in ce  , as exp l a ined  in  A ppe n d i x  fl )

~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~
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The correlations exhibit a certain periodicity.

This is re la ted  to and g ives a meas ure of the f l a p p ing fre-

quency . ( S i m u l t a n e o u s ly , t h e m a gn i t u d e  of the corre la t ion

at  r = 0 would g ive a measure  of the amp l itu d e  of the

oscillatory—like flapping motion) . The t imes  be tween  local

maxima or local m i n i m a  (see for  i nstan ce Fi gure 5.1) are

g e n e ra l l y not  equa l .  However , the t i n~e to the  f i r s t  maxi-

mum is c l e a r l y  measu rab le  and i t  su ~~qes ts  the  d e f i n i t i o n  of

a f rc~~ucncy  of f l a p p i n g , f 1, as i l l u s t r a ted  schc~sat ica l 1y in

F i g u r e  5. 5. On the other  hand , an average  time between

local max ima  and min ima , bey ond the f i r s t  local oaximum , can

be fou nd. W i t h  i t  a second f r e q u e n c y  f 2 ,  as a lso i l lus t ra -

ted in Fi gure 5 . 5 , can be determined. These two f i cquenc ie s

are essentially the same , a l t h o u g h  w i t h i n  some e x p e r i men t a l

scatter , as noted in the b e g i n n i n g  of the n e x t  s ec t ion .

5 . 2  C h a r a c t e r i s t i c s  of the Flapp ing FreQuency a long  the

Long i t u d i n a l  and L a t e r a l  Coord ina tes

Type I Measurements

A comp let e  survey of c rosscor re la tion  f u n c t i o n s  was

done after setting both probes on opposi te  s i d e s  of the j e t

cen te r l ine (measurements  Type I )  . The r e s u lt i n g  f r equenc ie s

of f l a p p ing are p lot ted as a S t r o u h a l  number , fd/ U0. Fig-

ures 5.6 and 5.7 present the r e su l t s  for f1 and f2, respec—

tively. The f l ap p i n g  f re . p l c ncy  (g iven by f 1 and f 2
) is

noted to decrease as x/d increases.

-- —~ - —~~ - ~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ - - - - . . -
. 

~~~~~~ ~~
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On t he othe r hand , the f l a p p i n g  f r e q u e n c y  does not

seem to depend on the l a tera l  coord ina te .  This is noted

both by the collapse of the data points on Figures 5.6 and

5.7 and by the p lot in Figure 5.8. This is so at least for

x/d - 30 whore the jet becomes self—preserving in terms of

mean velocity and turbulence intensity (Bradbury [1965],

Gu tm ar k  and Wygnanski [1976]). The data points correspond—

ing to x/d values of 10 and 20 show a large amount  of scat—

ter .  The reason for  th is  could be error in pos i t ion ing  the

probes at these small x/d stations and insufficient time

r e so lu t i on  in the c o r r e l a t i o n s  computed by the a n a l y z e r , ~ s

f compared with larger x/d points  a t  lower veloci t ies .

Several sca l ing  p a r a m e t e r s  fo r  f (bo th  f 1 and f 2
)

were considered. The intent W~~S to e x h i b i t  any possible

similarity and self-preservation ~or the f l app ing frequency .

The va r ious  j e t  coordinates , l e n g t h  and ve loc i t y  scales Cx ,

y ,  d , b , U , Urn ) were combined in t h i s  search.  The best re-

su lts are shown in F igu res  5 . 9  to 5.15.
f
1yFi gure 5.9 shows the variation of —;~j-- against y/d

fo r each x/d , whe re U is the local mean velocity at each

pair of points of coordinates  x/d , I y/d (where  the cross-

correlation was measured). Figure 5.10 presents a collapse

of all curves in Figure 5.9 , using y/b  i n s te a d  of y/d for

the abscissa.

The same da ta , bu t  in somewhat  d i f f e re n t  f o r m , is

presented in Figure 5.11 when the parameter ~~~~~~ i s  p l o t t e d
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a g a i n s t  (y/b )  2 , u s ing  a logarithmic scale for  the  o r d i n a t e .

The data points follow approxima tely a strai ght line , that

is:

ln f y~~ (~~) 2 
(5 1)

or

= 0.11 ~ exp 0 . 7 2  (~~) 2 ( 5 . 2 )

Fi gure 5 . 12  r e lat e s  f y/U (where  Urn is the center—

li n e mean velocity at  a given x/d) to y/b. A fit of the

type :

- 0.11 ~~
- ( 5 . 3 )

appears satisfactory.

Actually both equations (5.2) and (5.3) repreeci ;t

the same trend . In  e f f e ct , if Reichardt’s solution fer the

s e l f — p r e s e r v i n g  moan ve1o~i i t v  p r o f i l e  .4 s  rec.i lled (c~~s;t ion

(2.4), Chapter 2):

= CXI) 1— ( 0 . 8 3 2 6  Y ) 2 ] ( 2 . - I )

or:

= exp [— k ( ~ -) 2 ] ( 5. -I )

it may be combined with ( 5 . 2 )  to o ivc (5 3 ) .

Moreover , equation (5.3) roy al so  be w r i t  t en  a s :

~

“ 5 - ”
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= 0.11 ( 5 . 5 )

which is the result showii in Figures 5.13 , 5.14 and 5.15.

The f l a p p ing frequency then , at tains a pp r o x i m a t e

s e l f — p r e s e r vat i o n  if scaled wi th  the j e t  h a l f — i ~idth b and

the mean ve loc i ty  at the c en t e r l i ne .

Using this  r e s u l t , a rep lo tt ing of the cor relat ion

f unc t i ons  was done th roug h a compute r  Calcomp sys tem.  The

abscissa T was modi f i ed  to a d imensionl ess  time delay

TU rn/b and the o r d i n a t e  was d iv ided  by the product of the

r.  m . s. values  of the  s igna l s  (to have a normali~ cLl crosseor—

r e l a t i on f u n c t i o n) . Fi gures  5. 16 to 5.19 show these r~ sult s

fo r y/b values of 0 . 5 , 0.75 , 1 , and 1.25 respectively, c~ ch

one inc lud ing x/d s t a t ions  l a rger  than 30 ( the  plo ts for

x/d = 10 and 20 were purposely  omi t t ed .  TIic~- di0 not show

the same t rend) .

It  is in t er e s t i n g  to note t ha t  not  onl y does t:he

f l a p p ing fr equency  exhibit approximate s e l f — p r e s e r v a t i o n  and

similarity for x/d 30 , but so does the m a g n i t u d e  of the

crosscorrelation function (at least or the f i r s t  h a i t i —

• period) . As an examp le , the v a l u e s  of R (0) , w her e :

(1~~V ,t )_uH5,t )  
~r 6R(0) =

/ 1  / -
~/ u (y, t) ~ u~ ( — y , t )

are p l o t t ed in F i g u r e  5. 20 .  A t r end  is not ed  and a r e l a t i o n —

shi p of the form :

_ _
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R ( 0 )  —- ( 1—k y / b )  exp ( — k  y /b )  ( 5 . 7 )
— 1 2

seems to be s a t i sf i e d .  S e l C — p L - L e r vat :~ , howeve r , is far

f rom p e r f e c t .  In th is  respect  i t  should he emombered that

the more comp l icated  a st at i s t i c a l ‘-luanti ly is , the longer

it takes to reach nelt—prcnervation ( Tenn e ke s  an d  Lum icy

[1972]). The bes t fits for the coelficients in e t u at i on  5.7

appear to be k1 = 2.5 , k2 
= 2.9 . These  arc  riOt shOWn oti

F igu re  5. 20 . I t  does make sense to expect t h at :  f or  s m t  Ii.

y/b the t y p i c a l  lat :eral  cor r e l at  ion l u n ct i o n  i s  o bt a in e d

(IIinze [1959]), whereas for y/b 0. 35 tue nes~~t ive values

attributed to f 1appin ~j  be cos~e pr edr:i m a n  t .

A de ta i l ed  survey of c o r r e l a t i o n  f u l i c t  i on s  w a :  pe r—

forme d wi th bo th  probes at x/d = -b) b u t  at  c i ii i 1 ~~‘b j

3 1
tions. ‘I’his was done in o rder  to have a bet ti.’ r I ) i ct u r e  of

the f l a p p i n g  b e h a v i o r  across a gi\-cs ; l o n q i t ud i  n i l  cooi.-d i .n~it e

an d ex tend the r e s u l t s  of F igure 5.20. Fic1uro:; 5.21 a , b , C ,
c, e and f show a sequen ce of such fu : i ct : . ions  fo r  a nd i~ic r e a s i t i q

j  scparat~ on di. s t a n ce  be tween  the t~ ’4) :o~-mn:e tn  ~O 1 ly set probes .

The curves  cor r es pon d ing to :t y/b  -: 0 - 35 ~b ’~ - :ii  in I - i ~:u r e  5. 21

a, b , and c , pres en ted  i p - s i t i v e  v - du e f o r  L ’ ( O )  . :-:ot hoi~e v ’r ,

t h at ’ R ( 0 )  dcc teases  a:; the se pa ra t  ~ en distance be t~-een P robe: ;

i nc re  ~15CS ( t h i s  is an e x pec t ed  r e su l t .  as -on:meii t ed 10 tot )

Moreover , at t y /b  = 0 .3 5  the v alu e  Of I~~ 0)  is :os•dler L b - i t

the values of I~ ( i  ) cori-esposdinu t e :; 1 i (Jht 1 y no:.; t i  ~-o and

nega t ive  t i m e  d e la y s  (F iq ure 5 . 2 Ic)  - At y/h 0. -~ , i~(Q) is

aprox imate ly zer o and tu i ~ ce r rc lati I I  f F . : 1 - t ’  i~~t~ t ~t Io ’~; a k ind



_ _ _  -- -- --.5-— ---- - —.--——--—- ,
_.——------~~~~~ --__-—--- - - 

1~~

69

o.i~~ x/d = 40

y/b  = 0. 25

0 -  ~~~~~~~~~~~~~~~~~~~~~~~~~ .~~~~~~~~~~~~~ -

0~ Ii~ - ( a )

d . 1t) _
y/h = 0 .3

0 ___ — _ _ _ _

— 0 . 16—
‘
~~ 

(b)

0 . l 6_
y b  = 0 . -I

0

0 - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~

0 lb (c)

—12 -S .0 —75.1) --2S .0 0 25.0 75 .0 125.0
~~~~~~~~~~~ L~~~ ~~~~~~~_ _ _ _  _ _ _ _ _ _ _ _

