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C HA P T E R  I .  I N T R O D U C T I O N

One aspect of turbulent shear flows that needs

empiricism to be able to predict it is the turbulent trans-

port and spreading of these types of flows. A turbulent

plane jet , for exam p l e , has a linear widening rate away

from the mouth of the jet which has not been predicted from

turbulent flow theories , but rather determined from mea-

sure m en ts th emse l v e s .  Va r i ous  mo d e l s h av e been p ropose d

to try to explain the spreading rate of turbulent develop-

ing shear flows. In recent years , the recognition of some

coherent structures in turbulence has led to different

models and approaches that attempt to explain turbulent

flows. Some of these were aptly summarized by Davies

and Yule(l974r following a conference in Southampton.

This idea of coherent structures in turbulent flows

is an extension and companion to the concept of a distinct

su r face  separa t ing  the turb ulent  pr imary f l ow , as f o r

i ns tanc e  in a j et , from the entrained external nonturbu-

lent f low.  The ex i s t ence  of th is  in te r face  has been we l l

defined , and will be alluded to in future paragraphs. In

the last two or three years , it has been recognized that

occasionally this interface separating the turbulent from

the n on t urbulent flows tends to fold -over , or seemingly

Also published ~ J F M  ( 1 975) , Vol. 69 , Part 3, pp. 513-537.

~
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engul f the externa l nontu rbulent flow In a “ nibbling ”

fashion. In the presence of fold- over , a region of the

turbulent fluid may have nontu rbulent flu id between it and

the main fully turbulent region.

The overall objective of this work was to try to gain

further understanding into the structure of turbulent flows ,

and to observe the effects of an acoustic disturbance upon

them. The specific objective of this work , to which the

attention is now directed , was a measure of the fold-over

of the interface between the turbulent and nontur bu lent

flows , and the effect of an acoustic disturbance upon It.

In addition to that , the intermittency and crossing fre-

quency of the interface were recorded. The frequency of

the acoustic disturbance was purposely chosen to match that

frequency at which the mos t interaction is expected , as

exhibited by the noticeable increase in the widening rate

of the acoustically disturbed jet compared with the jet

without any sound applied to it. This effect of the

acoustic field on the jet is discussed further in Chapter

II.

The initial goal of this work was then to see if an

acoustic disturbance in the form of a plane traveling wave

at specific frequencies could indeed change the occurrence

of fold -over In a two dimensional plane turbulent jet.

These specific frequencies will be discussed further in

Chapter II. Folding of the interface as discussed by
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Townsend (1970), Kohan (1969), Pai zi s (1972), LaRue (1973),

LaRue and Libby (1974), Davies and Yule (1974), Paizis and

Schwarz (1974), and Mulej (1975) is defined as the process

by which a region of turbulent fluid has nonturbu lent

fluid between it and the fully turbulent region. In an

attempt to describe this folding phenomenon , some invest i-

gators have used different terms. LaRue (1973) for

exam p le , used “overhangs ,” Mulej (1975) used “folding ”

and “fold-over ” interchangeably, and Paizis and Schwarz

(1974) referred to it as simply “folding. ” This will be

discussed further in Chapter III. The term “fold -over ,”

will be used in the present work.

Mulej (1975) measured the percent fold-over , 4~~
, in a

plane turbulent jet , and found that it decreased with the

lateral position , y/b , of the jet. (The description of

the jet is given in Chapter III.) The present research

was partly motivated by his report. A new and hopefully

better method of measuring fold -over was sought. The

method used by Mulej (1975) is discussed and evaluated in

Chapter III. The method adopted in this research is a

digita l method. Analog signals were dig itized and processed

in a dig ita l computer.

Fold -over measurements required detecting the turbu —

lent -nonturbulent interface , using two hot wire probes

separated by a pre -selected distance in the lateral

direction of the flow. Corrsin (1943) was credited with
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discoveri ng that turbulent shear flows may exhibit flows

which are intermittently turbulent or nonturbu ient. He

was exploring the flow field of a heated jet. The exist-

ence of this phenomenon was later established for all free

shear flows , and Townsend (1948) proposed a measure of the

degree of intermittency . This became known as the inter-

mittency factor , y, and is defined as the fraction of time

the flow is turbulent. Tne intermittency function , 1(t),

was also due to Townsend (1949). This function is a ran-

dom square wave which is equal to 1 (unity), when the flow

is turbu lent , and zero when it is nor iturbu len t.

Recognizing the difficulty involved in detecting the

turbulent- nonturbulen t interface , the objectives of this

F research were expanded and are three-fold: (1) to detect

the turbu l ent -nonturbu l ent interf ace using both analog

and di gita l techniques , (2) to measure fold -over using the

developed detection technique , and (3) to observe the ef-

fects of a plane traveling acoustic wave of selected fre-

quencies on fold -over , crossing frequency of the interface ,

and intermittency. The interface crossing frequency is

defined as the rate at which the intermittency function ,

1(t), changes from unity to zero or vice versa.

Whereas some investigators contend that fold-over is

an important part of the entra i nment process, only very

few attempts have been made to quantify it. In the plane

turbulent jet , for example, the onl y reported attempt to 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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measure fold -over was made by Mulej (1975). Some of the

questions raised by his work are: (1) Why does the de-

tection of fold-over seem to incr ease as one moves towards

the center-l ine of the jet where the flow is full y turbu-

lent? (2) Do fold-over events actually increase as one

moves towards the center - line of the jet? (3) Is measur-

ing the percent fold -over the best way to quantif y fold -

o v e r ?

Th is  work is then a natura l  e x t e n s i o n  of the work done

by Jen ki ns ( 1974 )  and Mulej  (1975)  in p lane tu rbu len t  j e t s

without the appl I cation of an acoustic disturbance. The

effects of an acoustic wave on turbulent jets have been

reported for many years. None of the previous works con-

sidered the intermittent reg ion of the jet. Simcox (1969),

for exampl e, predicted theoret ica ll y that the spreading

rate of the jet is enhanced by an acoustic disturbance.

It was proposed by him that this interaction of an acoustic

wave  w i t h  the j e t  may be app l i c a b l e  to the deve lopmen t  of

a new type of amp lifier . Ex peri m ents by Kaiser (1971) and

others confirmed that the widening rate of the jet was

increased by the application of an acoustic wave. Research

to establish the mechanism through which an app lied sound

intera cts with a plane turbu lent jet is being conducted

by Chambers (1976). The location in the jet at which this

interac tion occurs is also be ing investigated by him.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _
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It is hoped that the present researc h will provide

more information conce rning the interaction of an acoustic

wave with a plane turbulent jet , as  we l l as  the s truc ture

of the turbu l ent -n o n turbu l ent inte rface. This might lead

to a better understa nding of turbulence and its interaction

with an acoustic distu rbance. 

~~~~~~~~~ 
..

~
-- ..- . 
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CHAPTER II. THE TWO-DIMENSIONAL JET

1. Characteristics of the Jet

Among the simplest types of turbulent shear flows is

a jet. It is an unbounded flow and is formed when a fluid

moving with a velocity greater than that of the surrounding

medium discharges through an orifice into the medium. (The

medium considered here is air and the fluid forming the

jet is also air.) The resulting diffusion pattern can be

divided into three regions: the initial region , the

transitional region , and the main reg ion (see Figure 2-1).

Within the initial region of the jet , there exists a

potential core bounded by two mixing layers. The velocity

in this potential core remains constant. At the mouth of

the jet , this velocity is equal to the discharge velocity.

As the flow spreads , the axial velocity decreases.

Turbulent flow results due to the gradient and corresponding

exchange caused by the in itial velocity discontinuity be-

tween the jet and the surrounding media. The ensuing

turbulent stresses bring about a transverse exchange of

momentum between the fluid and the surrounding media. The

“eating up ” of the jet beyond the initial area shows up

both in its widening as well as in variation of the velocity

along its axis (see Abramovich (1963).

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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The mean ve l ocity profile in the transitional region

wil l  essentially be fully developed; however , a finite

distance is required for the turbulence to become fully

developed .

The main region begins when the turbu l enc . becomes

fully developed. It is characterized by a continuous ac-

celeration of the surrounding fluid accompanied by a

deceleration of the fluid in the central region. The mea-

surements presented later were taken in this region of the

flow field.

There exists a zone of demarcation between turbulent

and n on t u rbu i en t regions of the shear flow. This zone is

characterized by a sharp, randomly convoluted interface.

The turbu l ent - nonturbulent region (see Figure 2-2) is the

intermittent region with which this work is concerned.

The shape of the jet profile remains unchanged when

an acoustic disturbance is applied to it. However , the

spreading rate of the jet is increased and the geometric

virtual origin shifted (see Fi gure 2-3) when the disturbance

is at a specific frequency.

2. General Review of Previous Work Related to
Tur bulent Jets

It was observed earlier that the only reported attempt

to quantify fold —o ver in a plane turbulent jet was that

due to Mu lej (1975). it was also noted that no work has

been done to establish the effects of acoustic distu rbances ,

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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at s p e c i f i c  f r e quenc ies , on the s t r u c t u r e  of the ’  t u r b u l e n t -

non turbu l  e nt  i n t e r f a c e  of a two  d imen s i on al  p lane  turbul  ent

j e t .  T h i s  s e c t i o n  t he re fo re  a i m s  at p r e s e n t i n g  a br ie f

r e v i e w  of the l i t e r a t u r e  of some of t h e  w o r k  t ha t  has

been done by p r e v i o u s  i n v e s t i g a t o r s  s t u d y i n g  tu rbu l e n t  j e t s .

S t u d i e s  in o ther  f l ow  f i e l d s  l i k e ’  w a k e s  and boundary l aye rs

w i l l  be men t i oned  where  they hel p to e x p l a i n  c o n c e p t s  l i k e

i n t e r m i t t e nc y  a nd c o n d i t i o n a l s a m p l i n g .  A sp ..- c i f i c  r e v i e w

of the p r e v i o u s  t e c h n i q u e s  used by o ther  i n v e s t i g a t o r s  to

de tec t  the t u rbu len t  — n o n t u  rbu len t  in te r f ac  e w i l l  be g i v e n

in Chap te r  III wh e n the  d e t e c t i o n  of th e t u r b u l e n t -

non tu r bu 1 ~‘ mi t i ti t e r f a c t ’  i s di sc us s ed . Al  so t he work  done

in w a k e s  and boundary l a y e r s  to m e a s u r e  f o l d — o v e r  w i l l  be

p resen ted  in Chap te r  III. Hence t h i s  r e v i e w  w i l l  he di-

v i d e d  in to  two  p a r t s :  ( a )  the  u n d i s t u r b e d  f l o w  and ( h )  the

a c o u s t i c a l l y  e x c i t e d  f l o w .

a .  The U n d i s t u r b e d  F low

It was  noted in Ch ap te , ’  I t h a t  the c ha ~r a c t e r i s t i c a l l y

i n t e r m i t t e n t  hot w i r e  s i q na i  o b t a i n e d  f rom p robes  p l a c e d  i n

the tu r bu 1 e mi t — non t u r b u l e n t  req ion of a h e a t e d  •i e t f 1 ow

was  f i r s t  o b s e r v e d  by C o r r s i n  ( 1 9 4 3 ) .  The e x i s t e n c e  of

the phenomenon of I n t e r i t i  t t e n c y  was l a t e r e s t a b l i shed for

a l l  f ree  shear  f l o w s , and T o w n s e n d  ( 1 9 4 a )  p roposed  a inca —

sure of the de g ree of  i n t e r m i t t e n c y .  T h i s  bec a me know n as

the i n t e rmn i t t  e ncy f a c t o r  , ~, , and I s d e ~ i ned a s the  f ra c t ion

of t ime the f l o w  is t u r b u l e n t .  T h e  I n t e r i t i t t e n c y  f u n c t i o n ,

‘ 1
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1 (t), was also due to Townsend (1949). This function Is

a rando iii square wave which is equal to 1 (unity) when the

probe is in turbulent flow - m d  zero when it is in the non-

turbulent flow.

Townsend (1948) first explored statistical properties

of the intermittent reg ion for the two - dimensional wake

and Corrsin and Kistler (1954 ) investigated the boundary

layer . The thickness of the inte ,’face (or superlayer , as

termed by Corrsin and Kistler (1954)) was investigated by

Corr sin and Kist l er (1954), and was found to be proportional

to the Kolm ogoroff ni icrosca l e (x 3 / c 0)~~. The existence

of this interface has been well defined followin g measure-

ments conducted by investigators like Kov a sznay (1967),

Uberoi and Freym uth (1969), LaRu e (1973) and Kibens (1968).

Kov aszn ay (1967), argued that the thickn ess of the turbulent —

non t u r b u l e n t i n te r f a c e  ( s u p e r l a y e r )  i s  of  t h e  s a m e  order

as the smallest turbulent eddies and estimated this thick-

ness to be 1OvV 0~~ where v is the kinematic viscos ity and

V 0 is the av erage entrainment velocity. LaRue (1973), and

a l s o  La Rue and L ibby  ( 1 9 7 4 )  argued that in a wake the order of a

m i n i m u m  duration of a fully turbulent “ patch” of fluid was

equal to twice the Kol m ogoroff length transit time or

approx m ate ly 2(c! K / U )  where is Kolm ogoroff length and

U is the free stream velocity. Using U obtained by Ube roi

and Ireym uth (1969) they obtained the minimum duration to

be 160 ~is. Further discussion of the interface and its 

~~~~~~~~~~~~~~~~~~~
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thickness will  be given in Chapter III.

Conventional mean measurement techn i ques require con-

tinuous averaging of flow properties as obtained from a

stationary hot-wire probe. These techniques are inherently

incapable of examining separately the detailed properties

of the turbulent and non t urbu lent flow , or of the trans-

ition (or interface) between the two states. Corrsin and

Kistler (1954) realized the need for a new technique. The

method of conditional samp ling was developed primaril y by

Kibens and Kovasznay (1969) in answer to this need. Among

the early workers in this field were Kibens (1968),

Kovasznay, Kibens and B l ackwelder (1970), Jenkins (1974)

and others. Jenkins (1974) measured the velocity and

temperature profiles with respect to the interface in a

heated two — dimensional plane jet , and presented an up -to-

date literature review on conditional sampling.

Ph i l l i p s  (1972) looked at the part played by the inter-

face in the entrainment of the surrounding ambient fluid.

A pseudo -Lagrangian description of the entrainment process

was proposed by him. Paizis and Schwarz (1974) studied

the shape of the interface and noted the significa nt amount

of fold -over which occurred in the interface. They also

measured the characteristic scales and Convection velocity

of the interface for a turbulent wall jet. More discussion

on the si gnificant amount of fold-over measured by them

is made in Chapter III.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  .5 5- SS 5 ------ —5-- -----.
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Mu lej (1975) measured the lateral component of the

velocity of the turbulent -nonturbu l ent interface. Pre-

liminary measurements of the amount of fold -ov er in the

interface as a function of location were also taken by

h im.

b. The Acoustically Excited Flow

A survey of the interaction of a transverse acoustic

wave with various flows is presented here. This discussion

is not limited to plane traveling waves and is not intended

to be an exhaustive one. The emphasis is on turbulent jet

flows.

Two types of interaction should be distinguished:

(1) that interaction that promotes an earlier transition

in the case of an initially laminar jet; and (2) that which

causes an apparent enhancement of mixing in the fully

turbulent jet. These interactions will be discussed fur-

ther in this chapter.

The influence of sound on a flow field has been known

and documented for many years. Chanaud and Powel l (1962)

claim that the first reported observation of this phenome-

non was made in 1838 by LeConte , who noticed that gas lights

had a tendency to flicker when in the presence of music.

It was not until 1935 that Brown (1935) investigated this

• phenomenon . He studied sound sensitive laminar jets , and

concluded that the influence of sound was basica lly an

effect upon the laminar -tu rbulent transition.

- -  ~~~_ _ ___S _ ___~~~~~~~~~
_ _ 
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Sim cox (1969) first represented the v orticity fluctua-

tions due to turbulence by a sing le frequency harmonic

function , and superimposed to it an acoustic disturbance.

He noticed that the disturbance caused an increase in the

vorticity . The single frequency representation was then

converted to a spectral representation using Fourier trans-

forms which described a two -dimensional turbulent jet flow.

He analyzed the interaction of a traveling acoustic wave

with the turbulent flow field , and claimed that there were ,

in genera l , two types of interaction: a direct interaction

(described by the single eddy theory ) and a secondary

interaction among the eddies due to the addition of energy

by the acoustics. His anal ysis suggested an increase of

the turbulence in tensity , and no change of the Reynolds

stress. He predicted an increase in the turbulent mixing,

and further inferred an increased spreading rate of the jet,

since the spreading was proportional to the kinetic energy

of the turbulence , which in turn , is a function of the tur-

bulence intensity. Although the theory that the spreading

rate of the jet is proportional to the kinetic energy of

the turbulence has not been proved ex p erimentall y, it ap-

pears to be the consensus among other investigators like

Abramov ich (1963) and Townsend (1956). Simcox (1969) fur-

ther claimed that the change in the spreading rate of the

jet can be used to produce a control on the switching or

proportioning of flow in a flu i dic device , and that the

_ .
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interaction may be applicable to the development of a new

type of amplifier. Part of the work by Simcox (1969) Is

published in Simcox and Hoglund (1971).

Wi l liams (1969) considered a long itudinally resonant

acoustic field in a developing turbulent pipe flow , and

concluded that the input in some cases led to a decrease in

the ni ict’ oscales and macroscales of turbulence. Although

he did not consider jet flows , he noticed some structural

changes in turbulence due to an acoustic signal.

In his experimental program concerning the effect of

sound on a reattaching jet at low Reynolds numbers , We i n ger

(1965) noticed that the reattachment point moved upstream

with increasing acoustic intensity at selective frequencies.

He concluded that the laminar -t urbulent transition shifted

upstream with increasing acoustic intensity and that once

the transition point reached the orifice , the reattachment

point began to move downstream. This agreed with Brown ’ s

(1935) observation.

Roffman and Toda (1969), experimenting with both

laminar and turbulent jets , found an increase in the jet

widening rate at selective frequencies. They also found

that the Strouhal number (St = FD/ 1j0) remained constant

over the range of their investi gation (200 R e ~ 9000).
0

It was Powell (1953) who first recogn ized the si gnificance

of the Strouhal number and Reynolds number in analyzing the

sensitivity of jets to periodic disturba nces.

—5--- 5-—~~~~~~~~~— -—5- .55- g4
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Glass (1968) undertook an experimental investigation

concerning the acoustic feedback on supersonic jets. He

placed a plate near the flow field in order to reflect

the aerodynamically generated sound back into the jet. He

found that this type of acoustic input destroyed the shock

structure of the jet and caused an increase of spreading

and decay rates. The effect appeared to be at a maximum

at 10 ,000 Hz , although it was noticeable at other

frequencies .

Rockwell (1971) collected most of the data of the

investigators mentioned above and presented them in terms

of two-dimensionless groups: the Strouhal number and the

Reynolds number. His plot (Rockwell (1971), Figure 3)

of St rouha l  number ve rsus  Reyno lds  number on a l og—log

s c a l e  showed that  the log of the d i m e n s i o n l e s s  s e n s i t i v e

f requenc ies  for two -d imens iona l  j e t s  v a r i e s  app rox ima te l y

linearly with the logarithm of the Reynolds number. Hence ,

it is possible to determine the frequency at which a given

flow is most sensitive to an acoustic disturbance.

The influence of sound on turbulent jet flows

may be through an effect on transition , acoustic

streaming, an induced oscillation due to aerodynamic

loading or a direction interaction with the turbu lent

field itse lf . Simcox (1969) argued qualitatively, that 

—- -— — .--
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for subsonic air jets of moderate Reynolds number , neither

acoustic streaming, nor aerod ynami c loading can lead to a

change in the spreading rate. Experiments conducted by

Ka l ser (l g 7l ) confir mit Simcox ’ s (l969) cla i n i . Hence
the noticeable effects of an acoustic input on a free jet

are through an upstream shift or modulation of the laminar-

turbulent transition , and/or a direct interaction with the

turbulent flow itself.

To evaluate Sim cox ’ s theoretical predictions , Kaiser

(1971) conducted his experiments using a two -dimensional

turbulent jet. He noted that the similarity of the flow

remained unaltered when an acoustic si gnal was introduced

normal to the jet. Hence , the form = F(r~)) remained

unaltered. He confirms that the jet spreading rate is

enhanced by an acoustic disturbance. From the pl ot of

widening rate versus frequency, Kaiser (1971) n o t i c e d  a

periodic behavior which he could not explain. He noticed

that as the Reynolds number of the flow was decreased , the

frequency for which the maximum widening rate occurred

also decreased . This agreed with Rockwell’ s (1971) find-

ings. The geometric ori gin of the jet tends to move down -

stream at the frequencies where the maximum widening rate

occurred. The velocity ori gin remained approxi m ately zero.

