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ABSTRACT

A series of'measﬁréments of near field pfessureé and
turbulent.velocity fluctuations were made in a low spéed jeﬁ.
with a Réynolds number near 50,000 in order o investigate'
‘ﬁore quaptitétively the character and behavior of fhe large

scale structures and their interactions with each other.

Time  averaging techniques and simple eduction

techniques were insufficient to detect interactions between

vortex structures beyond a diameter downstream. . More

sophisticated detection schemes were investigated withf

- little success. Finally, the near field measurements were

 modelled . according to the "vortex pairing"” hypothesis to

deduce-the distribution of pairings along the jet axis and

the variances about the mean locations.

The ~ hodograph plane description oOf. turbulence was
explored ' in some detail, and a complex correlation quantity?
was synthesized'which paskuseful properties for turbulence%

in the presence of mean shear.
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.1. INTRODUCTION

1.1 Moti?ation

There is substantial evidence that there are' large
scale organized structures within the Jjet mixing layerfz.
They are large scale in the sense that they are spatially
kcoherent over a major <fraction of +the mixing layer
thickness, and they are organized in the sense that theira
associated flow field is induced by inherently compact;'
regions of concentrated vorticity. | We feel that theif
existence - has been adequately denonstrated at least durlngt
the initial stages of shear layer g¢rowth. We are interested
in the contribution of these structures to turbulent mixing

beyond the potential core as well as their contribution to

the radiated noise.

: in the past, fhe interpretation has Seen +hat noise  is
radiated by local fluctuations of momentum flux, and the’
resultant acoustic radiation is the llnear superPQSLtlon of
tﬁese‘ purely local contributions. It would be of greae
interest to examine whether ethese flﬁctueting momentumf
fluxes are associated primarily withfinteractions betweehi
the large'strdCtures.'~There are'a, numbexr of:observatione

that seem to suggest this possibility:



i) From flow visualization experiments conducted byf
Browand, Chu, and Laufer (19755, it is zpparent that at
1eas£ for moderate 'Reynolds numbers (Re < 10,000), the
initial .growth of thé jet mixing layer is dominéted bi
vortex ring structures that cozalesce as they interace. Theﬁ
- coalescence is sudden and results in an explosiva productions
of smaller scale radial and azimuthal fiow.fk Both( the
exchange of momentum v‘between rings ard the radiai:

accelerations are plausible noise mechanisms. X

2) . A collection of total acoustic p§wer spectra
compiled by Howeas .(1960)~'and discussed in dstail Below;

indicates that for large Reynolds numbers and moderate Mach

numbers (Re > 100,000 and M > .6) the spesciral peak écaleé

with jet diameter independent of viscous, compressible, or

thermal influences. This scaling is consistent with the

~observed ring structures since their size an spacing is

i

!

i

intrinsically related to jet geometry.

3) Recent shear layer measurements of Winant and

Browand (1974) indicate large intermittentz increases in
: : ;

momentum flux associated with passage of vortex structures
and with . interaction of adjacent structurss. Intermittent
momentum fluxes, -after  all, are +the contridbuting noise

sources according to the Lighthill (1952) formula+tion.
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L) Powell (1954) has shown that when a free vortex
ring .stretches it radiates acoustically like a dipole, with
a_far field amplitude proportional to the second time
derivative of its Kelvin impulse. The kineﬁatics of vortex
coalescence suggests that impulse is exchanged between
‘rlngs. In that case vortex coalescence would appear{

acoustically ‘1ike a loqgltudlnal quadrupole radiator.

Although this _evidence is at Dbest indicative, it
suggestsv a conclusive experiment: if it were possible to
detect vortex coalescence with probes in the shear layer or
near field of the jet, then s_multaneous directional far
fleld measurenents would establish any causal relatlonshlp :
'Detectlng vortex coalescence in a high Reypolds number
comnressible jet using a small number of probes is ;

formidable task. Consequently, this work is an

1nvestlgatlon of technlques axned at detecting such events.

1.2 Parametric survey of jet noise spectra

For the present 1nvest1qatlon a’low speed (100 fps),?
moderate Reynolds number (50, 000) jet was selected. This?
size Jjet seemed‘ a reasonable compromise in that _flow%,
tisualization experiments have demonstrated &ortex pairing:‘
up to a - Reynolds numbsr 0OI about 10,000, while noiseA

~measurements have been made on jets down to a Reynolds



number of about 100,000. Since the jet is essentially
incompressible at these 1low speeds, hot wires respond‘

direckly to flow velocity.

The~ques£ion remains whether measurements made on a low
‘Reynolds number, incbmpressible jét are applicable t§ a high
speed, compressible jet. A way of approaching this question
is to examine .jet noise scaling with Reynolds number and
Mach number. Such a parametric survey of <total acoustic
power spectra, dcderived from a compilation by Howes (1960)
are- éummarized in figures 1 through 4. Thé spectra
represent a widea rang- of géometrieé and experimental
66nditions. They include both air jets and engines,
exnhausting +through both parallel and convargent ﬁozzles.
The test facilities included reverberant  chambers
(FPitzpatrick and Lee, 1952; Tyler and Perry, 1954;
Waterhouse and Berendt, 1958), asA well as free field

surroundings (Lees, 1953; Rollin, 1958; and EHowes, 1960).

Figures 1 and 2 show acoustic power spectra as a
function of jet Strouhal number (£D/U.), with Reynolds’
number (UeD/V) as the paramster, for both moderate and high

dach number ,based

bid

Mach number jets (M = .60 and .90). Exit
on local sonic velocity, is the parameter in figures 3 and &4
for both moderate and high Reynolds number Jjets (Re = ,20

and 2.0 E 6). The power spectra are normalized +to unity
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acoustic energy from larger £0 shorter wavelengths. The,

'jet structure, the 1npllcatlon is Lhat the structure scales.

eight power law at low velocities.

