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CHAPTER I
INTRODUCTION
Unnoticed by the general public, aircraft propulsion

system:design, particularly the turbine engine design, has
undergone a major change during the last fifteen years, The
prindiple of "thrust regardless of noise' has been gradually
replaced by '"noise conscious' design principles., The noise
reduction achié&ed, in spite of large increases in thrust,
has been respectable. Siddon (1)1 demonstrated the achieve=
menfs by twd impressive graphs which are reproduced here
(Figures 1 and 2).

P esasd 1000 2000 . .
: "]  Distance, feet

CF6-6 (1971)
“JT8D (1968)
JT3D (1961)

JT3C (1958)

~ J=57 (1956)

Figure 1. Footprints of TurbineAEngiﬁes at
Equivalent Distances for 110 dB Contours,

Source: Siddon, T. E., "Jet Noise Research - Progress
and Prognosis," Inter-Noise 72 Proceedings, International
Conference on Noiseé Control Engineering, Washington, D.C.
October 1972, ;

1Numbers in parentheses refer to similarly numbered
references in the bibliography. '
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o 110;F-106 A/B @ @KC-135

§ . ® 707, DC-8

2 } ® 707-320 .

» .100F ® DC-8-61

o ® 727 '

.0 ® 747-100

8o

o B ' :

£ 90 | . @747

3 [ ‘ o

/7] .

- ‘DC-10 @

- : @ ;

2 ‘ Turbojet  —h- Turbofan # 'High Bypass

E . ) N A A 1 — N 4 3 1 ] -
1950 ' 1960 1970

Year of: Introduction

: Figure 2, Flyover Aircraft Noise (1000 Feet Alti-
tude), ' ,

~ Source: Siddon, T. E, -"Jet Noise Research -
Progress and Prognosis," Inter-Noise 72 Proceedings,
International Conference on Noise Control Engineering,
‘Washington, D, C. October 1972,

‘However, the reductions are;nqt~yet.sufficienf for 1arge
'STdﬁz'aircfaft to operate from‘airfields near city centeré;ﬁ'
The need %or high 1lift devices3adds additional noiée souféés
which may radiate a considerable amount of acéustic po&er.
Dorsch Ef.ﬁl’ (2) conducted acoustic teéts with models of

-high 1ift devices such as blown flap, augmentor wing and

2

Short Take-Off and Landing (STOL).
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jet flap3 which are currently developed for STOL aircraft.
The noise data of the blown flap an& the augmentor wing were

extrapolated to represent full scale STOL airplane flap

4

.systems. Dorsch et al, concluded that both systems will have

" serious noise problems. With an engine such as the NASA

Quiet Engine (3) the high lift devices may be even the major

contrlbutlon to the a1rcraft n01se.
The n01se data in Reference (2) for the Jet flap were
not extrapolated to full scale, Comparlson of the model re-

sults, however, showed that the jet flap was -the quietest of

" the three‘configurations. This result together with the fact

‘that it is a simple device ( as opposed to the jet-augmented

flap) makes it a promising propu1s1on system component for
STOL a1rcraft

Some fifteen years ago interest in the jet flap was
origineted by promising aerodynamic as well,as acoustical
features. Aerodynamically the high energy jet emerging from
a slot on the upper surface of the wing, blowiné tangen-
tially to this‘surface, will result in a higher liff coeffi-
cient due to an increase in circulation and acceleration of

the bdundary layer, The higher l1ift coefficient would result

3Following (2) the term "Jet flap" will subsequently
be used for jets emerging from a rectangular slot nozzle over
a flap attached to the nozzle (Figure 3), 1In the literature
this configuration is also known as an "internal-flow jet-
augmented flap configuration" (4) or, more simply, jet-aug-
mented flap (5).

4National Aeronautics and Space.Administration (NASA).



Figure 3. Coordinate System of the Jet Flap.
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in a decrease of the landing and take-off distance, which is
?a"necessarymstep>on~the5way4tofhigh-densitywtraff10wopera—
ftion, one of NASA'S primary considerations in the research

' _ on STOL. ‘ :

. From the acoustic point of view there are several fea-
?tures whlch suggest the jet flap as a potentially qu1eter
fpropuIS1on system component., --In 1959 Coles (5) showed both
iexperimentally;and anaiytically‘that the total sound power
;output of a slot nozzle of hlgh aspect rat1o5 is half, or 3dB
s less,'of the. output of a c1rcu1ar nozzle having the same ex1t
Earea and ex1t ve1001ty. ThlS ana1y51s was based on s1m11ar1-
§ t1es of fundamental m1x1ng-zone structure between the slot
nozzle and-the c1rcular nozzle.. Moreover a change in geometry
from circular to rectangular shifts the spectrum of the n01se
to higher frequencies and thus shorter wavelength due to the

: change of characterlstlc length (d1ameter andjslot‘he1ght re-
: spectively)., A flap, acting as a. sound sh1e1d .1s effect1ve

? for wavelengths small compared to the dimension of “the flap.

. Thus part of the jet aircraft exhaust noise could be reflec-

; ted away from the ground, ‘ ; |
Early acoustlc tests w1th jet flaps, however, revealed
§ some unexpected radiation characteristics. Maglieri andi
1~Hubbardw(4)‘conductedmfree—field«tests withlmodelmjetuflapsp

having an aspect ratlo of_A—-200 and d1mens1on1ess lengths6 of

r-‘b-’ 3 " “)'.~ f.rx.al

5Aspect ratio = slot width / slot height,

. 6The flap length is made non-dimensional with respect
to the slot nozzle height,



20 and 190. For the shorter f£lap only minor changes in
radiation pattern were found but a general increase in noise.
For the long flap, however, a considerable noise reduction ‘
was observed, especially in the downward or shielded 'direc-
'tion. Oon the other hénd an incréase in low frequency noise
oécured. Coles (5) made full-scale free-field tests with a
jet flap having an aspect ratio of 100 and a flap length of
20. He reported reductions in overall nois€ and a benefi-.
" cial change in the radiatidn characteristics. Although the
two quoted results aré in somé points somewhat contradictory,
both agree on the potential of the jet flap as a quieter jét
configuration. |
Therefore, one of the goals of this dissertation was to
investigate certain aeroacoustic characteristics of jet flaps
in_more detail. The other goal arose from the necessity to
know the location of the main noise sources in order to
initiate a jet noise suppreSsion progfam. This resulted in
an effort to estimate fhe acoustic source strehgth distribu-
tion in the turbulent mixing region originating at the nozzle
~ orifice and in the turbulent mixing region ériginating at
the trailing edge of the flap;S. Particular attention was di-

rected to telatter mixing region since it was expected that

7For this mixing region the term "primary mixing re-
gion" will be subsequently used,

8For this mixing region the term "secondary mixing
region" will be subsequently used.



this flow region may becdme an efficienf noise source in
practical9 jet flap'configurations;

The first paftrofifhe inveétigation was a parametric
study on the influence of the slot nozzle aspect ratio,, the
flapilength~and'the Mach number on the overall sound power
output and the spectral composition of the overall radiated
:noise, Thé exit area Qf the nozzles and the flap deflection
.angle are parameters which were kept constant. Although the
problem of jet noise is not limited to subsonic exit(velocities,
only this range is under consideration here, The acoustic
‘properties of the -slot nozzles and the jet flaps are compared
with those of the circular reference nozzle which has the
.same exit area,

| The appropriate method of determining the overall
sound power and the spectral composition of the noise of a
jet is to place the jet into a reverberation chamber and
measure the sound pressure level by meané-of a microphone.
Knowing the absorbtion characteristics of the reverberation
-chamber the-overali sound power and its spectral distribu-
tion can be calculated. Theé characteristic feature of a re-
verberation chamber is the uniformity of the sound energy
density everywhere in the chamber except in the near field

of the acoustic source and near the walls. Thus the

9With regard to the necessary integration of the flap
into an airplane wing of-a STOL airplane, the practical
aspects of the jet flap were important for the choice of the
flap length, Therefore, when this study was initiated, a
maximum flap length of approximately 32 times the slot height
was chosen,

7



‘direotivity of the noise source is completely lost. : Because

the microphone has to be sufficiently far away from the noise
'source-it'is impossible to.resolve the overall preSSUre level into
'sdund pressures whioh are radiated:fronddiffereﬁt parts'of the
.flow field oﬁuthe jét flap, Therefore, the acoustlc tests yield
1nformat1on about the influence of: the parameters on the overall
sound power and on the spectral dlstrlbut1on, but they cannot
give deta11ed 1nformat10n on the locatlon of the maln noise
sources.

e ult;appeared thatﬁone way of gainlng?this information'
was to.study those flow fieldvcharacterlstios that are known
to*he involved in_thehgeneration_of noise.hl

| | The flow fields of a twofdimensionalfﬁet*andzofhaftwo_
‘dlmensional jet flap are shown in_Figure 4, The floymfieldA
produced by a tWo;dimensional Jjet emanating into a medlun at
rest can, in general, be divided ‘into three reglons.;‘The
‘fnitial“region (or first'regime)iextends from the noizle exit
;to the p01nt where the potent1a1 core dlsappears.‘"From
e1ther 51de of the edge of the slot (or at the o1rcumferent1al
edge of a~01rcu1ar nozzle) -a highly turbulent mixing layer
starts to develop‘that separates the low turbulence potential
7lcorelfrom‘the‘medium‘at=rest“ From certaln downstream pos1t10n

: B
whlch depends on the deta11s of the boundary layer 1n the

nozzle ex1t the mean and turbulence ve1001ty prof11es of’
the initial region display s1m11ar1ty;"After the turbulent .

‘mixing layer has penetrated the potential core sufficiently to
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cause its disappearance, thé flow field undergoes.a transition
into the region of fully developed flow‘which'again'dispiays
similarity of the mean and turbulence welocity profiiééf :The
‘intermediate region is often simply called the transition
region and is characterized by the lack of any similarity.
The noise producing region of the two-dimensional jet
is;'in general, the free turbulent flow field as a whole.
' However, following Lilley (6) the 1mportant parts of the tur-
bulent flow field can be spe01fled. Lllley states:that.
the central region of the'm1x1ng region is malniy‘:
responsible for the bulk of the noise emitted, since
the distribution of acoustic quadrupole strength '
across the mixing region is roughly 'Gaussian, with a

half-width less than a quarter of the m1x1ng ‘region
breadth

Furthermore, the greatest contrdbutionitofthe\no}seﬁ
radiated from the initial region is from the_interaC?ion'
between the turbulence and the mean shear (shear-noisej,
contributing more than 80% of the noise (6). .The remaining
20% orlless is generated by the turbulence itself (se}f;&%
noiseii In the region of fully developed flow the contribu-
tions of shear-noise and self-noise to the radiated soundaare
»approximately equal. Estimates of the sound speotrum suggest
that the high frequency sound is generated at the first,two
to three nozzle heights whereas the bulk of the low freQuency
noise is or1g1nated further downstream up to about s1x nozzle
helghts downstream of the nozzle exit. The n01se generated

v

further downstream is of low 1nten51ty since the quadrupole
-7 .
strength falls off proportional to Xy .

10
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The three reglons described are also present in the

>qflow f1eld of a jet flap, though only on one side of the po-

. tent1al core. They constitute the primary mixing region,

Since the. potential:core is shielded from mixing on'one_side
by_the flaé,xits length will be increased. The actual
jlengfh‘of the;core depends primarily on the origin of the
eeconddry mixdng region, thds on the flap 1ength?'gndtop}y
_«Peeoopda?ily on the inner boundary layer adjacent to. the flap.