Some of the Issues not answered by Kaiser (1971) and

other experimenters were: the cause of the periodic 

-~~~~----~~~~~ -5 . . .
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behavior of the widening rate as a function of frequency,

and the mechanism through which an applied Sound field

interacts with a plane turbulent jet. Kaiser ’ s (1971)

results are also published in Goldsc hmidt and Kaiser (1971).

More recent studies have been made to better under -

stand the behavior of a disturbed jet. Chan (1974) studied

spatial waves in a low speed axisym m etric turbulent free

jet. His results showed that the wave -numbers of the pres-

sure waves increased monotonically, while the phase veloci-

ties decreased with the jet Strouhal number. Further

studies on phase velocities were made by Bechert and

Pfize nm aier (1975). They applied axial disturbances to a

free jet and reported the presence of “ultra - fast” p h ase

velocities which exceeded the mean velocity of the jet.

Hussain and Zaman (1975) studied the effec t of an acoustic

excitation on the turbulence structure of a circular jet

operated at the Reynolds number range 11 ,000-113 ,000. The

acoustic excitation was in a plenum chamber. They observed

that at a Strouha l number of 1.6 , the turbulent intensity

in the near field of the nozzle was strongly suppressed but

that at hi gher Strouhal numbers the effect of excitat ion

was insignificant. Stiffler (1975) found that the signal

transit velocities in a turbulent plane jet were much less

than the jet center -line velocity.

Merk ine and Liu (1975) studied the noise-producing

large-scale wavelike eddies in a plane turbu lent jet. They 

. ~~~~~~~~~~~~~~~~~~~~~~~~~ 
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found that for a given frequency parameter , different modes

had different strea mwise lifetimes.

It was pointed out earl ier that this survey was not

intended to give a historical account of all the research

studies that have been done in the interaction of an acous-

tic wave with turbulent jets. It aimed at pointing out

some of the observations that have been made. Whereas many

different studies have been conducted concerning the inter-

action of an acoustic wave with turbulent jets , no report

has been made of the effect of an acoustic di sturbance on

intermittency, fold-over and crossing frequency of the

tu rbu len t -non tu rbu  lent i n t e r f a c e .  

- --- - -5 - -- --- - — - - --. .5 
5 - — —-- - 5-
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CHAPTER III. I N V E S T I G A T I O N  T E C H N I Q U E S  AND EQ UIP M ENT

1. Introduction

It was previously stated that the conventional mean

measurement techniques require continuous averag ing of

flow properties as obtained from a stationary hot -wire

probe. Those measurement techniques were inheren tly in-

capable of examining separately the detailed properties of

the turbulent and nontu rbulent flows , or of the transition

(or interface) between the two states. The method of

conditional samp ling was developed primarily by Kibens and

Kovaszn ay (1969) in answer to this problem. Two types of

conditional averages can be defined within the turbulent

region of a jet. These are the “ z o n e ’ averages (taken at

a fixed point in space throughout the turbulent history of

the flow at that point) and the “ point” averages , which are

taken at a point within the turbulent flow and averaged

whenever the interface is crossing some other reference

point. The former (“ zone ” averages) were employed in this

work. The continuous signals ori ginating from two hot-wire

probes placed in the intermittent zone of the free turbu-

lent jet were classified into “ turbulent” or “ n o n turhulent ”

by di gital methods and processed in a computer. Before the

details of thi s method are presented , a brief discussion 

“-5 -. -—~~~~~~~~~~~~~— . - - -
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of the experimental setu p and the flow fi eld w i ll be given.

2. ~~p~ ’ime ntal Setup

a. The Flow Field

The two dimensional plane jet used for this research

was essentially the same as that used by Jenkins (1974) and

Mu lej (1975) (see Figure 3-1). It was powered by a 0.56 kW

(0.75 hp) blower. A 4 LW mesh wire heating element located

in a 56 x 51 cm plenum chamber was capable of heating the

flow. This hea ting capabil ity used by Jenkins (1974) was

not used for this work. The flow was directed from the

p lenum chamber via a gradual contraction to a smaller 5.98

in x 11.97 in. (15.2 x 30 .4 cm) plenum chamber having flow

strai ghtening elements. It was then discharged through a

vertical slot 0.5 in. x 11.97 in. (1.27 x 30.4 cm) on a 35.98

in .x 11.97 in . (91.4 x 30.4 cm) wall. Two confining hori-

zontal walls 35.98 in. x 47 .64 in. (91.4 x 121.0 cm) were built

to maintain the two d imensiona l ity of the flow. The

Reynolds number (based on the jet slot width) was held

constant at 1.78 x lO
g
.

A two -dimensional traversing mechanism was used to move

the probe appratus (see Figure 3-1). The range of the tra-

versing device was 60 slot -widths long itudinall y (x-direction)

and 44 slot -widths laterally (y-direct ion) with an accuracy

better than ~O.O2 in . (~ O.04 cm). An L.C. Smith actuator

that permitted independent movement of one of the sam pling

probes was mounted on the probe actuator mount

- 
— ---5- - -— -_—- 5-- --_ _- .5-- -
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( F i gure 3 - 1 ) .  The other samp l i ng  probe was  mounted  to , and

was moved m a n u a l l y , w i t h  the mount. The a c t u a t o r  p rov ided

e l e c t r i c a l , remote c o n t r o l l e d , traversing of one of the

sampling probes. A DC voltage across a 10 -turn potentiometer

provided a remote voltage proportional to the lateral tra-

v e r s e .  The t o t a l  a v a i l a b l e  t r a v e r s e  wa s  a p p r o x i m a t e l y  30

s l o t - w i d t h s  r e l a t i v e  to the a c t u a t o r  mount w i t h  an accu racy

of ~0.0l in . (~ O.02  c m ) .  The us~’ o f  t~~~~ actua tor was later

abandoned since the c aHb r a tion curve (voltage versus the

l a t e r a l  t r a v e r s e )  v a r i e d  a p p r N i a b ly  b e f o r e  and a f t e r  a run.

The probe s e p a r a t i o n  ( i n  the l a t e r a l  d i r e c t i o n )  was now

a c h i e v e d  m a n u a l l y  and t h i s  was  as a c c u r a t e  as read ing  the

s c a l e s  on a ru le r .  Only the top probe was  m oved manua l l y

( F i g u r e  3 - 2 ) .  The probes cou ld  be moved up to a s e p a r a t i o n

of 8 s l o t — w i d t h s , or 4 in. ( 1 0 . 1 6  c m ) .  M o s t  m e a s u r e m e n t s

were t aken  at  a probe s e p a r a t i o n  of 0 . 1 2 5  in~ ( 0 . 3 1  75 cm ) .

Figure 3-2  shows the two hot w i r e  probes . The hot w i r e

probes , par t  of the t r a v e r s i n g  m e c h a n i s m  and the c o n f i n i n g

h o r i z o n t a l  w a l l s  of the j e t  can  be seen in Figure  3 -3 .

The b l o c k  ‘ii~
-ul,- u115 of t he e x p e r i m e n t a l  se tup  used to

t a k e  the v a r i o u s  m e a s u r e m e n t s  and to d i q i t i z e  the recorded

a n a l o g  s i g n a l s  are  shown in F igu res  3 - 4  and 3 -5 , respec-

t i v e l y .  Fi gure 3 -6  shows par t  of the i n s t r u m e n t a t i o n .

The outputs of th e hot w i r e  probes , w h i c h  we re  l o c a t e d  at

p r e s e l e c t e d  s t a t i o n s  in the f l o w  f i e l d , were  recorded

-.5 . 5 . .
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simultaneously. Figure 3-7 shows a typ ical record from the

visicorder. The time derivatives of the hot wire voltages

were recorded with an FM tape recorder. Fi gure 3-8 shows

a t yp i ca l  v i s i c o r d e r  output  of the d e r i v a t i v e  s i g n a l s .

Comparing th is  f igure w i t h  F igure  3-7 , i t  c a n  be s e e n  t h a t

the d e r i v a t i v e  s i g n a l s  d i s c r i m i n a t e  be tween the turbulent-

nonturbulent  zones  much bet ter  than the v o l t a g e  s i g n a l s .

The cho ice  of the d i s c r i m i n a t i o n  s igna l  w i l l  be d i scussed

in deta i l  in a la ter  sec t i on .  The procedure used to di gi-

tize the time derivatives of the hot wire voltages is pre-

sented in Append ix  A.

b. Acoustic Excitation

The acoust ic  d i s tu rbance  was genera ted by an A l tec

29 0E a c o u s t i c  d r i ve r , connected to a rec tangu la r  sec t i on

exponential horn , designed with a low frequency cutoff of

1 66 Hz ( see  F i gure 3-9). The exponential horn was designed

by Chambers (19 7 5 ) .  The horn was 28 in. (71 .12 cm) long -

and had a mouth 7 . 2 5  in. ( 18 .4 15  cm) by 19 in. (48 .2 6  c m ) .
The input to the dr iver  was supp l i ed  by a BrUel and Kjaer

Beat Frequency Oscillator type 1022 coup led  to a Marantz

Model 9 Amplifier. A Systron -Donner Model 114 Counter

measured the frequency of the si gnal.

It was noted in Chapter II that there is a frequency

at which a given jet is most sensitive to an acoustic

disturbance. It was also noted there that Rockwell (1971)

collected data from different investigators and presented

_ _ _  - - S  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . .- ~~——
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290E Acoustic Driver

Exponential Horn

23 in

~~~ 

Nozzle _/

Figure 3-9. Schematic of Horn and Microphone Arrangement
for Acoustic Excitation.
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them in terms of two d i m e n s i o n l e s s  g roups :  the S t rouha l

number and the Reynolds  number. He p l o t t e d  the log of the

St rouha l  number versus the log of the Reynolds  number .

This  cu rve  was app rox ima te l y  a s t r a i g h t  l ine .  From th i s

c u r v e , it is p o s s i b l e  to de te rm ine  the f requency at wh i ch

a g i ven  f l ow  w i l l  be most s e n s i t i v e  to an a c o u s t i c  dis-

tu rbance.  Based on that  cu rve , the S t rouha l  number at

w h i c h  the j e t  should be most  s e n s i t i v e  to the a c o u s t i c

d i s t u r b a n c e  was computed .  From th i s , the f i r s t  f requency

of measurab le  s e n s i t i v i t y  was c a l c u l a t e d  to be 1143 .64  Hz.

To ve r i f y  th i s , the p i to t  s t a t i c  tube was p laced  at the

cen te r - l i ne  of the je t  and the Beat Frequency O s c i l l a t o r

was t rave rsed  up to a f requency  of 3500 Hz. The sound

pressure  leve l  was ma in ta i ne d  at 105 dB re 20 pN / m 2 . Th is

was measured  w i t h  a BrUel and K jaer  1 / 2  inch ( 1 . 2 7  cm)

microphone p laced  at x /D = 45 , y = 8 in. ( 2 0 . 3 2  cm) and z =

8.25 in. ( 2 0 . 9 5 5  cm) .  The m ic rophone  was connec ted  to a

B & K 2107 Frequen c 3 Ana lyze r  operating in the l inear , non-

f i l t e r i n g  mode (F igure  3 - 9 ) .  By t r a v e r s i n g  the Beat Fre-

quency o s c i l l a t o r , the f i r s t  measurable f requency at  wh ich

the je t  was most s e n s i t i v e  was found to be 1149 Hz.  This

was de te rmined by w a t c h i n g  the p ressure  f l u c t u a t i o n  in a

mic ro -manomete r  as the o s c i l l a t o r  se t t i ngs  were changed .

Th is  v a l u e  agreed w i t h  tha t  c a l c u l a t e d  us ing  R o c k w e l l ’ s

(1971 )  cu rve .

-55- 5----- - 
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The sound measurements were taken at three x/D sta-

tions varying the lateral locations. In all the cases ,

the sound pressure level was maintaine d at 105 dB , a n d  t h e

fre quency of the acousti c disturbance was held at 1149 Hz.

A block d iagram of the equipment used to take the sound

measurements is shown in Figure 3-10.

3 . Preliminary Measurements

To de te rmine  how w e l l  the j e t  agreed w ith publish ed

r esu l t s  of p rev ious  i n v e s t i g a t o r s , a s e r i e s  of p re l im ina ry

measurements  were  taken .  Spec i f i c a l l y, the mean velocity

p r o f i l es  for the und is tu rbed  and a c o u s t i c a l l y  e x c i t e d  c a s e s

were measured at  th ree x / D s t a t i o n s  and are shown in F igures

3-1 1 and 3-1 2 r e s p e c t i v e l y .  It appea rs  that  Goe r t le r ’ s

(1942) equat ion is the most applicable to the two dim en—

sional jet. This equation takes the form

= 1 - tanh 2 r~ ( 3 - 1 )
Um

where n = (o y)/x and o is a characteristic of the jet.

Equat ion (3-1) can be wri tten as:

= 1 - t a n h 2 
[o y/x]

Urn

~~~~~~~~~ ~~

— = 1 - tanh 2 [_-5
~
-b.(b / D ) ( y / b ) ]  ( 3 - 2 )

11
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Altec 290E
A c o u s t i c
Dr i ve r

S..
0

Frequency
Analyzer

C ( 2 1 0 7 )
a)

B e a t  F r e q u e n c ~Osc i l l a t o r
(1 022)

Sys t r o n
Donner Fre-
qu  e n c y
Counter  (114

Marantz Power
A m p l i f i e r
(9)

Figure 3-10. Schematic of Instrumentation for Acoustic
Excitation.



!PIPPI_S 
— 5- —- —-- ---—- — — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — fl- -‘.5’- ‘ — — ~ --~,-~- . . .~~ _.• -5

I
C
0 

- 
(~I

~1~~
4-)

0/

~~~ 
II 0)

CD .0,

I
~ O~~i 4 , .~’% .. tb

l2 w

/ 9
9 S..

4’II 4’
- . 0  ~fl4 _—_555S

I I~ I I
C

L) 
• ~b •

,
~~ ..4 \ CD 0 CD CD
a)
.0 .0
S..

9,
4’ I
.‘- LI)
-c >
C

4)

4’ 
-qo... ,. ~ 0

~
‘B 

I

4 0)
N

C

.~~~

a)
c’J

IJ~

5 - ,



39

C
0

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

.0 0)

5— 
I I >, -~~

E~~~~; -.
~~~~~ 

CD 
crLI)

.0
C.) — .

I >-.

>

>5.

I 
-

~~~

C

- ‘4

:

5-- -- - - - --_



-~

40

Th e value for o can be computed at any x/D station . The

v e l o c i t y  h a l f  w i d t h , b , is  d e f i n e d  as  the  l o c a t i o n  where

the mean v e l o c i t y  is equal to one half the ce n t e r - l i n e

v e l o c i t y  a t  t h a t  x / D  s t a t i o n .  Hence , a t  y = b , iJ/U~ = 0 . 5 .

S o l v i n q  e q u a t i o n  ( 3 — 2 )  for x/D = 3~ and y/b = 1 , the value

of  o (for the undisturbed case) w a s  found to he 9.40 ,

and at x/U = 55 and y/b 1 the va l ue of I~ was  fo und to be

9.46. Hence , e r emd inc d essentiall y constant at a ll x/D

stations in the s i m i l a r i t y  re g ion. For the a c o u s t i c a l l y

- 5r .  e~ c it e d case , ~ was found to he 8.~~ a t  x / D = 35 and t h i s

valu e also , ‘e m5llned c o n s t a n t  at all o t h er  x/D stations

in the s i m i l a r i t y  region.

M e a s u r e m e n t s  to a s s u r e  that the j e t  obeyed the pri n—

c i p le s  of s i m i l a r i t y  and s e l f  p r e s e r v a t i o n  a s d i s c u s s e d  by

Li n ( 1 9 5 9 )  , A br am ovi ch ( 1  ~63 ) Sc hl Ic lit I nq (1 °t~~ ) Hi rre ( 1 9 5 9 )

and Ten t i c k es a nd I urn I ey ( 1  ~ 7 
~ ) . 

w e r e  tak en . One ‘~ u c h

p r i n c i p l e  states that th e v e l o c i t y  half w i dth is directly

propor t i 0 na 1 to the d S t a  I1C e d o w n s  tr cam of t he jet cxi t

S ta  t e d  ma t hema t i ca 11 y, t h i s p r inc  1 p 1 e w i l l  take t he form:

= k~ (x / D - C 1 ) (3-3)

where  k 1 s the wI  dcii i nq r a t e  of the vo l o. i t v  f I e 1 ~ and C 1
s the (] COI11 C t r i c ~I r tth l  1 or 1 q in of t he _1 e t. . Mea ‘- U  r e m en  t S

reported by in v e sti qa t o rs l i k e  Van der Ilo IN I ’ ~~ l~~) l l f ’ I~ ( 1 Q 5 7 ),

M i l l e r  and Commin qs ( I  9~ 1) Hesk es t ad ( 1  ~)~~~~‘ ) . B r a d h t i r v  ( 1  ~65

J e nk i  115 (1974) and Nu l ej (19 7~~) c o n f I r m  t h e  l i n e a r
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relationship given in equation (3—2). The jet used by

the author was the same as that  used by Jenk ins  (1974 and

Mulej ( 1 9 7 5 ) .  S ince the j e t  was bu i l t  by Jenk ins  ( 1 9 7 4 ) ,

it was necessary  for him to take  seve ra l  po in ts  to conf i rm

that the p r i nc i p l es  of s i m i l a r i t y  and se l f  p rese rva t i on

were obeyed by his jet. To check if the s lope  and inter-

cept of th is  s t ra igh t  l ine agree w i t h  those repor ted by

Jenkins (1974)  and Mulej  (1975) , t h e  a u t h o r  m e r e l y  used

three points to construct the straight line. More points ,

however , wou ld  o f fer  less  exper imenta l  sca t te r .  The three

points used were found to be sufficient (Figure 3-13).

The values for k 1 an d C 1 were found to agree w i t h  those

repor ted.  The r esu l t i ng  equat ions  for the je t  are:

(a )  Und is turbed Case (see Figure 3-13 )

= 0 .092  (x/ D + 0.7) (3.4)

(b )  A c o u s t i c a l l y  Exc i t ed  Case  ( see  Fi gure 3 - 14)

= 0.1 (x/D + 2.25) (3.5)

The other  tes t  for s i m i l a r i t y  i n v o l v e s  the decay of

the c e n t e r - l i n e  v e l o c i t y .  It s ta tes  that  the square of

the center - line velocity is inversely proportional to the

d i s t a n c e  d o w n s t r e a m  of the jet exit plane. This can be

represented by the equation:

_ 
- . . 5- --5- ---- --
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0.0

7.0

Undisturbed Jet
0.0 b/D = .092 + .70)

6.0 -

b/D

- -

3.0 -

2.0

1.0

0.0
0.0 10.0 ~~.0 30.0 90.0 ~).G 80.0 70.0

x/D

Figure 3—13. Jet Widening Rate : Undisturbed.
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0.0

Acoustically Excited Jet
7.0 ’ - F = 1149 Hz

spl = lO 5 dB

6.0

6.0

bID

9.0 - .

3.0 . 

b/D = 0.1 (~ + 2.2 5 )

2.0 -

1.0 -

0.0 ;-

0.0 10.0 20.0 30.0 90.0 ~).0 eo.~ 70.0
x / D

Figure 3—14. Jet Widcninj Rate : Excit e d .
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-2
= k2 ( x /D - C 2) (3-6)

h o

w h e r e  k 2 is the decay rate of the center-line veloc ity and

C2 is the kinematic virtual ori gin of the Jet. Flora and

Goldsch m idt (1969) noted that there was no reason to expect

any relat ionship between the two v i r t u a l  ori g ins. The

undistu rbed and disturbed cases are shown in Figures 3-15

and 3-16 , respectivel y .  T he resultin g equations are:

(a) U ndisturbed Case (Figure 3- 15)

11 -2
= 0. U~7 ( x / D  - 3.30) (3 7)

110

(h) A c o u s t 1 L i l l ~ F x cit e d  Case (Fi gure 3- 16)

2U
0. 185 ( x / D  - 2 . 9 7 )  ( 3 - 8 )

h o

4 .  Co ia~ a r i s o n wi  th other Shear F l o w s

The mean velocity profiles (see Fi~ ures 3 - 11 ari d 3-12)

agree with the theoretical results of Goe rtl er (l94~~) ( s e e

also equat ion (3-l) ). The pr in c i p l e s  of s i m i l a r i t y  and self

p r e s e r v a t i o n  a r e  s a t i s f i e d  and the empirical constants ob-

tained from experiments compare adequat e l y with those of

prev ious  investi g a t o r s . The values are tabulated in Table

3-1. For the range of Reynolds number (0 . 45 x ~~~ R00
8.0 x 10 ) considered by the investi gators , the widenin g

- 5 -  -- -- --- 5 - 5  — - - . - ~~~~~~~~~~~~~~~~~~~~
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10.0•
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Undisturbed Jet
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________________________________________________________
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Figure 3- 15 . Ce nter - line Velocity Deca y Rate: Undisturbed.
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Figure 3-16. Center-line Velocity Decay Rate: Excited .
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rate varied from 0.085 to 0 .110 and the decay rate of the

center-line velocity varied from 0.150 to 0.364 . The rather

high value , 0.364 , was for the case of mix i n g  at the jet

exit . The two d-i mensiona lity of the jet u s e d  b~ t h e  a u t h o r

had been established by Jenkins (1974) and was not repeated

here.

The jet widening ra te  at a Reyno lds  number of 1 .78  x

l0~ increased by 8’~ when an acoustic disturbance was ap-

plied. This percent increase was compared with those ob-

tained by Kaiser (1971) . He re po r t e d  a 21 .1% increase for

a Re ynolds number of 0.45 x l0~ an d a l3. 7”~ i n c r e a s e  f o r

a Reynolds number of 0.60 x l0~~. These values confirm

Rockwell ’ s (1971) claim that the Reynolds number is an

im portant parameter in determining the maximum sensitivity

of je t s  to an  a pp lied disturbance.

The obj ective of taking these preliminary measurements

was to check if the flow field is indee d a plane turbulent

jet. These m easurements confirm the va l i d i t y  of the jet

a n d  h e n c e , it can be used as a valid flow f ield to proce ed

with the proposed objectives of measuring inter r nittency ,

fold -over and cross ing freque ncy of the turbulent-

nonturbu len t interface.

-- —--—5-- —-—-- —-5  - - 5 —  - — ___ s - . - . . . .
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5. Detection of the Turbulent N o n t u r b u l e n t  Interface

a . Introduction

The original objective of this research was to see if

a travel ing acoustic wave could change the occurrence of

fold-over of the interface of a plane turbulent jet. It

was real ized that in order to achieve this goal a more

definite method than that used by Mu l ej (1975) needed to

be developed. Mulej (1975) examined vi s u a l l y  a continuous

v i s i cor d er r e c o r d  of two ho t  w i re v o l t a g es . As will be

discussed later , the ability to measure fold - over credibly

depends on how well the t ur b u lent- n onturbU le flt interface

is detecte d for each of the two hot wire voltages. Since

the hot wire probes used by Mu lej (1975) were positioned

at approximately 0.10 in .(0.254 c m )  apart , the d i f f i c u l t y

of v isually detecting, a t  a l l  t i m e s , w h i c h  of t he two

p ro b es f i rs t  becomes tur bu l e n t  or nontu rb u len t canno t  be

overem phasized (see Figure 3-7). Hence the objective of

t h i s  r e s e a r c h  ex p a n d e d  t o i n c l u d e d e tec ti n g t h e  tu r b u l e n t -

non t u r b u l e n t i n t e r f a c e  by a dig i t a l  a n a l ysis. T h i s  makes

it possible to process a larger amount of data and hence to

ge t a more m e a n i n g ful average .

Before present ing the det~i i l s  of the actual method

used , a brief review of some of the techniques used by

previous investi gators w i l l  now be given. 1h Z ’ purpose of

this review is to show how arbitrary the interface de-

tection techniques are.
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b. Review of Some Previous Techniques

Several dif ferent methods have been used to separate

a continuous signal or iginating from an intermittently

t u r b u l e n t  f l o w  i n t o  “ tur bu l e n t ”  and “ nonturbulent ” zones.

These methods can be grouped into two. The first method

is to examine a continuous record of the signal , either

vi s u a l l y ,  or by computer analysis (Kap lan and Lau fer (1968),

LaRue (1973), He dley and Keffer (1974), Spencer (1970),

etc.) when the leng th of record a v a i l a b l e  for inspection

is consi derably larg er than the length of a typical “tur-

bulent burst . 1’ The second , the analog approach , is char-

acter ized by a b u i l t - i n  decision time and a detection

delay. This detection delay time is set between the actual

event and the time at which the decision is made. This

decision is made on the basis of the past history of the

signal w ithout the benefit of knowing the future. Kaplan

and Laufer (1968) and Kibens and Ko vaszna y ( 1 9 7 0 )  inde-

pendent l y  came to the conclusion t hat an important require-

ment for good de tection is a knowledge of the future of the

s igna l. T h i s  k n o w l e d g e  can  e a s i l y  be a c h i e v e d  th rough  a

digital com puter method since dig i tized signals can be

s to red .  The ana log  method r e q u i r e s  some t ime to genera te

t h e  de tec to r  f u n c t i o n  ( the  i n t e r m i t t e n c y  f u n c t i o n , 1 (t))

and consequently, the si gnal from other wires has to be

delayed to account for this time delay.

B o t h  t h e  d i g i t a l  and the analog methods have been

proved credibl e . The choice between these two methods

—-5- - -~~~ -~~~~~
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depends on the Cost of laboratory time versus computer time.

As observed by Kibens and Kovasznay (1970) and other re-

searche rs , a certain amount cf arbitrariness in forming the

intern - i ittency function , 1 (T), is inevitable. The

d ifficulty in defining the location of the turbulent-

nonturbul c nt interface has been compared ~S.~ th that of the

shoreline of the sea (see Kiben s and Kovasznay (1970)). The

location is dependent on the m a g n i f i c a t i o n , or coarseness of

the method of detection. D~ pe ndi ng on the size of details

taken into account , the shoreline of the sea could on one

hand be considered r elatively snooth and on the other hand ,

fu l l  of i n l e t s  and i s l a n d s .

T h e c h o i c e  o f an i n p u t si g nal referred to by Kaplan

and Laufer (1968) as the criterion functi o n s is an impor-

tant step in the di s c r i m i n a t i o n  process. This si g n a l

must offer the best contrast between the turbulent and non -

turbulent reg ions. In general , t he cr it er i on f u n c t i on

s h o u l d  b e s m a l l  in t he n on tur bu l e n t r e g i o n s , an d ap p rec i-

a bl y large in the turbul ent regions.

Townse nd (1949) , investi ga ti ng t he tur b u len t w a k e  o f

a c i r c u l a r  c y l i nder , u s e d  t he v e l o c i ty time derivative as

the input signal . Corrsin and Kistler ( 1954) also used the

veloc ity time derivativ e for their work in the boundary

la yer , but suggested that an improved detection would