‘I’ iB1O ‘O I l y  1 till - i C I
1 - i I l t I re 5 . 2~ ‘Fyp ’ I C I 0 : : . i O I  F I ’ I - I t i O I F  I - 1 1 1 1 i : t  1 115

- -.5- 
—‘ 



___ 
-—-5- - - 5- -

70

0.0!3 -
y/b = 0 .4

-0.0o_ (d)

0 .0 8
y/b = 0 .45

-: 

- _ _ _ _ _ _

0.08
y/b = 0.6

.°.°I T~~~

-

~~~~~~~~—12 .0 -75.0 —2 5 .0 25.0 75.0
I I -- I I~~ __________

1’ ) i n ’  Delay I [m u’~
- I

F i g u r e  5. 2 1 ( i o I l  t . i . I I UCI i  

-5---



- - - ----5— ---. - --- - - —-- -- ---- ——

71

of t ran s it i o nal  shape (l’igure 5. 2 hI) . F in a l  1 y ,  fo r

t y/b > 0. .15 , the correlation:; char.tctert i rig the flopp ing

behavior i~’erc obtained (Fiqures 5.21 e and f) . The values

of R ( 0 )  in F igure s 5 . 2 1  cor resp ond to the v a l u e s  in the plot

of Figure 5.20.

Ty pe It  ~eastireiiients

I t  was men h oned be Lore that the f 101)1) ~ flC J  I r u ~~uc ncy

did not  e x h i b i t  a p r e f e r r ed  de p e nd e n ce  on the  l a t e r a l  co-

ordinate (Fi gure  5 .8)  . This was one of the result:; of the

Type I measurements (those Derforn-tod with the prob es  symmet-

rically positioned with respect to the jet centerline)

A question may still arise as to whether the motion ,

interpreted as flapping , is instead clue to a “weaving ” of
i~~ 1 the mean f l o w  th roug h an impressed v o r t ex  type  s t r u ct u r e .

To determine t h a t  possib i l i t y  Type I I  m e a su r em e n t s  were

taken wi th  the sensors at different lateral locations (sam-

ple p lots are shown in Figures 5.3 and 5.4) - The presence

of any such s t r uct u res w o u l d  have to g i ve  f ur t h e r changes  in

the sign of th e correlation at 1 0. This ‘1-.-ar; n e t  n o t e d .

Fur Lh ermore n o d ep e n d e n c e  of t h e  f app~~nq re ~U CI ;Cy  on la t—

eral location was observed either.

The r e su l t s  ol n ;easurecl  I l i i ’p  I nq I r e t u o n c , ’ .ire com-

bined in Figure 5.22 (compare w it h ~-‘L;w . es 5 . 1 3 , 5 .1. 1 arid

5. 15) . The eve najc value of the : arar i e t o  r 11) /U
m i. :; constant

arid compares w e l l  with that ob t a i n e d fio : tb..’ T~.’pe I

measurements. 

~~~~~~~
- - - -
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I t seems t he re fo re , t h a t  the f r e q u e n c y  ~ t Llapp ing

when expressed as fb /V ~1 1 is a s in g le v a l u e  c h a r a c t e r i s t i c

fo r  each x/d s ta t ion , i ndependen t l y  of t h e  p o i n t s  considered

in measuring the crosscorrelation , for  j y / b J >  0.5.

The amp l i t ude  of the c o r r e l a t i o n  f u n c t i o n  at z ero t ime

delay R ( 0 ) ,  is however , a f u n c t i o n  of y/b as shown in the

sequence of c o r r e l a t i o n s  of Fi gu re  5.21. This is an expect-

ed r e su l t , since R ( O )  as def ined and ob ta ined  by ~‘arying the

separat ion distance between probes , is equivalen t to the

space-correlation:

R ( y , \ y )  = 
______  _ _ _ _ _ _ _ _ _  

( 5 . 8 )

/u~~~y+~~A y )  
/~~~~R Y - ½A y )

for y = 0. In equation (5.8) , y = ~ (y
1

+y
2

) and ~y is the

separation between probes.

Further  anal ys is  was done of the Type I and Type II

d a t a  a t  x/d  = 4 0 .  The ob jec t ive  was to ob t a in  space—

corre la t ions  in a form s imi l a r  to equa t ion  ( 5 . 8 ) . The no —

suits are presented in F igure  5 . 2 3 .  The lat e r a l  coord in a te

of the m i d d l e — p o i n t  between probes (y = 
~ 

(y 1+y 2
) ) and the

separation distance Ay = y
1
—y 2 ,  are nondinien sionalized by

the jet half—width b. Note that the s p a c e- c o r re l a t i o n  func—

tiork never attains a negative va lue  f o r  y/b  ~ 1.0 , but

approaches zero asymptotically as the probe sepa rat ion Ay/b

increases.

- 5 -  -
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The same CUrVeS at e  p r esen ted i  in F i g u r e  5 . 2 4  w i t h  a

smaller  scale in order  to compare  them wi th s im i l a r  re—

sui ts  reported by Gutniark and W y g n an s k i  [ 1 9 7 6 1  - Further

comment s on th i s  compar ison are p r es en ted  in  Chapter  6.

5 . 3  Amp~~~tude of F lapp ing

An estimate of the amp l i t ude  of f l a p p ing  can be (lone

by assuming a s inu soid al bodily d isp lac emen t of the mean

veloci ty  p ro f i l e  of the j e t  Uron i  i t s  mean loca t ion .

In e f f e c t , the i n s t a n t a n e o u s  d isp l acemen t  of the

mean veloci ty p r o f i l e  may he assumed as :

c sin  2~~ft (5.9)

where f is the frequency of f l ap p i n g  and is the am~.l l i —

tude to be es t imated .

If e is the instantaneous a .c. voltage of the hot—

wire  anemometers , then  f o r  an esse n t ia l  l i n e a r  r e sponse , the

correlation function can be expressed as:

R ( l ) = ~~~(x , , t ) e ( ~~~ j~~ L F r )
_____ (5.10)

/~
2(\y t) /e

2 (x ,_ y, t+ r )

Fur thermore , for  s u f f i c ient l y small v a l u e s  of C , th e  n o n r e n—

dom compo n en t of e can be approx ima ted by:

re = ,,~— £ ( .ll)

where E is tb~ c.1.c . vo l tage  o u t p u t  of the  anemometers .

Substituting (5.9) in (5.11) and ( 5 . 1 1 ) in  ( 5 . 10 ) , one

- -—- -—---- —- - -- - - —5-—--  5- - - - 5 - .
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ob tain s :
2 2

~ ~cos 2 s f r
R (i) ‘U 

— 
— (5.12)

— 2e

On the o ther  hand , an empi r i ca l  ~o ol in g  law for  the

hot—wires , may be expressed as :

Rw ( R w
_ R

f ) = k 1 f k 2 U ” (5 .13)

or

E
2 

= A + BU ½ ( 5 . 1 4 )

where  A = k lRw ( R w
_ R

f
)
~ 

B = k 2 R ( R  —R 1) ,  k 1 and k 2 a r e  em-

p i r i ca l  c o n st an t s  and and R f are  th e  opera  ~i~~d and cold

resistance of the hot—wire , r e spec t ive ly .

D i f f e r e n t ia t i n g  ( 5 . 1-1 ) w i th  r espec t  to U :

2E~~~ =

or:

— 1 BU ( 5  15)
3u~~ 4 E

combining ( 5 . 1 4 )  and ( 5 . 1 5 ) ,  one ge t s :

— 
1 E -A

— -Ui E ( 5 .16)

-4 . - ~E ~E~~ U - . -

Thus , writing ~~
-
~~

- = —

~

-

~~

- -
~~

-
~~

- and substttuting in (5.12) atte r

using (5. 16)

— — -=- _________ - - — -
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r- -

I. E —A :) U I 2 1
L~
i u 

~~~‘] 
~ ~~- cos 2gft

R(r ) = — ________—— (5.17)
2

C

At 1 0, the las t  exp res s ion  reduces  to:
-,

I E — A ~~ U~ 2

1 L4u E ~‘J ~rn
R(0) = — ____________________

2 2e

f r o m  w h i c h , a r e l a t i o n s h ip is obtai ned for

[ 2 R ( O ) ] ~ ( 5 . 1 8)
m 

~ E - A 3U
4 U E ~~~~~y

F u r t h e r m o r e , e x p r e s s i n g  
~m ’ U and ~~~~~ in d imensionless

f o r m  by us ing the h a l f - w i d t h  b and the m-2 an ve loc i ty  at  the

cen te r l ine  Urn of the j e t , ( 5 . 1 8 )  reduces  to:

= 
[2 R ( 0 )  1 ” - , 9

~~ 
E —A ~ (U/ U,)~~

4U E D (y / b)

Fina l ly ,  assuming  a mean vel o c i t y  p r o f i l e  as given

by Re ichard t  (equ a t ion 2 . 4 , ChapLior 2):

= exp [_ ( o . 8326  

~‘1 ( 2 . 4 )

and t ak ing  deriva t ives , one ob ta in s :

(U
U

—-—~~-— = — 1.39 (5.20)
U b

b

—5- - — —  —— ~~~~~~~~~~~~~~~~~~~~~~~~~ - 
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Expression (5.20) 5ubstitutccl in (5.19) gives;

[.~~0)]h/2
= 4.07 

E2—A ~ (5.21)

E b

Limited data was taken which included d.c. voltage

(E) values for the anemometers. An approximate value for

the constant A was estimated , by cxtrapolatinq to U1!2 = 0,

the straight line represented by (5.14). This was obtained

from measurements of the type I at x/d of 80, 60 and 40.

The approximate Cm/b value s calculated through

equation (5.21) are tabulated in Table 5.1. As noted , the

amplitude of flapping is in the order of 15% to 23% of the

jet half-width , and does not appear to depend on x/d nor on

y/b.

Table 5.1 Amplitude of Flapping

x/d y/b Em/b

80 1.13 0.18

0.85 0.21

0.56 0.18

60 1.07 0.17

0.80 0.19

0.53 0.23

40 1.03 0.15

0.77 0.16
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_______________________________________________________________________
5.4 Convection Characteristics of the Flapping Behavior

A series of correlation measurements were done with

the hot—wire probes at different longitudinal coordinates on

opposite sides of the jet (Type III measurements). The

original intent was to further investigate the uniform

flapping motion of the jet. The data also gives insight on

how the flapping behavior is convected downstream of a given

x/d position . One probe was set at a fixed x/d station and

the second was successively positioned at steps of 2d in the

downstream direction. The corresponding crosscorrelation

functions were determined according to equation (5.22) be-

low:

R(t) = 
u(x/d ,y/ b ,t) u( (x/d)+2n ,-y/b,t+r) (5.22)

— 

/~
2 (x/d ,y/ b,t) /~

2 (x/d)+2n ,-y/b,t+t)

with n = 0, 1, 2, ... , 5

Four x/d stations (10, 20, 30 and 40) were surveyed,

keeping both probes at the same lateral coordinate ± y/b = 1.

Three more (20, 30 and 40) were done with ± y/b = 0.65.

Each x/d station included downstream separations for the

second probe, up to lOd(n = 5). Figures 5.25 a, b, c, d, e,

f and 5.26 a, b, c, d, e, f show examples of sequences of

such correlation functions for increasing downstream separ-

ation. Figure 5.25 corresponds to x/d 10, ± y/b 1.0,

and Figure 5.26 to x/d = 20 ± y/b = 0.65. As noted , the

time delay corresponding to the negative probe (pointed with

-
~~~~~~~~~~~~~~~~~~~~~~~~
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an arrow ) shUts a~ the separat ion between probes increases.