- Both regions generate noise. The inner boundary
layer will have high mean shear and may develop high turbu-
lepcenleﬁeis at the outer edge further downstream, but its
- Vo;pme“ielvefy small compared to the volume of the primary‘
and éeeoodefy mixing regions. To the knowledge of the
author noth1ng was known about the noise generatlon of the
secondary m1x1ng region and this was one of the major sub*
jects of th1s study.3 |

'Based on‘Liéhthill's (7) classical theory on eero—

dyhegie noise Lilley (6) derived approximate equations for

'tﬁé‘b&epgli sound power output of the shear-noise and the

'~ 'self<noise of a two-dimensional, incompressible turbulent

jet. According to these estimates the total sound power of

the]sﬁear noise depends mainly on the flow properties, turbu-

'”;leqce-intenSity; mean velocity'gradient and turbulence scale,

‘whereas the sound power of the self-noise'depends mainly on
" the tufbulence'intensity'and the turbulence scale. These

three or two quantities can be combined into an acoustic

11



source strength term for the shear<noise and the self-noise

respectively. Determination of the source strength distri-

~‘..,‘g

bution w1ll yield 1nformat10n on the relatlve contribution
of the two main ‘turbulent mixing regions to. the noise generated
by a Jet flap. The object of the flow measurements was there-

fore to gain general 1nformat1on on the turbulent flow f1eld

i s

of Jet flaps and in part1cular, to measure those flow quant1-
ties related to the acoustlc source strength

Th1s report is arranged into f1ve chapters. 'Chapter II

. deals w1th the acoustlc measurements in a reverberatlon
N3

Achamber. The results of the overall sound power - and frequency
spectrum measurements are presented Chapter III contalns the
'results of the flow f1e1d measurements by means of a hot-

'ere anemometer and Chapter IV presents the est1mate of the
. _j_f‘ Y

acoustlc source strength d1str1but10n in the prlmary and

secondary mixing reglons. Flnally, Chapter V summarizes the
| _ o

study and presents the conclus1ons that can be drawn,

i

I

el
-
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Wit iteo o, ot s CHAPTER: TI . -t - ..o vt
. ACOUSTIC MEASUREMENTS
. 1.. PREVIOUS EXPERIMENTAL WORK -

Some of the no1se characterlstlcs of Jet flaps have

~'.‘. 3‘ f.( - -

been 1nvest1gated by several researchers regardlng the no1se
llreductlon potent1als the conf1gurat10n seems to offer.
. PR S | 5

‘ One of the ear11est tests on Jet flaps was performed

by Magller1 and Hubbard (4) 4 They conducted free f1e1d

35

measurements w1th model Jet flaps hav1ng an aspect ratlo of

h = 200 and dlmen51on1ess flap lengths 6F = 20 72 and 190
The ex1t veloc1ty was that correspond1ng to an ex1t Mach nummer
of 0 96 Compared to the pure slot nozzle only m1nor changes

i - .

1n radlatlon pattern were found for the shortest flap, but

a general 1ncrease 1n n01se. For the extremely long flap,

S ¢ R < { . ¢ 3 L

6F = 190 however, the rad1at10n pattern was substant1a11y

changed and below the flap overall-n01se reductlons of up to

15 dB were measured. On the other hand the noise spectra:

revealed that a marked increase in low frequency noise occurred,
Coles (5) made full-scale free-field tests with‘a jet

flap having an aspect ratio of 100 and a flap length of 20,

The exit velocitv of the hot jet was kept constant at 1600

ft/sec, the corresponding Mach number was 0,9, He reported

a moderate reduction of sound power over the whole frequency

range compared to the pure slot nozzle, except at the low

13 '



frequency end of the spectrum, He also calculated the over-
ail sound power and obtained a 1:5 dB noise reduction due
to‘the addition of the flap to the slot nozzle, a very modest
value indeed,

Grosche (8) conducted extensive tests with slot nozzles

whose exhaust jet was shielded by a finite flat‘plate mounted

parallel to the exit velocity (Figure 5).

X, 4
™
h - - - - : - —5
I f "1
/ o
SIS I SIS SIS, 7722

Figure 5. Jet Flap Tested by Grosche.

.

Source: Grosche, F., R. . '"Zur Schallerzeugung:durch
einen turbulenten Luftstrahl uber einer endlich grossen
ebenen Platte," - Mitteilungen aus dem Max-Planck-Institut
" fur Stromungsforschung und der Aerodynamischen Versuchs-

anstalt, Selbstverlag Max-Planck-Institut fur Stromungs-
forschung und Aerodynamische Versuchsanstalt, Gottingen, .
Nr, 45, 1969, : '
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His primary goal was to study the influence of the parameters
yAaadd £ on the acoustic radiation, .In the 1limiting case of
Y = h/2 this configuration 10 becomes the jet flap considered
in this study. Therefore his results are of interest and will
be examined more closely. The model jet flab undef consideration
had an aspect ratio of 23 and the flap length was variable
between § o = 25 and 100, The Mach number of the cold air jet
was 0,98, Free-field measurements were conducted in the first
part 6f his study, He reported the following conclusions:
1, The flap causes additional noise, mainly in the
low frequency range, The radiation is strongest
'in the plane perpepdicular to the jet exit plane
(xl=x2=plane) and increases in strength with
decreasing flap length,
2, 1If the flap is sufficiently long the radiation
field contains less high frequéncy noise than the
field of the pure ‘slot nozzle.,
The reasoning for the éecdﬁd conclusion is the fgllowingi
A flap pfevents the mixing of the turbulent plane jet with
the ambient air on one side gf the jét sheet, especially  near
the nozzle orifice commonly associated with the source of high

frequency noise,

10The smallest y,/h attainable with his set-up was
y, = 0,55, resulting in a step of 0.1 mm between the nozzle
eRit and the flap, The effect of this step on the total :
noise is assumed to be negligible,

15



‘>In the-§écond part- of‘his study Grosche made an effort
"to-méasure ‘the source distribution.  -Using a spherical reflec-
#.tor; an image of a-€ertain volime of the ‘turbulent flow is ob-

tained outside of the flow: The ‘noise intéﬁSit&Ais then
* ‘'measured 4t the image volume bj'méﬁﬁs'of'a'miCrophone. One
drawbacdk- of--the méthod -is that the measured noisé intensity
‘¥s77of course, ‘only ‘that radiated ‘to"and reffeéfed-bY“tgé re-
flectory ‘:As'd jet -flap has a highly directional radiation
patteri “several measuréments.have‘to be*peff6fﬁéd“foéﬁ§fﬁg
- 'on :thé’same volume elemeint but from different directions.
| The 'méasured-intensities have then to be superimposed “in" some
“’guitable ‘way in order to .get the source strength of thé -
'volume ‘élemént of turbulence. Déaling*Wi%h acdoustic radiation
fesults-in another drawbacK. ‘Due to diffraction effécts *
‘caused By the large“wavélength'%he'resolutibﬁfi§*onTyrsafis—
‘. faétory “for "high frequené§,~Say'10‘KHzL*‘Withithése restric-
~ . tions ‘in ‘mind the conclusions are the following: =~ ©& ¥
Sz UER € a0 ‘considerable part of “the totdl acowstic power is .
s radiated by a.region at or béhind the trailing
et L. T edge of the“flap; Altholgh -this observation is
. 'fValid*for:$11~ffthéhcieSithéﬁlafgé§¥“ihbféds%,
it el »A’COmparEHFtbifhé pure slot-nozzle, occured ‘at'the
" lowfrequency end of the spectrum, ‘- e
“It:mayﬂ%e‘rémarkéd~§hat‘for-10w frequencies the resolution is .
5 .yery: poot . »ThiéFMakps-itﬂdiffiéhIt if not ‘impossible’ to" de-

~~itermine “thé Tocation from: which’ the low frequency noise "is emitted.

G
w
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.2.. The results support the assumption,that the flow
field near to the nozzle orifice of.a jet.flap
. radiates less high fréquency sound. than the.same
fegion1of a pure slot nozzle., . . .. : - | p}mf
'_AGrosche measured the influenceﬁof the exit;velqgity on
~ the intensity and found for the jet flép éppro#imateiy‘aﬂ
AU?—lgw.._He,concluded from this result th@t‘fhe Additiqpal
.noise of a jet flap is due to\dipolé*radiation from. the

i

trailing edge of the flap., The authof hoficed, however;
that the peaks of the ploﬁ;éd qoise:inténsity Qeréus x,.are
. located downétream of the ffaiiipg edge ofAthgwflaps-for all
components'qf_the noise spectrdm; This implies thét_stfopg
,qbise‘sources are nof.only at the trailing edge,. but down-
stream of it as:we11,~'But theée, infthe absence_of'solid
:.boundaries, would have to'be'quadrupole,sound sources..
Hayden's master .thesis (9) confirms the presence 6f
dipole noise sources along the trailing edge. - He~sﬁowe&.how
. the directivity of a point dipole is changed due to diffraé—“
tionfof_the waves at the trailing edge. .Free-~field measure-
. mqnfs substantiated his calculations. Theégfore, it éeéms to
~_.be well established both'theofetiéaily and exﬁeriméntaliy
that dipole noise sources are locafed at the trailing edge.
Powell (10) stated that trailing edge noise will produce
a.spectrum whose shape will debend principally on -the lécal
.-..«characteristics of the flow there. However, it is eXxpected
to-contribute mainly to the lower frequency end of the :spec-

?

trum,
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So far? only the results of free-field measurements
have been reported Harper (11) and Gruschka (12) made tests
on overall sound power and frequency spectra of slot nozzles
and jet flaps in a reverberation chamber.‘ Their results.w111
be quoted and compared to those reported in thls study.

Il. ACOUSTIC TESTS IN A REVERBERATION CHAMBER

The object of the acoustic tests, conducted in a rever-
'berationlchember, is the parametric study on the influence of
the slot nozzle aspect ratio, the flap length and the Mech
number'on the,overall radiated sound power .and its spectral
composition, The test facility in general and,its most im-
portant parts like the slot nozzles, the flaps, and the stil-
ling chamber as well as the instrumentation and the reverber-
ation room are. described in Appendix A.

Overall Sound Power Measurements of

Jet Flaps and Slot Nozzles

Figure 6 gives a general picture of the radiated

- sound power as a function of the exit Mach nnmber, aspect
ratio and flap length. The slot nozzles are generally -
quieter than the circular nozzle by some 3 dB or more for
Mach numbers larger than 0.5 approximately. Adding a flap
to the-slot nozzle results in an increase-ofvoverall sound
power over the whole covered Mach number range. For low
Mach numbers th1s increase is substant1ally larger than for

higher subsonlc Mach numbers.

18
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Figure 6. Overall Sound Power Level Versus Mach
Number. '
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Figure 7 presents the overall sound -power versus the
non—d1mens1ona1 flap length 6F with the exit Mach number as
parameter. For O <‘5F, S 10 a graph of the sound power versus
the dimensional flap 1ength is also presentediin Figure-8,
~ since the sound power increases in this rangevwith'é% and A
The rate of increase depends on the Mach number and 1ncrea-
sesz1th decreasing Mach number. For >10 the sound
power remains approximately constant and the- 1nf1uence of
the aspect ratio is 11m1ted to the highest subsonic Mach
numher.used during the tests. It should be;noted that this
chahge in the radiationjcharacteristics occurs at: a flap
length that equals approximately the maximum‘potentialfcore
length. | | :

Figure 9 is a graph of the;owerall'soundgpower of
the circular reference npzzle and the threezslot;hozzles
versus the exit Mach number plotted in a logarithmic scale.
For.Mé>,0.5.the sound power of“the.circular nozzle follows
very closely Lighthill's‘ﬂs-law which is represented byZa
straight line. The situation is suhstantially changed for
thewslot nozzles. At higher subsonic Mach numbers the slot
nozzle A = 30 follows the U -law, the nozzle A = 120, however,
follows a U7—1aw, whereas the nozzle A = 60 gives results
somewhere in between, for lower Mach numbers the exponent
decréases further to approiimatel&$4- For‘Me > 0.5 the
slot nozzles generate less sound than the circular nozzle.