~~~ resul t if 1 (t ) were formed from a si g nal proportional to

t he instantaneous v orticity level in the flow. Fied l er

5 , , -  - - ~~~~~~~~~~- 
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an d Head (1966) modified the c i r c u i t  used hy C o r r s i n  a n d

Kistler (19 54) by phase-shifting the recti fied signal by a

t ime w h i c h  was  sma l l  compared to t h e p e r i o d  b e t w e e n  suc-

cess ive turbulent bursts , and a d d i n g it to the non-shifted

rec ti f i ed si g n a l .

Ka plan and Laufer (1968) used the short-time variance

of the time derivative of the hot wire voltage as the cri—

t en on f u n c t i o n . The variance was compu ted over a relatively

s h o r t t i m e  i n t e r v a l  w h i c h  v a r i e d f r o m  2 .5 to 8 m sec . The

com p u t ed v a r i a n c e  w a s  com p a r e d  t o a t h r es h ol d l e v e l  de-

rive d by taking a fraction of the local maxima of the

criter ion function. If the variance exceeded the threshold

l e v e l , the intermittency function , 1 (t), w a s  g i v e n  t h e

value of uni ty, o t h e r w i se z e r o .

Ki bens and Kovasznay (1970) used the time derivative

of a com ponent of the vorticity. Jenkins (1974) also used

th e same in p ut s i gnal. LaRue (1973) claimed that the

temperature s ignal of the wake of a heated rod offe red a

good con trast between the turbulent and nonturbulent zones.

Antoni a (1972), in th e boundar y l a y e r , use d the time de-

rivative of the Reynolds shear stress whi l e  in the mixi n g

la y er . Wygnanski and Fiedler (1970) used the sum of the

squares of the first and second time derivatives of the

l o n g itud inal velocity.

M o s t  i n v e s ti gators agree that the best cr iterion

func tion is that based on the local vort icity , which is

- - -5- ~~ - -5 . -—-- --5—— ,. —-
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applied. This i m p l i e s  that the i n te ri n itt en cy function ,

1(t ), is allowed to ch an ge only when the input si gnal

crosses the  thresho ld l evel for a s u f f i c i e n t l y  long t ime ,

S e l e c t i o n  of n o m i n a l  v a l u e s  for  t hos e p a ra me t ers ,

th resho ld  l e v e l  an d hol d t i m e , is again rather arbitrary.

Each investigator selects the nominal values best suited

to h i s  f l o w  f i e l d .

Kap lan and Laufer (1968) selected their threshold

l e v e l  by c h o o s i n g  a f r a c t i o n  of the l o c a l  m a x i m a  of the

c r i t e r i o n  f u n c t i o n  over  a t ime  i n t e r v a l  t h e y  c ons id ered

reasonable. The short time variance which constituted

their criterion function had no “ zero - crossings .” No

hold time was imposed on their cs - i t o - i o n  function to de-

ter m ine the inter mi ttency function. How eve r , by taking

t h e  s h o r t  tim e v a r i a n c e of t h e  t i m e  d e r i va t i v e  of  t h e

hot wire voltage, they wet- e in effect snioo th ill 1 the deriva-

tive si gnal. T h i s  s m o o t h i n g  w a s  t a n t a m o u n t  to ap p l y ing a

h o l d t i me , ‘ H’ to the square of the d e r i v a t i v e  of t h e  h o t

w ire voltage.

Kib e ns and K ovas zn a\ (1970) c h o s e  the  n o m i n a l  v a l u e

of t h e  t h r e s h o l d  l e v e l by exami n i n g  how the in te rin itte nc y

factor , -
~ . and the c r o s s i n g  f r e q u e n c y .  , v a r i e d  w i t h

different threshold levels. Their thresh ol d was a

fixed constant dot erm I ned by the threshold c i rcu i try .

but the thre shold level (qai n) , which they de fined as the 

- -  - 5  “-“-“-‘ “
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ratio of the rms of the turbulent part of the input signal

S(t), to the fixed threshold value , varied. They f o u n d

t ha t  be tween  c e r t a i n  t h r e s h o l d  l e v e l s , the i n t e r m i t t e n c y

factor , and the crossing frequency approaches some asymp-

totic value. W i t h i n  th is  range of t h r e s h o l d  l e v e l s , there-

fo re , both the intermittenc y factor , and the crossing

frequency varied very slightly . Their final choi ce of a

t h resho ld  leve l  for a given location was arbitrarily made

w i t h i n  the range of a c c e p t a b l e  t h r e s h o l d  l e v e l s .

Kibens and Kovaszna y ~l970) chose the ir hold time

d i f f e ren t l y  from the way they chose  the th resho ld  l e v e l .

The hold time was related to a characteristic t ime ,

or a c h a r a c t e r i s t i c  f requency ,  F ch .  These were defined

by:

~~~ ‘ = 2-rr F h S = ç.!L S ’  (3 9)
C ch

w h e r e  ~ = B S ( t )  ( 3 — 1 0 )

~ i s  t h e  t i m e  der i va t i v e  of t h e  i n p u t s i g n a l , S(t); S’ and

are the rms values of S(t) and ~(t), respectively. They

no t ed t h a t  t h e  c h o i c e  of t h e  n o m i n a l  v a l u e  of t h e  h o l d

t i m e , should be pro portional to TCh . Their criterion

f o r  c h o o s i n g  
~
t
~H 

was that TH/T Ch > 1 . Specificall y, they

c h o s e  t h e  r a t i o  to be 4 /3 . They  n o t e d  t h a t  i n t h e b o u n d a r y

layer in which they were measur ing, the c haracteristic

f requency was 330 Hz at  y / 6  = 0 .26 . T h e  c h a r a c t e r i s t i c

- - -- 5- - - --——~~~~~ 
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tini e was computed from Tch = p-1— 3 msec . Consequently,
ch

they chose the hold time , 1 H’ to be 4 rnsec . This value

was held constant for the rest of their measurements.

LaRue (1973) selected his threshold level in a m a n n e r

similar to Kibens and Kovasznay (1970). However , h i s

hold t ime was s e l e c t e d  d i f f e r e n t l y .  He n o t e d  t h a t  t h e

order of the m i n i m u m  dura t ion  of a f u l ly  tu rbu len t  “ pa tch ”

should be twice the Kolm ogoroff length transit time ,

2(Q k/U ), w h e r e  U~ is the f r e e  s t r e a m  v e l o c i t y . He con-

tended that in order to detect the smallest turbulent

“p a t c h e s ,” the hold time should be chosen to be near this

value. Since he analyzed his data digitally, with a time

s tep  be tween  di g i ta l  samples  of 239 Us , he chose  a nominal

hold time of 240 Us , or 3(
~ k/U~

). Both the threshold

level and the hold tim e were subsequently held constant for

the rest of his experiment. This me tho d of choos i ng the

hold t ime was  a l s o  used by Hedley an d Keffer (1974). Their

i n p u t  s i g n a l , h o w e v e r ,was a dou ble -compo nent function which

involved the derivatives of U and V s e p a r a t e l y .

Jenkins (1974) followed a procedure s i m i l a r  to Kibens

and K o v a s z n a y  ( 1970 )  in s e l e c t i n g  h i s  d e t e c t i o n  c r i t e r i a .

The detector c ircuitry and choice of input signal were

similar , a l t h o u g h the flow was not . Wh i l e  Ki h ens and Kovas —

znay ( 1 9 7 0 )  were  c o n c e r n e d  w i t h  the  boundar y  l a y e r s , Jenk ins

( 1 9 7 4 )  c o n s i d e r e d  a p lane  t u rbu len t  j e t .  He s e l e c t e d  a

threshold level by a method almost sim i l a r  to K ihens and

—
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K o v a s z n a y  ( 1 9 7 0 ) .  Both  K ibens  and K o v a s z n a y  ( 1 9 7 0 )  as

w e l l  as La Rue (1973) report that both the crossing fre-

q u e n c y , F , and t h e  h o l d  t i m e , ‘H’ shoul d be relatively

insensitive to the threshold level selected to be credible

in the d i s c r i m i n a t i o n  process. Jenkins (1974) obtained

a range of threshold level over which the crossing fre-

quency, F
1
, was relatively flat . Wit h i n  this range , t h e

i n te rn i i t t ency  f ac to r , ‘y ,  v a r i e d  a l m o s t  l i n e a r l y .  It seems ,

t h e r e f o r e , that he based h i s choice of a threshold level

only on the crossing fre quency. He noted , h o w e v e r , t h a t

at his nominal threshold level , the i n t e r m i t t e n c y  f a c t o r

reduced in s lope  ( see  Jenk ins  ( 1 9 7 4 )  Fi gure 3 - 7 ) .

A typical characteristic frequency, F ch m e a s u r e d  by

Jenkins (1974) at a relatively small x/D station and close to the

center-l ine was in  the order of 615 Hz. He defined the delay time ,

which was equal to the hold time , ‘H’ by the relation:

2ir Rn2= (~~~ h~ 
i-” 2 = p-— ( 3 - 1 1 )

C ch

S u b s t i t u t i n g  615 Hz for F C h *  he o b t a i n e d  a de lay  or ho ld

time equal to 1.13 msec. Sweeping through the remainder

of the f l o w  f i e l d  and f i n d i n g  co r res pon di ng c h a r a c t e r i s t i c

frequenc ies , he var ied the nominal value of the hold t ime

from 3.60 to 7.5 msec , dependin g on the position in the

f l o w .

W h i l e  the invest igation techniques used by the various

experimenters reviewed were considerabl y different , their
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i n te rn i it t ency  and c r o s s i n g  fre quency d i s t r i b u t i o n  func-

tions as measured seemed to obey the same expressions.

Corrsin and Kistler (1954) established that the probability

density function of the int erface position V . waS very

n e a r l y  Gaussian a n d  that the d i s t r i b u t i o n  of V could be

expressed using the error function. Specifically, the

intermittency profile is approximated by the expression:

y ( y )  = 1 [1 - erf ( Y - Y ) ]  (3-12)2 / 2 o

where V is the nuean position of the interface and o is

its standard deviation. V is defined as t h e  location where

= .5. The crossing frequ ency d i s t r i b u t i o n  is approxi —

ta ted by the expression;

F ( y ) F m exp[-( y - ~)
2,(2 2)] (3-13)

where Fym is the m a x i m u m  c r o s s i n g  f r equency  and o c c u r s  at

V.

c. M e t h o d  Used

I t  was pointed out in the last section that the ori g i n a l

ob jective of this research was expanded to include detecting

the t u r b u l e n t - n i o n t u r b u l e n t  i n t e r f a c e  by di g i t a l  anal ysis.

The review of some of the p revious techniques used by other

ex pe r imen te rs  shows the degree of a r b i t r a r i n e s s  in dis-

c r in i ina t ing  be tween  tu rbu len t  and n o n t u r h u l e n t  zones. The

method used here i n v o l v e s  s e l e c t i n g :  ( i )  the input s i gnal , 

_ _ _ _ _ _  4
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(ii) the threshold level , and (ii i )  the hold time. Eac h of

t h e s e  w i l l  be d i s c u s s e d  f u l l y  here to e s t a b l i s h  the credi-

bil ity of the discrimination process.

(i) The Input Signal , S(tI

The square of the time derivative of the hot wire

voltage was used as the criterion function (input si gnal).

This is comparable to the variance signal used by Kaplan

a n d  Laufer (1968), t he v e l o c i t y t i me de r i va ti ve u s e d by

Townsend (1949), Corrsin and Kistler (1955), and the square

of the t ime derivative used by Fiedler and Head (1966).

The v o l t a g e s  from two hot wire pro bes placed 0. 125 i n .

(0.3175 cm) apart were passed through a differentiator

circuit (see Ap pendix C). The resulting time derivatives

of these voltages were recorded on an a n a l o g ta p e recorder

at a speed of 37.5 in/sec (95.25 cm/sec). During the play

back , at the same speed , t he s ig n a l s  we re  d i gitize d simul-

taneously on a CDC 1700 H yb r i d  com p u ter , using the a p-

propriate software (assembly language). The sampling

ra te  was 4000 samp les / sec  s i n c e  the h ighes t  f requency  of

i n t e r e s t  was  2 K H z . F u r t h e r  ex p l a n a ti on f o r  t h i s  c h o i c e  of

sam pling rate is given in Appendix A. The data were processed

on the Purdue U n i v e r s i t y  CDC 6 4 0 0 - 6 5 0 0  dua l  MACE di g i t a l

computer .  10. 74 sec of da ta  (42960 samples) were analyzed.

Th is  was  t rue for a l l  c a s e s  excep t  those  i n w h i c h  the h o l d

t ime and t o ta l  t ime of s a m p l i n g  were var ied purposely.

Details of the di gitization process are given in Appendix A.

L - - - - --- --5—— --- - - - - - - —- — - - -- 5- A
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Computer  programs to check  the v a l i d i t y  of the d i g i t i z e d

samp les are presented and explained in A ppendix B. A

com parison of Figures 3-7 and 3-8 justifi es the use of the

time derivatives of the hot wire voltages rather than the

d i r e c t  v o l t a g e s  in a ttempting to discriminate between the

tur bulent and the n un turbu l ent zones.

(ii) The Threshold Level

The threshold level used in this work is defined by

t h e  r e l a t i o n :

= PS ’ 2 (3-14)

w h e r e  C 2 i s  t h e  t h r e s h o l d  l e v e l  w h i c h  v a r i es w i t h  t he g a i n ,

P ;  s’ 2 i s  t h e  n u ean  s q u a r e  of t h e  i n p u t  s i gnal , s ( t ) .
Curves  s i m i l a r  to F igure  3 — 1 7  were  p l o t t e d  to see h o w  the

intern i i ttency and crossing frequency varied with different

thresho ld levels at the selected hold time , ‘H’ of 10 msec .

As can be seen from the figure , a range of threshold level

(p —- 0 . 6 )  e x i s t s  tha t  nuu akes F r e l a t i v e l y f l a t .  It can

a l s o  be seen that  at p = 0.6 , the in termittency has changed

s l o p e  d r a s t i c a l l y , and has started to converge to an

a s y m p t o t i c  v a l u e .  Of cou rse , both c u r v e s  w i l l  e v e n t u a l l y

go to zero as P -
~~ ~ . T h e  s e l e c t ed v a l u e  of P in this

case was 0.65. Hence the thres hold level for this par-

ticular location was C 2 = 0.65 S’ 2 . 
-

T h e  d i f f e r e n t  v a l u e s  of P u s e d  t o p l o t  F i gure 3- 17

were obtained fro m the computer pro gram. For example:

The  hold t ime , T H. is d i s c u s s e d  in the next section.
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P cou ld  be i n i t i a l i z e d  to 0.0 and a “ DO LOOP ” command im-

posed on the program . This would cause P to take values

of 0 .2 , 0. 4 e tc .  up to say,  1.4 , if the increment  chosen

was 0 .2 .  For each va lue  of P , va lues  of 1 and F1 c o u l d

be computed . Curves  (y and F ve rsus  P) s im i l a r  to

F igure  3-17 cou ld  then be plotted to see if ei ther F1 or i

ha d exhibited an asymptotic behavior. By examining the

c u r v e s , P* and hence the th resho ld  level , C 2 , cou ld  be

selected.

The procedure e x p l a i n e d  above  was repeated for each

l o c a t i o n  in the f l ow  f i e l d  examined .  The s e l e c t e d  va lue

of P and hence the t h resho ld  l eve l  v a r i e d  w i t h  l oca t ion .

The v a r i a t i o n  of the s e l e c t e d  v a l u e s  of P w i t h  y / b can be

seen in F igures  3-18 , 3-19 and 3-20 for x / D = 35 , 45 a n d

55 res pectively and the hold time , ‘H’ = 10 msec . The same

procedure  was a l s o  used for the c a s e s  of the a c o u s t i c a l l y

e x c i t e d  j e t .  Here aga in  the s e l e c t e d  v a l u e s  of P v a r i e d

with location as can also be seen in Figures 3-18 , 3-19 a n d

3-20 for x/D = 35 , 45 a n d  55 and T H 
= 10 msec. The curves

revea l  that  the t h resho ld  l eve l  i nc reases  n o n l i n e a r l y  w i t h

l a te ra l  l o c a t i o n .

No t i ce  that  for each s e l e c t e d  t h resho ld  l e v e l , v a l u e s

of y and F were computed . In F i gure 3-1 7 , for exam p le ,

the s e l e c t e d  v a l u e  of P at x / D 45 , y/ b 1 .66  is 0 .65 .

At this value of P . the corresponding values of y a n d  F 1
are 0 . 4 4 6  and 13.04 Hz r e s p e c t i v e l y .  At o ther  l o c a t i o n s

P was s e l e c t e d  to g i ve  the c o r r e c t  y .

~

“-- --- -

~

-5 - -  -5-- - -  -5 - - 5 - -



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

—- --5- -

63

10.0

8.0

8.0 -

•— Und isturbed Case

7.0 . —4- — --.—- Acoust ica ll y Excited Case:
F = 1149 Hz

s pi = 105 dB

8.0

Q... 6.0

:: 
/::

1.2 2.”Iy/b

F i gur e 3 - 18 .  P v s .  y / b a t  x / D  = 35.  

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



64

10.0

8.0

8.0
• Undisturbed Case

7.0 
.4. Acousticall y Excited Case: •

F = 1149 Hz
s p i  = 105 dB

8.0 -

Q.. 6.0 -

3.0 - -

+
,+

2.0 - /

/

• 
/

1.0 - 4
,

+

0.0 - I 10.0 ~.e i.~ 1.8 2.1) £.~ 2.8
y/b

Figure 3-19.  P vs y / b at  x / D  = 4 j .  
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different values of ~ a n d F w e r e  s i m i l a r l y ob t a i n e d .

Figure 3-21 shows a curve of the selec ted values of P versus

the corresponding values of y at x/D = 35 and ‘H 
= 10 m s e c .

(i ii) The Hold Time

Whereas t he threshold level was varied from location

to locat ion (as explained in the List section ), t he hoLi

t ime was held c o n s t a n t  at  10 m sec for  a l l  c a s e s .  T h i s

metho d of varying the ~‘r eshold level but ma i n t a i n i n g  a

fixed hold time is comparable to that used by Kibens and

Kovasznay (1970), Kaplan and Laufer (19 68), Antonia (1 972),

and Hed le y and Keffer (1974). However , t h e  a c t u a l  h o l d

t ime used by those investigators varied. Fo- example

Kap lan  and Lau fe r  ( 1 9 6 8 )  used ‘H = 0 s e c ;  K ibens  and

Kovasznay (1970) used 4 msec and Antonia (1 972) used 0.67

msec. L~ Ru e (1973) fixed both the threshold level and the

hold time . He chose ‘H 
= 240 ps dnd the threshold level

was constant. Jenk ins (1974) chose a fixed threshold

l e v e l , an d varied the hold time f rom 3 .6  msec to 7 .5 msec.

LaRue (1973) stated tha t an analog ci - - cuit was neces—

sary  to s tud y the e f f e c t  of hold t ime on ‘
~ a n d  F

1
. He

note d that it was not possible to program into the computer

a ho ld  t ime other  than the t ime be tween  di g i tal  s a m p l e s .

Based on h is argument a hold time of 250 ~is was first

chosen in the i n i t i a l  phases  of t h i s  w o r k .  Fi gure 3 — 2 2

shows a t y p i c a l  cu rve  ( s i m i l a r  to Fi gure 3 - 1 7 )  o b ta i ned

usin g t h i s  v a l u e  of ‘H (2 50 i~s ) .  It a p p e a r s  t ha t  F~
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starts approaching an asymptotic value at P = 1 .6.  The

c o r r e s p o n d i n g  c r o s s i n g  f r e q u e n c y ,  F~~, is a p p r o x i m a t e l y

eq u a l  to 135 Hz . T h i s  v a l u e  i s c o n s i d e r e d  t o be h i g h f o r

a p lane t u rbu len t  j e t  based on the work  of J e n k i n s  ( 1 9 7 4 )

and Nu lej  ( 1 9 7 5 ) .  Jenk ins  ( 1 9 7 4 )  r e p o r t e d  a v a l u e  of

a bo u t  28 Hz . F u r t h e r m o re , t h e  c o r r e s p ond i ng in tern iittency

f a c t o r , ~~ , at this point approximatel y equals 0.325 (see

Fi gure 3-22). However , the v a l u e  o bta ine d by other investi-

ga tors is approximately 0.45. This meant that either the

h o l d t i me wa s i n c o r r e c t l y c h o s e n  or t ha t some h ow t he

samples were not properly averaged. It was first thought

that the total sampling time (10. 779 sec) was too short;

it was hence i n c r e a s e d  to 16 .16 8 5  s e c ( 6 4 6 7 4  da ta  p o i n t s )

to  c h e c k  if i ndeed the sam p l i n g ti me was  too shor t .

F igure 3-23 shows the results for a longer sampling time.

T h e r e  i s  n o  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  i t  and t h a t

with a shorter sam pling time (Figure 3-22). I t  b e c a m e

- : obvious then that the sampling time was indeed su f f i c i e n t l y

l o n g b u t  t h a t some m e t h o d  ha d to b e e m p l o y ed to  va ry t h e

hol d t ime and henc e s e l e ct the “ c o r r e c t” v a l u e .

To t h a t  p u r pose , data were taken at the center-line

o f the jet where the flow should he fully turbulent. Us ing

th is hold time (250 jisec), t h e  v a l u e s  o f ‘
~ obtained were:

y 0 . 8 7 7  for P r 0 . 4  a n d  -
~ = 0.238 for  P = 4.0. The

“ c o r r e c t ” hold time s h o u l d  g i v e  ~ 0. 99 fo r a r e a s o n a b l e

range of P . This ran ge should be chos en such that 