This e f f ect i ve ly indica te s that  the f lapp ing  behavior as

de tected at a given l ong i tu d ina l  posi t ion can be sensed at

a late r time at a downstream posi t ion .

An ind icat ion  of the ve locity of convection of the

f lapp ing behavior can be obtained by p l o t t i n g  the t ime delay

shi f t  in the coric lat ion  fun c t i on ’~ a t I aj n ~;t the coI’resp )nd ing

long i tud ina l  separa t ion  between probes. 1’iqure s 5..~7 to

5. 33 show this  r e su l t  for each case inve~;ti j a ted.

Based on the separa tion  between probes Ax and the

time delay shift ~t , a velocity  of convection of the flap-

ping behavior can be defined as follows:

AxU cf = 
~~•t Ax~0 

(5.23)

This can be roughl y ob ta ined  by e x t r a p o l a t in g  the

curves in Figures 5 . 2 7  to 5 .3 3  to zero sep~t r a t i on  dis tance

• and computing the ra t io  in expression (5 . 2 3) above . The

corresponding f la p p i n g  convective v~’loci t ies  d iv ide d by the

corrc spondinc local mean veloci t ics  (U
~~c /U)  , and by the

cen te r l ine  mean velocit ies  (U f / U )  a re t a b u l at e d  in Table

5 .2 .

Also indicated are the convective velocit ies  (of the

t u r b u l e n t  s t r u ct u r e ) measured by Youn g 11973 1 in the  same

je t  setup . These velocities wo re obta ined  by mea~;ur inq

space-time correla t ions  be tween l o n g i t u d i n al  velocity corn—

ponents at two points on the same side of the j e t .  The
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Ta ble 5 . 2  ConvccL. ive  V e l o c i t i e s  of F l a p p ing

x/d y/b 

— 

u
~ 1/U 

U 
17

/ a

10 1 1.16 0 .58

20 1 1 .28  0 . 6 4  1 . 6 8

30 1 1.15 0 . 57  1 . 4 3

40 1 1.23 0 .61  1.58

20 0 .6 5  0 .99  0 . 7 4  1.18

30 0 .6 5  0 . 9 4  0 . 7 0  1.1

40 0 .65  1.01 0 . 7 5  1.18

• *Measurements  by Young [19731.

direct ion . As noted in Table 5. 2 the f l a p p ing ~
‘ nv t ’Ct i ye

ve locities resu l ted  about 30% sma l l e r  t han  the c o n v ect i v e

• v e loc i t i e s  m easured  by Young for  y/b = 1, and about  .~0% for

y/b = 0 . 6 5 .

5.5 Autocor re l,i t. i on  of thc l r a l \ n c nt V e loc ity .it

the Con for i i  no of t:he Jet

A l l  the r o s i lt s  p r e sent ed  in th e  p r e v i o u s  sect  ions

of this chapter , were o b ta i ned  for  l on q i t u d in a  1 velocity

components , easi ~y measured w i t h  norma I w i r e s .  I n  t h e  pre-

sence of flapping the lat e ra l  veloc i ty component s should

show similar behavior. To o b t a in  such II. ~’. i su romen t  S , two

x — w i r e  probes shou ~.d be used . Al though  the  ego i pment was

available , the use of f o u r  h o t — w i r e  an emometers  and

-• •---- .—~~~~~ -- .~~~~~~~~~
— —-—- . —• 
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corresponding signal processing equipment would have led to

considerably larger averaging times. As a result only a

spot—check was made with a single x-wire probe.

Autocorrelation func t ions  of the y-component of the

velocity were determined along the je t  centerl ine, at x/d

positions of 20 , 30 , 40 , 60 and 80. (Type IV measurements).

The data should obviously give the normal autocorrelation

function for small delay times , with a maximum (equal to

the mean square value of the signal) at T = 0. However, for

large delay times , the flapping motion (if at all present)

should be accompanied by a l ternat ively positive and nega-

tive values of the autocorrelation. The results , with a

sing le x—wire s u f f e r  in signal resolution but do indeed show

the expected trends. Figures 5.34, 5.35 and 5.36 , show ex-

amples of such functions as obtained directly from the

Fourier analyzer throughan x-y plotter , for x/d = 20 , 40

and 80 respectively.

As noted , the autocorrelation functions have their

maximum value at zero time delay . On the other hand , the

curves are characterized by a pseudo-oscillatory nature as

the time delay increases, consistent with the previously de-

scribed crosscorrelation functions of the x-component vel-

ocity . The dimensionless f lapp ing frequency , fd/U 0, can be

determined as before and characterized by both f1 and f2.

The determined values are shown in Figures 5.37 and 5.38.

The frequencies are compared with the earlier data (Type I
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of Fi gures 5. 6 and 5.7 , r e s pec t i v e l y )  . A l t h o ug h the  va lu es

of f.I ’U obtained I ram the V — c o P ~m pI ) nt~nt  ~m u t ccor rel at ions are

si i tj h t ly l a rge r  t han  t-~ hose c o r re s p o n d  i ng to the U— compon en t

crosscorre Lo t  ions , t l m c y  indeed c o n f i r m  t he  t r en d s  and con—

ci us ions noted e,i r 1 j e t .

5 . 6 RevUe 1 Os Numb er  Tndej ”endence

A few r u n s  ( of  t he  Type I , w i t h  symmet  r ic.t 1 ly pos i—

ti oned p r o b e s)  we r e t .iken at  0 C t o  ron I j e t  ex i t  Reynolds

numb er t o  dot  ermn i nt ’ I IT t he r e I any st tong Reyno lds  number

dependence ot  t h e  1 1.’ pp 1 ng IT r egu ency  . Due to i n h e r e n t  1 irn —

i ta tions of t he  j e t  set  up ,  on l y t wo di t~ b r e n t  v a l ues  were

115

~‘1L ’.m: ;ure n 1ent  of c t o s s c o rr e I ot i on  f u n c t i o n s  we r e

.iken at  x d s t at  i oa~; of 40 , ~0 and ~ 0 fo r  ex i t  Reynolds

numbers  of 00 and 15100.  1’ iqu r e  5.3 ’) shows the corre-

spond na resu its i n  t em tus of t he  0 imens ion less  f l a p p i n g  fre-

quency I 
~~ 

. I t ie  lu ded  i n  !‘ I ~jure ~ . 3~) are t h e  r e s u l t s  for

Re = 10000 prey i 00:; 1 r c~~o r t e t l  i n F i gor e  5. 6.

It is obv m ens n F iurt’ S . 3o) , I hat  the requ ency of

C 1 app i no  e x} ‘m e s s  ‘0 tOo o u gh  t lie pa rome t or f id U is indepe i i —

den t  ot the  Reyno 1 Os n u m b e r  , .11 l east  in  I Ito r an g e  in v e s t i —

go ted.  Th i Reyno  Id: ;  number  :; i m i  Ia r i ty  is a w e l l  founded

r e s u l t  . The f I a m nq b e h av i o r  eh ar ac t  or I ~ed by r e l a t i v e l y

low IT r equenc ies shoim 10 be re ha t ‘0 to the l a r g e— s c a l e  com-

ponents of  t h e  f l o w  t ie ld , and t h e r e f o r e  independen t  of the

Viscosit y. 

- ~~~~~~~~~~~~~ - - -- - -~~~~~~_
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5.7 Sources of F r r o r  and Iti~ ccuracjes

Sir.ce this investigation is of an experimental n~ —

turo, it is appropriate to discuss the possible sources of

error  and u n c e r t a i n t ie s  in p e r f o r m i n g  the reported measure-

ments . The most irnoortant aspects to be considered arc :

inaccuracy in measuring the mean velocity profiles , error

in measuring the root—mean—s quare Of the velocity signals ,

and uncertainty in estimatino the cr o s s cor r e i a tj on  func-

tions.

It was m e n t i o ne d  in Chapter 3 t h a t  mean velocity

pro f i l e s  were measured w i th  a home-made total-head Pitot—

tube. This was so chosen in order to woid uncertainties

inherent to conventional s t a t i c — t u b e s , whose mean r ead ings

vary strongly with their size in t u r b u l e n t  f l ows  (I lrad shaw

[1970] ) . On the other  hand , the selected i n t e r na l  diameter

and wall thickness were small enouci h to i n t e r f e r e  as l i t t l e

as possible with the flow but still comply with current

s tandards  to give reliable readings.

Measurements  of the roo t— m ean-squ are  va lues  of the

fluctuating velocities used to norma li.-:c’ the correlation

functions, were done with a true r.m .s. voltmeter. This

type of instrument theoretically gives vet’.’ small normalized

errors if enough averaging time is allowed (see for instance

Bendat and Piersol [1971]) . Large avercoing times w~~re used

in this investigation by setting the time constant: of the

instrument to hiqh values; the measured r.m.s. values ox—
I.,

L.  
-- ~~~~~~~~~-- • - --•- ~~--— -~~~~~~-.~~~~~ _ _ _ _ _ _ _ _
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hibjtcLl fluctuations ot  no m ) r e  tli 4in 5% of the e, tim -1 a Lc(~ value .

The determination of the un c e rt a i nt i e s  in cur r ed  in

estimating a crosscorrelation function is a soriewl’m.i t diffi-

cult task. In the first place , it is necessary to realize

that the Fourier arialv:~er emmlovc ’ d in th s ~ ‘ ;v e s t i q a tj o n ,

comnutes crosscorrelatjon fu n ct i ~on e s t im at e s  v ia  Fourier

Tra n s f o r m  me thods ; t h a t  is , a cross—speetrum d en s i t y  f u i i c —

tion of the two sarinled v a r iab l e s  is f i r s t  es t~ na t ed  and

then the correspond inq inverse transform ( t h e  cr o s sc orr e l a—

tion fu n c t i o n)  is evaluated , as ou tl ined in A n ne n d i x  B.

This c r o s s — s p e c t r um  d e nsi t y  f un c t i o n  est ima t e  is

howeve r , an in con s i s t e n t  e st im at ~~ (B e nd at  and P ie r so l

T 197l~~) . Thus , it is necessa ry  to o c r f o r m  a ~eet h in q  op er-

a t ion  ove r an ensemble of estimates . Ii a 1~~~rc ;e n n m h er  of

estimates is used (as in t h i s  n v o s t i o a 1  i on )  , the  nur~b er  of

s t a t i s tic a l  degrees  of fr e e d e~’i in the a : ’nr o x in a te  c h i — s q u ar e

distribution of the samp les , gr e a t l y in c reasses , r educ ing  aiw

requi red  cou f ideu ce  l im i t .

On the o t h e r  hand  a c ro ss c or r o lat i on  fu n c t i o n  esti-

mate  between two v a r i a b l e s  x ( t )  and y ( t )  , d e f i n e d  by:
T- T

R
~~~