Th1s is in. agreement with Cole's (5) estimate that the noise

20
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Figure 8. Overall Sound Power Level Versus
Flap Length. ' ’
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generation of a slot nozzle with a sufficiently high aspect
ratio ( in order to negiect the end effects) should be
approximately 3 dB less than that.of'a-circular,nozzlerwith
the sane cross-sectional area and exit velocity.  '
- Figure 10 shows that adding a flap'%e_the?siotfnozzle'
increases the radiated sound power. The.added_fldp also
- changes the exponent in the power law: ‘Tne jet flap does not
foilow Lighthill's U8-1aw within the Maeh;number range covered,
Even for_higher subsonic Mach numbers the exponent is enly
between 4.6 and 5.7, for lower ones as low:as 3.5 to 4;6.
The jet flap is noisier than,thenc0rrespending'élot noZzle
regardless of the Mach number, but the. dlfferences decrease
with 1ncreas1ng Mach number, These -observations for A= 60
hold.also for the other twoﬁslot nozzles, as is evident from
Figure 6 (page 19 ).

For both the slot nozzles’and the 3etifieps'the
exponent of the power ‘law seems to depend on the Mach number
Harper (11) and Gruschka (12) report overall sound power
measurements of slot nozzles (A = 15, 30 60) and Jet flaps
( QF = 9, 13, 19) and the corresponding c1rcu1ar reference
nozzle., As thenmaSLwements were obtained 1n a reverberatlon
room, they are directly comparable to the results reported
here. The sound power of their circular reference nozzle and
the circular nozzie used in tnis study agree ver§'weil if

the levels are corrected to the same exit area (by plot-

ting them, for example, versus the Lighthill parameter

24
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. _5_8 ' '
L ;pA”Aeao U , as was done in References (12).and (13).

e

The slopes.of the sound power plots reported in (12) also agree
very well with those obtainedAin this study. This holds for
the slot nozzles as well as for the jet flaps. Only the
sound power is generally lower. It is believed that this

is an effect of the small size of the nozzles and-jet flaps
tested. They measured cons1derable reductlons of thrust for
‘the A = 30 and A = 60 nozzles compared to the c1rcu1ar

nozzle. Therefore, the sound power levels are geherally lower

than those obtained in this study.

Power Dehsity Spectra

The power density spectra yere calculated'from 1/3
octave sound pressure'level spectra (Appendix Bsi' Generally
the spectra-of theﬂnoise are very broad and .the maxima are
‘very‘flat o It is often dlfflcult to determ1ne the peak fre-
quency w1thout substant1a1 error Nevertheless, ;n order to
'characterlze the power density spectra the peakéfrequency
w111 be used here lacking a better parameter.

Figure 11 is a plot of the peak frequency versus Mach
number for the circular nozzle and the. three slot nozzles,
Figure 12 shows the bandwidth 3 dB below the peak for the
same”hoizlesf ‘Comparing these'two graphs it isfobvious that
high peak frequenc1es are always assoc1ated W1th large band-

-Z'”w1dths, pr,vln other words,,the h1gher the- peak’frequency

. 26
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the broader spectrum. This observation holds generally
;for-gll tested nozzles, No 1ow'§éék fréduencies associéted
"with large bandwidt? or high peaklfrequencies coupled with
isma}l bandw;dfh<;efé f@und. |

R ‘: Oﬂe‘w;uldweﬁpéct the.peak frequency of a circular

. nozzle to be proportional to the exit velocity and inverse-
gly proportional to the exit diameter

fp ~ Ue/ai

, or

Str = f x d/U_ = constant
p p e

\

-~

fwheréxstfb.is fhé“peak Sgrouhal number, However, the peak
fStrouhél number, plottédAin Figure 13 versus the exit velo;

" city, shows a different behavior. Lighthill studied data of
éseveral researchers and found that the expérimental-evidence
%indicates at béét a much slower increase of the peak frequen-
icy with ihéfeasing exit veloeity than suggested by a con-
Tstant Strouhal number. The peak frequencies of the spectra

. of the slot nozzles were expected tovdepend on the aspect

Aryratio such that the peak freqpency increases with the aspect

ratio due to the smaller nozzle heightsf Furthermore, as for
Ttﬁé éi;cﬁldr,noz;ie, Eﬁé'peakkfreqﬁency'was gxpected to be
proportional to the exit velocity. The influence of the
aspect ratio is aé expected, though not for the higher sub-
sonic Mach number range. The dependence on the exit velocity

is, however, the opposite. 1In the low Mach number range the

29



.40!- o Circular Nozzle  Str = £ d/U_ -
: O-Slot Nozzle A = 30] P p e
O Slot Nozzle A = 60 =Str = f h/Ue
Sstr | V Slot Nozzle A =.120 p P -
p .
4
.32} -

90 120 150 180 210 240 270 300

Ue’ m/sec

Figure 13. Peak Strouhal Number of Circular Nozzle
and Slot Nozzles Versus Nozzle Exit Velocity.



slopes are negative and quite large for A = 60 and A = 120.
The peak Strouhal number remains constant only for the higher
exit velocifies (Figure 13). l ‘
For jet flaps the first observation is that the peak
frequency does nét depend on thg exit velocity. Figures 14, 15
and 16 are plofé of the peak frequency versus Mach number.
Disregarding for the nmoment jet flaps with 5p < 10, the
graphs display a proportionality of the peak frequency to the
exit Mach number and an inverse proportionality on the flap
.léngth Sp- In order to demonstrate the direct proportiona-
lity betweenvpeak frequency and exit velocity, the Strouhal
number was plotted versus the exit velocity for jet flaps
with A = 60 and different flab lengths., Figure 17 shows
that the Strouhal number remains nearly constént over a wide
range of exit velocities. As characteristic length the flap
length was chosén, which resulted in a minimum spread of
data points.
F < 10 exhibit someWhaf'different
noise characteristics. Besides some othe; irregularities

Jet flaps with 5§

fhe most important seems to bé the sudden drop of peak fre-
duencies. First displa&ing fhe same pfoportiohality to the
exit velocity at low and medium subsonic Mach numbers ‘as jet
flaps with 5, > 10, the behavior is suddenly reversed at
higher subsonic Mach numbers, résulfing in a decréasé of

peak frequency with increasing exit vélocity. It may be

noted again that the jet core extends at a maximum to

about ten nozzle heights downstream, if it is completely
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'shielded pﬁ'one side by- the flap. For shorter flaps the core
"is‘also shorter but extends over'the trailing edge of the
fiap. ‘ ~
Flgures 18 19 and 20 present the peak frequency as a
fanctlon of the d1men31ona1 as well as non—dlmen51ona1 flap
length with the aspect ratio as a parameter. . It should :be
nqted thatthe peak.frequency'is independent of the aspect
ratio of the jet'flap for'.Me <h0.9.ﬁ This is shown‘by plot-
ting‘the beak freququf versus the dimensionai flap length
;g The scatter of the data b& approxima tely 0.5 KHz is con-
sidered.a rather shall‘deviation."If;“hbWever, the peak
frequepcy;is plotted versgsxthe noh—dimensional flap length
46% the graph suggests‘a erendepcern thevaspect ratio,

Tﬁis tneorrect impression is caused by using;an irrelevent
barameterttp hon-@imensionalize the inflgential parameter,

| .Iﬁjthe aspect ratio has no influence:at all it ap-
‘bears tﬁat;thejﬁeak frequency is just'a function of the -

ratio of.a'characteristic speed and.the flap length. Tﬁis
-ealculated frequency, using the exit velocity as character=
istic speed, is also plotted in Figures 18,;19 and‘ZO. This
ratlo is generally too hlgh especially for the shortest flap,
but represents otherw1se approximately the general behavior,

=§ »'t':qu Me”é¢0f9,-heweyer, where the peak.frequencyrdrop
'for’jetsfwithfyF.< lOvOCCurs,‘the'aspeet ratio-has a strong
‘iﬂfluenée on the peak frequency..: If now the flap length,
rnep—dimenstbnalised bY-the-ndele-height,«is used on- the . - . .

R |

T,
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abscissa, a certain pattern develops-withnpeaks:in,thexragge
8.<- by < lly(Figgre 20). It seems, for higher subsonic.Mach
ﬁgpmbers, that the peak frequency increases with increasing
_flap length as long as the jet core. extends over the trailing
edge of the flap. . As the-core ;ength depends on the nozzle
height, the peak frequency depends,also on-the nozzle height
and thus on the aspect ratio. If the flap length is larger
than the core length, the peak frequency is again inversefy
prepertipnal.tq the flap lengfh.and is- independent on the
noézle height, '
P
o Summary
I
The influence of the Mach number on the overall sound
power is discussed first. For higher subsonic Mach numbers
(0.7 .to 0.9) the overall sound power is propertional-to
v . - . for the circular nozzle
;u}UeS,to Ue7' for -the slot nozzles. (30 S A § 120)
o ,‘U-6 to er"s - for jet.flaps with A = 60 and. 5.6 < .
PR .. bp S22.4
For low Mach numbers (0.3 to 0.5) the ekponents are smaller
by approximately 20% for all nozzles and jet flaps tested.
" The, slopes are-in agreement with those reported in (11) and
- (12)-. For low Mach numbers. P

jet- f1ap>pslot nozzle > cir-

R , but due-to the power .laws, .the order of noisi-
‘‘cular nozzle’ g S : Gl 2 e T O BRES
ness .is reversed for higher Mach numbers.. . In -Figures 6'

(page 19) and 10 (page 25) this behavior can be observed,

40:



“.-although-the higheStLMach’puhber~6f’the‘tésts‘is not large
f-?ﬁeﬁbﬁgh.i’The slot nozzles are not as noisy as the circulal
- “'nozzle ‘for ~M‘;"-"-\'v'>‘o=.4’5 and thef'jét flaps aré less noisy than
" the'ciréular- nozzle for Me'> 0.85 to 0.95, depending on the
“aspectﬂfatib.*VIf the data are extrapolated one’may'staté
- “%hat thé'jet;flaps bécoﬁe-leSs noisy than the slot nozzles
“around Me~5‘l“br'ébove; o =
%I The influence of the-flap length, the aspect ratio -
and the exit velocity on“tﬁé.sound‘ﬁower'and~the'péak'fré;
quency is best presented separately for jet flaps-whose '
flaps are.shorter than the potential core and those with
flap lengths longer than the core, The.reason_is'that.a
clear picture is only obtained for jet flaps with flaps: long-
- er than'the core; !
_’Sﬁmmary:for-sr"z'lo T T
The'totél-soﬁnd“power‘is“nearly»indépendenffof the
“flap length (101<.6F -¢-32) and depends. only for higher sub-
l%féonic;Mach,humbers on the aspeCt'ratio} ‘The ‘peak frequency
; ié proportibnal'to the exit-veloéity'and inversely propor;
tional to.the flap length.. it is independent of the aspect
“ratio (307 £ A £ 120). - A P
Summary for 36fA S‘ 10 - | |
" The total“souﬂd power incireases with increasing flap
ulepéthAanqrincreaSingfaspe¢t'ratid“(Figure 8, page 22 ). The
" 'slopes are decreasing with increasiﬁg*MachVnumberg ~The peak

frequency behaves exactly as ‘described for’ Bp > 10 as long as

cb
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‘the exit Mach number is smaller than, say, 0.8, For
Me = 0.9 the peak frequency increases with ihcreasing flap

the ier .. . e 2,

Jiength.