~~~ - 5--~~~-~~~~~~~~~~~~~~~~---- -- -- - - - -- - - 5----
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< V max where V max is the square of the maximum voltage of

the samples. Ihis is further explained later. A computer

program (see Appendix B) to vary the hold time , ‘H’ was

developed. In th is  program , t h e  hold time was varied

from 4 msec to 12 msec. At each hold time , the threshold

level , C2,was varied and the corresponding values of y and

F
1 

computed. Curves of ‘r versus P for the various values

of hold time are shown in Figure 3—24. From these curves ,

the nominal hold time was chosen to be 10 msec . This was

at one x/D station (x/D = 45). It was assumed that this

hold t ime wou ld  apply at al l  x / D s t a t i o n s .  To further

check th is  va lue  of hold t ime , the procedure  exp l a i n e d

above was repeated at x/D = 45 and y/b = 1.61. At this

l a te ra l  l oca t i on , the va lue  of -y shou ld  be app rox ima te l y

0 .5 .  Th is  v a l u e  was ob ta ined  by referring to the inter —

mittency curve of Jenkins (1974) who had compared his

curve to those obtained by other investigators like Reske-

stad (1965) and Bradbury (1965). Those investi ga to rs  used

similar flow fields as Jenkins (1974) and the author.

Curv es for ‘H = ~~ 5 , 7 and 10 msec are shown in Figures

3—25 , 3-26, 3-27 and 3-28 , respectively. It can be seen

from these  f i gures that the only hold time , ‘H’ that  g i v e s

t h e  “ co r rec t ”  i n t e rm i t t ency  is ‘H = 10 msec . Th is  co r rec t

i n te rm i t tency  fac to r  is ~ 0 .5 . Th is  con f i rms  that

- -5 --~~~~-- - - - -  - - —-5_-- -5 -4
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‘H 10 msec is the “ correct” hold t ime .  If hold times

l ess  or g rea te r  t han 10 rnsec are chosen , “false ” values of

the c r o s s i n g  f requency w i ll be obtained. This second test

was applied at two other x /D stations (xID = 35 , 55)  u s i n g

four o t her hold t ime v a l u e s  
~~ 

= ~ 7.5 , 9 and 10 msec).

A g a i n  it was found that  the i nte r m i t t e n c y  f ac to r  was  equal

to 0.5 only at ‘H = 10 msec.

It was o b s e r v e d  from these  exper i men t s t h at the neces-

sar y and sufficient test for selecting the “ correct” hold

time is to examine what values of -y are obtained for all

v a l u e s  of C2 at the center-line of the jet (y/b = 0). It

is obvious that if P gets very large , C 2 will also get

very large (see equation 3-14). If , for example , C2 gets

large r than the maximum value of the samp les being analyzed ,

the intermittency factor , I~ 
will  be zero for all times.

The criterion for decid ing what range of values of P is

reasonable is discussed shortly.

As explained in Appendix B , a program which compares

the magnitude of each sam ple and selects the maximum value ,

Vmax~ 
of these samples is used. The mean square S’ 2 is

a l s o  computed . The r a t i o  o f V max to S’ 2 i s c a l c u l a t e d .

This ratio hel ps decide on the range of reasonable values

for P . A value of P greater than 20 percent of this is

p o s s i b l y  un reasonab l y  h igh.

Fi gure 3-29 shows ske tches of the steps taken to con-

struct the intermittency function , 1 (t) . The top sketch

Figure 3-29(a) represents the hot wire volta g e; 3-29(b) is

( * ) This may be due to program used .
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Figure 3- 29 .  S k e t c h e s  of S teps  Take n  to Form 1 ( t ) .
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the time de rivative of (a) . Both sign a l s  (a) and (b) are

obtained by analog method. The square of (b) is shown in

(c). Th is is o btained by the computer and is the input

signal S(t). By a pplying the threshold criterion alone ,

figure (d) can be obtained. This is the intermediate

s igna l , H(t). By applying the hold time criterion to Cd),

the 1 (t) function is obtained. Note that the intermediate

s i g n a l , H(t) , is ac tua l l y no t formed by t he computer as

pro grammed. In the pro gram used , the thresho l d and hold

time criteria are ap plied simultaneously so that the 1(t)

function is formed directly from S(t).

6. Fold-over

Fol d-ove r (folding ) was defined in Chapter I as the

process by which a region of turbulent fluid has non -

turbulent fluid between it and the fully tu rbulent reg ion.

A fold -over reg ion is a re gion of turbulent fluid which

has non -tu rbulen t fluid betw een it and the fully turbulent

re gion. This is wha t Paizis and Schwarz (1974) called a

“ f o l d .” A fold -over e v e n t  o c c u r r i n g  at the front of the

interface is that even t whereby a probe , further from the

axis of the jet than a second probe at the same longi-

tud inal (x—directio r ) location , detec ts a turbulent burst

before the second probe. Sim i l a r l y ,  a fold -ove r event oc-

curring at the back of the interface is that event whereby

the probe further from the jet axi s  remains in the turbu—

lent region longer than the probe closer to the axis of the

jet. A mi n i m u m  of one fold-over event is required to form 

- -- —---5— - --5- — - -5--
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a fol d-over reg ion . Howeve r , a~ man y as four fold -over

even ts can form a sing le fol d -over regio n. As wi l l  be

discussed shortly , back and front fold - over events are also

called back-fold-over and front-fold-over , res pe c t i v e l y .

This work did not investi gate the actual shape or width of

the fold-over region.

Mule j (1975) made the first attempt to measure fold -

over evr nts in a pl ane turbulent jet. Earlier attempts

were  ma d e t o q uan t i fy fol d-o ver in othet flow fields. In

t h e boun dary layer , for exam p le , Paiz is (1972) and Paiz is

and Schwarz (1974) observe d that the turbulent-

nontu rbu len t  i n t e r f a c e  e x h i b i t e d  a si g n i f i c a n t amount  of

fol d-over; (they used the word “folding ” instead of fold—

( over). The y desc r i be d the i n t e r f a c e  po s i t i o n  by two s i n g l e

valued functions: H(x , z , t) and I~i*(x , z , t) . H(x , z , t)

w as the total width of turbulent fluid at (x , z) at time

t. This was nieasure d by summing the turbulence detector

output (they used a linear array of twenty hot wire probes).

The second  func t ion , H *(x , z , t), was t he width of the

turbulen t fluid that was not part of the fold-over. This

was obtaine d as the output of the counting circuit. The

difference of those two functions was a measure of the

total wi dth of the fold -over reg ion. The y measured the

mean value of that qua ntity to be 0.05~~, where ~ is the

boundary layer thickness. They noted that the total ~~~~‘ -~~~!

of the turbulence was l .5~ and tha t  the s t an d a rd ~~~~ 
-

— 
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of the interfa ce position was approximately 0.36. Compar-

ing the total width of the fold-over with this standar d

deviation , they came to the conclusion that this was si g-

nificant. They reported that fold-over occurred about 40%

of the time but that fold-over with a total width equal to

the standard deviation occurred with a probability less

than 0.05.

LaRue (1973) called fold-over °over han gs.~ Hi s flow

field was the wake of a heated rod. He also recognized

that due to fold-over , the turbulent-nonturbulent inter-

face was multivalued. He used two probes: one was fixed

at y/R~ = 0.349 where is a characteristic length. The

position of the other probe was varied . He noted that the

( number of fold-over events at the downstream interface edge

was two to four times that at the upstream edge. He esti-

mated that the fraction of time that there was fold-over

at the downstream edge varied from 0.1 to 0.5%.

Kohan (1969) noticed in a wall jet that for two trans-

verse locations in the flow field , y1 and y2 where y2 > y1,

the flow was turbulen t at y2 and nonturbu lent at y1 less

than 5% of the time. Schwarz (1972) also made that obser-

va tion in a wall jet.

Preliminary mea surements of fold-over in a pla ne jet were

taken by Mule j (1975). These measureme nts were made by visu-

ally examining a continuo us and simultaneous v isicoder record

of two hot wire volta ges. These volt ages were for two
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probes separate d in the lateral direction by a small dis-

tance. In effect , the turbu lent - r ,onturbulent interface

was visually detecte d by him. His procedure to measure

fold -over consisted in deciding wh ich of the two probes

first became turbulent or nonturbulent. The hot wire

probes positioned at approximately 0.1 in (0.254 cm) apart

displayed very similar voltage si gnals and hence , posed a

problem of visually deciding which probe first became

turbulent or nonturbulent. It has been pointed out that

the difficulty of making those judgments at all times

could lead to an error in the measur ement techni que.

was defined as the percentage of fold-over in

the interface. This definition was retained in this

wor k , but the measurement technique was improved . The

arrangement of the hot wire probes for fold-over measure-

ments is shown in Figure 3- 30. Fi gure 3-31 (b) shows a

possible form of the interface emphasizing fold-over. This

fi gure was taken from Mu lej (1975). Correspond ing time

derivatives of the hot wire voltages are shown in Figure

3-31 (a). The ma in objective of this research is to measure

fold-over by analyzing the di gitized signal with a di g ita l

computer and to see if a traveling acoust ic wave can change

its occurrence. No attempt , therefore, was made to model

the interface structure.

The computer program used to study fold -over is pre-

sented in Appendix B. The logic is explained here. From
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Pro be 1

Figur e 3- 30. Schema tic of Probe Arrangemen t for Fold -Over
Mea su rements.
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NOTE: F~~ Lz ’~e 3-31 ( b )  cou t d  be 4.ii . tCk p kC t c d  a~ c1~ud~.ii g -two
“buk4 t ~~.” F~~~u ’tc6 3-3 1 (a) bq tIt e ni & c. 1~ve~ , cou t d bt

ntc ’tp kc tcd  a~ due to l i k ce u huk ,s t .S .hI hi t (i~~6 iuohk ,
e~ thck ~~9uke  wou ’d •~dent ~~ q a ota t  o~ ~~~~~~~~ “ cv~ nt~ .”

Pro be 1 J~~LJ1

Pro be 2 
_ _

B 
_ _ _ _ _ _ _ _ _ _ _

(a) 

~ J~LJJ
Fold-Over Reg ion

Figure 3-31. Possible Form of Inter face with an Ide al
Output of Time Deriv atives of Hot W ire
Voltages Show ing a Fold-O ver Region.
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Figure 3-30 it can be seen that probe 2 is closer to the

jet cente r - lin ~ than probe 1. If the structure of the

interface does not have fold-over , the intermittency func-

tion , 1 (t), (properl y cons truc ted ) w il l a lwa ys i nd i cate

probe 2 turbulent before probe 1 and nonturbu lent after

probe 1. This impli es that the width , w2, of the inter —

m ittency function (random square wave) for probe 2 will

always be greater than that of probe 1 , w 1 
(see Figure 3-31(a)).

This is because probe Z is closer to the jet center -line

where the flow shou ld be more turbulent. The

front and back of the interface are also shown in Figure

3-31 (b) and labeled A and B , respectively, in Figure 3-3 1 (a).

Three different types of events can occur in either the

front or the back of the interface. Two of these types of

events are defined as producing fold-ove r and the third

type is defined as producing no-fold -over. The types of

front events can best be exp lained with the aid of a

sketch. As soon as the intermittency function has been

formed , each sample point will have a value of either zero

or unity . Recall that the intermittency funct Ion , 1(t),

was defined by:

1 when flow is turbulent
1(t) (3— 15)

0 when flow is nonturbulent

The di gitized si gnals from the two hot wire probes

can be represented by a ma trix of the form (i x 3) where

_ _ _  _ _  _ _ _ _ _  - ..“- 
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1 1 , 2 and 3 1 , 2, 3 .  42960. The number , 42960 ,

Is the total number of samples processed per tape recorder

channel. The signals from the two channels were , o f course ,

digitized simultaneous ly. Fi gure 3-32 shows the three

types of events that can occur at the front of the inter-

face. Consider Figure 3- 32(a) and the set of points ,

(1 , j) an d (2, j). Both (1 , j- l) and (2, j- l) are zero ,

while the points in questIon , (1 , 3 )  and (2, j),ar e both

equal to unity. This means that both probes became turbu-

lent simultaneously. This type of event is defined as

front-fold -over type 1. Recall that if fold -over were not

possible , point (1 , 3 )  would have been equal to zero.

Recall also that probe 2 is closer to the jet center -line

than probe 1 . Fold -over type 2 can be explained similarly.

This time , while points (1 , j- l) and (2, j-l) are both

equal to zero , point (1 , j) = 1 and point (2, j) = 0

(Figure 3-32 (b)) . Here probe 1 be comes turbulent before

probe two , thus producing front - fold -over type 2. The

third type of event is the expected event if fold-over were

not present. Here while points (1 , j-l ) and (2, j-l) are

both equal to zero , point (1 , j) = 0 and (2, j) z 1 Im-

plyIng that probe 2 became turbu l ent before probe 1

(Figure 3~32 (c)). Here , no fold -over has occurred and the

type of event is defined as no -fold -over , type 5.

The back of the interface also exhibits fold-over be-

havior. Figure 3-33 shows the three types of events that 

-- , _- ---
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- ‘1

PROBE l~ 0 0 1 1

PROBE 2~ 0 0 1 1
+ + +
3- 1 3 3+ 1

(a) Type 1 (Fold-over): Both probes become turbulen t
simultan eous ly

PROBE 1 -. 0 1 1 1

t PROBE 2-’~ 0 0 1 1
+ + +
3-1 3 3+1

(b) Type 2 (Fold-over): Probe 1 becomes turbulent first

H PROBE 1÷ 0 0 1 1

PROBE 2-. 0 1 1 1
+ +
j 1  3 3+1

(c) Type 5 (No fold-over): Probe 2 becomes tur bulent first .