1.3 TReview of flow visualization studies

9,

!
area, eo "the relative levels are less important than the;

;..
locations of the spectral pea<=, and the slopes of the high

and low frequency asymptotes. The effect of Reynolds number

on spectral similarity is clear: there 1is a consistent%

‘viscous influence in that the high frequency asymptotes

flatten with increasing Revnolds number while the low’

frequency - asymptotes ' steepen, implying a transfer of

i

value of the spectral 'peak, however, remainB,relatiVely

constant with Reynolds numbder. If the spectral peak’

'represents the characteristic time scale of the radiatingé

!
It

1ndependently of Reynolds number. Figures 3 and 4 indicate
rhat +he effect of compressibi lltV on acoustlc scaling‘ ig
iees certain. There does appear to be some shift towarasﬁ
emaller scales at the lowest Mach numbers.' This may 51mplyb
indicate a departure from purely quadrupole radietion,vforz

instance by acoustic sources interior to the nozzle as has
I3

been often suggested for explaining departures from the

iy

The existence of vortex rings and their mutual

interaction‘~in a 1ow Reyﬁolds number (10,000) jet were

observed as early as 1955 by A - B. C. ‘Anderspn.‘_ He :Wae
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interested in the physics of pipe tones produced in a jet 
lssulng through an orifice plaue, and usel a double spark
‘'shadowgraph to visualize the jet structu_v. He observed
‘that the primary vortex shedding frequency produced the
fundamental pipe tone, and the pairing mechanisﬁ exciteé

v

various subharmonics.

Rockwell and Niccolls‘(1972) recognized vortext pairing
as the‘mechaniém for the shear layer growth in the potential
core region of a two-dimensional jet. They used the
hydrogen bubble techniqué to visﬁalize  the flow, and
included a Reynolds number range of 1860 to. 10,800. Both

symmetrical ‘and aaymmetrlcal palrlngs were ooserved

That vortex pairing is the mechanism responsible for
shear llafer »growth was amplified . by Winant and Browand
(1974) ‘in their flow visualization work  with a

_twoedimensional; turbulent miXing layer. They injected dyé
‘into the mixing layer formea between two parallel streams of
rwater moving at different speeds. in particular they
obéerved tﬁat the onset of pal*lﬂg marked the trdn51t101 of
the shear layer from laminar to turbulenu gYOWTh ané that
‘vortex ‘pairing - inherently produces linear she ,layer
spﬁeadihg. | |

Similar dye studies bvagowand, Chu, and Laufer (1973)

in a circular water jet demonstrated that the spreading rate
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of the mixing layer can be increased by artificially driving
the jet core at a_subharmonic of its initial instability.
Forcing seems to increase the spatial coherence of the £flow
and perhaps hastens the transition from laminar to turbulent
'spreadlng. This study was conducted at jet Reynolds numbers

~

up to 15,000.

[

1.4 Review of mixing layer measurements

Flow visualization studies have proved .invaluable in
'prov1dlng a thSlcal model but are fundamantally qualltazlve
techniques, and are confined to low and moderate Reynolds
' umber flows.» Quantitative turbulence mneasurements in
moderate to hlgh Rejnolds number jets have until receptlg

lacked a direct connection with ehe flow Vlsuallzaelonawov

~J. C. ‘Laurence (1955) compiled a statistical ' survey
of thei mixing layer of a 3.5-inch circular jet. He used
single’kwire and x-wire probes to measure .moments land
'_correlatlons at’varying'radial positions along the~potentia1
core and tran51tlonal m1leg .reglons ’of the rjet. 'Thé‘
correlatlon_ measurements were »used to deglne lateral and
.1ongitudinal iehgth‘ scales, which we;e“ observed to be
insensitive to. ReynOTds number over a range ‘37,500 ﬁo
350, 000, and 1nsens1e1ve to Mach nLnber ove* a ranoe ;2; tok

Q7. He found that the pea< turbulence level occurs at the



radial position r/D = .5.

Hot wire measurements by Bradshaw, Ferris, and dJohnson

(196&) indicated that irrotational velocity fluctuations
outside the jet near the nozzle are due to large scalei

‘eddies within the mixing layer. From measuremnents of the
correlation < v 242> e v 2,<w2> they determined that the radial
(v) and azimuthzal (w) ‘components are generally either in

phase or in antiphase, implying that the flow associated

(39 )

with the eddies is  not axisymmetric, but that the large

eddies are charac-,rlzed by raﬁdom swirl evenly distributed

SO that the mean <vw> = 0. : "%

1

Mollo~Christensen (1967) was interested ih the:

contribution of the large eddies to the near fi eld static
pressure fluctuations. He placéd microphdneS'at thekedge of
a . low speed jet- and made both broadband and nafrowband:
crosscorrelationS‘between microphones that were- separated;~

]aXLally ‘and aZLMuthally " along the potential core. From

hose measurements he postulated an intermittent spatially:
regular structure with random phase.  Furthermore the

frequency of the regular structure was obsarved +to  shift
discontinuously to . its own subharmonic with dJdownstream
distance. From comparisons = between crosscorrelations of

narrowband pressure signals which had been Ziltered about

different center frequencies, it was infarrad  that the
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transfer of energy within =2 wave packet from smaller to

large: wavelengths was a nonlinear process.
Mollo-Christensen's observations were sﬁpported by Ké
;nd Davies§(1971) who made hot wire measurements ineide thé
~fpotential'core of a low spead jet over. a velocity range
Ue = 165 - 335  f£ps. They found that  the veloc:Lty
fluctuatlons in the core were characterized by a relatlvely
parrow power spectrum and a mean convectlon speed ratlg
; b;/ue = .60 - .65, indepeﬁdent of exit speed U, | The
4fconvection speed 1is so low that the ﬁelocity fluctuatione
'kould not be carried by the local mean flow, implying that
Ehe fluctuatiohs are induced from within the mixing layer.
.%s a soatially integrated effect +the induced fluctuations

would be most sen51t1ve to organized structure even if the

latter did not dominate the tur buleﬂce locally.