Discussion

Particular characteristics of the noise radiatioh from
jet flaps, which were observed in free-field tests and‘rspor-
ted in the References‘(4), (5) and‘(S),‘weré confirmed by
the‘results obtained in the reverberation'chamber;’ Since in
‘all threesreferences-fheﬂjet flaps had flap'Iengthsvmdcb
| larger than the potential core, jet flaps with SF‘ > 10 are
discussed first. |
The first of these repwrted characteristics is the
increése in overall pdise if a flap 6f‘moderate lehgth |
.'(io Sa 85 'S'SQ) is added to a slot nozzle. This result is
showh in Figures 7, 8 and 11 (pages 21, 22 and 27 ). The
peakﬂfrequenéies of the power density spectra are lafger;
for the jet flaps than for the slot nozzles, if 0,7 $ M,
< 0.9.. The question is whether the high frequency noise is
geﬁefated in the primary or in the secondary mixing reéidﬁ
(the inner boundary layer is hot“considered sinée it is Bé—
~lieved tht the two other regions of noise generation should
dominate because of their much laréer voluﬁes). According
to the reasoning of Grosche‘(S), the flap prevents the
mixing of the turbulent pians:jet with the ambient air on.

one side of the iet sheet, especially in the region near the

42



'noizle orifice which is commonly considered as the squrce.of
high frequency noise..'Thérefore, if the contents of high
frequency noise increasés, the most reasonable sourcg:of'ét
is the secondary‘mixihg region. If this is confirmedfby.;he
flow measurements, this has to be considered as a major draw-
back of jet flaps equipped with moderately long flaps, since
noise generated in the secondary mixing regiqn is rédiating
':unobgtfuctedly towards the grpund;

The second of the reborted characteristics.is-the_ée—
,“éreasé of overall noise of therjet flap compared to the slot
nozzle; coupled with an increase of low frequency poise, if
tig_Long flap ( éF > 100 approximately) is added. 1In order to
confirm this result of the free-field tests by the results ‘
obtained in- the reverberation chamber,'bdth the test data of
the overall soundApéwer.vérsus 6F and the peak frequency of
;the po&er density spectra versus Sg have to be extrépoiéted,
since the longest flap tested was BF = 32, In Figure 7
(page 21) the overall sound power at medium and higher sub-
sonic Mach numbers js more or'}ess constant for 12 $-'5F
_:s 32, There-ié no indication in which difectiqn the curves
will turn if the flap length is increased, Maglieri and

Hubbard (4) reported a reduction of overall sound power for

8, = 190 compared to the slot nozzle,whereas Grosche (8)

‘F
reported a higher overall sound power compared to the slot
nozzle for flaps with 6p = 50 and 100. Therefore, if the
sound powér decreases as is indicated by Reference (4),

it decreases only very slowly with increasing Bpe
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The picture;ig clearer_;f,the peak frequencies are
conside;ed. Figures 13.thrppgp 15 (pagés’ 3O,V§Z‘and,33 ) and
. Figures 17 through 20 (pages 35, 37, 38 and 39 .). ‘,§how, that
_there ;s‘g‘cdnsistenfpinverse préportionélity bet&een_phe
peak frequency of the power den§}¥y-speqt%um.9£ the ypisg..
and. the flap length ( at constant.exit velocity). There is no
apéarent reason why this inverse proportionality shbuld not
also hold for larger flap lengths. Therefore, this relation-
ship'between the peak-frequency and the flap length, the
aspect ratio having no or only a minor influence, seems to
confirm that a major part of the radiated néise is generated
in the secondary mixing region.

Next, consider the noise output of jet flaps with flap
.1ength SFV 5 10. From the graph of the overall sound power
versus the dimensional flap length LF (Figure 8, page 22), it
is noticed that for a fixed Mach number the sound powér increases
" 'with both thé flap length'and the aspect ratio (slbt'width).
‘This is'a'strong indicatioh for the presence of Wall boundary
layer noise, composed of quadrupole noise and dipole noise.
Both of these noise sources are proportional to the flap length
and width'(in the Xq direction) of the turbulent flow over the
flap. Since the dipole noise dominates the quadrupole noise
by a factor of 1/M2, the increase is lafgest for low Mach
numbers and smallest fofhhigher subsonic Mach numbers. The
o obééfved péaké of the overall sound power which occur only at

'small Mach numbers might be caused by strong dipole sources
generated byAthe‘interacfion between the.unSféad& motion of the

pdtential core and the trailing edge of the flap.



" Thus the additional overall sound power radiated due
" to the addition of a flap to a slot nozzle is composed of
“ three types"ofJnoiée:-'Quidrupolé type wéllxboundarb’iaYér

héisé,fdipble type bounaafy Iayef‘hdise and dhadfupdlé“%ype'

noise of the secondary mixing region.
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CHAPTER III

o ' THE FLOW FIELD OF JET FLAPS
. | _

The objective of the flow measurements is to obtain
general information on the flow field of  jet flaps, parti-
cularly on mean shear, turbulence intensity and turbulence
scale, This Will lead to estimates of the acoustic source
strength distribution. Also it will enable estimates of the
relative source strength of the secondary mixing region to

be made,
I. SOME GENERAL CONSIDERATIONS AND INFORMATION

The Flow Field of a Slot Nozzle as a‘’

Limiting Case of the Jet Flap

A limiting case of the jet flap is the plane turbulent
jet . (flap '‘length becomes zero). As the flap length increases
beyond the jet core length, it will gradually change the mean
and fluctuating velocity profiles of the primary mixing re-

- gion. The dominating region of noise generation is the tur-~
bulent flow with high turbulence intensity and large mean
shear, thus the central region of the mixing region. It will
be shown later that ﬁhis part of the primary mixing region is
not influenced at all by any of the three flaps.  Therefore

it is concluded, for the flap lengths under consideration hefe,

that theory and experimental data of the free turbulent mixing
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region of the plane -turbulent jet can be applied to the pri-
mary mixing region of the jet flap.

'The plane turbulent jet wés investigated by several
researchers, among them Albeftson, Dai, Jensen and Rose (14),
Van der Hegge Zijnen (15), Mathieu and‘Synyach (16), Miller
and Comings-(17) and Lieﬁmann and Laufer (18). The latter
investigated the first regime of the plane turbulgnt>ha1f—
Jjet.. Theory dnd’experimental data of the 'initial and tran-
sient region of the tangential plane turbulent wall jet
would bé directly applicable (neglecting eventual_influen-.
ces from fhe finite flap length), however, to the knowledge
6f the author, they are only available for the fully developed
region, '

As already outlined in Chapter I, the flow field of
.a slot nozzle is self«-similar in the initial region as well
as in the fully developed region., Since the initial region
is of dominant importance for the generafibn of noise, the
self-sinilarity was checked b& measuriﬁg the mean and tur-
,bulent»velocity profiles wifh a hof—wire anemometer, .Figurés
21 and 22 show these velocity profilés plotted against a non-
dimensionalized lateral pdéition. The mean veloéity profiles
are already similar for xl/h-é 1, whereas the turbulence
velocity profiles become simiiar further downstream. »One can
deduce from the data that the velocity profiles become fully
developed in the range ; < xl/h < 3.‘ Liepmann and Laufer: (28)
report fully developed velocity profiles for xl/hj>1.5. |

t
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Information Obtained from Shadowgraph Pictures

" Some ?enerai information on the flow field were ob-

”ﬁjﬁtained by shadowphotographs taken with ‘a short duration spark

' as light source. The shadowgraphs show that the transition

~ from laminar to turbulent nixing layer occurs very close to

" the nozzle exit The trans1t10n point, measured on the cir-
cular reference noszle, is located approximately at x /d

= 0. 2 The Jet emerging. from the slot nozzle (A = 60) under-

" ‘goes transitibn somewhere before4x1/n = 0.5 Downstream:of

" the transiticn point.thefprimary-mixing.region‘ nith its ‘high
turbuience.intensit&_deuelbps; separited'frcm'the fiap by -
the potential;core and the inner boundary layer., 1In the‘case
cfvthe'shortiélap? BF = §36,.the-potential core extends ‘over
the trailing edge.of theﬁflap;.'Behind the trailing edge ‘the
seccndarj'mixing regicn originates. The shadowgraphs indi-
cate a faster%Spread of the Secondary mixing region as com-
pared with the primary'mixing region.f*The inner boundary
layer is very thin‘and'not visible"on‘the picture,

| In the-case of a‘long flan ( 6~ = 22.,4), the core

'extends over less ‘than half the flap length, The'inner**
fboundary 1ayer becomes “visible ‘but is still s; thin that no

turbulent structure can be seen, Here, too, the secondary

- m1x1ng reglon spreads faster than the: primary mixing region.
i

1
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II. HOT-WIRE MEASUREMENTS

-The bulk of the data which will be reported are those

-.;.obtained in the flow field of a jet flap‘with_én aspect ratio

A = 60 and flap length of 5F”= 5.6, 8,95 and 15.4. Thus one

flap is shorter than the potential core, oné is of about the

.- same length andiqnq is mu¢pilqnger than the core.. The exit

velpcjty is usugllyflzo,m/$e¢, cqrrequnding‘to,qn exit Mach
.-number of 0.35 and a. Reynolds number of 1.75 x 104, based on
.sthe nozzle height.. Since no measurements were attemptéd.in
~the inner boundary layer, all reported data are those obtained
in the primary or secondary mixing.region.f_Ail data were
- -.measured by,meansmof.hot-wire‘anemometers“and Figures 23
Jthroughyzs.show a selection of typical-megn éhdvf;uéfﬁating'
-.:velocity profiles; tTﬁe majoqﬁpart of the results'pfesented
..on the following pages wasﬁobtaineq”from such veiqciﬁy,prb-
-files, . The instrumentation used for the measuréments.is
described. in Appendix C, . . ‘
Two important features of the flow;field of'a’jet flap
- are readily apparent from inspection'ofntgese p;ofiles; First,
the mean velocity and,the,turbulgnce,intepsity distribut;ons
. in .the primary mixing: region .are unaffected by the addition of
~any.of .the flaps. Second, very strong mean velocity gradients
_and high values of turbulence intensity occur in.the secondary
mixing region immediately behind the flap. This is shown quite
~clearly in Figures 23 and 24 and indicate a strong source. of

~acoustic noise.
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Mean Velocity and Mean Shear

Figure 29 presents the axial mean velocity decay for

-the slot nozzle and the jet flaps. The downstream exténsion

of- the potent1al core 1s approximately 5 =,4 75 forjthe
slot nozzle and 6o = 6.5, 9.4 and 10 for ‘the jet flaps with
bp = 5.6, 8.95 and 15.4 respectively. Comparing the data of

the slot nozzle with data compiled by Harsha.(lQ),~ it is
noticed that they aéree within the usual margin of scatter.
Thestheory predicts that the centerline_mean velocity de-
creases with a slope of 1/2 for the fully developed turbu-
lent plate jet. 1In Figure 29 th1s slope is reached at a
downstream pos1t10n of about x /h = 15,