Figur e 3-32. Front Events 
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PROBE l 1 1 0 0

PROBE 2- 1 1 0 0
+ +

,j - 1  3 3+1

(a) Type 3 (Fold-over): Both probes become nonturbu lent
si m u l taneously

PROBE 1-. 1 1 0 0

PRO BE 2 1 0 0 0
+ + +
3- 1 j 3+1

(b) Type 4 (Fold-over): Probe 2 becomes nonturbulent first

PROBE 1-. 1 0 0 0

PROBE 2-. 1 1 0 0
1’ t + L
j-1 3 j+l

(c) Type 6 (No fold -over): Probe 1 becomes nontu rbu lent
first.

FIgure - 3-33. Back Events.
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can occur at the back of the interface. Consider Figure

3—33(a). Points (1 , j-l ) and (2, j— l) are both equal to

1 while points (1 , j) = 0 and (2, j) = 0. This means that

the two probes become nont urbulen t at the same time ,

thus producing back -fold -ove r type 3. The other type of

back-fold -over occurs when both points (1 , j- 1) and

(2 , j-1) are equal to one and points (1 , j) and (2,3) are

equal to one and zero , respectively (see Fi gure 3-33 (b)).

This is termed back -fold -over type 4. The final type of

event occurring at the back of the interface is no-back -

fold-over type 6. This occurs when points (1 , 3-1) and

(2 , 3-1) are both equal to one , and points (1 , j) and

(2 , j) are equal to zero and one , respectively (see Figure

3- 33(c)).

The computer program that analyzed fold-over events

was developed to make those decisions whenever a turbulen t

burst crossed one of the probes. There is a possibility

of a strange event occurring. This will be be explained

shortly. Ii is obvious that for every front there has to

be a back. If , for example , the front-fold-over event

is type 1 and the corresponding back -fold -over is type 3,

we shall get a situation where the turbulent burst is

detected simultaneously by the two probes for both its front

and back. This will be a burst which at the location of

crossing the probes has a perfectly vertical front and

back. This type of event is calle d the strange event and

_ _  — --- -- --



is considered no- fold -over event. The comput er program was

purposely written to check for this event. This strang e

event was not detected in all the cases considered , both

for the disturbed and undisturbed jet . This suggests that

the interface was either in a perfect fold -over condI-

tion or in a perfect no-fold-over condition. Fold-ove r

types 1 and 3 (i .e. , t h e  Si tuat ions where both probes be-

come respectivel y turbulent at t h e  same time , and non -

turbulent simultaneously) were found to be relatively few

in number. Fold - over type 1 was on the order of 5 percent

of type 2. The same was true at the back.

In the log ic used to define the six types of events

occurring at the interface , it was necessary to know what

the immediate past history of the signal was. For examp le ,

in order to have front - fold-over type 1 at the location

defined by the points (1 , j) and (2, j), it is necessary,

— but not sufficient , to have the values of points (1 , j- l)

and (2, j-l) both equal to zero. The sufficiency is sup-

pl ied by having points (1 , j) and (~~, 3 )  both equal to

unity. Using mathematical notatio n , front - fold -over type 1

can be defined by the relation:

(1) (1 , 3— 1 ) = (
~~, 3— 1 )  = 0

Type 1 = 1 ~-. 
-
~~ (3-16)

(2 )  ( 1 , j) = (2, 3 )  = 1

- ~~~~~~ --.- -.- ~~~_ _- - —~~~~~~~~~~~~~~~~~-- j
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S i m i l a r l y , f r o n t - f o l d - o v e r  type 2 can be defined by:

( 1)  (1 , j — l )  = (2 , 3 - 1 )  = 0
Type 2 = 2 <=> ( 2 )  ( 1 , j) = 1 (3 - 17 )

( 3 )  (2 , 3 )  = 0

The rest of the types of events can be defined in the same

way.  
~ 

(percent  f o l d - o v e r )  is  de f i n ed  by:

4
E Type N Events

= N=l x 100 (3-18)

~ Type M Events
M= I

and fold -over frequen cy, Fe. is def ined by:

z Type N Events

T -

where I is the to ta l  t ime of sampl ing .

As was pr eviously remarked , the accuracy of the fold-

over anal ys i s  dep ends on how we l l  the in te rmi t tency  func -

t i o n , 1( t ) ,  was f or med .  The log ic  used in forming 1(t)

is presented in Appendix  B.

The accuracy in m easuring fold -over could also be

L a f f e c t e d  by the choice of i~y (the probe separ ation). The

re la t i onsh ip  of the measured f o l d -ove r  percent to d i f fe ren t

va lues  of z~y is shown in Figure 3-34. The error  associ -

ated with the choice of Ay is discussed in Chapter V. It

should be po in ted  out here that at L~y < 0 .0625  in. ( 0 . 15875

- - --—

~
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Undisturbed Jet

0 — x/D = 45 , y/b = 1 .66

lOO.0 0 — x/D = 45 , y/b 1 .19

A x/D = 45 , y/b = 2.14

80.0-
,

/N
— a—

60.0

I p

4O.~~
a 

~~

.._ 
~~~~~~~~~~~ —

I 0

-

20.0
S e l e c t e d  Ay

Ay = 0 . 125  in

0.0- I
I I I I

0.00 0.04 0.08 0.12  0 .16  0 .20
L~y

Figure 3 -34 .  v s .  i~y.
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cm) probe i n te r fe rence  seems to be present  and at ~y >

0 .1 575  in. (0.4  cm) the probe sepa ra t i on  beg ins  to exceed

the m i c r o s c a l e  of the f l o w  and the correlation fails

( Jenk ins  ( 1 9 7 4 ) ) .  Favre , G a v i g l io  and Dur nas ( 1 9 5 8 ) ,  while

measur ing Space-T ime C o r r e l a t i o n s  of v e l i c i t y  in a turbu-

lent boundary layer , show that no appreciable errors exist

by sli g htly displacing one probe laterally, with respect

to the other. The same observation was made by Champagn e ,

Harris and Corrsin (1970). From Figure 3-26 , it can be

seen that the percent ~o 1d— over is essentially constant

within a range of probe separation given by 0.093 in.

< 0.1575 in . (0.236 cm < t~y < 0.4 cm). The final

value selected was 0.125 in . (0.3175 cm). This was chosen

based on Figure 3-34 and also for the purpose of conven-

lent measurement.

L -
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4,

CHAPTER IV .  EXPERIMENTAL RESULTS

As was a l ready  s ta ted , the o bj e c t i v e s  of th is  research

are three -fold: ( 1)  to detec t  the tu rbu len t -non tu rbu len t

interface , (2) to measure fold-over and (3) to see the ef-

fects of a plane traveling acoustic wave on fold -over ,

crossing frequency and intermittency. These objectives

were to be fulfilled by the use of a digital computer.

The results of these measurements are presented in

this chapter. The intermittency and crossing frequency

measurements were possible only after a satisfactory tech-

nique for detecting the turbulent -nonturbulent interface

was developed. Fold -over measurements were taken after

the intermittency function , 1 (t), was formed. The results

for the intermittency and crossing frequency with and

without an acoustic disturbance will be presented first.

Fold -over results with and without an acoustic disturbance

will be given next. These results will be compared with

those of other investi gators in Chapter V.

1. Intermittency and Crossing Frequency

All the measurements were taken at a Reynolds number

of 1.78 x lO
g
. Three x/D stations were considered (35 ,

45 , 55). The curve of inter m ittenc ~ versus y/b is shown 

- --, - -- .-- - -———- - 
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in Figure 4 - 1.  This is the case  for the undisturb ed jet. A

f ew p o i n t s  f r o m  J e n k i n s ’ (1974) curve are pl otted to see how

well the present work comp ared with hi s published work . It

can be seen that the curve agrees with Jenkins (1974). The

dashed l ine is an error funct ion c urve f i t  of the form given
in equat i on 3 — 12 .  Th is  equat ion can be w r i t t en  in non-
dimensiona l form :

y (y ’ )  = [1 - er f ( ’~- - (4 1)
a

where y ’ = y/b , V ’  = Y/b and a ’ = a/b. The coefficients

for the curve are~ Y’ = 1.61 , a ’ = 0.408 and a = 0.670

in .(l.70 cm). This was calcul ated at x/D 35.

The intermittency profile for the acoustically dis-

turbed jet is shown in Figure 4-2. Notice that while the

shape of the curve remains unchanged , the profile for the

acoustically excited jet has been shifted to the left of

the undisturbed case. The coefficients for the curve fit at

x/D = 35 are: V’ = 1.48, a ’ = 0.369 , a = 0.69 in . (1.75 cm).

The crossing frequency curve (Fy/Fym ) for the undis-

turbed case is shown in Figure 4-3. This approximates a

Gaussian curve of the form g iven in Equation 3-13 . This

equation can also be written in non-dimensional form: 
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Undisturbed Jet

L0 
T H .~ 141~~ 6c~ ~~

~ x/D 45

4x/0 55

O 9• t
k

_
9 _ _ _ E P t 0 r  func tion

~ Jenkins (1974)

a’

0.8- a y(Y ’)

= y/b

0.7-

0.6

I

0 . 5 -

0 . 4 -

0.3

\
0.2- -

0.1-

s~~m
0.0~

0.0 0 .4  0.8 1 .2 y/ b 1.6 2 .0  2 .4  2.8

Figure 4-1 . Intermittency vs y/b: Undisturbed.
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~ x/D = 35

~ =0 ~~ 
- \ — .— Undisturbed Jet

a ~\~~~ ~ — — D~ sturbed Jet-Error
£\ \ Func ti on

O.8 a\ ~ Acoustically Excited Jet:

~ 
\ = 10 msec sp l = 105 OB

~~ \ T= 10.74 sec F = 1149 Hz

0 . 7 -

‘ ~
-rty ’ )  = ~[ l-e r f (~~

’
~~~~

8 )]

0.6 - Horn axis located
at x / D = 45

0.5-
a

0.4.- \
6

0.3- 

a

\ \
0.2-

\ \
0.1 . \.

0.0 .
I 
— I I I I I

0.0 0.4 0.8 1 .2  1.6 2.0 2 .4  2.8
y/ b

Figure 4-2. Intermittency vs. y/b :Excited .
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F (s ec~
’1
)/ 0 

~~~~~~~~~~~~~ 
Und i s tu rbed Jet1 . 0 -  

- 10 msecS , 1” 10.74 sec
~ 45 16.0 / tu

I. ’0.9~ 
& 55 18.0 /
X Jenkins (1974)

Gaussi an fun ction0.8-
F (y ) 

~~~~~‘ 1  12 1exp[- -‘ -O-’�-4---—---
~ 

/ Iym
0 . 1 -  I ‘ a

a0.6 PF 1
I Iaym

0.5- /
I
. 

I
0.4 / a

/6

0.3-
/ S

£

I
0 :2 I

M •1•
0.1 

/ “ \ a
a

I I — 
I I

0.0 0 .4  0 .8 1 .2  y / b 1.6 2 .0  2 .4  2.8

Fi gure 4 - 3 .  F f F ym V S .  Y/b : Undi sturbed .
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F (y’) , —
‘ 
2

F = exp [- ~ 
- ) ) (4-2)

ym 2 a ’

where y ’ = y/b , V = V/b , a ’ = a/ b and b is the hal f  w id th

of the velocity field of the jet at any x/D station. The

coefficients for the curve fit are: V’ = 1.66, a ’ = 0.345 ,

= 0 .567  in, ( 1 . 4 4  cm) *. A few points from Jenkins ’ (1974)

curve are also shown in the fi gure. There is a good agree-

ment between the two . However the value of the maximum

c r o s s i n g  f requency , Fym~ 
ob ta ined  by Jenk ins  ( 1 9 7 4 )  is al-

most double the value obtained from the present research.

This d i f f e r ence  w i l l  be d i s c u s s e d  fur ther  in Chapter  V.

Tht c ross ing  f requency curve  (F y / F ym ) for the

a c o u s t i c a l l y  e x c i t e d  jet is shown in Fi gure 4 - 4 .  The curve

also approximates a Gauss ian  cu rve .  The coe f f ic i en ts  for

the curve fit are: V’ = 1.43 , e ’ = 0.329 , a = 0.613 in.

(1.56 cm)*. Notice that the location V’ has decreased. This

w i l l  be d i s c u s s e d  fur ther  in the next  chap te r .  The data

po in ts  used to plot y and v e r s u s  y/b are shown in

Tables B-l and B-2 for the undisturbed and acoustically

disturbed cases , respectively.

In Figures 4-5 , 4-6, and 4-7 , F,~, is p lo t ted  aga ins t

y/b for x/D = 35 , 45 , 55 , respectively. The acoustically

d is tu rbed  c a s e s  are p lo t t ed  a long w i t h  the undis turbed cases

to see what  effect the acoust ic wave has on the interface

crossing frequency. It can be seen that the crossi ng

At x/D 35.

___________



- 
- I U I Ui I I  IIJ• 1 I 1J - _IU~- _ ~~~~ . -

100

F ( s ec 1 )

17.40
Acoustically Exci ted

1.0 Case 0— 45 16.85
= 10 msec / ‘ 55 18.00

0 9 
/ •\uI Gauss i an

T = 10.74 sec J
F (y’) ~ ~ 

2~ aV = 
~0.8 Fym 
- 0.22 ~ 

I1 1 .

Horn a x i s  loca ted  J £

0 .7 - a t  x / D 45 
/
I

F
‘ a

ymO.5 - a,
I f  p 1
I
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/
0.3 / \
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0.2 - /

/
0.1 / \

/ \
0.0 I I I

0.0 0.4 0.8 1.2 y/b 1.6 2.0 2.4 2.8

Fi gure 4-4. Fy /F ym vs. y/b : Excited .



j

101

T 10. 74 sec

~~~~ 
t~~ 

a 10 msec , F 1 (sec ~~ )
•-  Und is tu rbed  Jet T17.4

~~~~- A c o u s t i c a l l y  E x c i t e d  17. 4
Je t :  F = 1149 Hz

tS.O spl = 105 dB

Horn a x i s  l oca ted  / (\
at x / 0 45 1

/ ‘. I
I ~~1~.0. II ‘
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I
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10.0 -
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0.0 - /
I,,
/

I.e . 

I
/
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/
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1• \ S
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Figure 4-5. Crossing Frequenc y v-s . y/b at x/D = 35 
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= 10 msec ,

20.0- 1H = 10.74 sec Fym (se c 1 )

•-Undisturbed Jet “16.0

18.0- .-Acoustically Exc ited ~16.8
Jet: F = 1149 Hz

spl = 105 dB

16 0- Horn axis locate d / ~at x/0 = 45 
~
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~ / \ \
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Figure 4 -6 .  C ross ing  Frequency v s .  y/ b  at x / D = 45.
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= 10 msec , T = 10.74 sec F (sec 1 )
H _ _ _ _

20.0. •-Undisturbed Jet ‘~18.0
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F igure 4-7. Cr ossing Frequency vs. y/b at x/D = 55. 
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f requency p ro f i l es  are s h i f t e d , and that  the max imum cross-

ing frequencies now occur at smaller values of y/b. Figure

4-6 shows that the maximum crossing frequency was slightly

increased by the acoustic disturbance. This increase is

not noted in Figures 4 - 5  and 4 - 7  and th is  may be due to

the lack  of experimental data po in ts .

2. F o l d — o v e r  of the In t e r f ac e

Fo ld -ove r  measurements  were  taken at the same Reynolds

number and x / D s t a t i o n s  as those  for the i n t e r m i t t e n c y  and

c ross ing  f requency .  The s e p a r a t i o n  be tween  probes was 0 .125

in. (0 .3175  cm) .  A plot of the t o ta l  percent  f o ld -ove r , 4~~
,

versus  y / b for the und i s tu rbed  c a s e  is shown in Figure 4-8 .

The result shows that the total percent fold -o ver increases

with y/b and x/D . Using these fi gures , the range of the

f r a c t i o n  of t ime dur ing wh ich  f o l d - o v e r  even ts  were record-

ed , was c a l c u l a t e d . R e c a l l  that  42960 po in t s  were  sampled

and that the total record time was 10.74 sec . Assuming

that 42960 fold -over events were recorded , then fold-over

events would have occurred 100% of the time. It was cal-

culated that the fraction of time fold-over events were

recorded in this work varied from 0.02% to 0.42%. This

compares with 0.1 to 0.5% reported by LaRue (1973) at the

downstream edge of the interface.

When an acoustic disturbance was applied to the jet ,

the total percent fold -over was also found to increase with

y/b and x/D.
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The total percent fold -over accounts for both the

front and the back fold -over events. To check whether the

fronts or the backs have a more frequent occurrence of fold -

over , the even t s  are  a c c o r d i n g l y  d i s t i n g u i s h e d  (see  F iq u res
* *

4-9a , 4-9b and 4-9c ). These figures show separ ately the

percent fold -over for the front and back of the interface.

Whereas Mulej (1975) reported that fold -over is more like l y

to be detected at the front of the interface , these figures

show that fold -over is actuall y more likely to be detected

at the back of the interface. Specifically, Mulej (1975)

measured fold -over at 11 lateral locations. The percent

fold -over for the front was greater than that for the back

in 10 out of the 1 1 cases he considered. The present work

measured fold -over at 15 lateral locations. It can be seen

from Figures 4-9a , 4-9b , and 4-9c that in the average , the

percent fold-over for the back is greater than that for the

front. This is for the undi sturbed case. Fold-over mea-

surements were taken at 9 different lateral locations for

the acoustically excited jet. It was found that in 6 out

of the 9 cases , the percent fold -o ver for the back was

greater than that for the front (see Table B-4). Further-

more , examining each x/0 station separately, it can be

seen from Figures 4-9a , 4-9b , and 4-9c that there is an

*The data show an anomalous behavior at y/b = 1.2. The
cause of this is uncertain.

- --—- - ----- - -  - - --- --- -- - - - —--- ---- - -~~~ --- ~~
- - —
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100.0 -

Undisturbed Case:
t H = 10 msec , 1 10.74 sec
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F igure  4 — 9 c  - Pe r c e n t  F o l d — o v e r  for  F r o n t s  and B a r k s  of  the
In t e r f a c e  v s .  y /b  at  x / D = 55.
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average percent increase for the front over the hack .

Specifically, going f rom the  f r o n t  to  the hack , there seems

to be a 5~ increase in 
~~~~ 

at x /0 35 , 5~- increase at x/D

= 45 and 4~ increase at x/D 55. These results will be

compared with those of p rev ious  i n v e s t i ga to r s  in the

following chapter.

To see the effect of an acoustic disturbance on fold -

over , Figures 4-10 , 4— 11 , and 4— 12 were p lotted for x/D
*

35 , 45 , a n d  55 , res pect i ve l y  . It can  be seen tha t  fo ld -

over occurs more frequently in the case of acoustic dis-

turbance. This is more noticeable at x/D 35 and 45 than

at x/D = 55. (The anomalous behavior at y/b = 1 .2 is again

no t i ced  in F igu res  4- 11 and 4-12).

It is proposed that fold- ever could better be repre-

sented as a frequency rather than as a pe rcen t .  Th i s  led

to a definition of fold -over frequency, F
~, 

(see equation

3— 19). This was defined as the total fold -over events

divided by the total time of sampling . An attempt to

n o n - d i m e n s i o n a l i z e  F 0 , using the max imum crossin g frequency

of the i n t e r f a c e , F , was made.  Th e p lo t  of F IFyin 0
versus y/b is shown in Figure 4— 13. Notice the lack of a

u n i v e r s a l  t rend for the shape of the curve. The fold -over

frequency was then non - d im e n sionalized us ing the maximum

*
X is always measured f rom the no zzle. The shift of the
virtual origin is not taken into account.
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f o l d -ove r  f requenc y , F
~im * The p lo t  of ve rsus  y / b Is

shown in Figure 4-14 . The r esu l t s  now show a general

tend. The maximum fold -over frequencies were not obtained

very a c c u r a t e l y .  More data p oints and larger samples are

needed to obtain better values. The plot of F~ /F~ 11, versus

y/b seems to approximate a Gaussian curve. To this end ,

a curve fit was attempted using equation 4-2. The coef-

f i c i ents  f o r  the curve fit are: V~ 1.58 , ~~~~
‘ 0.3 ,

o = 0.493 in. (1.25 cm) . This is for the undisturbed jet.

Fi gure 4—15 shows the plo t of F
~
/F 0m versus y/b for

the case of the acoustically excited jet. Here a g ain the

c u r v e  is a p p r o x i m a t e d  by a G a u s s i a n  c u r v e .  The c o e f f i c i e n t s

for the curve fit are: Y’ = 1.48 , o ’ = 0.775 , ~ 0.513 In.