(T) ~~ L x ( t ) y ( t + i ) d t  ( 5 . 2 9 )

for 0 < r < T, or its digital counte rpart:

1 N—i.

~~T 
~=i 

XnYn+r ( 5 . 2 5 )

constitutes an unbiased estimate , ( t h a t  is , the p r o b a b i l i ty

.~
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dcn i i t y  fun c t ion  of the estimator is centered at the true)
value of the correlation function R

~y
(T))

~ 
since the ex-

pected value of (5.24) IS give n by:

= E ~~~ f x(t)y(t+t)dt}

= 
1 

f0

E c x t Y L - f T~~ dt

= R (t) (5.26)xy

However , it is very difficult if not impossible to

evaluate the mean-square-error of the correlation function

estimate , as given by the variance in equa t ion  (5.27):

= E {[Rxy (T)~~
Rxy (T)]2}

= E ( R~~~(T) 
_R 2

~~y
(T) )

E{ ~~~~~~i ff x(u)y(u+T)x (v)y(v+T)dudv} -R2 (t)

(T_ T )
2 f  f E~ x ( u ) y ( u + t ) x ( v ) y ( v + r ) } d u d v - ~~~~ ( T )

(5.27)

where u , v are in t eg ra t ion  var iab les .

Equation ( 5 . 2 7 )  above , involves a mixe d fou r th  order

moment of x(t) arid y ( t )  which is quite difficult to calcu--

late.
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I t  Ul.ty 1)0 slU)Wfl ( K e l ly  et a I. l~~6/ ) , thet t ot  the

case ot  j o i n L ly  ~ .i us~; i a n  t e ~ises x ( t  ) ) and y (t) } , the

aboVe vat i a nec a roaches

2
V.it (R~~ ( t  ) I (5. 28)

where  ii is t h e  h and  w i d t h  ol  t h e  .m n , i  ly ~~ed si  g t i a  Is (assumed

to be t he same b r  bet h i gna  ls ) , and i I he Lime (le lay

where  t h e  max iiuu tn va 1. ue cC cot r ( ’ L i t  ion occurs .

Thus , t o  I I ow t ig  e X [)  i i on (‘ . 1~ ) , an  a pprox i ma to

v a l u e  t o t  t t i e  I I 0 I U h I  I i  ~:ed mea — s u . t t e — e r t o r  c ’an be obt a m e d

[or t he ~ t esen t inea sureinen t . l’ ) r 1 lie we us t ~- . t s e s  (w h i c h

( ‘ ( 1 F responded t 0 S t i L t  I I  Va I it 0 1 x/ t I  ) , a ha n d — w i  d t h  of

K i t . :  and ave tag i tig I i III0 5 ot  ~ 1 2 ~: I xl 0 see were  u s e l.

The re  t o t e  a I I 0
F In

I V a r  [}Z ( 0 )  1 1
-~ -  0 0?

H2 (0) lx i 1) ~~~ I 2x  Ixy

I\i; t a r  .1:; the I i me do 1 oy ciia r.u .’ t or i I i c~; 01 1 he

t. 1 1 t  I .11 ion t en et  i otis is concerned (used i i i  ‘st  ima t i n g  t h e

1 l app  i i ij  I r e q i l e i l e y  ) , no t h e o re t  t ( ’d 1 e r t o r  ana  ly s  i is

ava i 1 a b l e  in t h e  1 it ( ‘ t a t  t i r e . llo wt ’vor , t lie I I e quen cy  va l ues

ohLt  i ned i.e i h i  i t i v e s t  i q i t  ton were r e p e i t . .ib l e and eons i s —

t e n t  ( p a t - I  i c u l . i n l y w i ~~ii t i ’sp t ’c t  t o  w i t h i n  10?. f o r  t h e

W O r S t .  ~. ‘. I s e s .

I

_ _  _ _
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In conc lus ion , the  va lues  repor t  e 1  a re  ( ‘x I) ec ted to

be within the following error bounds :

V ar i ab l e  Fx~pec ted er ror

U ‘ 5%

± 5%

10%

10%

U 10%

es/b

The above expocia  Lion s  ar e  best e st i m a tes  based on

the used parameters to compute th e m  as w e l l  as observa t ions

while performing the m ea su r e m e n t s .

-. —-~~ — .———— ~~~~~~~~~~~~~~~~~~~~~~~~ — 
—~~ ~~—- —
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CIU\P TER 6

SL’M~tARY 01-’ EFTEC’N AN! ) I) i~ cw;s ION

6. 1 t rodt h’ii!2I1.

The o bj e c t iv e  ot t.h~ ~; exp el  t meet  .il I t i v e st  i t j , l I  Oil

was to chat ac tor  i ‘‘  the t 1at’n i eq behavior of t ~ l aii e  I in —

bu lent jc t • In t Ii s ch a i t e r  , the  e - ; en t a I I t ’ at  n i~~ i t  I he

~ ~~p~ in~J moLt en are summar i .~ed and t h e  i r  :; 1 t I l l  I i ea i iee  is

qua litative ly reviewed in t h e  c o n tex t  of the c u r ren t  I r ends

in t u r b u l e n t  shea r  t low research . It mu -; t l~ ’ unde : :coted

t h a t  t h e  I l.app i ng mu t i On I i; a na t ur a  .1 ~h i~ ‘nuinenon i -  - ‘in i eq

u n r e lat e d  to any  C o a n d a — t y n e  e t . f e e t : ; ;  the  1 a I or  ar ~ : : ‘  f r o m

the tendency of jets t o aLt ~tch to ci os~’ w a l l s  i n  : ;u t iden

e x p a n s i o n s .

The ox i  tence of ;omo k i n d  ot  o r q a n~ .:at ion  ii (lie

large— :;ca le s t i u ct  n rc  of the n i  t i t  I req ion s  of t 1111 ) 11 It ’ U t.

shear  f l o ws , is no~’ad av s  an at ’ct ’l I( ’ (l b~i c t  , r ;  r ev i ew e d  in

Ctlai)te r 3. liependi eq cii t l i t ’ pa it  I CU 1.1 r :;l:ca r F L  ~w , t hese

coherent st r u c t u r e: ;  are v i e w e d  as i~ ;i i d e u i 1 y  sp a c e d  v o r t e x —

like pa t t  e rn :; m o v in g  and  i t i c i e  a ;  II S ~:e ii t h e  mean  t low

direction , and i n te r a c t i ng  w i t h  t ’ t ~’h e t  l i e n  l i i i  o wj h i  a coa les -

cence ~~~~~~~~~
‘1~~o c lm m~ ‘ n t.s howe ye r , ii hou 1 it li t ’ made in t o  1. at i on t o

the above descr ipt ion . In the I I i : ;  I p1 ~1ee , t lie I a t e  of
/

affairs so d e scr i b e d  r e fe r s  to t h e  u t ~~u — f  i e  Li l e g  O I l  of

~

.. .. . —. . . . - . .
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turbulent shear f lows and the e f fe c t  of t h i s  coherence in

the f a r — f i e l d  s e l f — p r e s e r v i n g  re g ion , if any , ha s not  been

fu l ly  studied. On the o t h e r  hand , the r ep ot  ted i n v e s t  iqa—

tions for the case of a p lane t u r b u l e n t  j e t  a re  r a t h e r

scarce , even w i t h  respect to the i n i t i a l  regions .

It may be argued in relation to the second comment ,

t h a t  a p lane jet might essentiall y behave as a double  m i x -

ing layer , (wi th  each one of it s  components  the  m i r r o r

image of the o t h e r )  . Al though thtis concept  i oil i s  geometri-

cally true for  the m l  I i.il region , it is a r a th e t -  s i m p lis-

tic view of the plane jet in its fully d e v e lop e d  reg ion .

Uowovcr , the interaction of the two layers , b o t h  as they

in f l u e n c e  the p o t e n t i a l  core in between , and as t hey come

togethe r in the fu l l y  me rg ing F O t J  1 on , co u l  d account: I or some

of the distinctive characteristics of the l)1a11t’ j et  evOn

farther downstream.

In any case , i t  may be quest i oned  if h idden  in t h e

general  turbulent structure which eh i a  r~ict . e r i -.:e:; I he so 11—

preserving region of a p l an e  j et , t h e r e  may be any k in d  of

manifestation of the se r ies  of events  occui r ing in t lie

initial region . The flapping be h -u av ior of the j e t  may he one

of these manifestations.

6.2 Character i s t~ ics of t h e  F l aj ~~ in~ M o t i o n

At this poin t  it may be h e l p f u l  t o  sun imar i ;~e I he

essential characteris tic :; of such b eh av i o r , as i’oiit ’lutk ’d

based in t h i s  i nvest l .gat ion .