. The decay of the max1mum mean velocity is faSter for
the Jet flaps and it seems that the curves.mergekfurther
downstream. That should be expected, sinceséhe influence

of thetrelatively short flaps should level{ont at some down-
stream distance,

Figure 30 shows the maximum mean shear (lateral maxi-
mum mean velocity gradient),'non-d1mens1onallzed by the nozzle
helght and the exit velocity, versus the downstream pos1t10n
The curve for the primary m1x1ng region is well substantlated
by data of.different slot nozzles and Jet flaps. Nelther the
flap length nor the aspect ratio appear to have any influ-
ence} The secondary m1x1ng reg1on exh1b1ts large mean velo-
city?grad1ents, ‘They appear to decrease.faster }han those of

the primary mixing region.
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. - -1t was expected that. the -gradient just: behind the
tra%iieg edge of the flap would decrease with increasing
E flapi;epgth. However, the inner boundary layer has a thin
i sub}a;erfadjacent to the flap, whose mean velocity gradient
) is muéh férger than that of the major part of the inner
i’boundé}y layer. For the shorter flaps the suble&er'is still
: SO th1n -that the maJor increase of speed occurs outside of
{-it. For the long flap, however, the major 1ncrease in speed
; occgrsiln the sublayer and subsequently the maximum mean
?rsheaf is very large. The same phenomenon wes observed be-
hind fgegtrailing edge of a jet flap with an aspect ratio
f:of 36‘and a flapileﬁgth of 16, The magnitude of'the non-dimen-
"s1onal1zed max1mum mean velocity gradient was 14,
If the maximum mean velocity gradlents of the second-
z ary m1x1ng reglon -are, plotted versus (x - LF)/h, the down-
- stream pos1t10n relative to the trailing edges, the curves
T:c01nc1de falrly well., The non-dimensional mean velocity
g gradlent of the circular reference nozzle is also presented
t-ln F1gune-30 Except near-the nozzle exit, 1/d =1, the
a data agree well with those of the slot nozzle.
Figure 31 shows a somewhat arbitrarily defined width
' of the free:mixing la&er.plotted versus the downstream posi-
tion, The Width presented is déefined as the distance.between

. the points having 10% and 90% of U There are two

1 max’
reasons for not using tﬁe'wholejwidth of the free mixing layer,

as it -appears in the - mean velocity profiles, besides the fact
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that it is very difficult to be determihed accurately.
First the mean velocity plots do not represent the axial

velocity U in the low veloc1ty reglon. They actually repre-

sent \/U + U2 . since the single hot-wire does net distin-
guish between Ul and U,. Miller and Comings (27) present’
profiles of<?12>+\%22)0&and ﬁl—profiles andAthe>two curves
coincide everyWhere,ekcept‘for ﬁl/Ué < 0.1; ’Since the outer
edge of the jet is‘of no importance for.the generation of
sound, the prefiles given here are uncorrected;7 The second
reason is to_present a width which approximatei&.stands for
the width of constant mean shear. Therefore, the rounded
upper portion. of the mean velocity graph is cut eff. |

Ia the first regime the width of the primary mixing
region-increases,linearly with incfeasing dewnstream position,
This apéears to hold, with a smaller slope, alse_for the re-
gien of established flow.jiAs the planevturbulenf jet e%hi_
bits self-preservation in both the first regime and the
regioﬁ of established flow, the w}dth should be proportional
to the downstream poSition; The &idth offéhe secondary mix-
1ng region increases 11near1y, too, but much faster Further
downstream the rate of increase becomes smaller and appears
to approach that of the primary mixing region, -

If the width of the secondary mixing region is pletted

versus the downstream position relatlvely to the. tra111ng

edges, the curves c01n01de fairly well (Figure 32).

s
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Figure 32,
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Turbulence Intensity

The turbulence 1nten51ty is defined as I1 = LOO'G'/Ue
(per cent), where Gl is the root—mean square value of the
turbulence velocity in Xx,~direction. The turbulence inten—
sity was neasured in the primary and secondary mixing region,
but no systematic measurements have been performed in the
ifnner boundary layer. ‘However, in the course of measuring
the mean and turbulence velooity profiles by sweeping the
bot;wlre across the jet, some information was obtained con-
cerning the turbulenoe intensity level in the inner boundary
layer.

As early as one nozzle height downstream of the
nozzle exit the turbulence 1nten51ty at the- outer edge of
the 1nner boundary 1ayer is about 2%, at x /h = 3 it is 5%,
and»at xl/h = 5, 8.5%. Thus the 1nner,boundary}layer is
generatjng noise as well as, the two otherfregions, but the
turbulence intensity seems to be less than observed,in the
~two otner regions. ‘
Figure 33 preSents the maximum turbulence.intensity
5in“per cent of the jet exit velocity as a function of the
downstream p051t10n. The turbulence 1ntens1ty of the pri-
’mary mixing region increases rap1d1y ‘within a short distance
of about two nozzle heights and remains fairly constant over
the following twenty nozzle heights. The data seem to indi-
cate that the flap length has a small effect on the intensity

in the primary mixing region, However, the tests were performed'
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in which great care was féken to let the hot-wire probe
-tréverse in the same cross-section and from the séme start-
ing paint; Then, the well-rounded peak of the intensity |
profiles of the primary mixing-region (Figures 24 and 26, pages
5? and -55) were not altéred by adding a.flap to the slot’
ﬁézzle.._lt is therefore concluded that the flap length has no
influeﬁce on. the tﬁrbﬁleﬁce intensity.in.phe primary mixing
_ region. i |

| The turbulence intensity of the secondary mixing
.reéion is.distinguished by its remarkably high levels._ Since
'_the mean sheér‘is coﬁéidered to be the generator of turbulence,
i_aArelétionship between them was expected such that the'tﬁrbu-
Ence ié highiif the mean shear is high. Comparing Figure 30
(paginO) éﬁd'Figure 33, it is nqticédxthat this relationship
holds 6n1y for fﬁe twolshorter flaps, but not for the longest..
‘Tﬁe iongeét flap has:the highest me;n shear and y;t the lowest
maximum turbulence intensity.. It éhould also be notéd'that the
turbulence intensity levels are geherallylmuchjhigher in the
sécondéry mixinggreéioﬁ than in the primary mixing region, al-
though\the mean shears are approxim;fely equal in magnitude a
short distance beyond the end of the flap.

The:grbwth‘of fhe width of'the mixing region, measured:
at one-half of the maximum turbulence intensity, is presented
in$Figure(3&;i”Again,.the &idthiéf tﬁe séébndéry mixing region
increases“faster than the width of.thg primary mixing region,
Coles (5), .comparing experimental data of slot and circular

nozzles, arrived at the same conclusion,
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Trermmrgpee s e ees e oo Tuyrbulence -Spectra L L

. The spectra of the hot-w1re 31gna1 exh1b1t the same

: general'shape ‘as those of the sound pressures measured in

.»,-. s

the reverberatlon chamber ".The .energy. 1s we11 dlstrlbuted

L

ot a e

: ‘ over the whole spectrum, resu1t1ng in broad bell-shaped

)

peaks, From the 1/3 octav% ‘spe¢tra’ the power dens1ty spectra

L -

were calculated and their spectrum peak frequency, measured

at the maximum : turbulence 1ntens1ty,—1s plotted versus the

R - ~t
08 e criy s, W

downstream pOS1t1on in Flgure 35. 1In the pr1mary m1x1ng

region the peak frequency decreases monotonically w1th in-

creasing downstream position and appears to be 1ndependent
. of the flap length Tests were made leaving the hot-w1re

probe stationary at thewmaximum turbulence 1ntens1ty in the

‘ flow field of a slot nozzle at d1fferent downstream pos1—

tions. Different flaps were then added to the slot nozzle

fand the frequency spectrum for each one obtained. Since the
frequency spéectrum did not’changexatfall, it is con@lyded

«

that the spectrum peak frequencieS-oﬁtained in different

; tests in the primary mixing region“should all coincfde with

3 .

one curve. .i ‘ L g;,

: * The spectrum peak frequencies of the second;ry mixing
reg1on>d1sp1ay some’ 1nterest1ng characterlst1cs. F1rst the
peak frequency decreases with increasing flap length in

other words the longer the flap the lower the character1stic

\

frequency of the veloc1ty fluctuatrons 1n the secondary mix-

r,'. B

ing region. Secondly, for the two shorter flaps the peak of
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the curves does not occur directly behind the trailing edge
of fhe flap at the beginﬁing of the shear layef. Instead;
the peak frequenéy first increases directly behind the
:trailing.edge and starts to decfeaSe at some position further
downstream, ;The rate of decrease is faster than that of the
primary ﬁixing region,ahd the curves of the secondary mixing
region merge,with the curve of the primary mixing region suffi-
ciently for downstreanm,
fhe'turbuléncé intensity profiles, shown in Figures 24,
26 and 28‘(pages 53, 55 and 57)-are broad-band profilés. If
the signal of the laterally traversing hot-wire is sent through.
a set of filters; narrow-band turbulence intensity profiles are
'obtainéd. Figureé 36 and 37 show graphs of this kind for the
jet flap A 60 and 6, = 8.95, obtained with f;lter:sets of
;1% bandwidth. Figure 36 shows theﬂprimary mixing region at
-xl/h = 1, Figure 37 the secondary'mixing‘region"af the same
downstream distance relative to the trailing edge (the down-
~stream position of the primary mixing region in Figure 37 .is
‘xl/h:= 10)1- Both figures show that‘no major change of the
distribution 6ccurs if the turbulencé intensity is deq>mposed
into different frequency bands. In Figure 36 the peaks of the
narrow-band turbulence intensity spectra are alliat about the
same lateral position, whereas Figure 37 shows that the peaks
move away from the center of the jet with decreasing center
frequency. The same effect should be present also in Figure 36,

but it becomes blurred due. to the narrowness of the mixing

region,
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Lateral Scale of Turbulence

The definition of the lateral scale of turbulenee is

P

2

%
L, =/ %1 2 W B * A ax
2 e

(xz) _ul (X2 + A X2)

'Iniexperimental practice the upper limit is usually the
first zero of the integrand. This scale of turbulence is
usually associated with the dimension of the largeSt'loeal

eddies. The lateral correlation coefficient

)

g (xy) =1 o) Uy g+ 4 xy)

uy (x2) uy (xz + Agxz)

' was measured for the circular reference nozzle, the slot

nozzle and the three jet flap configurations, for the latter

only in the secondary mixing region;‘ The area under the

correlation curve was then determined by grephical integra-

tion using the first zero es:npper integration limit.l .
The.laferal scale of turbulence, non—dimenslonelized

by e1ther the nozzle height or the diameter, and plotted

agalnst the downstream position, is shown in Flgure 38 As

the noints of fhe secondary mixing reglon seem to collapse

on one curve, sz was also plotted in Flgure 39 agalnst ‘the

downstream distance relative to the tra111ng edges. Th1s

f1gure contains also data of the lateral scale of turbulence,

of a clrcular nozzle measured by Laurence (20). His data agree .

very well w1th the data obtained here for the 01rcular reference

nozzle.
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Figﬁre 39, Dimensionless Lateral Scale of Turbulence
of Circular Nozzle, Slot Nozzle and Jet- Flaps Versus Down-
stream P081t10n, Relative to &F/h . _ ‘
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The scale of the slot nozzle has a larger slope than

R TRV PN

that of the 01rcular nozzle, :whereas the _slope. .of the lateral

S IET S e E

scale in the secondary m1x1ng reglon 1s con51derably larger.
There is also a clear 1nfluenoe of the flap length in the way
that the lateral scale is d1rect1y proport1ona1 to the flap
length This is understandablel§1nci'the lateral scale Just
behlnd the tra111ng edge should‘he mroportlonal ‘to the boundary

layer th1ckness at the tra1l1ng edge of the flap.

Summary

There are two important results of the flow field
‘ e .
measurements.