. Crow and Champagne (1971) investigated the influence og
;initial conditionslon the hixin~‘layer structure over a jet
Reynolds numbexr range 62,000 to 124,000. Their jet plenuﬁ
‘chamber'~vwas drlven acoustlcally ;at‘vvarlous' harmonié
ﬁresonances) 1ntroduc1nd ’Fluctuations into the core witﬁ.
amplltudes as large as Sn of Lhe:exit velocity Us . When the
jet was driven at a Strouhal numbsr of '3', which had beeo
obserVed to be the dominant node, the resultihgvdiSturbance,

when filtered around St = .3, grew: exponentialiy in +the

A e en o o vmmn o ot s e L ok e o s PN SO c— N, S e e i e et
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Eirst couple of diameters downstream, reached a peak level

, Eegt

near the end of the potential core, and thereafter declined.

Crow and Chamcagne interpreted this in terms of a linear

wave 1nstab1}1ty followed by non-llnear saturation. However
ﬁhen. they drove the jet at a Strouhal number of .6, the .3

]

Strouhal dlsturoaﬂce was driven more efflC’Eﬂu_Y than at its

own wave number. This apparent subharmonic amplification is

i . . . .
iconsistent with vortex pairing, which can also account for
! . .

i ,
+he observed non-linear. saturation. ~Crow and Champagne

!
- : : . .
{found the jet shear -layer to be non—-dispersive at

;frequenc1es greater than Strouhil .3, the dominant mode, anad

'dlsper51ve at smaller wavenumbers, raisin a possible

lQ

connectlon between dlsner51on and the observed concentration

i
H

fof.turbulent energyv about a dominant Strouhzal number. .
i . Lau, Fisher, and Fuchs (1972) identified the mean

i -
T
.

istructure within a ‘circular’ jet shear layer at>raXiai
i9051t10n x/D-2 as a series of vortex rings moving at a mean
?speed u_/u, =?.6, and with a mean spacing of 1.2 dlameters.
iThey used x—w1re probes to measure veloc13y fluctuations

inside the core, in the entralnment region, and inside ithe

gm1x1ng layer of their jet which was operat 2@ at a Reynolds

]

%number of’210,000. The vortex no&ol was aeﬁuved from pngsc

b

relationships between radial and axial velccitn

pr4

5

Iluctuat10n3~
measured in tho antralnment and core regions. Correlation

measurements . bet reen a) m1crovhone and tha nhot  wire probes
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H
H -

;indicated that vortex passage manifests itself in the near

field as a static pressure trough. In particular they
broved for the first time that +the near field pressure
gfluctuations are produced by the passage of vortex rings

through the mixing layer.

Davies et al (197%) were particularly interested in

obtaining quantitative information about the interactions

ﬁetween vortex rings that are so evident in the flow

wisualization studies. Arrays of single and x-wire probes

were placed' inside the mixing layer ‘and k'space—time
gcorrelation "as well as eduction techniques were utilized to
brlng out the interactions. At ﬁoderate Reynolds numters
‘{(Re = 20,000)‘ they were successful in detectlng one oOr two
écoalescences near the nozzle exit, which they called
gﬁlaminar" _pairings. However vortex pairings could not be
detected further downstream than a couple of diameter and
'1even the laminar palrlngs could not be detected at higher
EReynolds numbers (Re = 200,000);‘, From £low VLSuallzatlon

i
3stud1es of their own, u31ng smoke jets, and individual smoke

Zrn_ngs, strong a21muthal . structure was demonstrated In
partlcular there were occasional events that appeared like

secondary, radlal jets that are 00551ble\n01se mecnadlsms.

P



i

i
1.5 Scope of present work

l
11

i This study is an investigation of techniques aimed at
i .
detecting organized, intermittent events inside the mixing

!

layer of a moderate Reynolds number circular jet using a

- 'small number of probes. Particular emphasis is placed on
‘ v

‘pressure signatures in the near field, and on the wuse of

t . +

conditional statistics to describe the mixing layer

§turbulence.

The investigation was only moderately successful in

‘detecting . interactions between vortex rings, and was

unsuccessful in detecting any organized structure at all in

the transitional mixing reglon. However, based on the
measurements, an indirect case can be made supporting the
'vortex pairing hvpothesis as the mechanism responsible for

j
i , - . ,
ithe linear spreading of the jet shear layer just as it 1is

the mechanism for free mixing layer growth. Chapter 7 is a

summary of this evidence, while overall conclusions appear

in chapter 8. The actual near field and mixing layer
i ‘ - - . ‘ ‘ :
measurements are discussed separately in chapters 5 and 6,

respectively. The special statistical techniques used in.

]

‘obtaining these measurements are ‘discussed in chapter 3.
Chapter I contains a preliminary survey of the jet in terms
of profiles of mean velocity and rms turbulence, which is

intended to establish the model jet as norms#l.  The problems



discussed in the appendix.
i

!
i

17

hnd procedures involved in calibrating the x-wire probes are
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E 2. PFACILITIES

2.1 Model jet

Most of the experiments described in this investigation
have :been caz‘ied out in the low speed model jet shown in
figure 5. T+ consists of a vacuum cleansr blower, a
settling chamber with dampiﬁ screens, and a circular
nozzle. The contraction ratio of the nozzle is 36:1 and the
éxit diameter is 1.00 inch. The maximum attainable exig
'&elocity isv220 fos, but'ﬁost of the work was carried out at
&elocities ;near 100 fps, corresponding to a Reynolds numbef

(U.D/v) of 52,000.

The exit bbundary layer is laminar and its thickness is
measured to be .05 diametér. The exit plane mean velocity
profile is flat to‘better than 0.5% and the exit plane
turbulencé level is - 0.3% of exit velocit; Ue ™ This

relatively high lewvel was considered satisfactory for the

type of measurements planned.

‘2.2 Instrumentation

3

Mean velocity measurements were made Wwith a total

I

pressure Pitot <tube. Depending on the apolication, -total

Fh

ressure was either read from a2 BETZ manomet=r, OX recorde
- 4

18
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jet.
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Figure 5.




off of a VALIDYNE Model DP15TL capacitance tyoe differential
pressure transducer.