(1.302 cm). To observe the effect of the acoust i c disturb-

ance on the maximum fold -over frequencies , Fi gures 4-16 ,

4-17 and 4-18 were plotted for xfO = 35 , 35 , and  55 ,

respectively. The results show the possibility of a slight

increase in the maximum fold -ove r frequenc y . It is clear

that more data po in ts  are requ i red  to s tudy the a c t u a l

shape of the curves. However , it was not the o b j e c t i v e  of

this research to do this.

In the intermittency, crossing frequency and fold -over

frequency curves just reported , the mean interface location

V was not i den t i ca l  w i t h  the l o c a t i o n . V , where  the m a x i —y f
mum crossing frequency, F m~ 

occurred. Recall that the

mean interface location was defined arbitrarily as the

L - -
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locat ion where y = 0.5. ideally the two location s (V and

Y f ) would be identical. However , experimenters have re—

ported sl i g h t  variati ons in those values (LaRue , 1973;

Ki bens and Kov asznay, 1969 , 1970; Jenk ins , 1 9 7 4 , and Mu lej ,

1975). LaRue (1973) for example obtained V
1 

4 . 89 cm ,

= 4.68. This is a variation of about 4.3 . In the

p r e s e n t w o r k , a 3~ variation was obtained . This is well

w ithin the experimental scatter and not much sho uld be

conclu ded from it.

:1 T h e c a u s e  o f t he i nc rease  i n th e max i mum in te r f a c e

c rossing frequency observed in Figure 4-17 is not certain.

It may be due to the positioning of the exponential horn .

Recall that the axis of the horn was fixed at x/D = 45 for

a l l  the a c o u s t i c a l l y  e x c i t e d  c a s e s .  Note that  the  cu rves

shown in Fi gures 4-16 , 4- 17 , and 4-18 were not approxi-

ma ted by a Gaussian curve (the nondi m ensi ona l frequencies

w e r e ) .

The anomalous behavior at y/b = 1.2 is again noticed

in F igure 4-18. The cho ice of V~ i n  this fi gure was made

to agree with those obtained f r o m  F i gures 4-16 and 4— 17.
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C HAPTER V . DISCUSSION OF RESULTS

This work has been purely experimental. It has ex-

p l o r e d  d i g i t a l  methods to a n a l y z e  the d a t a .  A l t hough

a n a l o g m e t h o d s  a r e  eq u a l l y  a c c e pt a b l e , the dig i t a l  c o m p u t e r

methods have the advantage of using less instrumentation

that woul d otherwise contribute to error. Digital methods

also permit repeated analysis with the same base data.

This discussion will be divided into four parts: (1)

the r e s u l t s  of the measurements presented in the previous

chapter will be compared with those of previous experi-

menters . (2) Possible sources and estimates of error wil l

— be p resen ted f o l l o w i n g com par i son wit h p rev i ous work . ( 3 )

A discussion on entrainment and the in terface slope will

follow. (4) The effect s of an acoustic distrubance on a

plan e turbulent jet wi l l  be discussed.

1. Comparison with Prev i ous Work

a .  T he U n d i s t u r b e d  Jet

The inter m ittency curve was shown in Fi gure 4-1. The

results of this curve were compared with Jenkins (1974) and

w e r e  found to agree. Jenkins (1974) in turn had compared

his results with those obtained by 1-l eskestad (1965) and

Bradbur y (1965) and found agreement. It was pointed out

AL - -



~~
—- - — -~~~~~~~~~ ~~~~~~~~~~~ - ---

~~~~~
-—

~
-- - ———-

~
-——

~~~~
. —

1~ 3

i n  Ch apter iv that the shape of t h i s  c u r v e  i s  app rox in~a te d

by an error function of the form g i ven in e q u a t i o n  (4-f l

The coefficients of the curve f i t  were also g iven. Libby

(1975) propos ed a model equati o n w h i c h  described the

inter m ittent turbulent flow. Assu m in g that the uncond i-

ti oned f low was k nown , he s h o w e d  tha t  the p r o p e r t i e s  of

the cond itioned m ean velocity and of the inter mui tt e ncy

could he predicted. He c o m pa re d  p r e d i c t e d  and experimental

quantities for two mixi n g  l a y e r s  and a simulat e d boundary

layer a rid found the agreem ent c a t  i s fa tory . T hi s m odel

could also be applied to a p l ane j e t .

The c r o s s i n g  frequ ency was c o r m i p a r e d  w i t h  Je nkins (1974)

and the plot of F / F ~~1 vs. y/b aqreed. However , as was

previously rioted , the values of the m a x i m u m  c r o s s i n g  fre-

quency , F , o bta  I nod in t h i s  r e s e a r c h  did not compa re  fav-

o r a b l y  w i t h  J e n k i n s  ( 1 9 7 4 ) ,  e v e n  t h o u g h  F / F ,11 vs . y / b

did ayrce (* ). No other paper has been published th a t gives

values for the m a xi m um crossin g frequency of th e int e rface

for a two dimensional pla ne turbulent jet. The v a l u e s

o b t a i  ned in t h i s  r e s e a r c h  a re  shown compared  w i t h  J e n k i  ~~
(1974) i n  Table 5-1 . Si m i l a r  valu e s obt a ined for other

shear  f l o w s  are a l s o  shown  in T a b l e  5 - 1 .  T h e  non -

d imens i onal  var i anc e o hta i ned from an error fu n ct i on curve

f i t  i s  d e n o t ed by ~i / Y  . The other two n o nd i miiensio nal

variances , O F /Y F and e~ / Y ~ ar e  for the C r o s S i n g  .ind f o l d —

over  f r e q u e n c i e s  • respect I vely.

( * )  This could be dus~’ to the d i f  f c x . ’nt  1~~ hi tirae~i used .
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The va lues  of ~~ obtained by Jenkins (1974) are

approx ima te l y  equal to that ob ta ined by Kibens and

Kovasznay  (1970)  in the boundary layer .  There is no rea-

son to expect the values to agree. In fact , since the

flows are entirely different , it seems reasonable to

expect a difference in the maximum interface crossing fre-

que rm cy. Bes ides , the in te rm i t tency  cu rves  do not match

even though they obey the same error f unc t i on .  The c o n s t a n t s

in equations ( 3 - 1 2 )  and (3 -13 )  a re d i f fe ren t  for d i f f e r e n t

f l o w  f i e l d s  s i n c e  ~ and V are d i f f e ren t .  Hence , it would

not be su rp r i s i ng  if the va lues  of the maximum crossing fre-

quency F m~ 
would be indeed different.

The values of the maximum cros sing frequency obtained

by Jenkins (1974) were used by Mulej (1975) in his final

pr esentation of the determined lateral velocity of the

interface. He shows that the lateral velocity of the

i n t e r f a c e  should take  t he form :

2 F
v 5 1

~y / 3Y -

Equa t i on  (5 - l ) i s  Mule j ’ s ( 1 9 7 5 )  equat ion 6. This equation

can be r e w r i t t e n  to g i v e :

V .  2F 2F
_ _ _ _ _  - ( 5 2- 

~y / B(y / bJ  - - 

b -
~~~~~ 

-

From equation (5-2) it can be seen that the sign of V~ de-

pends ~~1. ~y/~y. Mu lej (1975) p lotted b (~ -y/~ y) vs. y/b. 

—---- _-- ---- - - - 
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This is actually a plot of the magnitude of b(3y/d y~ vs .
y / b .  From the equa t ion  for y (equation 3 - 12 )  and it s

shape shown in F igure 4 -1 , it is o b v i o u s  that  the s lope  of

-.
~
, g iven  by 3 1/ 3 (y/ b ) ,  is either zero or negative all the

t ime;  i .e . , ~1/~~(y / b )  0 . App l y ing th is  c o n d i t i o n  to

equa t i on  5-2  it ca n be seen that V 1 will always be posi-

tive.

Mu lej (1975) measured the lateral velocity of the

i n t e r f a c e  in three w a y s .  He de f ined  V 11 as a measure  of

the interface velocity neglecting the effects of fold-over

and V 12 as the v e l o c i t y  of the i n t e r f a c e  c o n s i d e r i n g  the

effects of fold -over . He claims that V 12 takes no account

of the d i r e c t i o n  of the v e l o c i t y  of the i n t e r f a c e  and thus

w a s  not a good representation of the velocity , He f i na l l y

defined a third velocity of the interface , V~ 3, as that

velocity which takes into account the direction of the

velocity of the interface. It has been argued earlier in

this chapter that the lateral velocity of the interface,

as de f i ned  by the e q u a t i o n  (5-2 1 canno t  be n e g a t i v e .  Hence

V 13 does not seem to be the best measure of the velocity of

the i n t e r f a c e .  It was , however , not t he  o b j e c t i v e  of t h i s

resea rch  to measure  the v e l o c i t y  of the interface. The

m e a s u r e m e n t s  of V 1 by Mule j (1975) offer a means of com-

paring the maximum interface crossing frequency, F m s ob

ta m ed in this research to that obtaine d by Jenkins (1974).

Since V. was defined as a function of F it is possible t o
1 -

~

*This applies to the ave rage value of V 1 . The instantaneous
va lue  might  be n e g a t i v e .

L



compare the measured V ,~ w i t h  the p red i c t ed  v a l u e  us ing

Jenk ins ’ ( 1 9 7 4 )  F~ and that obtained from the present work.

S i n c e  F = F a t  y = 0 .5  the compar i son  has been made aty ym
y = 0 .5  at three x/D s t a t i o n s .  The r esu l t s  are t abu la ted  in

Tab le 5-2. Not i ce  that V . / b  computed  with F , obtained
1 y m

from the present research , agrees with the measured values

and V 12 /b much better than that computed using

Jenk ins ’ ( 1 9 7 4 )  v a l u e s .  However  V 13 / b agrees  be t te r  w i t h

V 1 /b computed using Jenkins ’ (1974) F m~ 
Since V 11 takes

no account  of f o l d — o v e r , an d  V~ 3 de f ines  the v e l o c i t y  of

the interface as both positive and negative , it is assum ed

here that both defintions could give incorrect values

of t h e  velocity of the interface. It is suggested here -:

that a reasonable definition of the lateral velocity - -.

of the i n t e r f a c e , as measured by M u J e j  ( 1 9 7 5 ) ,  is that

g iven  by V
~ 2 . The r e l a t i v e  good agreement  be tween the

measured velocity , V~ 2~ and the predicted , V 1 . using the

present  F s u g g e s t s  that  the v a l u e s  of F o b t a i n e d  fromym
th is  resea rch  are probab ly  the “ c o r r e c t ”  v a l u e s .

Both Kibens and Kovasznay (1970 ) and LaRue (1973)

report that F is very s e n s i t i v e  to the v a r i a t i o n s  in the

techn ique  used to cons t ruc t  the i n t e rm i t t ency  f u n c t i o n ,

1( t ) .  To show how F m varies with the hold time , ‘rN~ 
i n  t h i s

work , Figure 5-1 is shown . N o t i c e  that ‘r H - 5 msec , F m

31 sec~~~. The method used to c h o o s e  ‘H was  p resen ted  in

Chapter  III. ‘H = ~ nisec was found to be unacce ptable. 

-- - -— ~~- --- - - - —-~~~~~~~ — - -~~~~ --- -----——---- - -~ -- -  
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50.0 -

qo.o -
Undisturbed Jet

U

~~~~~ ::~~ S.— 

~~~~~~~~~

10.0 -

0.0 — 1 1 I I I
0.0 - 2.0 f.0 6.0 8.0 10.0 12.Q

‘H msec

Figure 5- 1.  Maximum C r o s s i n g  Frequency vs .  ‘H a t  y / b =
1.61 , y 0 .5 .
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(1 )  Fo ld -Over

T h e  o n l y repo r ted  measure of f o l d - o v e r  in a p lane

turbu lent  je t  is that  g i v e n  by M u l e j  (1975). Other mea-

surements of fold-over in other shear flows were discussed

in Chap te r  III. It was  po in ted  out e a r l i e r  that  the

method use d by Mu l e j (1975) could lead to erroneous mea-

surements of fold -over. It has been stated that fold -over

can be measured on ly  a f t e r  the in ter m itt ency function ,

1(t), has been formed. Nhereas , Mulej (1975) reported that

fold -over decreased with y/b , this research shows that it

increases with y/b instead. There is no theory to sup-

port  th i s c l a i m. However , it i s shown here that a de-

c r e a s i ng function can be obtained by using incorrect

threshold levels. These values ~f the t hreshold level

would give incorrect values of -
~ and Fy • Fi gure 5-2 shows

the two trends . The data points used to p lot t hose curves

are shown in Tab le  5-3. Notice tha t di fferent values of

~ 
(percent fold-over accounting for both the f r on ts  and

the backs of the interface) can be o b t a i n e d by di fferent

set ti ngs of P~ Only three loca tions were checked and these -

were found to be sufficient to show the trend (see Figure

5-2).

The fold -ove r frequency, F0 
, re ported in this re-

search  appears  to be unique in the sense that it has not

been found to have been reported by any other investigator.

This frequency seems to be a good measure of fold -over.

These values of P were selected purposely to exh ibit the
“w r o n g ” t rend.

— -

~

- - -  -— - - - - 
~~~~~~~~~~~ -
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Undisturbed Case , ‘H = 10 msec ,
T = 10. 74 sec

- Fold-over tre nd of Mu le j (1975)
obtained by present research us ing
incorrect threshold levels

~- Fo ld - over trend of present work

70.0-

4,. 0 Present  Work

\ /
~L0- \

/ .

10.0 -

0.0 I I
0.0 C . ’, 0.8 1.~

r t. . £.G
y/ b

Figure 5— 2. Percent Fold -O ver vs. y/b .
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The plot of F0/F üm vs. y/b appears to approximate a Gaussian

curve of the form g iven in equation 4-2.

It was reported earlier that Paizis and Schw arz (1974)

measur ed the total wi dth of the fold-over. Fol d -over widths

were not measured in this research. La R ue (1973), and a l s o

LaRue and Lib by (1974) measured the fraction of time that

there is fold-over at the downstream edge of the interface

of the wake of a heated rod . They also reported that the

num ber of fold -over events at the downstream interface ed ge

was two to four times the value measured at the upstream

interface ed ge. This means that fold-over is more likely

to be detected at the downstream ed ge of the interface

than at the upstream. The downstream interface ed ge of a

wake cor responds to the back of the interface in a jet and

the u pstream corresponds to the front. This work also

re ports that fold -ove r is more frequent at the back than at

the front of the interface , but not as much as reported by

LaRue and Li bby (1974).

Kohan (1 969) and Paizis (1974) reported that in th e

plane wall jet in which they were measuring, fold —ove r

events occurred less than 5~ of the t i m e .  LaRu e ( 1 9 7 3 )

an d LaRue and Libby (1974) reported that fold -over events

occur red  at  the d o w n s t r e a m  ed ge of the i n t e r f a c e  be tween

0.1 to 0.5% of the tim e. In the present work , fold -over

events were found to occur between 0.2 to O .42~ of the time.

Th is seems to show agreement with previous work ers. 

.-“-— - -- -
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b. The Acous tically Excited Jet

It was ment ioned in Chapter II that no previous work

has been re ported concerning the effects of an acoustic

disturbance on intermittency , fold-over an d crossing fre-

quenc y of the t u rbulent-nonturbulent interface of a shear

flow. These measurements a ppear to be unique and hence

a re no t compare d w i th o t her r e s u l t s .

2. Poss ible Sources of Error and Estimates

a . T h r e s h o l d  Leve l  an d Hold Time

The arbitrariness used in selecting the criteria for

detec ting the turbulent -nonturbu l e n t interface could lead

to some e r ror  in c o n s t r u c ti ng t he i n t e rmi tt enc y f u n c t i o n ,

1(t). The method used to select the hold time was dis-

cusse d in Chapter III. It was suggested earlier that the

error i n v o l v e d  i n s e l e c t i ng T U was small . This error is

e s t i m a t e d  at 0 .5% of ‘t H. However the threshold level

presented some problems. A range of threshold level

exis ted that gave relatively constant F va l ues. However ,

the problem was in deciding what value of threshold level

to choose wit hin the acceptable range. The calibration

cu rve , Figure 3-28, s howed that  t h e s e l e c t e d  t hres h old l eve l

was close to the start of the acceptable range. W i t h i n

this acce ptable range , ~ var i ed by a b out 2 l ”~ and F by 3 %.

However , when the threshold level was chosen close to the

start of the acce ptable range of F , the in te rni ittency , ~~~~,

— -5-~;~ :fl-;- ’ ~~- 45
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varied by 3~. and  F~ by 0.5’~. . This me th o d of choosing the

threshold level close to the start of th e accept abl e rang e

of F~ was adopte d for the rest of the experiment. The un-

cert ai nty in the present d ata (based on the est imat ed error

+
in c o n s t r u c t ~ ny 1( t ) )  ~s b e l i e v e d  to be — 3 % .

h . P r o b e  Separation , A y

Th e inca s u remeii t of .~ v i a c c i i  r a  t e to a ho ut 0. 01 i n

(0.0254 cm). it was d is cussed in C h apter II I  how this

s e P1 1  rat i on was a c h I cv ed and how ,~ 
y wa s c h o s e n  for fold —

over  m e a s u r e m e n t s .  The curve of q~ V S .A y  was shown in

Fi gure 3-34. Us ing  t h e  v a l u e  of -~y (0.125 in . or 0 .3175

c m) . the error i n inca s ii s - I n.~ pe r c  e sit I e 1 ~1 — Dv er was found

to he -~4 %. l t o w e v  er , b e t  t e r s- c su i t s  iii i q h t Ii a v e been ob-

tair i ed by takin g m easur ements with diff e r e n t  \~~ and

e ~ t rap e tat  nq t he results to ero s epa ration .

c . E s - r e  r s Due to [) i q it a I A si a 1 ys i s

T h e s e  so ti  s ’ ( es of e n - o r  a r e  d i ccii s sod iii / \ ppe nd i x A .

So me o f t he c c  err  r s c nu 1 d he dii e to (1 ) t he ‘~amp 1 i nq i-ate ,

2 ) tot a 1 t i inc o f  c amp ] I n , (3 ) a 1 I.i s I n-i . O t h e r  e r r o r s

~ on 1 d he d e  t e t he c a 1 ih r a t I on o f t he t a p c r e ~ o ,‘d er a ii d

S t he  c ho I Ce of th e  d if fe re s it l a t e r c I i - c  U it p a r a m e t e r s  - T h e

di f f e r e r i t i a  to r  c i r c u i t  i s  d i s c u s s e d  in A p p e n d i x  C.

d. Co st E s t i m a t e

A Co s t i’s t i na t e of us in q t he d i q it a 1 c em pu t e r i s made

here. In C h a p t e r  I I I , the  m e t h o d  of  s e i e c t i n q  the thre sh—

01 d 1 cv ~i was di sc n s s ed . R cc a 11 t ha t 1 n os-dc r to ci cc t

he ‘ c or rec t “ P , d if fe i -c  s i t v .s 1 u c c  of  P w e r e  u s e d  a tid c u r v e s
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of -y and F versus P were drawn . Up to 33 di f f e r e n t  values

of  P had  been used to plot one of those curves (however ,

fewer p01 sits were used in many cases). This means that the

com pu t e r  p r o g r a m , Thold 10 (see Appendix B ) iterates 33

t i m e s .  Of c o u r s e , t h i s  w a s  not done at  one t ime .  Ten

v a lues of P c ou ld  b e s e l e c t ed a t  fi r s t ;  t hen ~ and F could

he p lotted against P . Th e shape of the F curve w o u l d

dec id e w he t her to se lec t mor e v a l u e s  o f P and where  to

s e l e c t  them.  The c o s t  for  e a c h  i t e r a t i o n  is  approximately

$2 .00. Thirty-three iterations would cost $66.00. This

is for one y/b location. Fifteen locations were examined

for the  f o l d — o v e r  m e a s u r e m e n t s  for  the  undisturbed jet;

n in e locations were consi der ed for the acoustically excited

4 ( jet . Thi s gives a total of 24 location s or approximately

$1584.00. After the “ cor rec t” P i s chosen , the fold - over

program , FOLD , is used to compute t h e  fold -over events.

- - Each fold - over progra m cost approximately $2 .20. This g iv e s

a total of about $52.80. The cost of u s i n ~i the othe r two

p ro g r a m s , SK IP3 an d MSQ , is approxi na tely $200.00. The

total computer cost is approxim a ted at $l~~OO .OO. This

does not I n c l ude the cost encountered when each program was

being developed.