‘l ﬁéery 1ntense .turbulent mixing takes place behind
mthe trallrng edge of a flap ( 5Fﬂ£16). ?he mixing
is characterlzed by v
a, large mean ve1001ty gradlents comparable in
‘n“’»uR magn1tude to those of the development stage
ﬁ"lzu of the primary m1x1ng reg1on° %
o :Lh; hlgh turbulence 1nten51t1es ‘which e%ceed those
h Vh'i*observed 'in the pr1mary m1x1ng reglon. The
peak turbulence 1ntens1ty decreases w1th in-
creas1ng flap length.:"The intensity level
stays well above the leveloof the primary
""mikihg‘region'for”approXimately”tenhnozzle

i? 152 E;.Nxhéights ( 5p = 5.6 and 9);

O SN T
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c¢. lateral scales of turbulence which are larger
than those in the primary mixing region at the
same downstream position relative to the
trailing edge or.nozzle exit respectively.'
The lateral scale of turbulence just behind
the trailing edge is proportional to‘the‘flap
length; °

"d. more rapid spread of.the turbulent mixing
region;

e. maximum peak frequencies of the fluctuating
velocity component which are in the mid-
frequency range and inversely proportional
to the flap length.

2. The noise radiated by the primary mixing region is

practicaﬂy uninfluenced by a flap g SF S 16).

This conclusion is drawn from the experimental

evidence that the ceptral région of the primary

mixing region in the range 0 <.§l s 10 (which is
associated with the bulk of the noise emitted)
' remaihs‘practically unchanged in its

a. méan velocity profile;

b. mean velocity gradieﬁt;

c. turbuleﬁce intensity profile;

q. power density spectrum (which implies spectrum
peak frequency). ,

The fact,thaf‘the core length inpreasés up to neariy
‘twice its size in the flow field of a slot nozzle does there-

fore not lead to an increase of the radiated sound power.
| 78



" CHAPTER 1V

ESTIMATE OF THE ACOUSTIC SOURCE STRENGTH DISTRIBUTION

In order to estimate the acohstic source strength .-

distribution within the primary and the secondary mixing

region, certain assumptions and simplifications were made:

1.

The self-noise was neglecfed; "Lilley (6) showed
that in the ihitial region more than 80% of the
noise is due to shear amplified turbulence. The
cdhtribution of the self-noise increases gradually
and'bécomes equal to the shear noise éontribution
in the fully developed flow fegion. However,'
sincelthe bulk of the noise is generated within
the first six to eight nozzle heights, the self-

i N . ; .
noise is of less importance. It seems therefore

. , f
. justified to base this estimate on the contribu-~

tion of the shear noise alone., 1t was shown by
Lilley that the acoustic source in%ensity of .shear

amplified turbulence is given by

_ 3T, 1° = L5 4.1
I (xq, x2) = C 1Bx2 uy x, (4.1)

where Lx is the longitudinal scale of ‘turbulence
1
and C is a constant of proportionality.

As discussed Hn Chapter III1, the primary mixing

region is practically uninfluenced by the presénce

of a flap (5F i 16). The source strength distri-

bution is calculated for one mixing region of the

79




slot nozzle and is cons1dered to be the same
for the primary mixing reg1ons of the‘Jet
"flaps, 1rrespect1ve of m1nor'changestnear the

© x.<axis.
1 i ':

3. Lilley (6) derived'ﬁquation 4.1 aSSumdng homo-
ngeneous 1fotrop1c turbulence With this assump-
;rt1on, the longltudlnal scale of turbulence is

’,fjust tw1ce the lateral scale of turbulence. There-

;fore it is: of no importance which one is used in
':Equation 4;1 ;However ,31nce the long1tud1na1

- scale was not, measured in - the icourse of the
:‘experlments, the lateral scale w111 bé" used here.
jﬂIn Append1x D test data for the long1tud1nal

N scale, obta1ned by Laurence (14), and test data
o v 3
“ of the lateral;scale of tur%ulence are compared.

,

Express1ng the acoustlc source term of the'shear noise,

r v

Equation 4.1, in d1mens1on1ess form g;yes

% Sy

‘

an '5';:'1”1 2 [1x, )5

, X
- I h _ h A S | 2
k= —5 = i o\ e (4.2)
Lok Ue : € a 2 ,."'vfe i ,

Thus the:; non-d1men51ona1 source term I* cons1sts of the non-

d1mens1onal mean shear, the turbulence 1ntens1ty and the non-
d1mens1onal scale of turbulence and can be computed from the
results of the data obtained from the measurements descrlbed

. ",

in Chapter I1I. The results of th1s computat1on is displayed in

Figures 40 -43 for both the pr1mary and secondary m1x1ng regions.

et
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- The figures show that the high intensity regions of
both mixing zones are fairly small. A comparison with
Figure 30 (page 60) indicates,that they extend mainly over
the regdon‘pf approxinately constant meanashear.: Close to
the exft ofgthe slot nozzle the acoustic source Strength
decreases due;to the decrease_ofjturbulence intensity’and
turbulence-scale and reaches:zero at the point of transition.
The acoustlc source strength of the secondary m1x1ng region
does not have such a "startlng-p01nt It can be descr1bed
as an extension of the inner boundary layer since the equal

t

source strength llnes are. a cont1nuat10n of those w1th1n the
inner boundary layer. | .

W1th1n the flrst approxlmately six nozzle helghts
downstream of the trailing edge or the nozzle ex1t compar-
able equal source strength 11nes enclose a larger volume of
the turbulent flow in the secondary m1x1ng reglon than in the
primary one, As Equation 4, 1 representsrthe acoustlc
sound power per un1t volume of- turbulent flow, this means
h1gher overall sound power output | Further downstream the
equal" source strength llnes of the prlmary n1x1ng region
enc1rcle the larger flow volume, however the source strength
itself‘has.already decreased very,muchﬂ Approx1mate 1ntegrat10n
of the intensity distribution reveals that the secondary mix-
ing region has at least twice the sound power output as the
primary;mixing region for the flow conditions given in Fig-

ures &1—43,

-3
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

The overall sound power and the spectrum of the noise
of a. jet emerging from a slot nozzle over an attached -flap
(jetbﬁlap) were investigated in an experimental -survey. : :The
aspect ratios of the slot . nozzles were 30, 60 and .120; the
non-dimensional flap length varied in the range 4,56F < 31.4;

the‘flap deflection was zero degrees; and the.nozzle
exit Mach'number was varied between 0,28 and 0.9, All nozzleé
had the same exit area,

The major conclusions resulting ;from these investi-
gations are:
| 1. The overall sound power of a jet flap at higher

subsonic Mach numbers increases with the fifth
or sixth power of the nozzle exit velocity.

vé. The overall sound power of jet flaps increases

with increasing flap length, but only up to
B 2 8, and remains fairly constant thereafter.
\ The increase is proportional to the "wetted
area, " i.é;’the~area of the flap in contact with
s . the turbulent flow.'lThis~effect occurs at all
jet exit velocities but is more pronounced at
v +u.. . ¢ low Mach numbers.
.3. The dominant freqﬁency range of the noise radiated
. by a jet fiap,ié proportional to the exit veloci-

ty, inversely proportional to the flap length,

86



and independent of the aspectlratio.- A different
behavior was only observed for flaps with flap

lengths 6 <:8 at an exit Mach. number of 0.9.

Furthermore, flow field properties of a jet emerging

from a slot nozzle over a flap attached to the nozzle (jet.

flap) were measured. The aspect ratio of the slot was 60;

the non-dimensional ffap lengths were &, = 5.6, 9 and 15.4;

F

the flap deflection zero degrees; and the nozzle exit Mach

number 0.35.

are:

The major conclusions reached from these measurements

Very intense turbulent mixing takes place in the
jet flow behind the nozzle orifice, and behind
the trailing edge of the flaps.

An estimate of the acoustic source strength

distribution of the shear-noise indicates that'

-the 'secondary mixing region generates at least

twice as much noise as the primary mixing region.
In the secondary mixing region the dominant
frequencies are in the range from 8'to‘4 KHz

and decrease with increasing flap length,

The flow field properties in the central regioﬁ of
the primary mixing region remain practically un-~-
affected.by the presence of a flap, at least @p

to xl/h = 10, (The central region is that.pagf of

the mixing region that has approximately consfant

mean shear and contains the maximum of the turbulence

intensity.)
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Considering both acoustic measurements and the flow
field measurements made in this study‘as wellhas information‘
obtained from published results of other investigations, several
additional general conclusions can be made‘about the noise
generated by jet flaps.

1. Adding a flap‘to a slot nozzle increases the over-

all radiated sound power. IThe differenoe between
the sound power radiated from a slot nozzle and a
jet flap increases up to a flap length 6F = 8 and
‘thereafter is approximately constant for 8 §5F < 100.
The total increase is largest for small exit Mach
numbers. According to Reference (4) extremely long
flaps ( 5p = 200) have less overall radiated sound
power. than the pure slot nozzle.

2, At higher subsonic Mach numbers (M > 0.7) the

jet flap radiates as much overall sound power as a
circular nozzle of the same exit area.

3. As the central region of the primary mixing region
is uninfluenced by the flap, the total n01sei
radlated from this region is generated malnly'w1th—
in the flrst 6 to 8 nozzle he1ghts from the exit
and is 1ndependent of the presence of a‘flap."_

4, A flap prevents the development of a free turbulent

L,

_m1x1ng layer on one s1de of the slot nozzle. However,

-J.

a free turbulent mixing layer w111 develop beh1nd
the tra111ng edge of the flap instead. ThlS secondary
mixing region generates at least as much noise as

the first one would have generated.
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The spectrum>peak frequency of theiradiated
overall_noiserfrom a jet flap appears to be
e.predominantly determined by the frequencies of
m”the.turhulent veioc;ty fiuctuations.in the region
juSt‘behindAthe trailing edge. | .
6. A part of‘the\radiated noise is wall boundary
«1ayer:noise. wThis-isbconcluded from the dependence
of thevoVerallisound power on the wetted area of
the flap. The difference in proportionality of the
-overall sound power on the nozzle exit velocity,

7

P ~ Ue to’U'e8 compared to P

slot nozzle jet flap =
5

U, to UéG, suggests furthermore that the addi-

. tional wali boundary layer noise is mainly dipole
noise, - Both Grosche (115 ahd Hayden (12) reported
strong dipole noise sources in the flow field of

a Jet flap..

Therefore, jet flaps except those w1th extremely long
flaps, can be expected to be more n01sy than pure slot nozzles.
Slzable reductlons of the overall radlated sound power will
"only be accompllshed 1f the noise generatlon in the secondary
m1x1ng reglon can be suppressed to a large extent. However,
even 1f the radlated sound power is large the Jet flap can
'be acoustlcally advantageous due to the d1rect1v1ty of its
sound radlatlon. Slnce the d1rect1v1ty depends to a large ex-
itent on the effect1veness of the flap as an acoustlc reflector,

the secondary m1x1ng reglon is agaln of primary importance,
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As long as this regionAradiates a sizable portion of the overall
sound power, the directivity pattern of the jet flap will not
differ very much‘frbm'the directivity pattern of a slot nozzle,
- Therefore, since any reduction of its noise'generation will
not ohly reduce the overall fadiated.power,;but improve at
the same time tﬁe directivity pattern of fhe jet. flap.

- A deviceiwhich might ﬁave éome potential in this
respect is the "Coanda-Surface“_(Figufe‘44). fhe:principle
is that the curved flap surface with the jet attached will
increase the width of»thé ffée’ﬁikiﬁg rééidﬁ:more rapidly
than a straight flap. Conseduently.the mean velocities and
the.mean shear will decrease at an increased rate which in.
turn results in smaller mean shear and turbulence intensity
iﬁ.the secondary miiing region;. Althbugh:fﬁjS‘is known from
related investigétions, the quantitafiye.éffeéts will ‘have

to be investigated.

'
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(b) Coanda Surfaée.
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Figure 44,

‘Plane Flap.