Near field pressure measurements wers made using

bRUEL & KJAER 'model u138 eighth~inch capacizor microphones

w1tn a nomlnal sen 31t1v1t1es of -80 dB re 1 wvolt/ubar, and a

nominal bandwidth of 20 Hz to 150 kHz at l=wv=2ls below 170

aB. Microphone output was amplified through a2 BRUEL & KJAER

model 2618 cathode follower.

1

i . ‘ ) :

{  Turbulence mneasurements were made with - constant
l

temperature hot wire anemometers. - The wires were .0001 inch

hiameter Platinum, with an aspect ratio of about 400. The

bridge ‘circuit, shown in figure 6, was desi ed for an
; : , gn

overheat ratio of 2. In the presence of a 1arge ratio of

‘mean velocity to r.m.s. fluctuating velocity, the wire

|

resoonds to the ve ocity‘ eomponent parall=l +to the meanv

flow. Conse uentl ;» a single wire is suffizient to record
d ,

ax1al velOCLty flvctuations. However, an x_wire probe is

needed to deCOﬂﬁose ~the turbulence lnto a”i 1 and ‘radial:

-

COmponents. It is necessary to determins  calibration

- polynomials in = order to obtain orthogonal velocity

components from the outputs of the two wires. As particular

C Is : . e os e '
- care -~must be exerc1sed in  deriving and m=asuring these

pol nomlals, ‘the callbratlo“r procedure is das Crloed in
poly : = ;

deeall in the appeﬂdlx. 
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A traversing mechanism of our own design used for

was
radial positioning of probes, and the model jet itself was

A

‘moved for axial positioning. When greater ©oDracision was

required, a PRIOR three-dimensional mnicromositioner was
{ R . : .
used; with this instrument a probe can bs Dositioned to
within .1 mm.

?.3 Digital eguipment -

%" Most of the correlations and educted@ signals were:
i ' ' :

measured with a HEWLETT-PACKARD model 3721A digital

correlator. This device has the capabilitiss of generating
i = ‘ | ‘ :
‘autocorrelations, crosscorrelations, and

H

; ; : :
well as signal recovery providad an appropr

13

W

tographs, "as

fods
-

ata trigger can
be generated. The correlator has a sampling rate that iS
adjustable in steps from 1 Hz to 1 MHz. It was used for

most of the neaxr field pressure measurements and for the

'single wire turbulencé measurements.

'

For measurementé ‘of Joint statistics, we chose té‘
;linearize the =x-wire signals digitally. The raw signals‘
jwere digitized using a subsystem of our own design,
fdescribed by Jenées (1975) . Itféonsistsref 16 sample‘andiy
hold circuits and an,analog to digi*al converter interfaced

with an INTERDATA S5 programmable minicomputsx. The maximum

sampling rate in microseconds is 100 + 20%{+* channels). the




L e

digitized record is written onto disk, then transferred to

digital tape.
of

A PDP 10 general purpose computer was used for most

the data reduction and analysis.




3. STATISTICAL TECHNIQUES

$
14

3.1 Correlation tachnigques

Correlation measurements have been the traditional

@eans of determining time and length scales inéide.mixing

layers. The two point space-time correlation is defined:

| ce (e, (>, y =1im_1 [ e (x,t)le, (y,t+r) dt (1)
i PIRETMT () = oy -t T 2 'L
| ‘ ;

and in general contains information about the spectral

‘content of the turbulence, the coherence length scales, and

1
ﬁhe mean convection speed of the turbulence.

_The coordinate system is defined in figure 7, and will

|
|
ibe referred to throughout this paper.
i

!

3.2 Two point eduction
3
D -
i : . 5 s . . . .

i Two point eduction is a type of flow visualization, and

zconsists of gensrating a trigger pulse‘from,cOnditions;at,

jone point in the £low field and sampling the £low at  a

‘second location zfter some fixed time delay relative to the

]

mpling is done over an ensemble, the

¢

?pulse. When the s:
?average4 as a function‘of'tiﬁe‘delay is referred to as the
"educted" signal} a number of educted' signals at fvatious
- positions in the flow fieldf determine thé‘reiationship

24
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Figure 7.

Coordinate system
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between any spatial structures in the <field and the

trlggerlng condition at the trlggarﬁng location.

-

j~ The most difficult aspect of two point ednction is in
choosing an appropriate triggering condition. There are two

main considerations in selecting the condition:

-

§ 1) it should be exclusively characteristic of +he
flow field structure one is try ng to visualize,
2) and it must be ’temporally narrow o provide a

l . .
i precise time reference.

The trigger must bes derived from some featurs of the basic

random signals. The simplest form of such a criterion is
i :
signal slope and level, . in much the same manner as an

oscilloscope trigger signal is formed. However such an
o i

hnclusive condition can bring out only very regulaf
¥ . ) .

structures. . In such cases eduction provides little mora
t 8

ﬁnformation than conventional crosscorrelatisns. The =xrsal

advantage in eduction - techniques’ lies in detecting

' subprocesses', such as interactions = bstween regular

o

Structures, that are. intermittent, and lack a consistent
phase relationship to the mean structure. Obwviously, the’

[

better the subprocesses are understood, the

)

asier it is to-

choose an exclusive trigger condition.
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3.3 Joint statistics

One potefitially useful method of generating a trigger
condition, borrowed from pattern recognition, is to study
statistical properties of the flow at a point as it appears

in the hodograph plane, with the intent of identifying
sﬁbprocesses. The conceptual basis for "such an approach

derives from the nature of the dynamical equations. If the

flow is incompressible, the pressure term in the equation of

potion can be expressed as a volume integral over the flow

'field at that instant. Consequently, the field eguation
involves only first differences in time, which implies that
1 - .
! : :
the entire field at a given time is completely described by

‘the entire field at the previous instant in time. However,
1 . : .

if the field is known only at a single point in space, it is
H .

) . . .

wncertain how the field at that point will change over the

+

next instant. It is plausiblé, however, that the statistics

of the field at a point depends only on the statistics of

the field at that point in the previous instant. Our

approach has Dbeen to measure various first differences orf

ihe field at a point, and to attempt to associate them with

deterministic subprocesses.