I 
_
~~~~~-~~~~~~~~ -~~~~--.--.~~~~~— ~~. _
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Beginning at cross-sections at about 20 times the

slot width , crosscorrelations taken between u-component vel—

ocity fluctuations at points on each side of the jet, pre-

sented a distinctive negative value at zero time delay . As

the time delay is increased , the correlation functions

assume a quasi—periodic shape with an approximately def in—

able frequency. This result indicates that both velocity

signals behave (in the average) as if they included a low

frequency wave component in antiphase with respect to each

other. This could be the consequence of the whole flow

field moving (again in the average) in a pseudo-oscillatory

way .

The various half-periods between alternative posi-

tive and negative peaks detected in the correlation func-

tions, are generally not equal. No explanation is given in

this work for this. It may be speculated however, that in-

asmuch as the flapping motion is characterized by a rela-

tively low frequency , it may be coupled with the low-

frequency components of the turbulent velocity field. Any

degree of correlation between such components of the two

measurement points in the flow field might in turn be

affected by the randomness of the high-frequency components.

As the time delay between the signals increases from the one

corresponding to the highest degree of correlation, the

two signals should become less dependent on each other. The

quasi-periodic nature of the correlation function

--
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(a t t r ibuted to the f l app ing motion ) should then become less

defined . Recall that onl y for per fec t ly periodic signals

would the correlation between them 1)0 also perfectly peri-

odic.

Support to the above may be derived by examining the

data plotted in Figure 6.1. It was obtained by first fil-

tering both signals before processing them . Low-pass f ii-

ters, with cut-off frequency of 25 Hz, were used . The

periodic yet decaying nature of the correlation function is

noted .

6.3 Possibility of Puffing

During the earlier stages of this investigation , the

existence of “p u f f i n g ” was raised as the possible cause for

the difference between the various half-periods in the cor-

relation functions (and possibly the decaying correlation) .

This puffing effect might be originated by instabilities in

the blower feeding the nozzle . Correlation functions were

taken with various probe arrangements in the potential core

close to the nozzle  exit (see examp le in Figure 6 . 2 ) .  Any

puffing would have to be accompanied by a periodic correla—

tion , positive near i = 0. These tests revealed no abnor-

mali t ies  which could indicate the existence of this e f f e c t .

6 . 4  Frequency of Flapping Motion

The f r equency of f la pp ing , although almost constant

at each cross—section , decreases in the downstream direction.

_ _ _
_ _  -- -_ ~~~~~~~  _ _
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In the far  reg ion i t  seems to scale  q u i t e  w e l l  by the in-

verse of a c h a r a c t e r i s t i c  development  t ime of t h e  mean

f l ow , given by the ra t io  of the  h a l f — w i d t h  to the  mean vel-

ocity at the c e n t e r l i n e  of t he  j e t .

The amplitude of the correlation function at zero

time delay R(0) , depends on the lateral coordinate. For

small separations it definitel y shou ld , s ince  it corre-

sponds to a space—correlation for va ry ing separation dis-

tance between probes (e qu a t i o n  5.8, Fi gu re  5. 2 4 )  . Thes e re-

su l t s  whe n compa r ed wi t h the  ones r epor ted  by ~ u t m a r k  and

Wyqnansk i [1976) showed some d i sagr e e men t  (see Fig ure 5. 2 4 )

Even though the p r e s e n t  w o r k  shows t h e  same t rends as

Gut ;::.i rk and W y qn an sk i  [ 1976  1 fo r sp a c e — c or r e l a t i o n s  corre-

spond i eq to y b 0. 5, t h e r e  is n o t i c e a b l e  d i s agr e e me n t  w i t h

the case:; at y/b 1. 0. Part icularl y, the cui ve correspond-

ing t(.- y/b = 1. 5 repor ted  by the above mont ioned authors ,

shows a negative di p at a pp i o x  imate  ly .\y/b = 2 .  3 w i t h  a

t rend to become more n egat i v e  as the abscissa increases.

This is an unlikel y result s ince i t  should be r ea l i :’od th a t

having the probes separated by .\y/b = 2~~~ 3 w i t h  m i d d l e— p o i n t

a t y/b = 1.5 corresponds to e f f e c t i v e ly set t  m g  one probe

at y/b = 0.35 and the second on e at y/b = 2.65. The la t : ter

probe is in the entrainment reg ion totally outside of the

turbulent core , and any correlation between the x-component

of the velocities at these points should  be close t o  zero .

That is not the case w i t h  (‘,u tm a r k  and W y qn a n sk i  [ 19 7 6 )  but

is indeed so in the present  work .
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6. 5 Coi vec t ion of Flapp ing Motion

Cor re lat i on  measurements  w i t h  the probes at d i f f e r -

ent x/d s t a t i o n s  and yet  on opposite sides of the jet showed

tha t the f l a pp i ng motion seems to travel downstream. This

f l a p p ing convection ve loc i ty  roughly  corresponds to the tur-

bulent convective velocity previously measured and reported

by other investigators (Ott [19721, Young [1973]).

6. 6 R e l a t i o n s h i p to ~cave— Guid e  Theory

In t r y ing  to put  the described resul t s  in a proper

theoretical framework , one is tempted to consider the cur-

rent efforts in the stability theory of turbulent shear

flows . It should be stated however tha t no mathematical

modeling is intended here , but ins tead  a summary of the main

fea t ur es of such theory in the li ght of the experiments

reported in this work. A review of spatial stability theory

is given in Appendix C.

A rea l i s t ic  wave-guide model of t u r b u l e n t  shear

flows should account for a spatially growing wave of g iven

frequency , attaining its maximum amplitude through some kind

of sa tura t ion  e f f ec t  and decay ing in the mean f low d i rec t ion .

In fact, as Liu [1974] has sugges ted , it is possible to con-

struct such a wave—guide representation by assuming the tur-

bulent flow to be composed of three parts: the mean flow ,

the periodic wave component and the small-scale turbulence.

The organized wave component may be assumed as the product

of an amplitude function to be determined from the  k i n e t i c  

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _
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energy i n t eg ra l  equa t ion  and a shape f u n c t i o n  ob ta ined  from

the l inear  ei gcn value  p roble m cor responding  to the local

mean flow . The various flow quantities (assumed to include

such wave component)  are in t roduced i n t o  the basic equat ion

of motion and t ime— and phase-averages  are  per formed . An

i n t egra l  equat ion can in t u r n  be obta ined  for  the kinetic

ene rgy of the i n s t a b i l i t y  wave and n um e r i c a l  so lu t ions  can

be sought  after cons ide r ing  proper  bounda ry  condi t ions .

Three essential characteristics for the o r g a n i zed

wa ve a re ob t ained th rough t h i s  type of a n a l y s i s  (~t e rk in e  and

Liu ( 1 9 7 5 ) )  ( a )  the a m p l i t u d e  of the wave  increases , at—

t a ins  i ts maximum va lue  and then decays in  the  downs t ream

di rec tion , m a i n l y  throug h k i n e t i c  e n e rgy  exchange  mechan-

isms ; (b)  the lower the  f r e q u e n c y  of the  wave component , the

fu r t h e r  downstream i ts  maximu m a m p l i t u d e  is a t t u n e d ;

(c)  the s inuous modes (tha t  is , the o r g a n iz e d  waves  oscil-

l a t i ng  in antiphtase , l ike  the u—component  v e l o c i t i e s  in the

f l a p p ing behav io r )  have larger ar tp l  i t u d e  r at  cs and show more

delayed sa tu ra t ion  value s in t h e  d o w n s t rea m  d i r e c t i o n , than

the varicose (or symm e t r i c a l)  modes.

I t  is seen therefore , that a wave—guide representa-

t ion  could be used i n  m o d el i n g  some of the e x p er i m e n t a l  ob-

servat ions  reported in this work . For instance , the sinuous

modes (the  most amp l i f i e d  ones)  predic ted  by s t ab i l i t y

theory might account for the pseudo—oscillatory u—components

of the vol o~~i ty ( i n  an t iph a s e)  c h a ra c t e r i z i n g  the f l a p p i n g
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motion . On the other hand , the  theore t ica l  r esu l t  tha t  the

lower f r eq uen cy wave componen t s  ha ve the tendency to reach

the i r  maximum growth  f u r t h e r  downstream , mi ght be re la ted

to the r e l a t i v e l y  low and decreasing f requencies  associated

to the flapp ing behavior.

In concl udi n g th i s  chap ter , a perspect ive of the

plane turbulent jet , mi g ht  be as fo l l ows .  In the i n i t i a l  -

region , the mix ing  layers , on e at each side of the poten t ial

core , seem to be cha rac t er i z ed by the presen ce of la rge-

scale coher en t  s t r u c t u r e s .  As the two layers  merge toge th— -

or , the cohere n t str uc tur es in teract  th rou gh a yet  unknown

process. As a r e su l t , the possible  ex i s t ence  of o rgan i zed

waves as p r edicted by s tab i l i ty  theory , mig h t be ma n i fes ted

in the f a r  downstream se l f -p r e se rv ing  region in terms of

d i s t i n c t iv e  phenomena , among them the  f l a p p i n g  motion .

- ‘—~~~~~~~~ 
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CHAPTER 7

CONCLUSIONS AN L) SUGGI ~STION S FOR F U R T U F R  WORK

The f o L 1 o ~~ing c o n clu s i o n s  can be e s t a b l i s h e d, based

on the experimental results obtained in this investigation :

1) The f l a p p i n g  mot ion  of a t u r b u l e n t  p lane  jet is

a d i s t i n c t i v e  and measurab le  n a t u r a l  ph enemenon . This  was

conf i rmed by spot—checks  at  two other  je t  set ups and by a

previous p r e l i m i n a r y  i n v e s t i g a t i o n  (G o l d s ch mid t  and Bradsh aw

[ 1 9 7 3 ] ) .

2 )  The f r equency  of f l a p p ing  decreases in the longi-

tud ina l  dir e c t i o n  and remains  unchanged in the lateral di-

rection .

3) Approximate self-preservation is obtained for the

f l app i ng f requency ( f o r  x/d 30) , if sca led  w i t h  the cen-

t e r l i ne  mean veloci ty  and the h a l f - w i d t h  of the j e t , g iv ing

fb/U 0.11.

= 4)  An es t imate  of the  amp l i tude  of f l ap p i n g  gave

values in the order of 20% of the j e t  h a l f — w i d t h .

5) The f l app ing behavior travels in the downstream

di rec t ion  w i t h  a ve loc i ty  about  25~ s m a l l e r  t h a n  the  tu rbu —

len t  s t ruc ture  convective ve loc i ty .

6) The frequency of fl app ing is in de p c n d e nt  of t-he

Reynolds number in the range 7900 < Re < 15100.
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Further work is recommended in the following areaJ :

1) More accura te  measurements  are needed for x/d <

20 .  The use of a nozzle with a larger slot would  permi t

better accuracy in positioning the probes at those stations.

2 )  S imul t aneo us data acquisition in more than two

points of the flow field , can be accomplished by us ing

magnet ic  tape recording i n s t r u m e n t a t i o n . This , togethe r

w i t h  a large  comp u t e r , w o u l d  increase  the v e r s a t i l i t y  of

d a t a  r educ t ion  and a n a l ys i s .

3) A de ta i led  and accura te exper imenta l  study is

sugges ted  f o r  the  i n i t i a l  zone of the t u r b u len t  p lane j e t .

P a r t i c u l a r ly in the region  where  the two m i x i n g  layers

merge toge the r .  The a im of t h i s  i n ves t i g a t i o n  would be to

get a b e t t e r  ins ight on how they  i n t e r a c t  with each other.

4)  P r e l i m i n a r y  and l i m i ted  o b s e r vat i o n s  w i t h  an ex-

t e rna l  acoust ic  input  (f r equenc ies  less than 600 l I z )  showed

no chan ges in the f l app ing  motion of the j e t .  ~Iore experi-

me nts are needed in this respect.

5) Ma t h e m a t i c a l  model ing  of t u r b u l e n t  shear  f lows

th rough s t a b i l i t y  theory (a l t houg h in a d e v e l o p i n g  s tage)  is

a promis ing  one. A con t inuous  e f f o r t  in this area and its

possible relationship with the flapping behavior of a tur-

bulent plane jet , is strongly recommended.

_ _ _  _ _ _ _
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Self—Preservation Characteristics

of the Plane T u r b u len t  Jet

Mean velocity traverses were performed at several

x/d stations , as described in Chapter 3. The resulting pro-

files are presented in Figure A .l, where Lhe local mean

velocity and the lateral y—coordinate have been nondimen-

sional ized by the centerline mean velocity Urn and the jet

h a l f — w i d t h  b respectively ,  co rresponding to each x/d sta—

t ion.  Also presented in Figure A.l are Reichardt’s [19511

expe r imen ta l  r e su l t s .  S e l f — p r e ser v a t i o n  of the t u r b u l e n t

j e t  is then a t ta ined  for  the range  of x/d reported in this

i n v e s t iga t ion .

The s i m i l a r i t y  and s e ll— p r e s e r v a t i o n  p r i n c i ples ,

a l ready w e l l — d o c u m e n t e d  both t h e o r e t i c al l y and expt ~r i r . i en t a l—

ly in the e x i s t i n g  l i t ’r ature  (see fo r  i n s t ance , Abrarno vich

[196 3J , Schl icht i nq [ 19 6 8 1) ,  a l low one to wr i t e  the f o l l o w —

ing expressions:

= K1 (~~~ 
— c1) ( \ . l )

-2
(
~-~

) = K 2 (g - c2 ) (~\ . 2 )

I n these r e l a t i o n s h i p s, K 1, K 2 , C~~, C , are empirical

constants the first two measuring the w i den i n g  r at e  of the

flow and the last two indicating the g e o m e t r i c  and k i n e m a t i c
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v i r t u a l  ori gins of the jet , respect ively . There is no rea-

son to expect coincidence of these o r ig ins  as reported by

Flora and Goldschmidt [1969] .  Being thei r  de terminat ion

the resul t  of graphical  ex t rapola t ion  and the re fo re  not

s u f f i c i e n t ly accurate , the i r  values  are d i f f e r e n t  f rom one

experimental  setup to another  as noted in Table A.1 , where

these parame ters obtained by various authors  are compared.

The results  obtained in the present  investigation

corr esponding to expressions ( A . l )  and ( A . 2 )  r espec t ive ly ,

are as follows :

= 0 . 0 8 3  (
~ - + 6 . 6 2 )  (A.3)

-2
= 0 . 2 4  (~- — 4 . 5 3 )  ( A . 4 )

I
They are also presented g raph ica l ly  in Fi gures  A . 2  and A . 3 ,

respectively.

_ _ _ _ _ _ _  

_________ I
1 4 3
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‘T~i ’ ’’~ 1 ~~~
Aj 1j~1i c . t t  i 0!) ccl t h o ~~~P i c c t i t i . i Ana l~~~er

TitO } ‘ l 4 ’t t 4’.lC k , 1 F L 1  51 5 2 A — ’ I. 14i~ F o u r ie r  ~\n a l y.~ei:

~; tern i ~; oh i.e to comi~u t e t h e  c !~~~;: — co t r e  I a t  ion t un e t i on be—

W O C f l  ~~~~~ tWO g i V c ’n .ir i . i loq  V O l t . t c e i qu a l s  . Uoth  ~ i j n . i l s

1 } c i O~~~C f l t i f l cJ  ony  t W O  I)hy ~ i c o l qu . in t  it  i c ’~~; , a l e  I i r~;t low—

pass i i  l . t e t e d  (ac c o r d i ng  to  t h e  ~;, i u l j c  I j u g  r a t e  ~~ ;c . ’d i n  con—

~‘er t i nq t h e  s igna  U; 1-0 (1 i(J i t:.i I t o t c u )  i n  o rder  1 e .ivo id

a I ias ing  . Once dig it  i ~cd and ~; tored i n t h e  memory , the

c rot ; ~;co i r e  tot ion he t ween t he~~ ; i q n~l 1:; i cOfll} )tl t ed V id the

F o n t  F o u ri e r  ‘1’ i-a n~~f o i -nu a l~ j o r i  I hut , .n; the  I low d i d c ; r a m  i n

Fi gure II. 1 indicates.

The ana l y~~er Cdl )  do thi o n e r at  i on in a u - e~ ’et i t i  ye

way f o r  .my numbe r of ~;.i n ip te~; an d  c o r u p t u t  e an , u v o r . u c I e  of  t hem ,

i f proper iy programmed . The b l o c k  ~i i o~ i oni and I i t i nq of

a p r o g r am  u~;ec.1 t o  e s t i m ot  e an  . lV c .’ r d qc ’ ot  c i  n~:;~ ’O r t e i . .) t  io n

fu n ct i on ~; f rom 2 50 ~;amp 1os , .t re p rc . ’ : ; c . ’n t - ed  in  I ’ i q u ro  ~~. 2 and

Tab le  13. 1, re~;pe c — t  i.vely.

in  o r d er  t o  t ’~ ;t i mat e the ou t  o c or re l  , u t  io n  f u n c t i o n

o t  t h e  v— c o m j ) o nen t  of  t ;he v e h o c i  l v  a t  t h e  c e u i t e r l  m e , o d i t —

c r o u i t  ond  somehow ul ) ot ~I ’ com u l I c i t  ( ( 1  t ’ t O q  Y , t I11  Wd~~ t t~~ed . i n

f a ct , i t  wa~; u )( ’ce~~ ;a ry  t o  c o mp ut  ~ act  u i  1 ly  I o c u r  d i  t f e i c i c t

c o r r e  l o t  ion f un e t  i on~; I or t b j~; c n;e , i~~; og t l . 4  1 i on  (11 . 1)

~;ta Los:

~
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Digitized Siqnal Digitized Signal
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Cl oi r I1ioc

~~IJ

I
Samp le and Store Sample and Store

Si gnal u1 in Block 0 Signal u2 in Block 1

~ Ie -i r Block 1 From

C to T/4 and 3/’IT to T

Compute Cro~~;correlation

L ~~ ‘.1 w 
~~~2