Coanda Surface Versus Jet Flap with
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APPENDIX A
ACOUSTIC MEASUREMENTS: TEST SET-UP AND TEST FACILITY

Air Supply System

‘“.'A schematic of the éir_supply system is shown in
Figure 45, a sketch of the plenum chambéf in Figure 46 .
Using one-dimensional isentropic flow relations, the
,éonditions in the exif area are fully determined if the
total pressure and the total femperature in the plenum
chamber_afe measured and the pressure in the reverberation
chamber is known, The latter is determined by‘measuring
the barometric pressure and the pressure différence between

the barometric and the reverberation chamber pressure.

Nozzles‘and Flaps

Only coﬂvergent,nozzles_with a constant exit area of
314.15 mm2 were used. Except for the slot height h and the
slot width w the three slot nozzles are all‘aiike._ The flaps
which were attached to the nozzles, differed only in the flap
length &F. Figure 47 shows a schematic of a slot ﬁozzle wifh
an attached flap. 1In this study slot nozzles and flaps of
the folléwing dimensions have been used:?

1. Nozzles |

3.2 mm

i

Slot Nozzle A = 30: h

W = 95.8 mm
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Slot Nozzle A

- 60: h = 2.27 mm
w = 136.4 mm

. Slot Nozzle A

-120: . h= 1.61 mm

w = 193.5. mm

Circular Reference Nozzle: d = 20.0- mm
2, Flaps A ‘
( i) tp = 0.5 1in. =.12;7 mm
( ii) Ly = 0.8 in. = 20.35 mm
( iii) e = 1.38 in. = 35.0 .ﬁm
(iiii) ‘ g = 240 in. = 50.8 mm

A1l flaps were 10 inches,wide and had an angle of

deflection of 0°.,

Reverberation Chamber

There are twd fypes of well~defined acoustical énvi-
ronments, the acoustically free field and the diffuse field.
The freeAfield is a field withbut.any sound reflecting
obstacles. A microphone placeq into it wduld measure the
sound pressure of the free progressivé waves originated af
the sound source. If there are any sound reflecting objects
in the aéoustic field, it measures, however, a combination
of the pressure due to the original waves and the reflected
waves.

The acoustically diffuse field is a field where a
great number of reflected waves, from all directions; com=-
bine in such a way that the average sound energy density is

uniform everywhere in the field. Such a field eXists, at
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1east‘appre%ihate1y, in the reverberation chamber. The
directiﬁity of the'noise sourceris not detectable any more.
However;‘the diffuseness'of’the field ellews efrelatively
eesy_estihate of. the sound power because the sodnd energy
-density in the room is directly related te the difference
JSetﬁeen-the sound.energy absdtbed by the rdom wells. ‘Since
tﬁis,ebserpttqn‘deéends on the'frequeney, a'weighting.
';functieh; the‘feverberation~time, is needed. The>reverbera-
tion'time is defined as the time reduired for the average
sound pressure level, or1g1na11y in steady state, to de~
drease 60 dB after the source has stopped to radlate sound
Know1ng the volume of the reverberation room and the rever-
,;_beratlon t1me as a functlon of the frequency, the- overall
radlated sound power as well as the narrow band sound power
levels -can be determlned (11).. The reverberatlonArqom, used
for these tests, was descrlbed in (11). _It“is sufficient to

say here that 1ts lower limiting frequency, Which is inverse-

1y proportional to the volume of the chamber, is 0.5 KHz.

-

Instrumentatioh

-

The.instrumentation consisted of the microphone, a
microphone amplifier, the audio frequency spectrometer and
a level recorder. The chain of the signal processing is

shown in Figure 48,
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A ST e B e condensor
| Microphone , L
4:K)'Brue1'& Kjaer = - - = 7
e, o - S Type 4136 o
S -7 (without grid)

e
i

1/3 Octave
. s Audio N
Microphone |- -~ “l'Frequency = = |

Lgvelv .
Recorder
Brtel & Kjaer

. qulifiqr | P Analyser o _ e X h
: — < 1" |Bruel & Kjaer | @ -] Type’ 2305
o Type 2112 L —
Figure 48.  Instrumentation for Acoustic'Tests.

Piviise “The gignal is limited to 22 ¥ f Z«45;000'Hz:aﬁd*is
""" analyzed in the audio'fréquency spectrometer: by-1/3‘ or"
l-octave band-pass'filters. ‘For thesé)measurements’ the
‘-1/3-octave' filters ‘were alvays employed. - e
" -In order to obtain the absolute sound-pressure level
*values.(with'refereﬂCe to 2 kf10_4ubar),'spécthméferiénd
level recorder'were'¢alibrated pefore‘each test (21) .

The microphané'ﬁas selééted such that its frequency

' response-tends to cancel out the effect of absorption of

S A

FEOE A A

"’ “the sound by air ' (Figures 49 -and .50):

L
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10 dB | -
T
“7005 .1 5 1

. 002 . 2

90° = Free=Field Response at 90° (Grazing Ihcidence)

0° = Free=Field Response at 0° (Normal Incidence)
R = Random Incidence Response (Diffuse Field)
P = Pressure Response . ~

Full Line: Without Grid
Dashed Line: With Grid

'¥n this Study, the Microphone was Used without Grid
in a Diffuse Field (Reverberation Chamber). The Response
is thus Given by the Solid R-Curve. :

Figure 50, Frequency Response of the Condensor
Mlerophone, Briuel & Kjaer, Type 4136.

‘ Source: Briel & Kjaer Instruments, Inc., '"Audio
Frequency Spectrometer Type 2112,"  Instructions and
Applications, Copenhagen, Denmark, July 1967.
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~ APPENDIX B

ESTIMATE OF THE POWER SPECTRAL DENSITY

' Azpower'spectral dénsi?y.estinafevis‘éiVén t22) by
CHEETLP T . : ;2' (£ -7 A E): R R Sy Wi g
e G (E) = —2 o
~; [ L X , . e A f R SR S RO AR PR B ol AR
R AT FEan R R T T ARG Wit S UL S S

 where ;2 is the mean square of'fheginstantaneousfsignakﬁand
fc'is the center frequency of the-bandwidth AT,

-The Audlo Frequency Analyzer measures the sound
pressure level in a bandw1dth of 1/3 octave4w1tn‘respeet

to a reference pressure and reads it out in decibels:

S¥ran T TR T RO DY A e AU e
VA
n (fc, épf)'= 20 log10 o
’ : S

where p~ is the mean-square value of the instantaneous sound

pressure and pR is an arbltrary reference pressure Commonly

I3
-—

the pressure of 2 » 10 -4 ubar is used as reference pressureq
The power spectral dens1ty is estimated from the sound pres-

sure level n (fc’ A f)‘as follows:

p2 _ pR2 x 10n/10

P D
R 10n/lO

G (£,)

'fR G‘(fc) f

R 10n/10
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where fR is an arbitrary reference frequency;ﬂ

Lk fR:'.g"(fc)" - -

020k T m ) (e AT 7 Toggg

f :
— dB
. D AR s

A
R
Reference [31j'suggé$ts;a éérreé?ibn'of - 0.4 dB for the
neffective bandwiﬁth,“}ﬁhigh'is larger than 1/3 octave.
Thus the equation for estimé%ingithe non-dimensional power

'<épecffdlidéﬁéfty'bécbméé" R 14' i“ B

Loy mrnding e L L e Pt T T A f -
)lolloglo —i—————f- f‘g (fc, ? f? ~ (0.4 +-log10 —) dB -
Coee pR . i .y R - . f 'rfR'

. L e . R . " N L ' N .

e

A power°density-spectrogram<repreéeﬁts accordingly

M 4

t: ‘ . fR G (f ) ) JV ..
10 logio £ € versus fc
- . T 2 :

A typical power density speétfdﬁ'jé.Shdwn in Figure 51.
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Figure 51, Typical Power Density Spectrum.
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APPENDIX C
FLOW MEASUREMENTS: INSTRUMENTATION AND PROCEDURE

Hot-Wire Anemometer Measurements

The air supply system, the nozzles and the flaps are -
the same as described in Appendix A. The jet emanates again
into the reverberation chamber, but the function of the
' chamber is now limited to provide shelter to both the jet
and the hot-wire probes against weather conditions. The jet
is loéhted far enough ffom any wall to insure its unobstfuc-
. ted development. The4pressuré in the chamber is equal to the
f barometriczbreésure Since its\iarge-door is kept open during
the tests. ‘

The instrumentél set-up, shown in Figure 52, was used
_ to measure the mean velocity, turbulence inteﬁSity, turbu-
lence spectra and the autocorrelograms. In order to measﬁre
" these flow proberties the hot-wire probe was placed, mounted
to a tfayérsiné mechanism, into the flow field such that the
wire was parallel to the x3-axis of the coordinate system
and traversed14 in a plane parallel to the noézlé exit plane
(Fighre 53). This results in plots of the mean velocify and
'turbulence infénsity versus X, for fixed Xy and x,_,. x3‘is

3
of no importance as long as.the flow field is two-dimensional,

14

The wire is not moved continuously, but stepwise

~ through the flow.
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Figure 52, Instrumentation Set-Up for Flow Measurements.

‘(a) General Set-Up of the Hot-Wire Instrumentation

(Mean Velocity and Turbulence Intensity Profiles, 1/3 Octave
Turbulence Velocity Spectrograms, Autocorrelograms).

(b) Set-=Up for the Determ1nat10n of Space

Correlograms.

KN

¢« o o

mmqmmpww“w

s o o6 o &
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InstrumentS'Numbered‘in“Figure 53 (&) and (b)
‘ e L el R S
) H
Constant Temperature Anemometer, Type 55D01 DISA,
Elektronlk A/S
Linearizer, Type 55D10, DISA
Auxiliary Unit, Type 55D25 DISA
Sweep Drive Unlt Type 52B01 DISA -

‘Digital DC Voltmeter, Type 55D30 DISA-

~~True RMS-Voltmeter, Type 55D35 Mark II, DISA

- X~Y-Recorder, Model 135, Moseley Co.. .-
Single Bean Osc1110scope Type 5154, Tektronix

Dual Beam Oscilloscope, Type 5024, Tektronlx ,

Audio Frequency Spectrometer, Type 2112, Brliel & Kjaer

Level Recorder, Type 2305, Brtel & KJaer

Analog Correlator, Type 9410 Honeywell

Loop-Tape Recorder, Frequency Modulated, Type LAR 7490,
-Honeywell

Stepper Motor, Type- 52C01 DISA :

Hot-Wire Probey DISA (varlous k1nds were used)

ngh-Pass Filter -

Constant Temperature:- Anemometer, Model 10104
Thermo-System Inc. o ISR I

,'“Llnearlzer, Model 1005B, Thermo-System Inc

Analog Correlator, Type 55D70, DISA .
RMS=Voltmeter Type 34004, Hewlett-Packard'

i

i apr—
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(continued)
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 Figure 53. Orientation of the Hot-Wire.
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During the measurements b4 ’was usually approx1mately zero.

3
In order to obtain turbulence spectra the - sweep is stopped

at selected points and the 51gna1 of the hot-wire ‘is analyzed

"1n the l/3-octave bandwidth audio frequency spectrometer. A

power Spectral dens1ty estimate is then obtained from the

spectra as described in Appendix B All power density

) spectra whose peak frequencies fp* are’plotted in'figureBG

(page 72) were obtained at the points»of maximum turbulence
intensity of both mixing regions at different downstream

positions. Similarly the autocorrelograms were obtained for

N certain p01nts of the flow field 'Because the measurement

¥

of a correlation curve takes a considerable amount of time

in which the flow field has to remain in a steady state, the

ipsiéﬁal;was played on a tape loop . The autocorrelation curve

“was then obtained from the stored 51gna1

et

PN

A different-set-up was used for the measurements of

ifhe'lateral space correlation~function (Figure 52'~pages 109
) to 110) Both hot~w1res were pos1t10ned as described above

T and shown in Figure 53 . One w1re remained in ‘a fixed posi~

tion, whereas the other wire moved 1n xé-direction The

Y§l ey

resulting plot 1s the 1ateral space correlation coefficient

versus A Xq for the p01nt in the flow determined by the

'“giixed;wiret ‘The lateral scale of turbulence was then ob-

......

tained by graphical 1ntegrat10n. A critical quantity to be

T determined during the measurements ‘was the initial ‘distance

between the two hot-wires. The plot of the lateral space '

correlation'function versus A X, has to be extrapolated'over

2
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the initial dlstance before the. graphlcal 1ntegrat10n can

be performed. The_smaller A x2 of the f1rst Zero, the more
accuracy.is needed in determinlng’theA1n1tlal gap. Since

‘no opt1ca1 dev1ce was avallable to measure thlS dlstance with
suffic1ent accuracy, it had to be estlmated by comparlng it
to gaps of known width.( Th1s method did not prov1denthe
necessary'accuracy near the.nozzle‘exit, whererthelscale of

turbulence is very small.