The two joint statistical guantities of interest are

the joint ~ probability - density P(u,v) and thé"joint

»

conditional probability = density Q(@,¥iu,v). The  joint
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‘

probablllty densit v when suitably normalized, 1s the
fractlon of time the field occupies position {u,v) in the
hodograph plane. Measured P(u,v) 1s incésgendent of the

sampling rate provided the sampling is faster than the power
spectral bandwidth of the turbulence. The joint conditional

probability density represents the probabilitry that the
&ield would occupy position (u,¥) after <ine step "dt",

i .
provided it started from position (u,v). The Zependence of
l .

i . .
Q(ﬁ,%;u,v) on sampling rate will be discussed later in this

,

sectlon. : , :

l—h

The proper normalizations for the probability densities

axre
| - ' |
§ [f P(u,v) éudv = 1 (Zaf
§ .
and '
i

ff o@,%5u,v) @udv =1 (2b)

Time averages of the turbulence can be computed as moments

of the joint probability distribution. Sp acific aYly, mhan

e

‘velocities are defined

LR

<q.> = flq; 2u,v) dudv (3)

varwances are de fined
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i 2= {Z{qi2—<qi>2} P‘u,v) dudv ‘ 4(4)
end stresses are defined

<qiqj> = {Z qigj ®(u,v) dudv (5)
The correlation coefficient is deZinad
i R = {<uv>=< w><w>t/u'v’ i (6)
lﬁhete q '( the rms f}uctuating component, is

i
1

q;' = /5.7 (7)

The hodograoh plane descriptican of turbulence is not a»
hew technique. Tt was used _for example by Liepmann and
iauter k19u7). However, joiﬁt probability densities are
dlfFlcult measurements using analog eguipment, and it hasn't
been until the advent of the hlgh speed digital . computer
;that these Xinds of measurements have ‘become practlcal.‘ In
vpractice they are among the easiest calcu1atlons to Dtogram
Pre-recorded recorded x-wire signals e; (t) and ey (t) are
converted to parallel digital records using semple and hold
c1rcu1ts. - The records are linearized‘using an apprepriatej
callbratlon scheme, resulting in parallel records of  axial
(v) and radial (V) ve1001t1e>. ‘Thejfﬂpdograph plane is
divided into the desired number of cells1(iﬁ'this case 2500 ¢

cells)emofwbdimensionmméu‘x,Av;»andteach occurrence_of _(u,w)



within the range (umjpu/2,vniﬁv/2) generates a unigue index
associated >with cell (um,vn). By counting  the number of
such occcurrences a joint histogram is generated, which is
normélized according to equation (2a) to produce the joint

probabl; ty density.

At the same time the Jjoint probwbilit* is being
‘generated it is easy to look forward one time step "dt" to
measure the average forward differences <du>, <d4v>, <du2>,
<dv2>, <dudv> associated with each cell (u,v)." These
average aifferences describe the nean p?oﬁa ies of the

joint conditional probabilities 0(,¥;u,v) .. FTor example the

vector - (uk du> ,vi dv>) defines the mesn conditional
«u < v>) associated with the cell (u,v}. 7Ths tensor T. j
defined by

Tij(u'V) = (<dqidqj> ~<:dqi>:dqj>]§u,v) (8)

can be diagonalized to describs the princival axis rotation
and second moments of each Q(u,v;u,v). Tnis use of forward

ur

0

€9

differencesAto estimate Q islillustrated in Zi 8, and
qaves the prohibitive amount of computer siorage that would
be necessary to directly measure the conditional DrObabllltV
associated with each cell. Note that the magnitudes of
fi:st and principal second moments depend Sizsctly  on the

-

magnltude of the time step dt; however if ét is sufficiently

small the direction of the first moment ana the orincipal
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Figure 8. Synthesis of joiht‘condifional probability
density from forward differences.
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axis rotation of T;; are invariant with sampling rate.

s

From figure 8, the vectox {<du>,<dv>}(u v)
. e 3

.

visualized as describing the tdrift' of the mean of the

can be

. conditional probability density, while the <ensor Tij(u,v)

'giffusion'. If the magnitude of the drift is

describes its
much larger than the eigenvalues of the diffusion, the
motion associated with that position in the hodograph plane
can be considered largely deterministic; if it is the other

way around the motion can be considered noise driven. Based

on this concept, one can formulate the time awveraged drift:

DRIFT = [{ ‘<dqp<dq> Plu,v) dudv (2)

and diffusion

prEFUSION = [f /Ty Plu,v) dudv (10)

Then the ratio DIFFUSION/DRIFT is a measure of the overall

‘noisiness' of the measured velocity field.

3.4 Complex correlation

There are two general properties of th= drift vectors

dg (u,v) that are predictable. First, =tnhe drift will be

largest in magnitude from ceils (u,v) farthest from the mean

& uw < v>). . Second, they will generally Doint radially
towards the probzbility pesak, in the senses that the mwost
2 e
QRIGINAL PAGE'IS

OF POOR QUAL

e,
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probable drift will be towards the most probabie state.
However, if theré is some intcrmitﬁent subprocess present
with an associated; repeatable‘tfajectory in thewhédogra?h
plane there ought to be some deviation  from purelyﬂ

stochastic behavior.

Tt would be useful to formulate guantities sensitive to
such subprocesses. There are two cumulative quantities that
come to mind: the integrals

i1 g-<dg> P (u,v) dudv | ' (11a)

-0

and
ff gx¢dg> P(u,v) dudv o ' (11b)

The magnitude of the latter integral in comparison with the
former provides 'a guantitative measure of how much "swirl"

is present among the drift vectors.

In addition to - being possible pattern recognition

tools, integrals (13) have an interesting physical

h

interpretation in terms of a generalized autocorrelation.

If complex velocity W(t) is defined

W) = ult) - 3viE) | R CEIY

an_the ‘complex, scalar autocorrelation <WW*>(r) can be

defined  
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3 <WWE> () = {<uus+vv>} (1) + j{<uv>~<vu>?(r) (13)

!