3. En t r~ i nin e n t and In t er face Si o

The phenomenon of entrainm e nt is a feature of all free

turhm ’ ’en t she a r f l o w s . The e i t r a i n m e n t  pm -o cess is that

whereb y a iii b i en t non I us - bu 1 e nt flu I ci i s being ass ins i 1 a ted

_ _  - - -~~~~~~~~~~~~~~~ _ _
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by the turbulence. The exact process of this mechanism is

still not fully un derstood . However , it is generall y accept-

ed that the originally irrotational fluid acquires vorticity

by viscous diffusion and this vorticity is amplified by the

rate -o f-stra in field. Paizis an d Schw arz (1975) argue that

th is process must lead to a sharp interface which separates

the turbulent and the nontu rbulent regions. They defined

the ra te of entrainment of ambient fluid across a turbulent

interface as the mean rate of increase of t u rbu len t  f l u id  in

the flow direction. The flow field considered in their ex-

periment was a two dimensio nal wall jet. They assumed

that the interface is a continu ous surface whose location

i s a random fun c ti on of s p ace and t i me.

Many researchers (Ka plan and Laufer , 1967 ;  Kohan ,

196 9; Townsend , 197 0 ; LaRue , 1 973; Davies and Yule , 1974;

Paiz is and Schwarz , 1974 ; Jenkins , 1974; Mulej , l975 ;.and

ot hers) agree that fold -ove r of the interface is an impor-

tant part of the entrainment mechanis m. Furthermore ,

LaRue (1973) ar gues that fold -ove r events are intimatel y

related to the mean interf ace slo pe. His measurements show

that the mean slope at th e downstream (back) interface

edge is steeper than the mean slope at the upstream (front)

interface edge. He attrib uted this to the larger number

of fold-over events tha t were observed at the back of the

interface. Mean int erface slope measurements were not

taken in this wor k. However , from the measurements taken,



T~~~~~~ - - —-------- -—-— --

138

the sign of the interface can be inferred . Whenever a

fold -over event (fold -over type 2) occurs at the front of

the i n t e r f a c e , the in terface slope is negative at that

point. On the other hand the slope of the interface is

positive when a fold-over event (fold-over type 4)  occurs

at the back of the interface. Hence the total number of

fold -ove r events ty pe 2 is a measure of the total number

of times the front of the interface is negative at that

location. Similarly, the total number of fold -over events

type 4 is a measure of t h e  t o t a l  n u m b er o f t im e s t he b a c k

of the i n t e r f a c e  i s pos i t i v e  a t t h e loca ti on considered.

Finally, the total number of fold -ove r events type 1 and

3 is a measure of total number of times the slope of the

interface is infinite at that location. Recall that the

ty pes of fold-over events were defined in Chapter III.

4 . Ef fe c ts of an A c o u s t i c  D i stur b ance

The app l i c a t i o n  of an  a c o u s t i c di s t u r b a n c e  a t a f re-

quency of measurable sens itivi t y  seems to have two effects

on the flow: (1) the location a t which ~ = 0.5 (Y) is re-

duced for the inter m it tency, crossin g frequency and fold-

over  f requency cu rves . Recall that the widening rate of

the jet increased by 8.7~~. It appears that the reduction in

the mean i n te r fa c e l o c a t i ons i s of t he sam e o rder as t h e 

-- - ---~~~ - —-- -
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increase in the widenin g rate of the jet. (2) The other ef-

fect of an acoustic distur bance on the flow in the increase

of the maximum cro ssing frequency and fold -over frequency.

Although this increase could not be inferred at x/D 35 and

55 , it was c l e a r l y  no t iced that  x / D = 45. Only three loca-

tions (and hence three data points) were exa mined for each

x/D station. It is obvious that more data points will be

needed to establish this effect at all x/D stat ions. At x/D

= 45 where the increased was noticed , the maximum crossing

frequency, Fym~ 
increase by 5.3% and the fold-over frequency

i nc reased  by 4 7 . 8 % .  The tot al percent fold-over was also

increased by the acoustic disturbance. These increases are

a p p r o x i m a t e l y :  9% , 4 % , and 6~ at x /D = 35 , 45 , and 55% ,

respectively. These increases are of the order of the in-

crease in the widening rate of the jet.

The mechan ism by whi ch an acoustic wave interacts wit h

a p lane  tu rbu len t  j e t  is s t i l l  unknown . S imcox  ( 1 9 6 9 )  pro-

pose d that the mechanism was a direct interaction of the

acoust ic wave with the tur bulence. Hussain and Zama n (1975)

seem to b e l i e v e  that  t he i n t e r a c t i o n  i s at the in i t ia l

re gion of the jet. (Recall that their acoustic excitation

was at the plenum chamber .) The present work was conducted

e n t i r e l y  in the fu l l y  d e v e l o p e d  reg ion  (and in the s im i l a r -

it y region). The location and /or mecha nism of the inter-

action cannot be inferred from this work . Bes ides , s i nce

the period between turbulent bursts were not measured , it

~

—

~

-

~

— — -

~

--—- -- ---“ --- -- -- -- ~~~-~~~~~~~~~~ —-- --~~~~-~~- - -



~~~~~~~— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

140

is difficult to infer whether the period between bursts

was more structured in the presence of an acoustic excita-

tion than in its absence. A study of this interaction is

presen t l y  being conduc ted  by Chambers  (1976). The present

research is related to his work. 
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CHAPTER V I . C O N C L U S I O N S  AND SUGGESTIONS

FOR FUTURE STUDY

The follow ing conclusions are made based on this work:

1 . The FORTRAN IV program developed for this resear ch sat-

isfactorily detected the turbulent - nonturbu ent inter-

face.

2. The sign of the slope of the interface can be deduced

from the types of fold -over events.

3. The maximum fold -ove r frequencies F 0m were found to be

less t han the maximum interface crossing frequencies ,

Fym~
4 . The presence of fold -over , especially at the back of

the interface edge , is consistent with the hypothesis

that one of the entrainment mechanisms is large scale

“engu l fmen t ”  of the non tur hu len t am b ient f lu id  by the

turbulent fluid. However , the presence of fold -o ver is

inconsisten t with the Gauss ian interface mod el. This

model assum es that there are no fold-over events at the

fronts and backs of the interface (LaRue (1973)).

5. The total percent fold -ov er increased with the lateral

locat ion (y/b). Both the total percent fold -over and

the number of fold -over events increased as the longi-

tudinal distance (x/D) increased. This is consistent 

-- ----—---- ~~~~~-
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with the suggestion (Phillips , 1972), that the slower

mov ing  eddies are r e s p o n s i b l e  fo r the ent ra inment  of

ambient fluid. A larger number of these eddies are

more likely to be found further from the mouth of the

jet than close to it.

6. Fold -over events were more likely to be detected at the

backs rather than the fronts of the interface.

7. An acoustic dist urbance at a frequenc y corresponding to

the first sensitive frequenc y was found to reduce the

mean interface locations , for the intermittency, crossing

frequency and fold -ove r frequency curves. The percent

reduc t ions  were  on the order of the percent  i nc rease  in

the widening rate of the jet. The total percent fold-

over also increased and was also on the order of the

percent increase in the widening rate of the jet. The

maximum values of the crossin g fre quency and fold-over

frequency were also fou nd to increase (observed only at

x / D = 45 where the axis of the horn was positioned).

8. In detec tin g the turbulent - nonturb u l ent interface by

t h i s  me t ho d , it was convenient to se iect a fixed hold

time and vary the thr eshold level. However , the deci-

sion of the det ection criteria is left to the

r e s e a r c h e r .

_ _ _ _ _ _
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The following are suggestio ns for  fu tu re study.

1 . The times between turbule nt bursts were not computed in

the work just completed. The com puter program can be

adjusted easily to measure this time. The number of

p o i n t s  be tween  the ( 1- 0 )  and the followin g (0-1) level

changes can be computed . Divid i n g  this number by the

sampling rate , the required time between bursts can be

computed.

2. The  probe s e p a r a t i o n , sty , was f i xed  for the fold -over

measurements in this work . It would be interesting to

know what results would be obtained by fixing one probe

location (preferably at the mean interface location ,

V )  and varying the other probe location.

3. It mi ght also be interest ing to try using four probes

i n s tead  of two . These  probes can be l o c a t e d  in p a i r s .

One pa i r  cou ld  be p o s i t i o n e d  at one x /D s t a t i o n  w h i l e

the other pair is positioned at another x/D stat ion.

The lateral positions should be such that two lines

joining the probes are parallel and form an angle of

450 or less with the ax is of the jet. T h i s  a n g l e  s h o u ld

be measure d in the counte rclockwise direction. However

all the probes should be perpendicular to the flow.

This exercise fli ght help in determining the shap e of

the interface , and possibly the width of the fold -over

re gion.

_ _  _ _ _ _
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4. The effect of an acoustic di sturbdnce could be examined

further to check whether the percent increase in fold-

over is exactly equal to the percent increase in the

jet widening rate. Since this work considered only

one Reynolds number , the Reynolds number could be varied

in the fu tu re .

5. It was pointed out earlier that the jet widening rate

decreased with increasing Reynolds number at fre quen cies

of measura ble s e n s i t i v i t y ;  it would be interesting to

know whe ther this r e l a t i o n s h i p  is linear or not.

_ _ _
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APPENDIX A. DIGITAL PROCESSING OF DATA

The techn ique used to d i g i t i z e  the tape recorded

ana lo g si g nal w i l l  b e p resen te d her e . A com p l e t e  b lock

d i a g ram of the hyb r id com pu ter use d for t h i s p r o c e s s  w i l l

a l s o  be g i ven . The d esc r ipti on he r e w i l l  b e suf f i c i en t l y

detailed so as to initiate future experimenters who want

to use the system . The hybrid computer used in this re-

search is located at the Electrical Engineering building.

This com puter is the CDC 1700. Before the actual process

is  desc r i be d , the theor y under l i n i ng d i s c r e t e  representa-

ti on o f  an ana lo g si gnal w i ll be g i ven .

1. D iscrete Representation of a Recorded Analog Si gnal

D igitization is made up of two separate and distinct

operations: (a) samp l ing and (b) quantization . Sam pling

is  the p r ocess  of def i n i ng the i n s t a n taneous  p o i n t s  at

wh i ch the da ta  are to be o b se rved . Quantization is the

conversion of data values at the sam pl i n g  points into num-

e r i c a l  form . Sam p l in g for dig i t a l  da ta  a n a l y s i s is u s u a l l y

performed at equally spaced intervals (see Fi gu re A-l ).

The sam pling  interval is represented by h. A problem

a r i s e s  in how to choose  h. On one hand , s a m p l i n g  at  po in t s

which are too close togethe r will yield correlated and
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highly redundant data , and thus , unnecess a ril y increase the

la bor and cos t  of c a l c u l a t i ons . On t he o t her  hand ,

sam pling at points which are too far apart w i l l  lead to

c o n f u s i o n  be tween the low an d h i g h f re q uen cy com ponents

of the ori g i nal data . T h i s  la t ter p rob lem , c a l l e d a l i a s i n g

(see Figure A -2) , constitutes a potential source of error

wh ich does not arise in direct analog data processing.

Th i s w i l l  b e d i s c usse d fu r ther , when errors associated

with dig ital da ta  ana l y s i s  w i l l  be g iven.

A continuous random record x (t) to be samp led at

p o i nts A t = h a par t , can be seen in Figure A - l . The

• Nyq u i s t  samp ling criterion is g i ven  by the r e l a t i o n :

h < ~~~~~~— (A - l )

where F is the Nyquist folding frequency (see Bendat and
C

Piersol (1971)) . Two practical methods exist for handling

the a l i a s i n g  p rob lem.  The  f i r s t  i s to choose  h su ffi c i ent ly

small so that it i s  p h y s i c a l l y  u n r e a s o n a b l e  for da ta  to
4

exist above the associated cutoff frequency, F . The second

me thod is to filter the data prior to s a mpling so that in-

formation a bo v e a maximum frequency of interest is no longer

contained in the filtered data. Then choosin q F
~ 

equal  to

the hi g hest frequency of interest w i l l  g ive accurate results

for frequencies below This s e c o n d  me thod  is recommended

since it saves on c o m p u t i n q  t i m e  and costs.

_ _ _ _ _ _ _ _ _ _  
_ _  
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Let { X ~ } represen t  a set of d a ta  v a l u e s  foun d a t the

N po in t s  where n = 1 ,2 , ..., N . Then

t = t 0 + nh for n = 1 , 2 , .. ., N

where t0 is the in i t i a l  point chosen and N is the sample

size. This sample size is s e l e c t e d on the b as i s of the

desired accuracy. The analog signal can now be represented

by the set:

X ,.~ = X ( t 0 + nh) n = 1 , 2 , . . .,  N ( A - 2 )

The record length , I must satisfy the equation

I = Nh (A - 3 )

2. Analog - Di gital Convers ion Technique

The description of the techni que used to convert an

analog si gnal to a di gital representation is presented here.

Care is taken to describe the steps to be taken starting

from the laboratory , where the data is tape recorded , to the

hy brid computer facilities , and finally, to t he com put ing

center at the Mathematical Science bu i l d i n g .  Researchers

at Purdue University who intend to d i g itize the ir data and

process them in the computer will find this section extrem-

ely v a l u a b l e .

In the last section , men tion was made about the method

to use to avoi d the problem of al i a s i n g  and yet to be

economical. Us ing that method , it would be necessary to

J
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first filter the signal before tape recording. In this

research the maximum frequency of interest was found , us ing

a spectral analyzer , to be below 2 KHz. To see what ef-

fect filtering the si gnal had on the d i g i t i z a t i o n  process ,

two si gnals were recorded . One was low passed at 2 KHz

an d the other was not. No difference was obser ved after

the di g itization process. This was because the maximum

frequency of the signal as obtained by the spectral analysis

was  be low 2 KHz . It was not necessary , therefore , to fil-

ter the si gnal before di gitizing.

The tape recorder used was an FM tape  recor d er mo del

P161 04 (see Figure 3-4 in Chapter III). This was cali-

brated before any recordin g process. It should be pointed

out that the hy brid computer used was capable of quantizing

volta ges in the range - b y  — V 1 
— bO y . Any si g nal ou ts id e

th i s ran g e w i l l  b e t rea t ed as ~lO volts. T he hybrid com-

puter assigns a six di git num ber to the full scale value.

The si gn (~~) is i nc lude d i n the num b er . S pe c i f i c a l l y,

~l0 vo l t s = ~32764 . Howeve r i f  th e s ig nal i s p os i t i ve ,

the s ign  is assume d . If the nominal voltages of the si gnal

were  si g n i f i c a n t , they can be obtained by grap h in g the

com puter numbers against voltages. The computer number for

zero voltage is zero . It is necessary, therefore , to

calibrate the tape recorder so that on play back the volt-

ayes  f a l l  a p p r e c i a b l y  w i t h i n  ~~ v o l t s .
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The block diagram of the hybrid computer system used

in the di g itization process is shown in Figure A -3. A

s i m p l i f i e d v e r s i o n  of th i s fi gure was shown in Chapter III

(F igure 3-5). A description of the patching process is

given using Figure 3-5.

T h e FM ta p e recor d er used to recor d t he s i gna l  shou ld

be used he re. The two channels were connected to the

interface rack  l a b e l e d Trunk 070 and 071 , using the avail-

able patch cords. The Analog trunk lines labeled EA I 680

~l should be used. This is internally connected to the

di gi tal computer. On the Patch Board , ADC -O was con-

nected to Trunk 070 and ADC - 1 to Trunk 071 , us i ng the

appropriate cords. Also on the Patch Board , a special

logic cord was used to connect Sense - l in e -- O to Pushbutton

~5. The patching process was now complete. However , the

si gnal could be viewed on the oscilloscope provided for

the pur pose , since one of the oscilloscopes is internally

connecte d to the EA I 680 ?~l Analo g computer. The patching

could be c hecked by connecting Trunk 070 or 071 to Trunk

110. The si gnal should appear automatically on the scope

if the scope was turned on and the tape recorder play ing .

The hybrid computer consultants should be consulted in case

of pro b lem.

The rest of the process involved reading a set of

cards and mani pulating the COC 1700 console. The Teletype
— 

(1711) was used to give command to the rest of the

__________________________ -—-- --4
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equi pment. A step -by - step proce d ure on m a n i p u l a t i n g  the

CCC 170 0 console is a v a i l a b l e  at the console shelf.

Th e program used to di g i t i z e  the analog si gnal was

due to the Hy br id com puter  con su l t a n t s . T he program was

c a p a b l e  o f di g i t i z i n g  up to 4 channels of analo g d a t a us i ng

the 1538 in conjunction w ith the 157 1 (see Fi gure A -3 ). The

prog ram w a s  mo d if ie d to a c c o m p l i sh t he p r esen t ta sk . F igure

A-3 w i l l  be used to describe the log ic used in the progra m .

The hybrid system was capable of sa m plin g at 40 KHz.

The actual sanipl i rig rate was deter m i ned by the number of

a n a l o g c h an n e l s , NCH , and the  num b er of  5 m i c r o second

intervals per sample , NS. For exam p le : A s s u m e  tha t  two

a n a l o g c h a n n e l s  of d a t a  w i ll be d i g i t ized , an d t h a t  the

max i mum f re q uenc y of i n teres t was  2 KHz . The sy nc pulse

interval is equ al to the h used in equation (A-l ). So:

h = s y nc pu l s e  i n t e r v a l

i.e., h NS x 5 ~is (A- 4)

App l y i n g  equation A - i:

1 - NSh = ,~-- - 
~~

- - - —s- (A- 5)
‘ C 2 x 10

Since Fc ~as alr eady deter m ined - t h e  l a b o r a t o r ’ , to  be

2 KHz , NS can he c om p u ted . Th i s v a l u e , ~~~ i s  p l u g g e d  in t o

the p rogram an d th e sam p li n g  rate per channel ~.i 11 he 1/h

or 4000 samples per second. Two bu f f e rs of len ~~t h  2500

words were used to store the data he~ore w r i t  i ni on the

- - - -  - - - - - - -  - -
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magnetic ta pe. Since the two analog channels were di g i-

tized simultaneousl y, a buffer of 2500 words wi l l  contain

1250 words per channel. It is important to know how the

data is arranged in the user ’ s buffer (the magnetic tape) .

Since two channels were digit ized using ADC #0 and ADC #1 ,

the output will read ADC #1 before ADC #0. However , if 4

channels were digit ized using ADC #0 , ADC #1 , ADC #2 and

ADC #3 , the system wil l  put the last unit di gitized first ,

i.e., ADC #3 and the rest in series. So the output should

be interpreted as: ADC #3 , ACD #0 , ADC #1 an d ADC #2 . Other

su b rout i nes used by t h i s  p rogram are  e x p l a i n e d  in the hybrid

program documentation.

A second program was required to reformat the dig i-

tized data for COC 6500 input . This program can also be

obtained from the consul tants.

3. Errors Associa ted with Digital Analysis

In s e c t i o n  one , it was mentioned that one of the prob-

lems encountere d in di gital data analysis was that due to

al iasing. Figure A-2 was drawn to illust rate this problem.

Assuming the sample interval was chosen to be h , say, the

sampling rate will be 1/h sam ples per second. However , at

least two ,amples per cycle are re quired to define a fre-

quency component in the ori g ina l  data . Hence , the hig hest

fre quency which can be defined by samp ling at a ra te of 1/h

samp les per second is l/2h cps. Freque ncies in the ori ginal
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data above 1/2h cps wi l l  be folded back into the frequency

range from 0 to l/2h cps , and be confused with data in

this lower range. This descr ibes how al i a s i n g  arises (see

Figure A -2) . The methods of handling the a l i a s i n g  problem

were described in section one of this Appendix. Other

errors of impor tance are: (a) Aperture error: This arises

from the fac t that the data sample is taken over a finite

perio d of time rather than instantaneously; (u) Jitter:

This arises from the fact tha t the time interval b e tween

samp les  can vary  s l i g h t l y  in some random manner; and (c)

Non l inearities: This is due to many sources such as mis-

ali gnment of par t s , b it dropouts , quantization spacing,

zero discontinuities , etc .

The errors a , b , c m e n t i o n e d  a b o v e  canno t  be c o r r e c t e d

by the experimenter. It should be pointed out that digi —

tization process merely approximates a continuous analog

si gnal to discrete points. Further discussion can be found

in Bendat and Piersol (1971) .
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A P P E N D I X  B. THE F O R T R A N  IV  P R O G R A M S

The compu te r  p r o g r a m s  used  to a n a l y z e  the di g i t i z e d

a n a l o g  data are presented and described here. It is

obvi o us that after a d i g i t i z a t i o n  p r o c e s s , a m e a n s  of

e v a l u a ti ng t he q u a l i t y  of t he d a ta is  e s s e n t i al . Two pro—

grams were used for this purpose. They were coded SKIP3

an d MSQ. SK IP3 disp la ys any p o r t i o n  of the t a p e .  T h i s  is

accom p l i she d by s pe c i f y i ng t he l i nes a t wh i ch to s tar t

an d end. Notice that in th e control card that requested

the ta p e , t he p aramete r  C was  se t t o 60 . Th i s w a s  b e c a u s e

the d a t a  w a s  in a b ina ry  coded f o r m a t  w h i c h  used 6 b i t s  to

represen t one character. There were ten characters per

line in the tape. The F = E is used to descri be the

type of format to be used (external). A regular siz e mag-

n e t i c  t a p e  can  s t o r e  up to 90 b u f f e r s  of  w o r d s .  Each  b u f f e r

con t a i ns exac t ly 250 0 w o r d s .  S i n c e  4 2 9 6 0  p o i n t s  w e r e  a n —

alyzed for each locat i on (x/D , y/b), i n the  f l ow  f ie l d , a

li ttle over 17 buffers w i l l  be required to hold these data

points. However , s i n c e  two c h a n n e l s  o f d a t a  were  di g itized

s imultaneously, 17 buffers would contain 8-1/2 buffers per

c h a n n e l .  T h i s  w o u l d  in e f f e c t mean t ha t onl y 21480  da t a

points were analyzed. So in order to analyze 42960 words

~

- -

~ -
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per c ha mi n t ’ 1 , 3 1 . -1 bu If e r s wou 1 d tie tie ed ed . S 1 n rc  a ‘ia q tie t i c

t a p e  ca n hold up to ~o b uffers , i t  i a n  he seen th a t  o n l y

four 1 eca t i o n s  in  t h e  f low fit 1 d can be a ir a ly.- ed p er - m a g—

ne Li c ta p e . A mea ii S o t s epa  ra t in q t he d a t a f o r  ear h pa i r

of  1 01 a t i on a rid to c her k t he q ood ne s s of da t a po ir i t s w a s

dev e 1 o ped . S i ti c e the  pro iie rt I e s of a s i nc or t r i a nq u 1 a r

wave w e r e  k i i  own , e i t her of t he’; e s I q na 1 S wa s u s ed . He r ice

in a ma qri e tic tap e , the f i t t hu t fe r - Wa s f i 11 ed w i t  h either

i s tie wave or a tn a nq U 1 a r wave , a rid t he tie qa t i v e fu 11

s ca 1 e v a 1 u es . In the bu f ten con t a in i nq 2500 wends , 1 ‘50

wa rds from A I1C ~ I won 1 d be either a s I t i e wave , or a tr i —

a ii q u 1 a r w a v e , dep end in q o il wh I c h s I q na 1 wa s co n  nec t ed to

Tru uk  11 n e 0 7 1  . I he oth er. 1 250 wo rds w e u lii he f r orn A UC ~ 0

d e pe rid I nq ci ii w ha t s i gri d 1 w a  s C 0 1 1 1 1  ec t ed t ii Ti- u nk 1 i n e 070.

Us u a 11 y not h in q wa s c o n n e r  t e d  t o  T ru  u k  1 i i i  i’ 070  . T h i s

WOU 1 d have the e f f e c  t of di q it I -
. i nq the ii eqa t iv e in 11 sc a 1 e

v a l u e of — _ i2 7b4 . The ne \t 1-1 b u f f e r s  (ont o i n  d a ta at two

lo c a t i o n s  in the flow fi e l d , so (x/D 35 , y 1 3 .5 in

~
) cm ) , y., y 1 

— •\y - 3 . 5 — . 125 = 3 .3 .5 iii ( 
~ . 

57  ~‘5 cm)

Rec a 11 t ha t t lie p r obe ~ e p a  r a Li on wa 5 Ay 0. 1 25 in (0. 3 175

c in ) . Probe ~ 1 wa s I or a t ed a t v • a rid p r o  he ~ 2 wa s 1 or a t e d

a t y , c 1 o em - to t he .j e t c em i t e r - 1 i ne - So -1 4 bu I f~’ r s w 1 11

c o t a 2 him ft er s for ~ 1 
a mid ~‘2 bu f f e r  s I or y •, . H o w e v e r

on l y -I 2~~(’0 po hits (about 17 . 2 h u t ens ) were processed per

cha rt ne 1 as wa a I ready not ed . T he cit  Ii en t es t s ci no 1 were

c o ut  a i ned in t he •i 6 t h bu f en , a rid Ii na 1 1 y -
~ 4 mo nt ’ hu If er s