1~Add to Accum~ 1.ited Summ at ion  of

Pr ev io us ( r c ~~;::c: n r e I , i t  n n ~; and Store  in Block 2

t h e  N umber o I S u n w i tt  i e m ;  
No

Equal to 250?

Yes

D iv id e  Block 2 1 y 250 and Diuplay

[___ 

t he  F in a l  - c : e i l t

F c ; u r c ’ 13 .2

Flow Diagram of t bc P r o i r m m  t~~~~f by t hi F e m u r  i ~‘r A n a l y ze r  i n  Cemputing
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Table B.1 Program Used by the Fourier Analyzer in computing
Crosscorrelation Averages.

LABEL 0 ENTE R

2 ENTER

LABEL 1 ENTER

ANALOG 0 SPACE 1 SPACE 2 ENTER

CLEAR 1 SPACE 0 SPACE 128 ENTER

CLEAR 1 SPACE 384 SPACE 512 ENTER

CORR 1 ENTER

÷ 2 ENTER

STORE 2 ENTER

COUNT l SPACE 250 ENTER

0 SPACE 250 ENTER

END EN ’rER

-_ _  

~~ --~~~~ .-~~~~~~~ 
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R ( T )  = v ( t ) v ( t + T ) = 
~~~~~ 

[

~i(t)el (t+T) + e2 (t)e 2(t+T)

— e1( t ) e 2 ( t + r f  — e2 ( t ) e 1(t4 - -r )

(B . 1)

where e1 and e
2 

are the voltage signals from the two

sensing elements of the x-wire , respectively, and S~ is the

v-component sens i t iv i ty  of the wires. (S~ is approximate ly

the same for both wires if  they are properly matched).

Equation (E.l) can be obtained easily with some algebraic

mani pula t ions , from the standard relat ionships d e f i n i n g  the

voltages of an x-wire:

e1(t) = S~ u(t) + S v(t)

(B.2)

e2 (t) = S~ u(t) — S~, v(t)

A l i s t ing of the program used for the autocorrela-

tion computation is given in Table B.2.

In estimating any function which involves time shift-

ing operations (like correlations or convolutions), the

analyzer computes integrations between the limits 0 and T

( t ha t  is , the size of the sampled data). The ana l yzer

further assumes that the samp led dat a is periodic with

_ —-- - -~~~~~~~ - -~~~~~~~~~~~~~ --  ---
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Table B. 2 Program Used by the  F o u r ier  A n a l y.~er in  C o m p u t i n g
Autocorrelation Averages.

LABEL 0 ENTER

3 ENTER

LABEL 1 ENTER

ANALOG 4 S P A C E  5 ~~1 ACE 3 ENTER

LOAD 4 ENTER

STORE I ENTER

SUBJU M P 2 ENTER

STORE 2 ENTER

LOAD 5 ENTER

CORR 1 ENTER

INTI- ECENc. 2 ENTER

- 2 ENTER

STORE 2 ENTER

LOAD S ENT E R

STORE ENTER

SULI JWU 2 ENTER

+ 2 EN’l -~R

STORE 2 E N I d R

LOAD 4 SNI’ER

CORR 1 1-:N’rER
IN 1’ I~I ’II ~-~~ 2 I-~N r I -~R

— 2 ENT E R

+ 3 i - : N 1 l - R

3 l :NI’l’.R 

~~-
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Table B.2 (continued )

COUNT 1 SPACE n ENTER

o SPACE n ENTER

SUBROUTINE

CLEAR 1 SPACE 0 SPACE 128 ENTER

CLEA R 1 SPACE 384 SPACE 512 ENTER

CORR 1 ENTER

SUBRTRN ENTER 

-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- - - .,-—~~~~~~ -- - - - 
_
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period T. The estimated function therefor e results in e r ro r

(the so called wrap-around error) . In order to oft ec tivel y

avoid this (at least partially), one of the dat a records is

cleared to zero from 0 to T/4 and from 3/4T to T, before

the data is processed . In th i s  w a y ,  the resultin g cross—

correlation function is valid from 0 to T/4 and f r o m  3/4T

to T (corresponding to the interval -T/4 ‘- -r -
~ T / 4 ) .  The

remaining parts of the estimated function are s t i l l  in error

(lIP Fourier Analyzer Training Manual).
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Some A~ipccis o~~ St c hi i t v

Consi ic rab le iri t.cres t has dove  i . c t & d  in  mode 1 in .j  the

large—scale structure of t .u rb u l en t  ~dc e ar  f I oos th r o u gh  sta—

bi ll ty ana l yses. Th~ S ~c a r a l  id appro ach  too ; l~~~ n m a i n l y mo-

tivated by the j o t —n o i s e  ij e n e r at i  en p i c h l c m.

T h e  ob j e ct i v e  of any theo ry  of h i y d r ~~d v u m o m j  c ~;t t h ~ ~~ —

I tv is to l)r~ -dict the f u t u r e  b eh av ior  of a di ; ;  t - : r h o ;c c e  , once

it  is introduced into the E l e c t  b e in g  a n ai - 1’ ::ed. In the

class ical  l i nea r theory  of ;-o r ~~l1e1 f1ow~; , ~;mel1  p e r t u r b a -

t i ons  are COnS ide red in the e au a t i o ns  of m o t i on  and  these

in turn arc linearized.

Assuming  t hat  any d i s tu r b a n c e  is  cumoo~;cd of t r a v e l —

ling waves w it h  an ex p o i c nt i a l .  t i m e  f a c t or , the c au c u t ion s

of mot ion  fo r  the case of a t w o — d i o c u i r  i e ;ca i  f hr .’ wi  tic two—

d im o nsion a l  d i st u r b a n c e s , reduce t o  a f o u r t h — o r d e r  d i  i f e r e n —

tial equation ( the s o — c a l l e d  Or: - —~ ,u e r f c  id  c~cp i a ti c : i ) . Thi s

equa t ion  toge thor  wi th  a p p r op r i a te  l - o u n d i r v  c on di t ion ; ;  , con—

sti tutes an ei-.; ’nvo lue p reb 1cm , t he so ~ut  tOn of .:hi ch , de-

t e r min e s  the o s c i l la t o ry  r~cdcs ~ Ui their c cric t eri ~~’ ic

wave—number , ~) r -  - . o- ;  -‘u t ion S L c c( 1  an d  cnc- ii I i en I: i on I ; - t o r .  I f

s o lu t i ons are f c i o : u c .1 t h Ot  d~~c.i~’ U) LimO , the t l ~ - . -: is Couis id-

cre d as stable; if they  1:. c.~ r case  ‘-t i h t i n - , the  f l o w  is

said to be u n s t a b le (Sch l L c ~~~~~~ i~~~q 1) 6 8]

‘rho th e o r y  h i s  been app 1 i c 1 w i th con ; I (IC r i b  hi suc-

cess to some s ~nn le la:i u c a r  f l o w s  i n t h e  vu roo  o f b e c o mi n g
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tu~buleuit , ~tid the ~l~~ iiy between the tuthulcnt C)hCreIlt

st r u c t u~ cs and the events  leading to t r t~n s i t i,on ~ fl l~lru j1i

flows , have moti .  vat ed some i nvest  i oat .cr : ;  to :; Lud y the forme r

through stability theory .

Eydrs i c~y n . u h u L L  t ah i  i i  ty t heo ry , as app lied to

lam i n a r  and t r a nsi ti o n a l  re .!imcs ot  m i x i n g  l aye r s  .cn d  j e t s ,

cens t i  tote s a s u b je ct  b y i L~~e1 f .  ~j nr nq the  n o ta b l e  w o r k s

in th i s  ar e  a are  t h e  o: ’ues by M i cioi I ki ; ~[9 7~~ j ( f o r  ~ us Lance )

~ a t ti ng l y and  Cr i m i n a l e  ~l’) 71] , B at c he l o r  and  di~ 1 [19e2]

and d a st er  ~l~~65] covering the theoreticat aspects , and the

ones by Sato [1960] , P h i l  l ip s  r 196f  1 , P r e y m ut h  [1966] and

~iskad [19 72] dea Ling with physical expe  n i ; ;i ont s .

The work by Landah 1. [1967] is an e x i m p  La of t h i s

p o s t u l a t e d  r e l a t i o n s h i p  hi -  to~een th e  t u r b u l o n t s, t r u c t ur e  and
~-_1

the events related to tr.tiis jtion . Ta attc n;’tjno to U c ~ la te

the statis tic il p ronurties of  the wa l l prc s~;ure in a turbu-

lent boundary l a y e r  to the c ha r a ct  ;~ r i  S t ics  of  the mean f low ,

L an d ah l  ~l96  7] f o r m u l a  ted a w - i v e — ~ uidc modo 1 ( i  . c • , the

admiss ion  of w a v e  p r o n a g a t i c a  modes) fo r  the t u r b u le nt  ~‘cl—

oci ty  i l u c t u u  L i o n s .  An a p p r o x i m a t c n  s o lu L i on  was  o b t a i n e d

from a n O f l — h c m o ~j e n u o u r  O i r — S e n m e r t e l d  e c u at ion  , i-chore t :he

n o n — l i n e a r  t uli-ulent stresses were  coasido ii-d a;; the forcing

elements . Cons ide r ab le  a ; i o e m e n  t w i t h  t he  - x m - ’c r i m o n  t i  1 r i ’—

suits reported by Corccs L 196 -~~ i- c l : ;  obt .oi c - I  f or  t h e  s t i e - u ” u —

wise dcciv of the I luctu i t i on:; hi - )\ ~~c ’\’ i ’ I • 
, t h e a Yc ’OeI i  was

not found for the measured and p r e d i ct e d  convc~~t i v c  v-

ties.