The one dimensional autocorrelation <uu> () can be expressed

directly in terms of measured forward differences <du> (u,v) :
i

<uus> (1) = ff u {udu> (< )} P(u,v) dudv , (14)

-0

ﬁhere time step T is the time delay. From eguations (13)

and (14)

Cewwts (z) = [ q{gkdge (r)1P(a,v) dudv
+ 3 ffgx{g&:dg?(r)} P(u,v) dudv
= (@n2+w"2+ flg<dg> (x) B(u,v) dudv)

<4}

+ 3 [fgx dg> (1) P(u,v) dudv .v ‘:(15)

Equatlon (13) is :elated to the ordinary +£%0 _dimensional

tlme correlation t=nsor

R, (1) = <quq.> () G
;Speéifically,

f. .kv | <¥§#>(r) = Rk + jfeﬁa33mn? , . i (17>;
‘Comparléon of eGL:thnS (11, (15), and (173 sbows that the

amount of "swirl presant in the drift fise 1d is dlrectly

related to the amount of aSjmmotry in the R, matrix.

1Y
5y
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The complex correlation < ¥ TF> () is a Scalar since it
is'»lnvarlant under coordinate rotation, and it has a
magnltude ‘and phas e, which will be represented S(t) and (1)

iespectlvely./
i

3 <> (1) = s(nye’ (=} (18)

0o

‘We,make the following hypotheses about S and :

a. S(t) is a measure of the correlation between

coherent structures, and

b. %(t) is ‘a measure of. the local rotational

- distortion of the velocity field.

The physical basis for these statements 1is illustrated iﬁ
flgure ' 9.  The figure shows the comolex. correletioﬁ
f(norﬁalized by~<u2>+<v2>, the ﬂecnanlcal energy) measured at
.éthe location x/D = .3 and r/D = .5. ThlS is the position in
the jet where the initially laminar shear layer ~has rollea
up into regularly spaced, discrete lumps of vorticity whlch
glve rise to perlodlcwoy in the u and Vv autocorrelatlons.
:The data points shown in the figure are evaluated at
fmultiples of the_digitization éeriod. The correlation ig
ireal‘and unity at zero time deslay, and ﬁfaces out a decaying

o

“spiral .with 1ncreas ing T. Phase  angle ¢ (1) is  .a

monotonically increasing Zfunction of  time ~delay, which

presumably leFlects t“o large local shear, while magnitude

. DRIGINAL PAGE I
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Figure 9.

Complex correlation: x/D=0.3,

r/D=0.5
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%(T) is a generaliy”(although notc monotonically) dec;easing
%function of 1. It should 5e emphasized that there are two
%independent time scales present: the time scale of the -
‘ .

?eriodicityy which is the time for the spiral to make one
%evqlution, and the time‘scale associated with the decay of

S(T). This latter scalé.depends on how well the discrete

l .
dumps of vorticity are correlated with each other.

The limitations of the concept should be examined.

@here are +two ~eXtremes where the complex correlation

N . . . : .

supplies 1ittle new  information over ordinary u and Vv
{ . R
Zautocorrelations., First,

] R ’ )
‘correlated over many periods, as 1in figure 9, then the

[ mad

£ +he flow is periodic and
iautocorrelations appaar as damped cosines, - and their
I3 - - .

envelope contains essentially the same information present

H

Hn the decay of s(t). Second, if the flow is well-developed

i

iturbulent flow, the u autocorrelation is always positive and
contains most ofrthe information present in the S(t) decay.
iBetween these extremes, where the autocorfelations are
>periodic but highly damped, the cbmplex‘borrelation is a
useful, and consistent methodkof measuring‘ the corrélatioﬁ
;over the field as a whole, rather than ovérva singlé

‘structure.

The measured forward differences are evaluated at one

delay time, namely the sampling period dt. It wouldvbe

- B N LA iietsant UV ons . < . RS B T e i
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i :
useful to be able to use that vector field to estimate the

§

forward differencas for longer time delays in order to
estimate the correlation at arbitrary T. Whatever scheme is

devised, there ars two constraints that serve as confidence
[ . ; :
checks on the estimate. First the magnitude S{r) oF the
: , : <

borrelation nust generally decrease (usually monotonically),

i . ‘ . :
and second, the time averaged £forward difference nmnust be
| ' .

1 ¥

zero,

¢
l

S8

<dg>(u,v) P(u,v) dudv = O : v(19)

“n order that tha mean (u>,<v>) be time invariant.



4.) PRELIMINARY JET SURVEY

4.1 Mean velocity profiles

‘ In order to establish that +he model jet is 51m11ar to
t
those oOf other experlmenters, radial profiles of mean

' Velocity were measured with a hot wire probe and traverse at
ax1a1 positions of 2, 4, 8, and 16 diameters downstream from

the nozzle exit plane. The mean velocity profiles," along

{

w1th profiles of rms turbulence are shown 1n figure 10.

|

% The decay with axial distance of centerline. mean
&eloc1ty is plotted logarlthm .ly in figure 11; Note that
‘:the asymptotic 1/x decay begins about eight diameters
%ownstream. Data 'from Crow and Champagne (1971) exhibité
good agreement.

¥ e . ; . .
ILinear shear layer spreading, observed along the’

fpotential core reglon of the jet, is ev1dent in figure 12.
lThe local shear 1ayer hlckness h(x), derlved from the mean '
;proflles,; is defined by the boundaries <u>/Ug = .10 and

5<u>/er= .99. ©Note that the initial ‘shear. layene~th1ckness

at the nozzle exit is .05 diameters.

The self-preservation of mean velocit rofiles is
b

examined in figure 13. The similarity parameter n is

39
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=

Figure 10. Profiles of mean velocity szn2 turbulent
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Figure 11. Axial decay of centerline velocity
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é ' n = r/D = =5 (20)
P x/D

Reasonably good collapse is observed as far Jownstrean as,
eight diameters.