- ~~~ - -~~~~ _f l~~~~ ~— —
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c o n t a i n e d  the o the r  p a i r  of l o c a t i o n  in the f l o w  f i e ld .

Thes e second test signals separ ate the first set of data

f rom the second .

The FORTRAN IV program, SK IP3 , l is t s an y port i on of

the magnetic tape. The line number is also printed . From

the printed output , the data were ex amined to s e e  i f  an

overlap of data existed . This is accomplished by noting

w h e r e  the t e s t  si g n a l s  s t a r t e d  and  s t o p p e d .  Fi gure  8 - 1

is a pr int out of program SKIP3.

The mean squa re  of the  v o l t a g e  si g n a l s  we re  compu ted

us i  rig the p rog ram MS Q. T h e s e  mean squa n -e v a l u e s , SI and

S2 , w ere requi i-ed for the p r o g r a m s  t h a t  c o n s  t r u c t e d  the

i n termi tt ency func t i on , 1 (t), and computed the fold- ove r

even t s . Due to t he l im it a t ion i n the cot - c memory of  the

CDC 6 4 0 0 — 6 5 0 0  d u a l  MACE sys te i n~ (mu a\ ini unt co t - c memory 1 50 K ) ,

i t  was  n e c e s s a r y  to b r e a k  the p rog ram i n t o  four  p a r t s , as

g i v e n  by NT IM ES = 4 in the  p rog ram MS Q ( s e e  F i gu re  8 - 2 ) .

Th is  p rogram a l s o  l o c a t e d  the m a x i m a  for  each  se t  of

42960 poi n t s .  The r a t i o  of t h e ma x iw o to t he mean s q u a r e

was c o m p u t e d . As di scussed  in Cha pte r III , t h i s  he lped

to  check the  g o o d n e s s  of  the data p o i n t s .  If the m a xima

e q u a l e d  the s q u a r e  of t he f u l l  sc a l e  va l ues (~~3 2 7 t ~4 ) 2 , it

would be o b v i o u s  that the  data wer e bad. The locat i o n at

wh i ch the max i ma o c c u r r e d  w a s  a l so  pr int ed . With this

i n f o r m a t i o n , data points s u r r o u n d i n g  t h i s  p o i n t  w e r e  printed

u s i n g  SK IP3. V i s u a l l y  c h e c k i n g  t h e s e  p o i n t s  w i l l  sh ciw where

the data became bad .
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After check ing the data points and computing the mean

square values , Sl and S2 , the next step involved finding

the correct threshold level t use in order to construct

the ~correct ” interm ittency function , 1(t). This exercise
is performed using the program THOLD 1O . The ratio of the

th res holc i ie v e l  to the mean square was given by P = TH 1 / S1

or P = T H 2 / S2 ( see  F igure  8 - 3 ) .  Th i s  program v a r i e s  P at

w i l l . For e a c h  P . the 1(t) function is constructed . The

hold t im e was  v a r i e d  by the equation:

MM = KK - NT (8-1)

where KK denotes the num L~ r of points examined , and NT de-

notes the number of points that govern the hold time

parameter. If NT = 0, t he hold time will be zero and if

NT = 40 , the hold t ime  w i l l  be computed  by:

= NRATE = .01 sec 10 msec (B - 2 )

where NRATE is the sam ple rate which was determined to be

4000 samples /sec. No tice that if NT = 20 , the hold time ,

w i l l  be equal to 5 msec . This was how the program

varied T H. When the correc t was obtained , 10 msec , NT

was set equal to 40 for the rest of the experimen t.

- t  The intermittency function , 1(t), was formed within

t h e  ‘ D O LOOP ’ 1 :

DO 20 N = 1, MM  (8-3)

(see Figure B -3 ) .  E s s e n t i a l l y ,  the program compares a given

— —  -~,. : -5- -
- 

-~~-~~~ 
—-——



- ~~~~~~~~~~~~~~~~~~~~~~ -~~ -- --

1b9

- -

( t - -  II.
1 1 - - 

-
~~‘ I i  l I _ I

1 Il I 1 1 1 l~~’ -
I I t i , I L  I,; ‘ , l - l L t , I  I I: , -

I t ’ l L , ., 4 I t _ H I  1 , 1

1. 1 4 1 1 4 1 4 ii 4 1 1 , 0 - , ‘1 1 5 1 . 0  I , : .~~ .l~~I I
1 H - i t P - t t i i i  rI I i

I I I —  I I I ’ - ‘I -I II-~ f t  I l i L II- - i  l i i ’ - T J H  l i t

l i t  II - 1 _ p ILL I i  I I-i C I - t~ i - I  l i - I l~ I— - 1 11 t1i’ l l i - I

I l  - 1  Ii ~l I h I d .

- L1l i , - - I I— : : -~ 1: - . ‘

I 11111, 0  1’ I li’ ,’ C l ’ l t , : :‘ ‘ .‘-.- ‘ -
~~ - lu H I ’

I i t .?

II- ’ iCi 1 . 1 ’ ’ . 1’  -u ILl - -1

i t  t i l l i t ’  3

-l I ’ t h i t  - 1 : 0
1 4 1  I i) I -‘ l ’ i t t  INC

- U t  I T o - ,  ~~~~ - - :  • • F.
II - I I I .

II) 1:11111 1111 1 —

I L I t t l E  i i  I [llL~ TI] I- - H I i L : t  I 51114 t , L T I _ f  H ‘~-‘~I _ lII ~~ ~
‘‘‘

( i F ’ n ’ ~ u - i  ili l~~l H t u l ) .

1:1 1
- ii = it
.12=11
I 1= l~i .

l u l l  I ll — - 1

— - H I  I ’ l I ;  - I . i O W E
I: I i l L I  . ‘ . ‘ lI-I ,

- —

I ~I i~ tIt ~. t- I
I _ ill i- t i I lI E

dl I i t

- i t .’ I - I -  - - 
- ‘~Il. t i l l  ‘ I

- - ‘ II I I I. ‘I I I  ~~,

Il  I ; oc  5’ , - ’ - ‘ i F
11 :~

- I , - : .  - I - t i ’ . - 1 . 1 : ’
I - i t

- ~~ - 1 I ‘ I -
- ‘ I 1 - —  ;‘  - . I l_ _ . -

L I - I - P t
i — i  - I - ‘- .I-

Figure 8-3 . Program: THO LD1O .

~



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

- - ‘•- .‘— — -

1 7 0

I — t i  -

TI- i  ~~~~~~~~~

- or i I L i  I - _ l i —

- I , - I  - . l i . ’

1 1 1  1 1

4 I - I’ll
ii

- ‘~ - 
-

-
- I -I t  I -

= I i  1 5’  i _ _ t i  . I II . I ‘ ‘ I I I ,  -I —

- i t i  . t i ,~~~ , ~~~~~~~~
IT: j i . iI 

~~— ,‘—, . x l [ ~~ . ,_ H T . t - I - ‘ :~~ . H _ - . ,T . — -

I~~~~,:H . ,— - .I— :: ,t U l I C  ‘ ‘1 , .  ‘ I -

- t . i 1 ,.. .~~ iI sI ‘- — HI H •, ‘ -

-~ 
: ft 1 C’ I l - i  .‘ l I

:1 i- . ’-- _ .  I - i~I~I ID 1
I’ C - - , i N’ .Il, . 1 1 1 1 ’  C i ID TI?

_ 1 ~:= • -l Ilt
t - I  1 , 1  ~~~ ii .: - - ~~. TI4 I ~ : - I

- I ’ l l -- i .
‘H’ l it - I

I p t i  i l l  ~~
H’ 1).

. 1 : 1 , 11’ Ip l i  ill
I- Il ~ - ~l J= 1 , .~ Ct

t’I 1CC ,,~~_L j ’ ’5 .11;: ‘ 5t3 5

-‘1.
_ l,:_ P _ i _ _ P 1

1) Iii
P ~~~ u- -5 , ii

- i i
di ii - - - N - .1:’ ‘ 0 1  - I

I I  - U ‘I - I ~ _~~ li •~~I . - - ‘

- - Ii III - —

1 1  i i  ‘ .~ ‘ ~i I-

- - L ’  t , i~l -~, - I I  TO

ph I I -
I -

~ 
- -

- . 1, 1 — — - 1 ’  ‘

1- - ‘ - - 
• - -

. “ 113 ‘ ‘  -

P - 
~- l ’

.
~~~

‘ J -  — ) l  i~~ 
- IS ’  - -1 IIp 4 - ‘ - 1

- I

Figure  8 - 3 .  C o n t i n u e d .  

~~~~~~~~~~~~~ - -- ~~~~~ -- -_ -- -— _ - - -



-~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~ -~~~~~~

1 7 1

i - P t .

P 1 - - - .1 . I

- p t _ l i -  HI. , I p
- . 1 i. - I _ I. - I

4 1 1  I
I I . I ?  I

I— i- — ‘ ‘. I II  . ; Ii .~ . U .  I. • - I • ‘- — . F  I • I ‘ I  ‘ - I . 1  _
-

I_ ; 4 4 ì ~~ . _~~~:, ~ 11: 1 I i  I - . [ ‘~~ : 1  -- . 1
.~~~I i - t l E _ I i ; l L i : , • I I - . T .  .- .~~~n i t ~~~’ i : i i ~ T l- I ’ I L i S : t  - -- ‘ h : ” . l ;’

4 — I _ - i - - I -  p i l l :,- -  . 1 1 - . , . . I L I I - C l _ . l i i l E _ 1 I  I -  1 1 1 : 1

~ u _  I U ’ H : ~~.i - 
• 

- _ 
- I ~~~~~ 

‘ - , I  :1 ‘ I  - - - 1. ~~~~
i i -  I I -  - t l l r .’ i l : I . . . ’ . . T I  l t ’ , t ’ I _ . : i - . F - .T - .’ - .

- 
II  I - It 1 I I - I Il N, - - . C. -

t i l t  t , ‘

Figure 13- 3 . Continued.

4
~~~~

- 

~
~—



- — -- -,- .-P -- - --- ---_-- 
~~~~~ 

- -.

1 7 2

po in t , V i (N) to t he threshold level , T il l. If

V l ( N )  > TH 1 , V l  = 1 ( 8 - 4 )

Otherw ise V i (N) wil l  not be allowed to change level until

it p a s s e s  the ho ld  t i m e  c r i t e r i o n .  T h i s  c r i t e r i o n  c h e c k s

40 future points to see if any of them is greater than Til l.

If all of the 40 points are each less than T il l , V 1 (N) wil l

be set equal to zero. Recall that the 40 points were tan-

ta m ount  to a ho ld t ime of 10 insec . N o t i c e  f rom t h e  program

that before the hold tim e cr iterion is applied to the

po i nt , V l (N ), i t f i r s t c h e c k s  t he v a l u e  a s s i gned to V l (N- l ).

O b v i o u s l y ,  if Vl (N- l ) = 0, V l (N) would automatically be set

equal to zero. This is because in orde i- to set V 1(N - 1)

= 0, V i (N) was found to be less than Till. The hold time

criterion is applied to V l (N) on ly  when  V l ( N - l )  = 1 . Th e

obv ious question would be: What happens when N = 1? ; that

i s , w h e n  the f i r s t  p o i nt i s exam i ned s ince  t he com p uter

“ b l ows  up ” at V l (O) . The program accoun ~ s for  t h i s  by

checking if N = 1. This time it compares V l (N), w h i c h  i s

Vl(l ) , to  T i ll . If V l ( l  ) T I-fl , V l ( l ) = 1 . Otherwise , the

hold time cri terion w i l l  be applied .

The program , THOLO 1O , com p u t e s  ~ an d F for each  v a l u e

of P. As was discussed in Chapter II I , cu rve s o f ‘~ and F

vs. P are drawn to determine the range of P where F re-

ma ins relatively c onstant and ~ be g in s to approach an

as ymptotic value. From these curve , the “ correct P i s

c hosen.
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As soon as the “ correc t” P is selected (actuall y P1

and P2 for channels 1 and 2 , respectivel y) the values are

plug ged int o the fold -ove r program , FOLD. The log ic in

c h o o s i n g  the t ype  of f o l d - o v e r  e v e n t  w a s  d i s c u s s e d  in

Cha pter III and wi l l  not be repeated here. A l i s t i n g  of

p r o g r a m , FOLD i s  s h o w n  in Fi gure 8 - 4 .  T a b l e s  B- i  and B—2

show the values use d to plo t y and F vs. y/b for the

un disturbed and acoustically excited cases , res p ect i ve l y. 

.~~~~~~~~~~~~~~~~~~~~~
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Table 8-3. Percent Fold-Over: Undisturbed Case.

1 +4 +4 +4X1 Front Back Average

0.913 0.978 16.67 27.78 22.22
1.52 0.617 40.35 33.14 36.73

35 1.83 0.294 29.56 39.38 34.48
2.13 0.136 43.30 39.80 41.54
2.74 0.015 63.16 78.95 71.05

0.714 0.973 22.73 36.36 29.55
1.19 0.851 30.56 16.67 23.61

45 1.66 0.446 28.78 40.71 34. 77
2.14 0.127 64 .18 62.12 63.16
2.62 0.015 80.85 81.25 81.05

0.98 0.933 30.61 40 .82 35. 71
1•37 0.763 45.51 46.84 46.18

55 1.17 0.850 20.83 30.14 25.52
1.76 0.306 55.83 54 .60 55.21
2.15 0.098 67 .62 71.43 69.52

_ _ _ _ _ _ _ _ _ _
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Table B-4. Percent Fold-Over : Acoustically Excited Case: F = 1149 Hz,
spi = 105 dB~

• x/D y/b v +4 +4
Frofit Back AverAge

1.07 0.867 29.33 30.26 29.80
35 1.61 0.465 38.27 40.99 39.63

1.88 0.235 43.75 49.56 46.67

1.06 0.869 39.44 31.94 35.66
45 1.48 0.522 54.93 47.55 51.22

1.90 0.155 48.15 66.67 57.41

1.05 0.798 31 .58 33.33 32.46
55 1.22 0.733 34.65 36.89 35.78

1.57 0.329 57.14 55.63 56.38
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APPENDIX C. THE DIFFERENT IATOR CIRCUIT • 

-

The different iator circuit used to differentiat e the

hot -wire voltages is described here. When the circuit was

constructed , a known signal , s in e wave , was passed through

it to see if a cosine wave was constructed. When a sati s-

factory combi nation of resistors and capacitors was found ,

the values were held cons tant for the rest of the experi -

ment .

The differentiator circuit used is shown in Fi gure

The input impedan ce , Z1 , is given by the equatio n:

Z 1 (w )  = R 1 + ( C - i )

Where R, and c are the resistor and capacitor , ~i is fre-

quency, and j is a complex number def ined by j  = /1. The

feedbac k impedance is

Zf(w) = R2 (C-2)

Using the Laplace variable , s , equa tions (C-l) and (C-2)

can b e wr it ten as

R 1 + 
~~~~~~ 

(C- 3)
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r ’Y~v )
R1 ~~Zf(w)

e 
~ 
(t ?~~~~~~lI 44. —0 e0 

( t)

Ground
Z 1 (~~)

Figure C-i . Schematic of Approximate Differentia tor. 
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and

Z f ( S )  = R2

Using this not ation , the Transfer Functio n for the cir cuit

is g iven by

e (s) Z (s)
- 

e1 (s) 
-

R (R c)s
- - 

R + ~i~i 
= - 

~ 1 
CJi + 1

1 Cs

Letting jw s , equat ion C-5 become s

(R c) (j~
)

T F(~~) 
= - 

~(R 1 c~ 
( j w )  + 1TJ 

(C - 6 )

The comb ina t ion  R 2 c is known as t he cons t an t  elem ent , j

is known as the diffe rent iator eleme nt. The brea k frequency,

or cutoff frequency, is define d by:

= 
( c - i )

Taking the magnitude of IF , we get

R c ~~( T F ( w ) I  2 — (C 8)

[~;
) 

+1]

for ~ 
= 

~b’ we get

R 9c_ Wb
IT F (w H  =

-

~

- -

~

--

~

-- -
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Fo r w < <  t4b I we get

ITF( w )I = R 2c ~

For w >> 1%.

ITF(w) I = R2c ~b

A sketch of I T F ( w H  , showing the approxim ate differentiator

range of appli cation , can be seen in Fig ure C-2 . It can be

seen that for frequencies less than wb the circuit will

act as a good differentiato r circuit. The value of wb
recommend ed is:

~b 
: 10 x hi ghest frequency of interest.

As was previously m entioned , this hi ghest frequency was

2 KHz . Hence , wb 
= ~~~~ = 20 KHz. The values of R 1 , R 2 and

c used were: R 1 
= 7.5 k , R 2 

= 750 k , and c = 0.001 uf.
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Ran ge of I “ (-20 dB/decade)
Applicati on _______

\
Wb

Fi gure C-2. Sketch of h F !  vs. y/b