‘Two~Dimensionality of the Flow Field - *

From the experimentalApoint of'ylew{ altwofdlmensional‘
flow does not exist due to the necessity of llmltinéuthe slot
~ width w._.However, it can be approximated byﬂuslng}slots of
high aspect ratios. According to Van der Hegge'Zijnen (15)
the three-~-dimensional end effects of a slot nozzle are
11m1t1ng the two-d1mens1onal flow to downstream dlstances
_ of approx1matelv 2 w (1n the plane of symmetry perpend1cu1ar
Lto the nozzle ex1t area), or, expre551ng 1t non-d1mens1onally,
2 A : As the measurements were conducted in. the flow field
'of slot nozzles w1th aspect rat1os of A = 30 and 60 at down-
stream p051tions X /h < 22, the condltlon of two-dlmen51ona1-
1ty was always satlsfled |

Turbulence is naturahly three—drmens1onal However,
w1th1n the two-d1mens1ona1 flow region, 1t is. homogeneous in
: 3-d1rect10n, which means that the structure of turbulence
does . not change.1n that direction. - -

113~




Measurement of Flow Properties

In a- Point of the Flow Field

The hot-w1re can be plctured as a.cyllnder measurlng
Tp.bos_mm in diameter ‘and 1.2 mm in length; If it is ori-
.entated parai;el to the k3-axis as shown ih Figure 53. (page
lli), the length is unimportant. Since-the diameter of the
wire is extremely small compared to the height‘of the slot
(2.27 mm for the slot nozzle w1th A = 60, the data can be
considered as those of a'point in a flow field; .

The length is of importance, however,‘if the‘wire is
not correctly or1entated parallel to the x3-axls. Two kinds
of errors can occur: F1rst, the w1re is located in the X5
x3-p1ane but forms an angle B with the x3—ax1s. Secondly,
the wire remains in the-xl, 3-p1ane but forms an angle
with the‘x3—axis. Because the gradients w1th1n the flow

‘fleld are much larger in xz-dlrection than in x -d1rect10n,

1

the influence of vy can be neglected aga1nst the 1nf1uence of

g. If B < 5? the effective diameter becomes already 0.1 mm

or 1/20 of the height of the slot approx1mate1y. Therefore,

' particdlariy hear.the orifice, the correct orientatioh of

the wire isﬂimportant | -
Slmllar are the d1ff10u1t1es 1f the longltudlhal velo-

'01ty correlatlon functlon is to be measured at a po1nt of the

flow flelda The two wires have fo be oriented as shown in

Figure 53 (page 111). Both have to be located in the same

piahe paraliel to the Xy x3-p1ane sdch that one is exactly

.o
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downstream of the other. .Dijficulties arise when one wire

is in the wake of the.other. Therefore,.they have to be

dlsplaced by a A Xq Due to the small size of the nozzles

any dlsplacement in x2-d1rect10n close to the nozzle ex1t
results in a substant1a1 error., The correlat1on coeff1clent

which should be unlty for A X, = 0 will decrease consider-

'ably due to A x £ 0. Furthermore it is extremely difficult

to keep the mov1ng hot=w1re in the plane parallel to the
Xy5 Xg plane9 1nto Wthh 1t was 1n1t1a11y placed ThlS
introduces an addltlonal error that may be large due to the

small nozzle height. Finally the measurements suffer from

the same dlfflculty of determ1n1ng the 1n1t1a1 d1stance as

already descr1bed

~ The last mentloned source of error is the only im-
portant one 1n obta1n1ng the lateral space correlat1on func-~
t1ont Even 1f s1zab1e dev1at10ns from the travers1ng path
oceur, the errors will be small due to the small gradlents
ln z1~d1rect10n. |

It can be stated generally that dev1at1ons whlch in=-

volve changes in x2-d1rect10n will introduce large errors,

those in xl-dlrect1on small errors and those in x3—direction

no errors at all. As errors in the orlentatlon of the probe

¥

and traversing path are 1nev1table, their relatlve effect

w111 be inversely proportional to the nozzle hexght,
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. Single Hot-Wire Measurements

[N

%..t "“A 'single hot-wiré is ‘sensitive ‘to ‘velocities ‘perpendi-
{'.

¥ ¢dilar to its axis ‘and-more ‘or -less ‘insensitive to 'velocities

"7barallel7t6'it5'axfél7"ITithe’Wifé*isfdrientaféd‘aé shown in

‘Figure 53 (pagé 111)’, the velocitieés ‘which influéenée’the

"*sigﬁal”bféthéihofJWiréPEré?ﬁi;-Ué;'ui'and u§~(%hevlatter are
here the instantaneous values ‘of'*the fluctuating’velocity
components). The total error due to the uz-component is

approximately given by

v/// ;"f |

. )

100 (T, + &) [/ 1+ —2—==—5 - 1] per cent
1ol @, +u, %

whereas the influence of the ﬁz—component on the mean velo-

city only is approximately given in Reference (23) as

- 2 2
_ 1 uy 1 u,
100 Uy (1 ===+ ) per cent
4T [/

1 1

If the tufbulehce intensity (with respect to the local mean
velocity) increases over 20%, the errors become quite large.
They can be avoided by using so-called "X'"=-probes, which
consist of t&o separated wires which form an "X." The two
signals allow the determination of both Gl and ﬁz’if the ¢
probe is orientated such that the plane of the "X" is

e s

parallel.to the x,, x,-plane. T

3 R Peoe vl ooy
R e e tw e RET LT DN
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Duéykéﬁfhéfgﬁgii s¥;e}6f‘fﬁé‘ﬁbzzles, this orienta-
Mé{_ﬁ?wgéoqzyquld result._in signals of both wires.which represent
gajﬁ;%gpﬁavqrgg§i§;velpéityxwithoutAanx.pelationship;to:thq;velo-
m5vpit}esﬁ;n;ceftain,bqints.ﬁ,Thexinf}ugpce offﬁz;155oﬁ;y of
. Amportance at the outer .edge of the frégimixing region. As
. the central region of the mixing regions is here .of. particu-

;ilarzinperest,ﬁpz;isgnegleqxed, e e
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Averaged over A x, = wire length /,/v2.
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APPENDIX D

LONG ITUDINAL AND LATERAL SCALES OF TURBULENCE

- For the axisymmetric jet both"the’'long"i‘tudinal16 and

the laterall,'7 écales of turbulence have been measured by
Laurence (20), Davies, Barratt ahd Fisher (24) and others.

Laurence réported that the longitudinal and lateral
scales of turbulence are’ nearly independent of the Mach and
Reynolds number and, in the central region of the mixing
‘zone, vary propdrtiona11Y*with the ‘distance from the nqzzle;
The 1at§ra1 scalé‘is more or less constant within a cross-
section, whereas the longitudinal scale varies by approxi-
mately 20% in the ceﬁtrai region of the turbulent mixing
region. The longitudinal scale is larger than the lateral
scale by a factor of the order of 1.5 to 2.5.

Coles 5 based his analysis of the overall radiated
sound power of jets from circular and slot nozzles on simi-

larities of fundamental mixing-zone structure. One of these

16

o]

The longitudinal scale of turbulence is defined as

SO —
ut (%) oy (xy + A xq)
1?The lateral scale .of turbulence isédefihed as
o0
Lo ;f, uy (x ) uy (x +.A xé) ) U R
x2 - X2

&// ¢ (xz) ~// + A x2)‘
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-is the similarity between the scaies of turbulence. The
dimensional scales of the slot nozzle are much smaller than
thoée,of the circﬁlar nozéle?(with the same ekit area) due

to the smaller charactefistic length. Non-dimensionalized by
- the characteristic length they shouid become equal if simi-
“larity exists,

Figure 54 presents déta of noﬁ-dimensionalized scales
of tuibglence in the primary mixing region obtained either
from literature or in the course of the experiments. .The data
of the lateral scale of turbulence were obtained by correla-
ting the.signals of'two.hot-wires.A Although. two-wire mea-
surements are also the most straightforward method to deter-
mine the 16ngitudina1 scale, it was here18 détermined from
single—wire.measprementéx From_the—autoéorrelograms of the
single hot-wire signal the longitudihal scale waS-obtaihed
utilizing Taylor's Hypothesis (Reference 23 ).

I1f a conclusion may be reached on the baSiS§Of the !
limited data available, the non-diménsional scale of turbu-
lence of the slot nozzle is slightly larger than that of the
circular nozzle. The lateral scale, howevér, is considerably
larger than that of the circular nbzzle. This is consistent
with the larger lateral spread 6f the tﬁrbuiencé mixing re-=
gion of a slot nbzzle (Figure 32, page 64).

Equation (4,1.), which is an expression for the over-

all radiated sound power generated by turbulence interacting

18The reason is outlined in Appendix C.
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with. large shear; was derived-by-Llilley (.6)-using relation-
ships;walld1for.the*model_of‘homogeneousQisotropic turbulence.
In thls,model_the;longitudinal.scale?ot turbnlenceois twice
as'largeias:the lateralascale, 'InﬂFlgnre‘54h‘measured.data
of both.scales are plotted. If the scalessof circular noz-
zles are compared the long1tud1nal scale is by a factor of
2. 3 to 3.4 larger than the lateral scale at- downstream posi-
t1ons of 1 to ) tlmes the diameter. The factor increases
with decreasing'downStream.position; If'thexlong1tud1nal

and lateral scales of siot nozzles are compared}fthe factor
is 1;75 to '1.85 at downstream positions.of 3-to‘5 times the
nozzle'height Again-it 1ncreases with decreas1ng downstream
pos1tlon and is approx1mate1y 3 2 at x /h = 1 . It should be

noted that slot nozzles of d1fferent aspect ratlo were com-

pared. However, ‘as 1ong;asathe aspect ratio is suff1clent1y

large the major part of the?flow field is with good approxi-
mation two-dimen81ona1 ‘and then the scales, non-dimension-
allzed w1th “the nozzle helght should be’ the same,

Blrsas v e e e ket £ e an S

Flgure 5£5presents 10ng1tud1na1 and lateral scales

..of turhn}ence neasured in the secondary mixing region of
' hﬁ;?arioﬁsﬁgetgflaps. Although only two'daté;pOinté aré_
4:availaﬁle§for'the longitudinal Scale. ‘they ihdicate that the

-iactorébeﬁﬁseh the longitudinal and the lateral scale is in

the'sane”rangenaS'in'the prlmary”miiing’region{
Thus, th1s pomparlson as, well as. the results reported

by Laurence (20) show that the relatlonshlp between ‘the
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iiongitudinél and lateral scale of turbulence depends on the
space coordinates., = However, the factor by which the 1on§i-

. tudinal scale is larger than the lateral, is still fairly
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. close to that predicted by the homogeneous isotropic turbu-
- lence model,
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