- - - -.J- - - ------ . —--- - —
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One method of ge t t ing  an ins igh t in to  shear flow

sti ucture and experinient~ l1y testing Wave—guide models is to

introduce a periodic dis turbance of known f requency  and am-

plitude into the f low and to determine the rusponse of the

flow to i t.  Such a procedure was fo l low ed  by Crow and

Champagne [1971] fo r  a c i r cu l a r  j e t .  They introduced a per-

iodic surging upstream of the plenum chambe r and measured

the response a long  the cen te r l ine  in te rms of severa l  a x i a l

component quan t i ti e s  like mean ve locity , root-mean-square

fluctuations , etc. After trying various frehuencios and

ampli tudes, they obta ined  as a p r e f e r r e d  mode , the one cor-

responding to the average f r eq u e n c y  of v o r t e x - pu f f s  fo rmat ion

in the t r ans it iona l  region of the je t , nr e vious~ y measu re d

by themselves through v i sua l i za t ion  exper imen t s  (i t  corres-

ponded to a St rouhal  number fd/U 0o f O . 3 ) . According to

their resul ts , the p r e f e r r e d wave a t t ai n e d  i ts max imum am-

pl i tude through the combin ed e f f e c t s  of l inear  a m pl i f ic a t i o n

and non-linear saturation at a certain axial position and

th~~-u g r a d u ai ly  decayed downstream .

Following the same p a t t e r n , Chan [1974] ~) er f c rmed

pressure measurements  in a d is turbed c i r cu l a r  J e t .  Through

an appropriate  t r igger ing  scheme u si n g  t:ho n a r r o w -h a n d

f i l t e red  s ignal  from a t r avers ing  microphone , he obta ined

oscilloscope traces representing the spatial varlation of

the pressure signal at a fixed time . The r e su lt s  ob ta ined

along the center l ine agreed w i t h  the ones by Crow and 



L ____

Ci mpagne ~nd Ko and Davies [1971] . F u r t h o r m Qr e , his  mc~ —

surements fo r  the mixing layer  and the near  f i e l d  seenie d to

c o n f i rm  a s t a b i l i ty  mode l p r e v i o u s ly de~~c 1oped by Mi c ha lk a

[19 72], as re ferred to by Chan [1974]

V In ge t t i n g  app rop r iat e  data  fo r  the development  of

the wave—g uide approach of shear f low t urb u l e n c e , hi u s sain

and Reynolds  [ 1970 , 1972 ~ L ’cr follncd e x p e r i m en t s  on a

c h a n n e l  f l o w  with a r t i f ic i a l l y  i n t r o d u ced  wave d is t u r ba nc e s .

Us ing  a phase  ave rag ing  technique w i t h  se lec t ive  sampl ing

th rough  the cyc l i c  pos i t i on  of the w a v e - m a k e r , they surveyed

downstream of the i n i t i a l  d i s tu rbance  and ex t rac ted  the or-

gan i zed wave mot ion  from a h o t — w i r e  s i g n a l.  R e a l i z i n g  t h a t

the exper imen ta l  res u l ts  sugges ted  t h a t  more than one wave

mode was e x c i t e d  by the initial disturbance , they performed

an approximate  sin ‘ic—mode l inear  an a l y s i s  o f the p ropag a t ion

cha rac t e r i s t i c s.  The dynamical  equa t ions  i-,-cr e f i r thc r de—

rived for  the small  ampl i tude  wave di;turbances and closure

schemes were  proposed.

More recent ly ,  hl u s sa in  and Zaman [i97~ j  reported p r e—

l i m i n a r y  r e s u l t s  in ex t e n d i n g  the p r e v i o u s  e x p e r i men t s  by

Crow and Champagne [1971] to a wider  range of ex c i t a t i o n

Strouhal  num bers.

The i n s t a b i li t y  waves deve loping  in compress ib le

f lows were m a th e m a t i c a l l y  s tud ied  by Liu [1974] fo r  a m i x i n g

layer ar 1d by M erkin e  and Liu [1975] f o r  a p l ane  j e t .  They

considered the k i n e t i c  energy aspects of the o r g an i z e d  wave ,
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once i t  has beeti sCnar~-
~,ted fh:oxn thc.: mean ~inc1 f in e — s c a l e  corn— -1

pononts o~ the f l ow . A remark was macic on t h e  role of the

symmetr ic or varicose and a symmet r i c  or s in u o us  modes.

The wave-gu ide  r e p r e s e n t a ti o n  of t u r b u le n t  shear

f lows  has some inhe rent  d i f f ic u l t L ~~s. For  i n st a n c e , the

case of in te rest in a ph y s i c a l  p rob lem u s  in c l u d e d in spa-

t ial  s t a b il i t y  theory . Howe ve r , t h is f o r m ul a t i n T)re ( 1~ cts

an e x p on e n t i a l  a m p l i f ic a t i o n  of the wave in t i le do-,~-r . s t r e a r n

direction and the ori g i n a l  sma l l  amp l i t ude  assumpt ion  be-

comes inconsistent , unless some kind of limitation is im-

posed on t h a t  amp l i f i cat ion .

In any case , a r e a l i s t i c  w a v e— g u i d c ’  mode l should

accoun t fo r  a spa t i a l ly growing  wave , wh i ch at t a in s  a m a x i —

mum growth th rough  some k ind  of sat u r a t i o n  e f fe c t  a f t e r  non-

l inear  i nt e r a c t i o n s.  The r e a f t er i t  mi gh t  beg in to decay ,

as the expe r imen t s  of Crow and Champagne  [l97lJ  s u gge s t e d

fo r  the c i r c u l a r  j e t .

One way of s tudy i n g  t u r b u l e n t  s h e a r  f l ows  t h rough  a

wave—guide  r e p re s e n t a t i o n, is b y s e p a r a t i ng  the f l o w  f i e l d

i n t o  three  components : the moan f le w , the in s tab i l i t y  wave

and the s m a l l — sc a l a  t u r b u le n t  f l u c t u a t i o n s .  Once the f l u c t u —

a t i n g  q u a n t i t i e s  have been decomposed in the above three

terms , they are then i n t r o d u c e d  i n t o  the b a si c  e q u a t i o n s.

An o r d i n a ry  t ime  average is taken f i r s t , fo l l owed  by a phase

ave rag ing . This  leads to dy n a m i c a l  eq u a t ion s  ~or each one

of the components . The phase a v e ra g ing  i s  d e f i n e d  an the
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averaye oyer  a la::ge i~un~~er  of L~~r’- °d~; of the waVe at a

g iven  pos ~ t i~~ (r ~iu 11971] ) and is ph y s i ca l  l y t e a l  izable

for instance , by c o n s i d e r i ng  an ensemble  ot  P o i n ts  h av i n g

the sonic phe~;e w i t h  resp ec t  to a r e f e r e n c e  o sc il l at o r , when

a d i s t u r b a n ce  is a rt i f i c ia l l y i n t ro d u ce d  ( H u s s a i n  and

Reynolds  [l~ 7o]

Reyn o lds  and  Hu n  a in [i~ 72~ poin ted out a no

c losure  p r o b l e m  in the eq u at i o n s  f o r  t he o r g an  i .‘od wev~ as

the r e su l t  of the o u t l i ne d  av e r a g i ng  p rocedures.  They

f u r t he r  conside red the necens it y to L Ike Ifl to acco ’in t the

i n t e r a c t i o n  of  the o rgan  i ~ed wave: ; end  the s m al l  scale

f l u c t uat i on s  , p e r h a ps  throug h the use a f a n  edd y v seen i ty

mode l , as Landah  1 L 196 7] had p r e v iou s  l y s
~ 

cu l at e d .

Fol lc)wincj  the same app r oach  ci n o r  a r t  t he I

f i e ld  in to three  coniponont s , Un [i’~ 7 4~ ton :ni  I a t o ~ - : mode 1.

f o r  a coiupress ib ic mi :- :ing i~~yo r a n d  l e t  or  c:: I. - s led it to a

t w o — d i m e n s i on a l  j et  (Me s k in e  and Li  u [1q75] ) . r u  - ‘hat  fol-

lows , a summ ery  of such procedure  in g i v e n  -

Any f low qu an  t i  ty wiii .  ch i a lone t on c I ~ I mc and

s p a t i a l  c oo rd i n a te s  is sp l i t  in to th isco  cnrr onen ts :

q = q + + ( C . l )

whe re q deno te s  th e  t i n i e— a v ~- iai ot ’d compan - n L , q ‘ thi~’’ ii —

stan  taneous period i C col Ip en on t end “ the 1 — c i Ic t u r b o  —

l en t  Ccmn~~n e nt .  ih e  or ( J an l :cd wave n e st  
~ i n  j i von b y :

_ _ _  ---~
- - - — -