1

4.2 Mean turbulence orofiles

The profiles of rms fluctuating axial velocity, pldtteé

on figure - 10, were measured with the hot wiro probe at the

‘same time as the mean velocities. They are compared with
i - .

13

turbulence ‘profiles measured by. other investigators, and

will serve as a comparison for the joint  velocity

measurements presented in chapter 6.

3 The turbulence level measured at the nozzle exit plane

{ . ’ .
'is shown in figure 14 over a range of exit valocities. For

most of our measurements, an exit velocity of T, = 100 fps
was selected; this corresponds to an exit Dlane turbulence

ﬁevel_of .3%.

Self-preservation of turbulence profiles, figure 15, is

evident at least as far downstream as eicht diazmsters.
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5. NEAR FIELD MEASUREMENTS

5.1 Near field static pressure

There is always scme guestion as to what a microphone

measures in the presence of mean flow. Work by Siddon

1

'j1969)‘and later by Fuchs (1972) indicate that there are
probe configurations that allow microphones to respond .

hainly to static  pressure fluctuations. For  the

v

measurements +to follow the ~microphones were placed just
outside the edge of the jet where mean velocities were

£small, ard were oriented so that the piane of the diaphragm
was roughly parallel to the mean Iflow.

1

4
i Near field static pressure fluctuations can . be
i ‘ .
i . ‘

'lexpressed as a volume integral over momenitum fluxes inside

3

‘the mixing layer. The conseqguent spatial averaging makes

i
3

'static pressure pvarticularly sensitive to large scale
Ecoherent structureé, as indicated by Lau, Fisher, and Fuchs'
1(1972) .

i
f5.2 Near field time scales

P In order to -characterize the mean shear layer
structures from their near £ield pressure signatures,
various . statistical methods wvere used to derive

L7
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characferistic time scales. It was possible to measure mean
convection times from crosscorrelations between two>
microphones, while information about the time scales of the
turbulent structures was derivad from,auﬁocorrelations, and;
from wavé counting.;lThe micrdphones were located on the
éurface of an iﬁaginary cona with a 10° half;angle and
intersecting the inside diameter of the nozzle exit. Auto-
and crosscorrelations of microphone signals were measured
using the digital correlatox, while a counter and

oscilloscope were used for the wave counting.

VThe measured crosscofrelations are shown in figure 16
for~'various_downstréam positions. The‘two,microphones were
separated 5.0 mm axially; the time delay t. corresponding to
the crosscorrelation‘ peak is ta*eﬁ,/to e the average
conyection, tima Dbetween tha microphones. The mean
convection épeeds, defined as separation distance divided by

function of

M

_ convection time, appear in £figure 17 as
downstream position. The convection speads are normalized
kby the je£ exit s?eed, and the ratios are in good agreement4
“with ~prévious measurements along the Dpotential core.
Downstream of _+he core the convection  spzed | decays

3 -

asymptotically as 1/x with a magnitude of about half the

local centerline speed.

The autocorrelations mnszasured at varicus downstream
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positions are shown in figure 18, norm=lizea by the rns
éignal. Interpretation of the associated@ <+imp scales is
hore difficult than with the Crosscorrelationg. Along the
potentWal core (x/D < U) the autocorrelatiocn appears like g

damped cosine, znd the assoc*ated time scals shoulg be the

h

perlod of the mean structure. For a coupls o diameters

downstream of the core there is no characteris+ic time sczle

‘at all, while even farther downstream {x/D > 7) there

reappears a region .of anticorrelation. Since there is no
beriodicity in these latter autocorrelations, +ha associated
time scale is a easure of the coherence of the mixin g layer
furbulence at thao point. The axial distribution of +the
time scales asg they have been defined appea~s in figure 19,
hormalized by exit speed and jet diameter +o Zorm an inverse

Strouhal number. In figure 2p the +3ims scales are

multiplied by the local convection speed  to provide as

estimate of the coherence length. fThe leng=h scale appears
to grow linearly with downstream distanca Cim keeping with

observed linear mixing layer Spreading.

¥4

As an attempt to measure a time secaia more: clossalsy

associated with +the Spacing between Successive coherent

structures in thsa LranSLtlona7 mixing region ©f the Het, 5
wave counting technique was devised. & microphone was
placed in the jet entralnmant region, and SConide triggers

were used to produce a narrow pulse each tims the Pressure
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Reference

0O Ko ¢ Davie§(1977) i
< Fuchs(1972) :
V Lau, Fisher, Fuchs(1972)
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"Figure 20. Convacted length scale L{x) .
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signal passed through zero voits with a positive slope. The
pulses were counted on a digital counter to derive an
average passage freqﬁency. In order to reduce the influence
of the fine scale turbulence the microphone'signal was low
pass filtered an octave abdve the measured frequency and
'when the wave counting was repeated there waé negligible
bhange in the results. The measured passage freguencies,
'norﬁalized as Strouhal numbers, are ‘shdwn in figure 21.
Figure 22 shoWs.the local conwvection épeed divided by the
‘pa3sage frequency to form the mean spacing A._:Tﬁe spacing
appears to increase linearly along the potential core but
farther downstream (x/D > 7) <the spacing -asymptotically

approaches a constant of about three diameters.

Comparison of figures 20 and 22 implies-‘ a
conﬁradiction: the size of the structures eventually becomes
1argér than the Aspacing betwesn <£hem.i The statistical
impliéation is that the pressure signai is increasingly
skewed towards smaller  tinme scales  with - incréasing
downstream disténce; That is, the most probable time scale -
(reflected iﬁ the autocorrelations) is increasingly larger
than - the averagé time scale. It is possiblé that this
reflects the pairing process in that interactions between

£

adjacent concentrations of vorticity become increasingly
intermittent downstream of the core. On the other hand the
one~to—-one correspondence betwzen lumps of vorticity and

ORIGINAL PAGE I8
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H

n

near field pressurs pulses may simply <isacpzar with

downstream  distance. That interpretatio=n wonld be

consistent with th= azimuthal correlation mesasirea=snts shown
in figure 23. The outputs of two microzzonss placed on

i

either side of the jet at the same downstrean fistance were

crosscorrelated, and the value o= tha maximum
crosscorrelation coefficient is plotted against downstream
distance. The correlation is negligible b the end of the

core, 1in qualitative agreement with Molin-Christensaen's

measurements . (1967). Again this can be reccnciled with the

pairing model in that the vortex rings are oks=rvad to lose
H .

their axisymmetry through the production of zzimuthal modes.