~~~--~~~~~~~~ —— i-—-- 
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= < q > — q ( C . 2 )

where  ~ i n d i cat t :; phase averag ing .

I ntr o d uc .ng these q u a n t i t i e s  i n to  the N a v i e r— S t o k e s

equa t ions , p e r f o r m i n g  the U o s cr i b oc l  a ver a g ing procedures

and m ak i n g  use of boundary  l a y e r  type of app rox ima t ion, a

t w o - d i m e n s i o n a l  von KSrmdn i nt e g ra l  equa t ion  can be ob-

ta ined  f o r  the k i n e t i c  energy of the  in s t ab i l it y wave , which

for  an incompress ib le  f low , reads: 
-

~~ JI? ‘ 2+v ’2~~~ 
- 

J~
Ii~V ~ dy

— J [_ ( < u ~~
2 > _ u 2 )~~~~

’ 
— ( < u ” v ”~~—~~~v ” )  ( 3U ’

+ D V ’
)

—~~~ 

- (< ~~~
u
~

2 > _ V u 2
) dy

(C. 3)

The l e f t — h a n d  side of equa t ion  (C .  3) r epresen ts  the

net  rate of increase of the k i n e t i c  ene rgy  of the wave and

the terms on the r i g h t — h a n d  Side are the  m e c han i s m s  gove rn—

ing th is  change : energy conver s ion  f r o m  the mean f low (or

product ion)  and k i n e t i c  energy  exchange  between the wave and

the f i n e — s c a l e  t u rbu lence  (molecu la r  v i s c o s i ty  e f f e c t s  have

been neglected) . 
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If it is further assumed a l inear r e l a t i onsh ip  be-

tween the wave induced stresses and the instability wave

rate of strain of the type:

— ( < u ” 2 > — u ”~~) = 2 c-~-~ (C.  4)

then equation (C.3) reduces to:

1 d — , 2 , 2 ,
~~

- 
~~ u ( u  +v )dy  = - u v 

~~
-c~ 

-
~~~

- J 2E[ (~~~
’ ) + ( ~~~~ ) +  

~~~~~ 
~v i 2]

( C .5 )

where c is an eddy viscosity .

Once the basic equation has been established , clo-

sure is attempted (and here is the essence of Liu ’ s model)

by assuming the wave as the product of an ampl i tude  func t ion

(to be determined from the kinetic energy equation), and a

shape funct ion  (to be determined from the l inea r  eigenvalue

problem corresponding to the local mean flow).

In e f f e c t , any fluctuating quantity q ’ pc’taining to

the or gan iz ed wave is assumed to be g iven by :

q ’U ,~~) = A (~ )Q(n;~~)exp(—i13t) + c . c .  ( C . 6 )

- -

~
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where Q is the eicjcnfunct.ion obtained from the loc~ 1

S~ Ati~ 1 stability theory , A is the modif y ing ampli tude

func tion , and ~ x/d , r~ y/b , ~ = local dimensionless

f r equency , t = dimensionless time , and cc . stands for

complex conjugate.

The ei genvalue problem to de termine the sh ape func-

tion Q is solved wi th  appropr ia te  boundary  c o n d i t i on s -.

Among them , the possib i l i t y  to have varicose  or s y m m e t r ic

and sinuous or asymmet r i c  ( the one connecte d to the f l a p p i ng

behavior)  modes arc considered.

As discussed by Me rkine and Liu [1975] the ampl i fi -

cation and decay of the organized wave comes primarily from

the amplitude function A rather than from the amp l i f i c a t i o n

rates of the s t a b i l it y  theory . The ci gen t un c t ions  of the

type Q and their  associated a m p l if i c a t i o n  rates , p lay  on ly

a subsidiary role.

The amplitude function may be determined by substi-

tuting the equations of the type (C.6) into the energy re—

lation (C.5). An expression for the a m p l i t u d e  f u n c t i on  is

obtained involving the various energy integrals; these can

be evaluated n umerical ly a f t e r  assuming an i n i t i a l  condi t ion

through the energy de~ - 
~.ty of the i n i t i a l  disturbance .

Although the computational results obtained by

Merkine and Liu are not directly applicable to the p resent

investigation (as they refer to a high—n~ oed compressible

j e t  f low) , some of th e i r  f i n d i n g s  may be q ua l i t a t i v e ly 

- - --
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de~ cribcd1

The various energy uxch~ nge m e c h a n i s m s  iii  eq~uation

( C .  5)  de tezirtine the development  of the an ipl i  tude of the or—

cjanizcd wave . In the f ir s t  stages , the ampl i tude  increases

rapidly  as the resul t  of l a rger  p roduc t i on  as compared w ith

dissipation . As the development continue s, the dissipation

term dominates ove r the p roduct ion  one , c au s i ng  the ampli-

tude of the wave to a t t a i n  i t s  m a x i m u m  v a lu e  an d  then to

decay .

The above described p rocess is r e tar d e d for  the 1e~’,

f requency components ; in o ther  words , the lowe r the fre-

quency of the wave , the f u r t h e r  d o wn at r e a m  i ts  maximum am—

p l i tu d e  is a t t a i n e d.

F i n a l ly ,  the role of the var i cose  and  s imu ou s  mode:;

( a l tho ugh not much d i f f e r e n t i a t e d at  ti -to e a r l y st a ge s )  is

such that  the s inuous  waves have la r c or  am p l i  l i ce  t i on  r a tes

(as predicted by local s t a b i l i t y  theory and su -j y e s te d  by

e a r l i e r  workers  ( Rockwel l  and N i c c o l ls  1972 1  , r iettin ly and

Cri ~~inalc  ri97i] ) ) and show more d e l ay ed  s at u r a t i o n  value s

in the downstre am direction .

Thu f o r m u l a t i on  of a w a v e — g u i d e  theory fo r  t u r b u l e n t

shear f lows  is a very promis ing  one , but  is s t i l l  in a de-

veloping stage w it h  many d i f f i c u l t i e s  to he overcome .

- - I
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