[

-

i From the considerations above it is apparent that near
field pressure measurements are open o a lot of
misinterpretation. Consequently most of this investigation

is directed towards mixing layer measurements.

ORIGINAL} PAGE IS
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6. MIXING LAYER STATISTICS

6.1 Joint (u,v) statistics

For the purposes of this section the jet was considered
to consist of +three separate regions: the reagion close to
the nozzle exit (x/D< .5) where the shear laver undergoes
%ransition ‘from laminar to  +turbulent spreading; the
botential core region (.5< x/D < 5) where the cylindrical,
%urbulent shear layer grows linearly until the jet is fﬁlly
hixed; and the‘transitional mixing reglon (5 < x/D< 20),
ﬁhich has been observed to be the major spu:cevof acoustic

radiation. Data was collected at representative locations

in each region as summarized in table 1.

E Data from each location was digitized and analvzed to

i ( . .
produce joint probability densities, drift vectors, and

diffusion tensors. The results will be presented in the

following pages. Joint probability densities are displayed

in terms of equally spaced contours of constant drobability.
?or clarity the presentation of the d&rift vectors is
modulated by the correéponding; joint probability density.
The vectors are normalized so that ths maximum vector

magnitude is one cell width. Diffusion <tensors are shown

diagonalized in the coordinate system oI their principal
62
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axes. They are simiiarly modulated and normalized. In each
case’ the origin 6f the coordinate system is. ths mean
velocity (<u>,<v>). Where possible zero velocity is
ﬂndicated on the joint probability figures by a tick mark.
Four straight lines radiating outwards from Ehe mark depict
the calibration limits. The inner pair of lines define the
actual domain of the calibration, while the outer pair

depict the angles of the hot wires.

Note that the time step is fixed at 40 microseconds for
all the drift and diffusion measurements. This value of at,
which is just the digitization period, corresponds to a
4resolution bandwidth' of 12.5 kHz. The power bandwidth of

the turbulence is less than 5 kiz.
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Region x/D r/D n
Laminar/turbulent transition .2 .5 0
. 03’ -5 0
Potential core 2 .5 0

‘ .6 .05

4 LU -.025

.6 .025

Transitional mixing 8 0 -.062
.5 0

- 1.0 .062
12 .5 0

Table 1. Joint statistics:

schedule of measurement locations.

The following parameters were geﬁerated to describe the
301nt statlstlcs at each point

a) Rms axial velocity "lucLuatlon u'/u

b) Ratio of axial to radial turbulence u'/v'

c) Mean shear stress w - u v Ju'v’

d) DRIFT {f /<dg> |gaa> g P(u,v) dudv
e) DIFFUSICN f[Y/Tyy P(u,v) dudv
The variations of u'/Ue, u'/v', and {<uv>=<uw=<v>}l/u'v' with

axial position is summarized in figure 2L along the ray n =

[}

[3®)

0, while figure 25 shows the variations across +the shear

6]

layer. The measurements Of other investigators are included
for comparison. 2Although there is considarable variation

between investigators, our peasurements se=smn to fall within
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the scatter. The axial variations of DRIFT and
DIFFUSION/DRIFT are shown in figure 25, while the
corresponding variations across the layer appsar in figure

27.

lRecall that the vratio of DIFFUSION to DRIFT is a
measure of how "noisy" the signal is; the smaller the,rétio
the more deterministic the flow. The implication is that
statistically the turbulence is increasingly noise driven at
increasingly large downstream positions, and at increésingly

large radial positions.

6.2 Laminar/turbulent transition region

The flow léaving the nozzle exit is initially laminar.
The shear layer that develops at the edge of the jet is
spatially unstabls and the fresﬁltant waves grow with a
Strouhal number of .2 (based on shear laver thickness at the

nozzle exit) which is in agreement with the "eigenfrequency"

of the most amplified spatial instability (e.g. Lessen,

1949),.. At some cownstream position the waves coalesce and
roll up into cylindrical rings of concentrated vorticity

which interact with each other. From corroborative data the:

first pairing is xnown to occur at an x/D beatween .2 and .3.
The corresponding

jo
shown in figure 28. From figures 24 and 28, it is apparent

int probability densities, P(u,v), are
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" that the aspect ratio u'/v' of the Jjeint probability
distribution decreases dramatically after transition. This
can be understood after examiningva short sample of the u,v
'velocity recoxrd figure 29. At =/D = .2, the signal is
dominated by low freguency "whipping” of the whnle jet sé
that the statistics reflect tnevrather_large mean shear at
that point. At x/D = .3, the signal 1is dominated by the

strong vortex structures associated with ‘roll up and

airing. Conse uently, the £flow process appears more
, g E Pp

deterministic.

Measured drift vectors <dg>(u,v) are shown in figuré
30, while ‘figure 31 shows th2 measured diffusion tensors;
The lengths of the double vectors are the eigenvalues of thé
tensors while +their orientation represesnts the axes of thé

corresponding eigenvectors.

The small DIFFUSION/DRIFT ratios and large anisotropy
evident among the diffusion tenscrs reflect the
determinaténess of the flow at these small downstream

positions.  There is considerable "swirl" associated‘witﬁ
the drift vectors in the sense that they seem to align,’witﬁ
the vprobability contours to form closed trajectories in thé
hodograph plane. This behavior seems to be associated witﬂ

the periodic naturs of the £low field at this point, as

discussed in section 3.4.
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6.3 Potential core region

Measurements were made midway along the potential core
(x/p = 2), and sowards the end of the core (/D = 4). Two
radial positions ﬁere selected for each axial station.
Measured joint probability densities, sample velocity

records, drift vectors, and diffusion tensors are presented

as figures 3